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To our teachers, colleagues, and students

To our patients

and to our families

Who inspired, questioned, supported, and encouraged

Robert Good, who wrote the foreword for the first edition of this book, and Fred
Rosen, a co-author of the chapter on Wiskott Aldrich Syndrome in both the first
and second editions, have recently died. Dr. Good and Dr. Rosen were giants in
the field of primary immunodeficiencies and their unique heritage dates back to
the very beginnings of the recognition and classification of these disorders. We
are fortunate to have had such wonderful colleagues and grateful to them for their
outstanding contributions to the field and to this book.
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Foreword

The primary immunodeficiency diseases, the first of which were
recognized over 50 years ago, are now generally appreciated as
major health problems by affected patients, their families, physi-
cians, and even the general public. In 1999, this book was the
first comprehensive compendium devoted to primary immunode-
ficiency diseases. While most are relatively rare, some of these
conditions, like IgA deficiency and common variable immunode-
ficiency, occur with a frequency that makes these patients likely
to be seen by most physicians.

The study of patients with these genetically determined im-
mune disorders in conjunction with the study of animal models
has led to remarkable progress in our understanding of the inter-
acting components of the complex immune system and how they
function in humans. As a consequence, earlier recognition and
better treatment options are provided for patients with primary
immunodeficiency diseases, as well as for the even larger num-
ber of individuals with secondary immune deficiency conditions.
This authoritative book, now in its second edition, contains a
comprehensive account of currently available information. In the
short years since the first publication, the number of known im-
munodeficiency genes has grown from less than 70 to well over
120, reflecting the tremendous expansion of knowledge in this
field. The rich base of information contained in these pages makes
it clear that there are few fields in medicine in which laboratory-
based research and the study of diseases in patients have been so
mutually complementary as for the primary immunodeficiency
diseases.

The first immunodeficiency diseases to be identified, namely
X-linked agammaglobulinemia, and the more clinically severe
congenital lymphopenic syndromes were diseases that are now
known to reflect compromised development in the effector limbs
of the adaptive immune system. Experimental delineation of the
developmentally distinct lineages of lymphocytes, the thymus-
dependent population of T cells, and the bone marrow—derived B
cells, made possible the recognition of their respective roles in
cell-mediated and humoral immunity. Accordingly, the primary
immunodeficiency diseases were found to belong to distinct
classes, those primarily affecting T cell development, like the
thymic underdevelopment seen in the DiGeorge syndrome, and
those featuring impaired B cell development and antibody pro-
duction, as seen in Bruton X-linked agammaglobulinemia. Se-
vere combined immunodeficiency (SCID), recognized first by
Glanzmann and Riniker, featured instead a developmental failure
of both T and B cells. With the ensuing molecular biology revo-
lution, the pace of the genetic analysis of the immunodeficiency
diseases quickened remarkably. As more and more details have
been learned about the life history of T and B lineage cells, many
of the genetically determined defects in these differentiation

pathways can now be identified quite precisely in genetic and
molecular terms.

As is indicated in the contents of this book, we currently have
sufficient information about the lymphocyte differentiation path-
ways to categorize primary immunodeficiency diseases into gene
mutations that affect (1) DNA transcription factors; (2) rearrange-
ment and expression of the T cell receptor (TCR) and immun-
oglobulin genes; (3) signal transducing components of the TCR
and B cell receptor (BCR) complexes; (4) essential signaling
pathway elements employed by TCR and BCR; (5) coreceptor
molecules that are essential for normal function of T and B cells;
(6) cytokines and cytokine receptors that promote T and B cell
production, proliferation, and differentiation; and (7) cell surface
molecules that are necessary for normal lymphocyte homing and
intercellular interactions in the peripheral lymphoid tissues, in-
cluding the spleen, lymph nodes, intestinal Peyer’s patches, and
appendix. It has also become increasingly evident that the nor-
mal function of the effector T and B cell populations depends on
other types of cells as well. An especially important cell partner
is the dendritic cell, because it responds to potential pathogens
by presenting antigen to initiate the T cell response and, in turn,
the B cell response. Although few primary immunodeficiency
diseases have as yet been attributed to developmental flaws in
this cell type, impaired dendritic cell function is an important
component of the immunodeficiency caused by gene mutations
that prevent CD40 expression or expression of the CD40 ligand
on T cells.

The specific adaptive immune responses mediated by T and B
cells and their collaborators, although essential, are only a part of
the overall host defense strategy. There is an ever-growing aware-
ness that innate immunity is equally important and complex.
Disorders of the complement system, abnormal function of phago-
cytic cells, and deficiencies of the chemokines and chemokine
receptors that influence lymphocyte—phagocytic cell interactions
can all result in an impaired ability to eliminate pathogens. Nat-
ural killer cells with their diverse array of activating and inhibitory
receptors are also beginning to be recognized as one of the dys-
functional cell types in some immunodeficiency disorders.

Infections are the major complications of the immunodefi-
ciency diseases, and, as recognized by the late Robert Good, a
true giant in the establishment of the field and author of the origi-
nal forword to the first edition of this book, the types of infections
differ according to the specific gaps in host defense. Primary anti-
body deficiency states predispose to serious bacterial infections,
as do certain complement component and neutrophil deficiencies.
Viral and fungal infections are particularly notable in patients
with T cell dysfunction. Different infectious disease patterns are
seen with other host defense defects. For example, mycobacterial
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and salmonella infections are common in patients who have mu-
tations in the genes for IL-12 or the receptors for IL-12 and
interferon-y, because these signaling molecules are especially
important for normal macrophage activation to kill intracellular
pathogens. Characterization of the different patterns of infec-
tions has been significantly enhanced by the development of
databanks devoted to patients with the relatively rare primary im-
munodeficiency diseases.

Treatment has advanced in parallel with improved diagnosis
of immunodeficiency diseases, understanding of their cellular
and molecular basis, and better definition of their clinical conse-
quences. Prophylactic antibiotics can be helpful in reducing the
frequency of certain types of infections. Immunoglobulin replace-
ment, employed first by Bruton to treat a boy with congenital
agammaglobulinemia, has been refined through the development
of safe and efficient preparations of intravenous immunoglob-
ulin. Better ways to perform bone marrow transplantation have
made this life-saving mode of cellular engineering safer and

available to more patients with severe combined immunodefi-
ciency disease. Enzyme replacement can benefit SCID patients
with adenosine deaminase deficiency. Finally, gene therapy has
proven effective for the cure of two types of SCID, albeit
presently with an attendant risk of lymphoproliferative disease.
For all too many patients with primary immunodeficiency dis-
eases, however, a cure is still not yet possible and will come only
with improved knowledge that must be gained through continued
study. In the meantime, early diagnosis remains the key for a
quality life for many patients with an immunodeficiency disease.
Toward this end, this newly updated book provides a remarkably
comprehensive and clinically useful source of information about
this challenging group of disorders.

Max D. Cooper, M.D.

The University of Alabama at Birmingham
and the Howard Hughes Medical Institute
Birmingham, AL



Foreword to the First Edition

Modern immunology can be considered to have been launched in
1952, when Colonel Ogden Bruton described an 8-year old boy
who, from 2 years of age, experienced recurrent, life-threatening
infections including episodes of bacterial pneumonia and sep-
ticemia. Using the newly-introduced technique, serum elec-
trophoresis, Bruton found the boy to be agammaglobulinemic.
When challenged with antigens, he failed to produce specific an-
tibodies. Upon treatment by passive immunization with large
doses of intramuscularly-injected gammaglobulin, his suscepti-
bility to infections was dramatically terminated. Detailed investi-
gations of similar patients, by Charles Janeway in Boston and
my group in Minneapolis, demonstrated many similarly affected
children, and proved that agammaglobulinemia was often an
X-linked, inherited disorder.

In the course of caring for agammaglobulinemic patients,
we realized that they were especially susceptible to encapsulated
bacterial pathogens, including Streptococcus pneumoniae,
Haemophilus influenzae, Streptococcus pyogenes, Pseudomonas
aeruginosa, and to a lesser extent, Staphylococcus aureus. In
contrast however, they could impressively resist infections
caused by fungi, coliforms, tuberculosis, bacillus Calmette-
Guérin (BCG), and many viruses such as measles, chicken pox,
rubella, and vaccinia. Thus, the susceptibility profile of agamma-
globulinemic patients bisected the microbial universe. As an ex-
periment of nature, patients with X-linked agammaglobulinemia
(XLA) introduced us to additional, crucially important concepts
concerning how plasma cells and lymph node germinal centers,
which are lacking in agammaglobulinemic patients, must be the
source of antibodies providing resistance to encapsulated bacter-
ial pathogens. We reasoned that distinct mechanisms of defense
that were intact in agammaglobulinemic patients must have been
designed to protect against other types of infections. Lympho-
cytes in the deep paracortical regions of lymph nodes, which ap-
peared normal in XLA patients, were found to mediate this
second type of immune protection, cellular immunity, which was
later shown to be dependent on the thymus. This conclusion was
partially derived from the study of a different group of patients,
those with DiGeorge syndrome, who had congenital absence of
the thymus.

Thus, it was evident from the beginning that patients with im-
munodeficiencies, as experiments of nature, helped us to bisect
not only the microbial universe, but also the universe of lym-
phoid cells and the universe of immunological responses. Further
investigations throughout the 1960s, 1970s, and 1980s confirmed
that this compartmentalization related to the fundamental lym-
phocyte dichotomy of B cells versus thymus-dependent T cells.
Moreover, patients with different immunodeficiency syndromes
helped define the nature and the role in immune responses of

other components of the host defense system, such as phagocytes
and complement, and to recognize the diseases that occur when
these components are absent or not functional.

Over the last decade, advances in molecular biology have al-
lowed for an even greater understanding of the immune system,
and the multitude of molecular pathways that regulate growth,
differentiation, communication, and effector functions within
and between cells. In 1993, two groups of researchers, led by
David Vetrie and Satoshi Tsukada, discovered that the difficulties
of Bruton’s patient and other patients with XLA were due to
many different mutations of an X-linked gene that encodes a
B-cell specific tyrosine kinase, Btk. In the few years since that
discovery, the molecular genetic universe has expanded phenom-
enally, so that almost every month there is news of the identifica-
tion of another immune disease gene.

The present volume, edited by Professors H. D. Ochs, C.LLE.
Smith, and J. M. Puck, is the first comprehensive guide to this
new molecular genetic universe. Herein, diseases of the immune
system are presented and analyzed, both in terms of their clinical
features and in the context of the impressive molecular and gene-
tic definitions which can be put forward in 1998. Over 90 well-
defined primary diseases of the human immune system are listed
in the introductory chapter of this book; specific diseases are dis-
cussed in later chapters organized by syndrome (Part II). The
current understanding of each disorder is outlined, including dis-
cussions of clinical issues and clinical presentation, infections,
genetic mutations, protein function, cell biology, and manage-
ment. Framing these discussions of individual diseases are two
equally modern presentations—first, a section of seven chapters
outlining the essential concepts of immunology and genetics
needed to understand primary immunodeficiency diseases, and at
the end, a section covering the most current approaches to as-
sessment and treatment of patients with these conditions. Each
authoritative chapter is written by a world leader in the field, or
in many cases by a pair or group of immunological specialists
with complementary perspectives, to present the most up-to-date
and complete information available.

This book is an impressive demonstration of how far we have
come. Recent studies of primary immunodeficiency diseases
have, perhaps more than any other group of diseases, revealed
the power of modern molecular genetics to define diseases in
precise molecular terms. This approach has already suggested
therapeutic possibilities which have proven successful; it has
also set the stage for testing gene therapies meant to cure pri-
mary immunodeficiency diseases at the molecular level. Just
how disruptions of Btk account for all of the morphological and
immunological abnormalities and disease susceptibilities of pa-
tients with XLLA has not yet been elucidated, but future work will
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show how this molecule interacts with other gene products in the
B lymphocyte. Studying XLA will continue to reveal fundamen-
tal issues in lymphology and immunobiology.

The knowledge of primary immunodeficiency diseases re-
flected in this volume continues to grow, based on insights de-
rived from the study of individuals with primary immunodeficiency
exemplified by Bruton’s original agammaglobulinemic patient.
Analysis of each of the immune system diseases in its own way
represents the molecular interpretation of an informative experi-
ment of nature. In the aggregate, these analyses help us under-
stand more deeply how man can exist free of infection while

living in a veritable sea of microorganisms. This volume consti-
tutes a milestone, marking where we now stand and indicating
where we are heading, as we continue to interpret lessons in
a most constructive fashion from the greatest teachers of mod-
ern immunology: patients with primary immunodeficiency dis-
eases.

Robert A. Good, M.D., Ph.D., D.Sc.
All Children’s Hospital

St. Petersburg, Florida

July 1998
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Genetically Determined Immunodeficiency
Diseases: A Perspective

C.|.EDVARD SMITH, HANS D. OCHS, and JENNIFER M. PUCK

We are in an era of explosive growth in our understanding of the
molecular and genetic basis of immune defects. In the early
1990s, only a handful of genes were known to be associated with
these diseases, but now many are recognized and the process of
discovering additional immunodeficiency genes is proceeding
rapidly. Advances in basic research in immunology, combined
with the availability of the DNA sequence of nearly the entire
human and mouse genomes plus refined technologies for localiz-
ing disease traits, have led to the discovery of the precise molec-
ular basis for 140 or more disorders of human host defenses. A
recent example of novel approaches is the discovery of CD3 de-
ficiency through use of microarray technology (Dadi et al., 2003;
Chapter 16). The ability to redefine genetic diseases of the im-
mune system in molecular terms has made possible improved di-
agnosis, appreciation of the spectrum of clinical presentations
that can be traced to a given disease gene, genetic counseling and
testing, and, most exciting, new therapeutic strategies including
gene therapy. Moreover, the discovery of each previously un-
known disease gene feeds back into the pool of scientific knowl-
edge of immunology, illuminating and strengthening our evolving
models of immune pathways.

This volume contains accounts of gene identification, muta-
tion detection, and clinical and research applications for a wide
array of distinct genetic immune disorders. A summary of known
inherited immunodeficiencies is provided in Table 1.1. The
methods used to identify and understand these disorders consti-
tute a survey of modern molecular genetics and human immunol-
ogy. The first edition of this book in 1999 marked an historic
turning point in the field of immunodeficiencies, demonstrating
that many of primary disorders of the immune system could be
understood at the molecular level. Seven years later, we are sure
that new discoveries will continue to make this collection incom-
plete even as it is published, but we can also proudly document

an unanticipated fast pace of progress in dissecting the complex
immunologic networks responsible for protecting individuals
from a hostile environment.

Since the publication of the first edition, the rate of new dis-
coveries in the field has not slowed down. Instead, a flurry of
new disease entities has been defined and new treatment regi-
mens have been introduced, the most notable being successful
treatment by gene therapy for two genotypes of severe combined
immunodeficiency (Chapter 48).

Of great interest is the new identification of human diseases
caused by mutations affecting components of the innate immune
system. Previously, defects in the complement system pathways
(Chapter 42) and the interferon y (IFN-y) signaling pathway
(Chapter 28) were recognized, and mouse models of innate im-
mune mediators such as the Toll receptors were reported. How-
ever, the true function of innate immune pathways in humans
could not be fully appreciated until naturally occurring loss-of-
function mutations were identified and characterized in human
patients. The recent report of patients with bacterial infections
who lack the protein IRAK4, mediating signaling downstream
from the Toll receptor, provides a new opening for learning the
significance of the innate immune system in protecting humans
from infections and cancer (Picard et al., 2003).

Important developments during the past 15 years have in-
creased our understanding of disease processes. A majority of the
novel primary immunodeficiency disease genes were identified
by mapping a familial abnormality to a chromosomal region, fol-
lowed by the analysis of candidate genes. In some cases the func-
tion of the identified gene product had already been studied in
detail prior to identification of human disease-causing mutations,
but frequently new insights, some quite surprising, have arisen
from relating an immune system gene to a clinical phenotype.
For example, even though the function of CD45 phosphatase was
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Table 1.1. Primary Immunodeficiency Diseases

Defective Protein,

Reference or

Designation and Gene Name* Pathogenesis Inheritance Locus Book Chapter
A. Combined B and T Cell Immunodeficiencies
1. Severe combined immunodeficiency (SCID) without T and B cells (T"B")
a. SCID with leukocyte Stem cell defect affecting maturation of AR Unknown de Waal and
deficiency. Reticular dysgenesis. leukocytes, including all lymphocytes Seynhaeve, 1959
b. SCID with radiosensitivity. DNA cross-link repair 1C protein/Artemis AR 10p13 11
Artemis deficiency.
DCLREIC
c. SCID with RAGI deficiency Recombinase-activating protein 1. AR 11pl13 11
RAGI Deficient rearrangement of B and T cell
receptor genes (RAGI and RAG2 are
adjacent genes)
d. SCID with RAG2 deficiency Recombinase-activating protein 2. Deficient AR 11p13 11
RAG2 rearrangement of B and T cell receptor genes
2. SCID with nonfunctional T and B cells
a. Omenn syndrome with RAG/ Recombinase-activation protein 1, partially AR 11pl3 11
deficiency deficient rearrangement of B and T cell
RAGI1 receptor genes
b. Omenn syndrome with RAG2 Recombinase-activation protein 2 partially AR 11pl3 11
deficiency deficient rearrangement of B and T cell
RAG2 receptor genes
c. Omenn syndrome with Artemis DNA cross-link repair 1C protein Artemis AR 10p13 11
deficiency
DCLREIC
d. Omenn syndrome with IL-7Ro Interleukin-7 receptor o chain AR 5pl3 11
deficiency
IL-7R
e. DNA ligase deficiency IV Ligase IV, ATP-dependent AR 13q33-34 11,30
LIG4
f. SCID with microcephaly due to DNA repair factor (XRCC4-like factor, AR 2q35 11,30
deficiency of non-homologous Cernunnos) involved in non-homologous
end-joining factor 1 end-joining
NHEJI
3. SCID without T cells (T~B*)
a. X-linked SCID (yc-chain deficiency) Common 7 (yc) chain protein, a component of XL Xql13.1-13.3 9
IL2RG receptors for cytokines IL-2, -4, -7, -9, -15,
and -21.
b. SCID with Jak3 (Janus kinase 3) Janus-activating kinase 3 (Jak3), a cytoplasmic AR 19p13.1 10
deficiency tyrosine kinase interacting with yc to transmit
JAK3 signals from IL-2, -4, -7, -9, -15, and -21
c. SCID with IL-7Ra deficiency Interleukin-7 receptor o chain AR 5pl3 11
IL7R
d. SCID with CD45 deficiency Protein tyrosine phosphatase receptor type C AR 1q31—q32 13
PTPRC
e. SCID with CD3 &-chain deficiency CD38 component of CD3 antigen receptor AR 11923 16
CD3D complex
f. Human Nude/SCID Forkhead box N1 protein, winged-helix-nude AR 17q11—ql2 Frank et al., 1999
FOXNI (Whn). Transcription factor required for
thymus and hair follicle development
4. Deficiencies of purine metabolism
a. SCID with ADA (adenosine deaminase) ADA is required for purine metabolism; AR 20q13.2—q13.11 12
deficiency elevated purine metabolites (primarily dATP)
ADA toxic to T and B cells
b. SCID with PNP (purine nucleoside PNP is required for purine metabolism; elevated AR 14q13.1 12

phosphorylase) deficiency
NP

purine metabolites (primarily dGTP) toxic to
T and B cells

5. MHC class II (major histocompatiblity complex class II) deficiency secondary to deficiencies of transcription factors for MHCII expression

a. CIITA (MHCII transactivator) deficiency

MHC2TA

b. RFXANK deficiency
RFXANK

MHCII transactivating protein, a non-DNA
binding component of the MHCII promoter-
binding complex; complementation group A

Regulatory factor X-associated
ankyrin-containing protein, an MHCII
promoter-binding protein; complementation
group B

AR

AR

16pl13

19p12

17

(continued)



Table 1.1. (continued)

Defective Protein,

Reference or

Designation and Gene Name* Pathogenesis Inheritance Locus Book Chapter
c. RFX-5 deficiency MHCII promoter X box regulatory factor 5, an AR 1921 17
RFXS5 MHCII promoter-binding protein;
complementation group C
d. RFXAP deficiency Regulatory factor X-associated protein, an AR 13q 17
RFXAP MHCII promoter-binding protein;
complementation group D
6. MHC class I deficiency
a. TAPI deficiency Transporter protein associated with antigen AR 6q21.3 18
TAPI presentation 1
b. TAP2 deficiency Transporter protein associated with antigen AR 6q21.3 18
TAP2 presentation 2
c. Tapasin deficiency TAP binding protein (tapasin) AR 6p21.3 18
TAPBP
7. Class-switch recombination defect (hyper-IgM syndromes) affecting both B and T cells; see also B.6.
a. CD40L deficiency CDA40 ligand (CD154). Tumor necrosis factor XL Xq26 19
TNFSF5 superfamily member 5
b. CD40 deficiency CD40. Tumor necrosis factor receptor AR 20q12—q.13.2 19
TNFRSF5 superfamily member 5
8. Non-SCID CD3 deficiency due to absence of proteins forming the CD3 complex required for T cell receptor signaling See A.2.e for SCID with CD38
deficiency
a. CD3e deficiency CD3e polypeptide AR 11923 16
CD3E
b. CD3y deficiency CD3y polypeptide AR 11923 16
CD3G
¢. CD3Z-deficiency CD3( polypeptide (TiT3 complex) AR 1q22—q25 Rieux-Laucat
et al., 2006
9. CD8 deficiency CDS antigen, o. polypeptide (p32) AR 2pl12 16
CDSA
10. ZAP-70 deficiency Cytoplasmic tyrosine kinase ZAP-70 (T-cell AR 2ql12 14
ZAP-70 receptor {-chain associated protein kinase,
70kDa). Signaling from the T-cell receptor
during T-lineage development
11. IL-2 R a-chain deficiency IL-2 receptor o-chain is required for regulation AR 10p14-pl5 15
IL2RA and control of autoreactive T cells
12. p56 Lck deficiency Lymphocyte-specific protein tyrosine kinase. AR 1p34.3 14
LCK Required for T cell maturation in the thymus
B. Deficiencies Predominantly Affecting Antibody Production
1. Agammaglobulinemia
a. XLA (X-linked agammaglobulinemia) Btk (Bruton agammaglobulinemia tyrosine XL Xqg21.3 21
BTK kinase) required for intracellular
signaling in B cell development
b. X-linked hypogammaglobulinemia with Btk not affected; unknown XL X 21
growth hormone deficiency
c. 1L heavy-chain deficiency W heavy-chain. Required for development of AR 14q32.3 22
IGHM B cells from B lineage progenitors
d. A5 surrogate light-chain deficiency A5 surrogate light-chain. Part of receptor AR 22q11.22 22
IGLLI complex on pre-B cells required for B
lineage differentiation
e. Iga deficiency Ig-associated o chain signaling component of AR 19q13.2 22
CD79A pre-B and B cell receptor complex required
for B lineage differentiation and B cell
signaling
f. BLNK deficiency B-cell linker/SLP-65/BASH. B cell signaling AR 10923.2-q23.33 22
BLNK protein
g. LRRCS deficiency Leucine rich repeat containing 8 AD 9q34.2 Sawada et al.,
transmembrane protein 2003
2. Selective deficiency of Ig isotypes/subclasses due to isolated or combined deficiencies
a. IgA deficiency Failure of IgA B cell differentiation Complex — 23
b. a1 subclass deficiency IgA1 is the major IgA subclass AR 14q32.33 23
IGHAI
c. 02 subclass deficiency IgAZ2 is mainly found in the gastrointestinal AR 14q32.33 23
IGHA2 tract
(continued)

5



Table 1.1. (continued)

Defective Protein,

Reference or

Designation and Gene Name* Pathogenesis Inheritance Locus Book Chapter
d. y1 subclass deficiency IgG1 constitutes 65% of serum IgG AR 14q32.33 23
IGHG1
e. y2 subclass deficiency 1gG2 constitutes 25% of serum IgG AR 14q32.33 23
IGHG2
f. 3 subclass deficiency (partial) 1gG3 constitutes 8% of serum IgG. Partial IgG3 AR 14q32.33 Yount et al., 1967
IGHG3 deficiency is associated with the ‘g’ allotype
and caused by reduced isotype switching
g. ¥4 subclass deficiency IgG4 constitutes 4% of serum IgG AR 14q32.33 23
IGHG4
h. IgG subclass deficiency with or without Defect in differentiation of a B lymphocyte Unknown — 23
IgA deficiency subset or in expression of IgG
i. € isotype deficiency IgE is encoded by a single gene AR 14q32.33 23
IGHE
3. Light-chain deficiency
a. k light-chain deficiency K light chain binds to a heavy chain to form AR 2pll Stavnezer-
IGKC immunoglobulins Nordgren et al.,
1985
4. Common variable immunodeficiency (for WHIM see F8)
a. Common variable immunodeficiency of Serum IgG low, IgA low or absent, IgM Complex — 23
unknown origin variable. Variable impairment
of T cell function
b. ICOS (inducible costimulator) ICOS is expressed by activated T cells and AR 2q33 23
deficiency interacts with ICOSL (B7RP-1). Deficiency
I1COS results in late-onset B cell loss
c. CD19 deficiency CD19 antigen expressed by B cells AR 16pll.2 23
CD19
d. TACI deficiency Tumor necrosis factor receptor super family AD, AR 17p11.2 23
TNFRSF13B member 13B
e. BAFF receptor deficiency Tumor necrosis factor receptor super family AR 22ql13.1—q13.3 23
TNFRSFI13C member 13C
5. Other antibody deficiencies
a. Antibody deficiency with normal Defective antigen-specific antibody production Unknown — 43
immunoglobulin levels
b. Transient hypogammaglobulinemia Delayed maturation of T cell helper function Unknown — Gitlin and

Janeway,
of infancy

2000

6. Defects of class-switch recombination and somatic hypermutation (hyper-IgM syndromes) affecting B cells; see also A.7.

a. AID deficiency
AICDA

b. UNG deficiency
UNG

c. Selective deficiency in Ig class-switch
recombination

C. Defects in Lymphocyte Apoptosis

Activation-induced cytidine deaminase
Uracil-DNA glycosylase

Defect downstream of AID, normal somatic
hypermutation

1. Autoimmune lymphoproliferative syndrome (ALPS); see also D.2.

a. ALPS type Ia (defective CD95)
TNFRSF6

b. ALPS type Ib (defective CD178)
TNFSF6

c. ALPS type Ila (caspase 10 deficiency)
CASPI0

d. ALPS type IIb (caspase 8 deficiency)
CASPS

Apoptosis mediator CD95 (Fas/APO-1)
required for lymphocyte homeostasis Induces
apoptosis via engagement of FasL

Fas Ligand (FasL). Inducing apoptosis via
engagement of Fas

Caspase 10; apoptosis-related cysteine protease

Caspase 8; apoptosis-related cysteine protease
CASPS8 and CASP10 are adjacent genes

D. Other Well-Defined Immunodeficiency Syndromes

1. Wiskott-Aldrich syndrome, X-linked
thrombocytopenia and X-linked
neutropenia
WASP

Wiskott-Aldrich syndrome protein (WASP),
especially important in platelets and T cells

AR

AR

Unknown

AD, AR

AD

AR

AR

XL

12p13

12
10g23—q24.1
1923
2q33—q34
2q33—q34
Xpll1.22

1956; Tiller and
Buckley, 1978;
Kilic et al.,

20

20

20

24

24
24

24

31

(continued)



Table 1.1. (continued)

Defective Protein,

Reference or

Designation and Gene Name* Pathogenesis Inheritance Locus Book Chapter
2. Autoimmune disorders; see also C.1.
a. APECED (autoimmune Autoimmune regulator-1 (AIRE-1) or APECED AR 21q22.3 25
polyendocrinopathy with candidiasis and protein. Transcription factor expressed in the
ectodermal dystrophy) thymus
AIRE
b. IPEX (immune deficiency/dysregulation, Forkhead box P3 transcription factor. Expressed ~ XL Xpll1.23 26
polyendocrinopathy, enteropathy, by CD4* CD25* regulatory T cells (T reg)
X-linked)
FOXP3
3. X-linked lymphoproliferative syndrome SH2 domain protein 1A (also called XL Xq25—q26 32
(Duncan disease) SLAM-associated protein, SAP). Involved in
SH2DIA intra-cellular signaling of T and NK cells;
protects against severe outcome of EBV
infection
4. DiGeorge/velo-cardio-facial syndrome. Multiple congenital anomalies most often due AD 22ql1.2 33
(22q11.2 deletion syndrome) to deletion of DGCR (DiGeorge
DGCR chromosomal region). Developmental defect
of thymus. May be associated with congenital
heart disease, hypoparathyroidism, and other
congenital abnormalities
5. CHH (cartilage-hair hypoplasia) RNA component of mitochondrial RNA- AR 9pl3 36
RMRP processing endoribonuclease
6. Hyper-IgE recurrent infection syndrome Unknown AD, AR, Some cases 34
(Job syndrome) Sporadic Chromosome 4
7. Chronic mucocutaneous candidiasis Unknown AR, AD 2p (AD) Chilgren et al.,
1967; Atkinson
et al., 2001
E. Defects of Phagocyte Function
1. Chronic granulomatous disease caused by defective intracellular oxidative burst required for bacterial and fungal killing.
a. X-linked CGD Cytochrome phagocyte oxidase (phox) XL Xp2l.1 37
CYBB gp91rhox Cytochrome b-245 B-polypeptide
b. p22prhex deficiency Cytochrome oxidase p22phox AR 16q24 37
CYBA
c. p47prhox deficiency Cytochrome oxidase p47prhox AR 7q11.23 37
NFCI
d. p67rhox deficiency Cytochrome oxidase p67phox AR 1925 37
NFC2
2. Leukocyte adhesion defects (LAD)
a. LADI CD18 cell surface protein. Cell surface AR 21q22.3 38
ITGB2 adhesion complex (CD11a,b,c/CD18)
requires integrin 2 (CD18) to be stably
expressed
b. LAD2 N-acetylated o-linked acidic dipeptidase?2. AR 11q14.3—q21 38
NAALLAD? Fucose transporter required for proper
carbohydrate addition; patient cells lack
sialyl-Lewis X
c. LAD3 Defect in G protein-coupled receptor AR Unknown 38
(GPCR)-mediated stimulation of integrins at
the endothelial contact. May affect Rap-1
regulation
d. LAD with RAC2 deficiency RAS-related, RHO family small GTP-binding AR 22ql12.13—q13.2 38
RAC2 protein RAC2. Predominant in neutrophils,
involved in O3 production, actin
cytoskeleton
3. Chediak-Higashi syndrome Lysomal trafficking regulator. Required for AR 1q42—q43 40
LYST formation of lysosomes and cytoplasmic
granules
4. Griscelli syndrome
a. Griscelli syndrome type 1 Myosin-VA (5A). Involved in organelle AR 15921 41

MYO5A

transport

(continued)



Table 1.1. (continued)

Defective Protein,

Reference or

Designation and Gene Name* Pathogenesis Inheritance Locus Book Chapter
b. Griscelli syndrome type 2 Rab27A, GTP-binding protein. Regulates AR 15q21 41
RAB27A cytotoxic granule exocytosis associated with
the accelerated phase of Griscelli syndrome.
Myosin-VA (5A) and Rab27A are closely
linked on chromosome 15q21
5. Glucose 6-phosphate dehydrogenase Granulocyte intracellular killing defect XL Xq28 37
deficiency associated with complete absence of G6PD
G6PD in phagocytes
6. Myeloperoxidase (MPO) deficiency MPO is required to convert H,O, to hypohalous AR 17q23.1 Lehrer and Cline,
MPO acid. Intracellular killing of fungi is impaired. 1969; Nauseef
et al., 1994
7. Glycogen storage disease type 1b Solute carrier family 37 (glycerol-6-phosphate AR 11g23.3 Hiraiwa et al., 1999
SLC37A4 transporter), member 4. Neutropenia,
impaired neutrophil migration due to
defective glucose 6-phosphate translocase
8. Neutropenia
a. Cyclic neutropenia and Neutrophil elastase 2. Includes Kostmann AR (AD) 19p13.3 39
severe congenital
neutropenias syndrome
ELA2
b. Congenital X-linked neutropenia WASP Wiskott-Aldrich Syndrome Protein XL Xpl1.22 31
(WASP)—see D.1
9. Dyskeratosis congenita Dyskeratosis congenita 1, dyskerin. Affected XL Xq28 Heiss et al., 1998
DKCI males have epithelial abnormalities, cancer
predisposition, bone marrow failure
10. Shwachman Bodian Diamond syndrome Highly conserved protein of unknown function. AR 7ql1 Boocock et al.,
SBDS Pancreatic insufficiency and bone marrow 2003
dysfunction, including neutropenia
11. Familial hemophagocytic lymphohistiocytosis (FHL)
a. FHLI Unknown AR 9q22 41
b. FHL2 Perforin deficiency Perforin 1 (pore forming protein) AR 10q22 41
PRF1
c. FHL3 Vesicle priming protein unc-13 homolog D AR 17q25.3 41
UNCI13D (C. elegans)
F. Defects of the Innate Immune System: Receptors and Signaling Components
1. Interferon-y receptor deficiency. Cell surface receptors for IFNYy protect against salmonella and mycobacterial disease.
a. IFNy receptor 1 deficiency IFNy-receptor 1 (or a-chain) is required for AR 6q23-24 28
IFNGR1 binding as well as signaling by associating
with Jakl.
b. IFNY receptor 2 deficiency IFNy-receptor 2 (or B-chain) is required for AR 21g22.1-q22.2 28
IFNGR?2 signaling by associating with Jak2.
2. IL-12 p40 deficiency Interleukin-12 40 KD subunit. IL-12 is required AR 5q31.1-q33.1 28
ILI2B for the production of IFN y by T and NK cells
3. IL-12Rp1 deficiency Receptor f chain for interleukin-12 AR 19p13.1 28
ILI2RB
4. STAT1 deficiency Signal transducer and activator of transcription AD, AR 2q12—ql3.2 28
STATI 1,91 KDa.
5. STATSb deficiency Signal transducer and activator of transcription AR 17q21 Kofoed et al., 2003
STATSB 56, 80 KDa. Immunodeficiency and growth
hormone insensitivity
6. IRAK-4 deficiency Interleukin-1 receptor-associated kinase 4 AR 12q12 Picard et al., 2003
IRAK4 Chapter 8
7. X-linked anhidrotic ectodermal dysplasia Inhibitor of x light polypeptide gene enhancer XL Xq28 36
with immunodeficiency in B cells, kinase y. NF-xB essential
IKKBG modulator (NEMO)
8. Anhidrotic ectodermal dysplasia with T Nuclear factor of «k light polypeptide gene AD 14q13 36
cell deficiency enhancer in B cells, inhibitor o
NFKBIA
9. Warts, hypogammaglobulinemia, Chemokine C-X-C motif receptor 4 (CXCR4) AD 2q21 23
recurrent bacterial infections, and
‘myelokathexis’ (WHIM)
CXCR4
(continued)



Table 1.1. (continued)

Defective Protein,
Pathogenesis

Reference or

Designation and Gene Name* Inheritance Locus Book Chapter

G. DNA Breakage-Associated and DNA Epigenetic Modification Syndromes (for Artemis, ligase 1V, and NHEJ 1 deficiency—see section A2)

1. DNA breakage-associated syndromes

a. Ataxia-telangiectasia (A-T) mutated Cell cycle check point ATM protein kinase AR 11q22.3 29
ATM
b. Nibrin Nijmegen breakage syndrome 1 protein nibrin. AR 8g21 30
NBSI Participates in DNA repair together with
RADS0 and MRE11
c. Bloom syndrome DNA repair protein BLM AR 15q26.1 30
BLM
d. A-T like disease (A-TLD) DNA damage-response protein AR 11g21 30
MREIIA
e. DNA ligase deficiency I Ligase I, DNA, ATP-dependent. AR 19 30
LIGI
2. Immunodeficiency, centromere instability DNA (cytosine-5)-methyltransferase 3b. AR 20q11.2 35
and facial abnormalities syndrome (ICF)
DNMT3B
H. Defects of the Classical Complement Cascade Proteins
1. Clq deficiency
a. CIQA C1 a-polypeptide AR 1p36.3—p.34.1 42
b. C10B C1 B-polypeptide AR 1p36.3—p.34.1 42
c. C10G C1 y-polypeptide AR 1p36.3—p.34.1 42
2. Clr and Cls deficiency
a.CIR Clr subcomponent. Often combined with Cls AR 12p13 42
defect
b. CI1S Cls subcomponent. Often combined with Clr AR 12p13 42
defect
3. C2 deficiency C2 gene is encoded within the MHC cluster AR 6p21.3 42
C2
4. C3 deficiency Major factor for both classical and alternative AR 19p.13.3 42
C3 complement pathways
5. C4 deficiency
a. C4A C4A subunit AR 6p21.3 42
b. C4B C4B subunit. C4A and C4B are adjacent genes AR 6p21.3 42
within the MHC cluster.
6. C5 deficiency C5 peptide. Initiates formation of the membrane AR 9q33-9q34.1 42
C5 attack complex (MAC)
7. C6 deficiency C6 peptide. Part of MAC AR 5pl3 42
Cc6
8. C7 deficiency C7 peptide. Part of MAC AR 5pl3 42
Cc7
9. C8 deficiency
a. C8A C8o-polypeptide AR 1p32 42
b. C8B C8pB-polypeptide AR 1p32 42
c. C8G C8y-polypeptide, binds covalently to the AR 9q 42
C8o-chain; C8 is part of MAC.
10. C9 deficiency C9 peptide. Part of MAC. C6, C7, and C9 genes AR 5pl3 42
c9 are clustered on chromosome 5p13.
L. Defects of the Alternative Complement Pathway
1. Factor B deficiency Factor B serine protease. Interacts with factor D. AR 6p21.3 42
BF The gene is encoded within the MHC cluster.
2. Factor D deficiency Factor D interacts with factor B. AR 19p13.3 42
DF
3. Factor H1 deficiency Factor H deficiency leads to uncontrolled AR 1932 42; Edwards
HF1 activation of the alternative C” pathway. A et al., 2005;
polymorphism (Y402H) is responsible for Haines et al., 2005;
~50% of age-related macular degeneration. Klein et al., 2005
4. Properdin factor C deficiency Contributes to activation of C3 via the XL Xpll.3-pl11.23 42
PFC alternative pathway.
J. Complement Regulatory Proteins
1. C1 inhibitor deficiency C1 inhibitor, a serine protease inhibitor. AD 11ql1—ql3.1 42

CINH

Haploinsufficiency results in hereditary
angioedema

(continued)
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Table 1.1. (continued)

Defective Protein,

Reference or

Designation and Gene Name* Pathogenesis Inheritance Locus Book Chapter
2. C4-binding protein deficiency Presumed defect in C4 binding; dissociates and
degrades C4 (classical C- pathway)
a. C4BPA C4 binding protein o AR 1q32 42
b. C4BPB C4 binding protein 3 AR 1932 42
3. Decay-accelerating factor (CD55) deficiency — Glycosyl phosphatidylinositol (GPI)-anchored AR 1932 42
DAF antigen. Impairs C’ killing by controlling
both pathways
4. Factor I deficiency C3-inactivator AR 4q25 42
IF
5. CD59 (antigen P18-20) or protectin 20 kDa GPI-anchored antigen. Inhibits lysis by AR 11p13 42
deficiency classical C” pathway
CD59
6. Mannose-binding lectin deficiency
a. Mannose-binding lectin deficiency Mannose-binding lectin activates a distinct, AR and AD 10q11.2 42

MBL2
b. Mannan-binding lectin-associated serine
protease 2 deficiency

MASP2 mannose-binding lectin

K. Periodic Fever Syndromes

antibody-independent complement pathway
Mannan-binding serine protease 2. Activates AR
complement pathway by cleaving

1p36.3-p362 42

1. Familial Mediterranean fever (FMF) Pyrin (marenostrin) AR 16p13.3 27
MEFV
2. Hyperimmunoglobulinemia D with Mevalonate kinase AR 12q24 27
periodic fever syndrome, hyper-IgD
syndrome
MVK
3. Tumor necrosis factor receptor-associated TNF receptor 1 cytokine receptor (CD120a) AD 12p13.2 27
periodic syndrome (TRAPS)
TNFRSFIA
4. Cold autoinflammatory syndrome 1
a. Familial cold urticaria (FCU) and Cryopyrin/NALP3/PYPAF1 AD 1q44 27
Muckle-Wells syndrome (MWS)
CIAS]
b. Chronic infantile neurological, Cyropyrin/NALP3/PYPAF1 AD 1q44 27
cutaneous and articular syndrome
CINCA syndrome
CIASI
5. Granulomatous sinovitis with uveitis and Caspase recruitment domain (CARD) family, AD 16q12 27
cranial neuropathies (Blau syndrome) member 15. Intracellular sensor of bacterial
CARDI5 peptidoglycan
6. Crohn’s disease Caspase recruitment domain (CARD) family, Polygenic 16ql12 27
CARDI5 member 15. Intracellular sensor of bacterial

peptidoglycan. Mutated in a subset of

Crohn’s disease

AD, autosomal dominant; AR, autosomal recessive; EBV, Epstein-Barr virus; NK, natural killer; XL, X-linked.

*Gene names, in italics, according to the Human Genome Organization, http://www.gene.ucl.ac.uk/nomenclature/; Wain et al., 2002, and online Mendelian Inheritance in

Man, http://www.nebi.nlm.nih.gov/omim/.

studied extensively over several years and known to be essential
for lymphocyte activation, no one had predicted that CD45 defi-
ciency would result in human severe combined immunodeficiency
(SCID) (Chapter 13). In an even more unexpected development,
the identification of a defective RNA component of an endori-
bonuclease as the cause of cartilage-hair hypoplasia was certainly
not anticipated (Chapter 36).

Infections, Autoimmunity, and Cancer:
Features of Genetic Immunodeficiencies

The hallmark of primary immunodeficiencies is an increased sus-
ceptibility to infections. However, both malignancies and auto-
immune disorders are known to occur at high rates, compared to

their incidence in control populations, in patients with certain
immunodeficiency syndromes. In this book we have included
diseases caused by genes encoding functionally important com-
ponents of lymphocytes, phagocytes, and proteins in the innate
immune system. This means that we have broadened the tra-
ditional meaning of the word immunodeficiency, which was in-
troduced to describe the lack of a component protecting an
individual from infections. The majority of leukocyte abnormali-
ties indeed cause susceptibility to infections. In some diseases
the defective component is only expressed in leukocytes, and the
defect, therefore, is inherent to this lineage. In other abnormali-
ties, such as ataxia telangiectasia (Chapter 29), Bloom syndrome
(Chapter 30), and DiGeorge anomaly (Chapter 33), the gene is
expressed outside the hematopoietic lineage and nonimmune
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features may even prevail. Among patients with most comple-
ment defects and periodic fevers, abnormal susceptibility to in-
fection is less pronounced.

Autoimmunity is often a complex phenomenon involving
dysregulation or imbalance in immune pathways and networks.
However, discovery of apoptosis defects associated with autoim-
munity, such as the mutations in the apoptosis mediator CD95
(Fas) in patients with autoimmune lymphoproliferative syndrome
(ALPS), illustrates that mutations in a single gene can have an
important effect (Chapter 24). This syndrome is often due to a
dominant interfering mutation of CD95 that impairs physiologic
apoptosis with the subsequent potential for accumulating self-
reactive lymphocytes, which in turn mediate autoimmune re-
sponses. More generally, the observation was made many years
ago that the incidence of autoimmune disorders is increased in
certain primary immunodeficiency diseases, such as common
variable immunodeficiency and immunoglobulin A (IgA) defi-
ciency (Chapter 23) and Wiskott-Aldrich syndrome (Chapter 31).

Allergy is recognized as having a genetic component, but at
present is not associated with a single-gene primary immuno-
deficiency. However, high levels of IgE are associated with hypo-
morphic mutations (i.e., with residual protein activity) in the
genes, which cause Omenn syndrome (Chapter 11) and in pa-
tients with the Wiskott-Aldrich syndrome or immune dysregula-
tion, polyendocrinopathy, enteropathy with X-linked inheritance
(IPEX). In certain hyper-IgE syndromes, which can be inherited as
an autosomal dominant or recessive trait, very high levels of IgE
are found, but the molecular cause is not yet known (Chapter 34).

Enhanced tumor susceptibility is not a hallmark of all primary
immunodeficiencies, but in certain disorders such as Wiskott-
Aldrich syndrome (WAS) the frequency of malignancy, particu-
larly lymphoma, is known to be high (Chapter 31). Malignancies
in immunocompromised individuals may be secondary to chronic
infections, which may induce overstimulation of the immune
system and thus increase the risk of transforming mutations as-
sociated with cell division. Tumor development in patients with
primary immunodeficiencies has also been attributed to defective

Cognate IL-7

Btk, 4,15,lga’
BLNK

NEMO BL

NF’kB NBS1
Rag1/2 ATM

Artemis

\_AﬂAbC - complex

“immune surveillance” on the theory that the immune cells, partic-
ularly natural killer (NK) cells, are programmed to eliminate
transformed cells. Another mechanism contributing to tumor de-
velopment is impaired eradication of microorganisms with an
oncogenic potential such as Epstein Barr virus (EBV); EBV lym-
phoproliferative disease is seen in several immunodeficiencies,
particularly X-linked lymphoproliferative disease (Chapter 32).
In some inherited immunodeficiencies with an increased inci-
dence of tumors, however, such as Artemis deficiency and Bloom
syndrome, the mutated gene encodes an enzyme affecting DNA
breakage and rejoining (Chapters 11, 29, and 30).

Genetic Immunodeficiencies in the Spectrum
of Host Defense Disorders

The immune system is part of the multifaceted general defense
system evolved to protect higher organisms from harmful inva-
sion of microorganisms. The first lines of defense against infec-
tions are anatomical, mechanical, and chemical barriers. When
the skin or mucosa is breached—for instance, by a burn or ab-
normality involving the skin or respiratory tract (severe eczema,
cystic fibrosis, or disorders of ciliary function in respiratory
epithelium)—susceptibility to infections is readily apparent. Sim-
ilarly, the normally low pH of the stomach or vagina and the ac-
tion of secreted enzymes and antibacterial defensins discourage
bacterial invasion. Because small numbers of potentially patho-
genic organisms routinely get past these barrier defenses, the
reticuloendothelial system, principally the spleen, serves to filter
and neutralize invaders in the bloodstream. Thus splenic defi-
ciency, most commonly due to sickling hemoglobinopathies, is a
major cause of immune compromise. Phagocytes and lympho-
cytes and their humoral products constitute a highly specialized
and coordinated network responsible for selective recognition
and elimination of microorganisms that have passed through the
body’s outer barriers.

The most common causes of immunodeficiency worldwide
are acquired. These are most often malnutrition and immunosup-
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Figure 1.1. Simplified schematic diagram
of mediators of leukocyte activation and in-
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teins are labeled in boldface if primary im-
munodeficiency disorders are known to
result when they are absent or defective. IL-
Rc, common chain of IL-2, 4, 7,9, and 15
receptors;

IFN-R, interferon receptor; TCR, T cell
receptor; SLeX, S-Lewis X receptor. For
other abbreviations, see Table 1.1.
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pression secondary to bacterial, fungal, parasitic, and particu-
larly viral infections, not only with human immunodeficiency
virus (HIV) but also with other viruses, such as measles and
EBV. In developed countries, iatrogenic immunosuppression is
also found in settings of cancer therapy, organ transplantation,
and chronic steroid administration.

In contrast, diseases for which the primary cause is a heritable
defect in an immune system gene are infrequent; the common es-
timate is around 1 per 10,000 births, but the true incidence is not
known. Such rare events might be considered to have limited
significance on the global scale. However, an understanding of
rare, heritable immunodeficiencies at the molecular level helps
physicians diagnose and treat individuals with acquired immune
deficits. There is also a long list of additional inherited syn-
dromes that appear related to immune deficiency (Ming et al.,
1996). The recent appreciation of the interplay between different
combinations of inherited and environmental factors promises to
help investigators uncover the molecular etiology of more com-
mon disorders with complex inheritance, such as the majority of
common variable immunodeficiency and IgA deficiency al-
though also here single gene defects without any known environ-
mental influence have been identified (Chapter 2). On the other
hand, a certain genetic makeup may protect an individual from
infections; for example, persons lacking the chemokine receptor
CCRS5 on the surface of their T cells are relatively protected from
HIV infection, as this virus uses CCRS as a coreceptor (Deng et
al., 1996; Dragic et al., 1996; Biti et al., 1997).

Although this book’s main focus is on the recognizable,
single-gene primary immunodeficiency syndromes and their mo-
lecular defects, the advances in understanding of these diseases
have furthered our knowledge of the normal development and
function of each component of the immune system. New insights
from primary immunodeficiency demonstrate that efficient pro-
tection against microorganisms depends not only on the perfor-
mance of each individual component but, equally important, on a
flawless interdigitation of the innate immune system, neutrophils,
and activated T and B lymphocytes.

Figure 1.1 shows a simplified diagram of many major compo-
nents of the immune system and of gene products that are critical
for the development and regulation of immune responses. Each
of the molecules highlighted in bold letters has been associated
with a primary heritable immunodeficiency. Under normal circum-
stances, the costimulation of B cells by antigens, antigen-activated
T cells, and lymphokines results in the production of antibodies
of evolving isotypes from IgM to IgG and with increasingly
high affinity. These antibodies form antigen—antibody complexes
to opsonize microorganisms, neutralize viruses, and activate the
complement cascade. Some of the complement subunits liberated
during complement activation are potent chemotactic agents that
attract neutrophils and macrophages. To emigrate from the vascu-
lar spaces, phagocytic cells need adhesion molecules and a cy-
toskeletal system that permits movement. To trap antigen for
presentation to T cells, macrophages with Fc and complement re-
ceptors and also follicular dendritic cells and B cells are strategi-
cally distributed throughout the tissues. Before the T- and
B-cell-specific responses to invasion can be mobilized, the innate
immune system provides significant basic protection.

Evolution of the Classification of
Genetic Immunodeficiencies

The first descriptions of immunodeficiency diseases grew out of
clinical observations of patients with recurrent, severe, or un-

usual infections, the common denominator of most genetically
determined primary immunodeficiency disorders. The types of
pathogenic organisms, the course of the infections, and the effec-
tiveness of available therapies were, over time, recognized to be
correlated with the nature of the immune defect. These clinical
observations remain the most important tools for suspecting and
diagnosing patients with immunodeficiency (see Chapter 43).
For example, recurrent sinopulmonary infections might suggest
an antibody disorder, while bacterial, viral, and fungal infections,
which fail to respond to conventional treatment, suggest T cell or
combined defects.

As our appreciation of the different host defense mechanisms
has progressed, new immunologic tests have evolved that have
improved the diagnostic capability of physicians caring for pa-
tients with an abnormal predisposition to infection. From the dis-
covery of agammaglobulinemia and its consequences by Bruton
(1952) to the enumeration and phenotyping of B cells, T cells,
and T-cell subsets and the functional testing of lymphocytes and
phagocytes in vitro, we have come a long way in understanding
normal immune processes and recognizing specific abnormalities
in immunodeficient patients. Classification combining immuno-
logical tests and empirical observations has in turn led to improved
therapeutic approaches, such as immunoglobulin replacement for
patients with agammaglobulinemia.

Grouping of human immunodeficiencies into a series of syn-
dromes by clinical presentation and laboratory findings has made
it possible to recognize how dysfunction of each of the distinct
branches of the immune system, and in some cases genetically
distinct disease entities, can produce a particular pattern of infec-
tions and clinical presentations. Such a disease classification sys-
tem has been composed and periodically updated by the World
Health Organization Scientific Group on Primary Immunodefi-
ciency Diseases (WHO Scientific Group, 1995, 1997; Chapel
et al., 2003). As new syndromes have been discovered and their
associated genes identified, the nomenclature describing primary
immunodeficiency disorders has been modified and expanded
(Wain et al., 2002, 2004).

Molecular disease classification is now being integrated with
ever-more sophisticated and specific in vitro testing of immune
cell functions. This new level of definition serves to refine further
the clinical and laboratory classifications already established,
making possible longitudinal clinical follow-up and tailoring of
treatments for each genotype. In Table 1.1 a summary of currently
recognized primary disorders of the immune system is given and
each disorder associated with a known disease gene has the gene
name listed along with the disease name. The logical extension of
this type of classification is to gather information from large num-
bers of patients with each specific gene disorder into databases
that include clinical presentation, molecular data including spe-
cific gene mutations, treatments, outcome, and long-term follow-
up. Some attempts in this direction have already been made (Smith
and Vihinen, 1996; Levy et al., 1997; Winkelstein et al., 2003); the
rarity of each individual disorder dictates that databases of pooled
patient information are necessary to provide unprecedented ability
to analyze the immunodeficiency diseases.

Spectrum of Clinical
Immunodeficiency Syndromes

How many mutated genes causing primary immunodeficiency dis-
eases are there? Mutations interfering with expression may be
irrelevant if the gene product is redundant or nonessential; muta-
tions may escape detection by producing profound abnormalities
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Figure 1.2. Pedigree of a family
with X-linked agammaglobuline-
mia (XLA), illustrating medical
progress in diagnosing and treat-
ing affected males. Males,

squares; males diagnosed with
XLA, filled squares. Females,
circles; mutation carriers, circles
with filled center. Slash, de-
ceased. Individuals who may
have had the XLLA mutation are
indicated with a question mark.
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incompatible with viability; or mutations may cause a heritable
disease with a characteristic phenotype. The total number of genes
in humans is estimated to be around 22,000. Estimates based on
subtraction experiments suggest that the number of genes prima-
rily involved in leukocyte development and function may be more
than 1000. Allowing for some redundancy, somewhat fewer than
1000 single-gene primary immunodeficiencies might be possible,
around seven times the number now recognized in Table 1.1.

The more common single-gene immunodeficiency diseases
have been studied extensively, but their true frequencies in dif-
ferent populations are still only roughly estimated. The most
frequently seen monogenic primary immunodeficiencies are
X-linked, requiring only a single mutational event to be manifest.
More than 2000 patients with one of five X-linked immunodefi-
ciencies have recently been collectively registered and reported
(see Chapter 45). There are far more immunodeficiency disor-
ders that are inherited as autosomal recessive traits. However, be-
cause they require loss of function of both copies of a gene on
homologous chromosomes, the incidence of these diseases is far
lower. If one considers that an estimated number of genetically
determined human diseases is around 5000 and over 2300 have
been mapped on the human genome (Online Mendelian Inheri-
tance in Man, 2005), it is clear that many potential primary im-
munodeficiency disorders have so far not been identified as
distinct entities. If they have actually occurred, they may have
presented as sporadic cases and not been recognized as gene-
tically determined immune deficiencies.

Furthermore, mutations located in different regions of the
same gene may cause diseases with different manifestations or
phenotypes, referred to as allelic heterogeneity (see Chapter 2).
This is exemplified by mutations of the WAS gene, some of
which tend to present as full-blown WAS, whereas others are
more regularly associated with X-linked thrombocytopenia and
still others with isolated neutropenia (see Chapter 31).

Progress in Diagnosis and Treatment

Progress in immunology, genetics, and molecular biology has
changed the way we diagnose and treat affected patients. This is
illustrated by the histories of families with multiple generations

Year of birth (b) and age of death
are indicated for selected individ-
uals. Individuals III-1, ITI-4, and
IV-3 died of pneumonia. IV-4
died of pulmonary insufficiency,
having suffered many bouts of
pneumonia from early childhood
until diagnosis at age 7.

of affected members. Figure 1.2 represents a kindred now rec-
ognized to be carrying X-linked agammaglobulinemia (XLA)
(Chapter 21). Inspection of the pedigree reveals that individual
III-3, born in 1918, is an obligate carrier of this condition. It is
interesting that she had two brothers who died early in life; al-
though definitive information is lacking, they may have been
affected with XLA. Her oldest son, IV-3, suffered from recur-
rent upper and lower respiratory tract infections and died of
pneumonia in 1948 at the age of 4 years. Her two younger sons,
IV-4 and IV-6, were able to receive the newly available antibi-
otic penicillin. They survived multiple episodes of pneumonia
and were diagnosed with XLA in the mid-1950s, shortly after
Bruton’s discovery of agammaglobulinemia (Bruton, 1952). By
the time intramuscular immunoglobulin treatment was insti-
tuted, both boys had developed chronic lung disease and
bronchiectasis. IV-4 was one of the first patients treated with
high doses of intravenous immunoglobulin (IVIG) for echovirus
infection with dermatomyositis, fasciitis, and meningitis
(Mease et al., 1981). He died of chronic respiratory failure at
the age of 50.

The younger generations of this family have a much more
hopeful prognosis. When individual V-3 developed his first pneu-
monia at the age of 2, he was referred to a university center,
where the diagnosis of XLA was confirmed and treatment with
immunoglobulin was initiated. He has remained healthy with
regular immunoglobulin replacement and presently has a full-
time job and no chronic disease. XLA was diagnosed in the
youngest member of this kindred, VI-3, at the time of birth by
documentation of absent B cells in cord blood. He was immedi-
ately started on immunoglobulin treatment and remains com-
pletely healthy.

Gene therapy has been pursued in primary immunodeficien-
cies since the early trials of gene replacement for adenosine
deaminase (ADA) deficiency in 1990 (Chapter 48). However,
only in 2000 was therapeutic benefit achieved, when patients
with X-linked SCID became the first humans to have their dis-
ease reversed by gene therapy as their sole treatment (Cavazzana-
Calvo et al., 2000). Recent reports of highly effective gene therapy
protocols for both X-linked SCID, due to common y-chain defi-
ciency, and ADA SCID (Aiuti et al., 2003) demonstrate the
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promise of correction of known gene defects in hematopoietic
stem cells, which can then be self-renewing and capable of dif-
ferentiating into healthy and functional immune cells. However,
the occurrence of a leukemia in three X-linked SCID patients
due to insertion of the retroviral gene vector near a T-cell tran-
scription factor, LMO-2 (Hacein-Bey-Abina et al., 2003), indi-
cates that further research into gene therapy will be needed to
improve its safety as well as efficacy.

Genetic Services for Families with
Genetic Immunodeficiencies

With an incidence estimated at 1 per 10,000 births and heavy use
of medical care services by affected patients, the impact of sig-
nificant primary immunodeficiency diseases as a whole on health
care is considerable. The incidence of immunodeficiencies is
lower than that of cystic fibrosis in Caucasians or of congenital
hypothyroidism (about 1 per 2500) but comparable to that of
phenylketonuria (1 per 10,000) (Scriver et al., 2001). Because of
the large number of specific immunodeficiency entities and their
widely varying abnormalities, population screening has not yet
been implemented for this group of diseases. Therefore, main-
taining a high index of suspicion through education of physicians
and the public is essential for timely diagnosis.

Precise genetic diagnosis conveys benefits to patients, their
families, and the health care system. Because even patients with
X-linked immunodeficiencies often have a negative family his-
tory, recognition that the condition is genetic is important. Pre-
diction of recurrence risks, genetic counseling, and carrier and
prenatal testing are now available for a large number of immun-
odeficiencies (Chapter 44).

Genetic Immunodeficiencies
and Immunology

The pleiotropy of primary immunodeficiency diseases has be-
come even more evident and reflects the complexity of the hu-
man immune system itself. The existence of multiple molecular
defects underlying similar phenotypes has helped in elucidating
critical immune system components. This is well illustrated by
the recent discovery of several new genes (AID, UNG, CD40) re-
lated to failure to generate IgG, IgA, and IgE immunoglobulins
while making normal or increased levels of IgM, originally
named “hyper-IgM syndrome.” In the most common form of this
syndrome, the X-linked form, affected individuals carry muta-
tions in the gene for CD40 ligand (CD40L) (Chapter 19). Identi-
fication of autosomal recessive forms of the syndrome has been
crucial for our current understanding of the phenotypic variation
among these patients. Thus, the former assembly of patients with
“hyper-IgM” into one major group is outdated. Instead, disease-
specific criteria have been redefined. In many patients an in-
creased level of IgM is not found; furthermore, the spectrum of
infections varies among individuals with mutations in different
genes. Thus, in the defects for CD40 ligand and its receptor
CDA40, cellular immunity is impaired in addition to the humoral
defect. Conversely, mutations in the AID and UNG genes are
phenotypically restricted to the B cell lineage. The distinct gene
abnormalities produce susceptibility to different classes of infec-
tions as well as having different histopathological changes in
secondary lymphoid organs. Thus, basic immunology research
receives critical clues from humans with immunodeficiencies
that cannot always be appreciated, or may not even exist, in ani-
mal models.
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Genetic Principles and Technologies
in the Study of Immune Disorders

JENNIFER M. PUCK and ROBERT L. NUSSBAUM

Medical genetics is the subspecialty of medicine concerned with
the investigation, diagnosis, treatment, counseling, and manage-
ment of patients and families with inherited disease. Research
in medical genetics focuses on identifying the genes involved in
human hereditary diseases and the changes in DNA sequence that
cause or predispose to these diseases; elucidating disease patho-
genesis, including both genetic and environmental factors; under-
standing the inheritance patterns of diseases in families; developing
new treatments or cures for hereditary disorders; and helping pa-
tients and families make reproductive decisions and cope with
the impact of genetic disorders on the health of family members.
Although a complete discussion of medical genetics is beyond
the scope of this book and can be reviewed in several texts (Vogel
and Motulsky, 1996; Scriver et al., 2001; Nussbaum et al., 2006),
it is essential to present here an overview of the terminology,
concepts, and methods of modern molecular genetics. This intro-
duction will outline the approaches that have led to the identifi-
cation of the genes involved in over 140 specific disorders of the
immune system. These findings should make possible further
revolutionary changes, not only in the discovery of additional
disease genes, but also in understanding the pathogenesis of de-
fects in host defenses. Using this understanding, we may create
effective new therapies.

The normal complement of 46 chromosomes in a human
cell consists of 23 pairs of homologous chromosomes (Fig. 2.1).
Twenty-two of the 23 pairs are autosomes and are the same in
men and women; the remaining pair, the sex chromosomes, con-
sist of two X chromosomes in females and one X and one Y
(carrying the male-determining genes) in males. The two homolo-
gous chromosomes that make up any of the 22 pairs (23 pairs in
females) are identical in size, centromere placement, and arrange-
ment of genes.
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It is customary in human genetics to refer to the location of a
particular gene on a chromosome as the locus for that gene. The
DNA sequence in and around a gene (such as in introns, flanking
regions, or even within coding regions) may be variable among
the individuals in the population. The term allele is used to de-
scribe different DNA sequence variants, and the particular pair
of alleles an individual possesses for a given gene is called the
genotype. Alleles can be rare, deleterious mutations that cause
disease, or fairly frequent normal variants of no known clinical
significance. If greater than 2% of the population has a DNA se-
quence that differs from the DNA sequence in other individuals,
the variation is called a polymorphism. A group of polymorphic
alleles at a set of loci close together in a row on a single chromo-
some is called a haplotype. Because the loci are close to each
other, recombination between homologous chromosomes will
occur only rarely in the region containing these loci and there-
fore the entire block of alleles contained in a particular haplotype
tend to be inherited together.

Mechanisms of Inheritance

Mendelian vs. Complex Inheritance

Mendelian inheritance is a term used to describe the hereditary
patterns seen in diseases caused by DNA mutations in single
genes inherited from parents by their offspring. Thus, Mendelian
disorders include most of the rare primary immunodeficiency
diseases described in this book. An increasing awareness of a
genetic contribution to other diseases has led to the designation
non-Mendelian or complex inheritance to refer to instances in
which an individual’s genetic makeup has a more variable and
more complex role in disease causation. Examples of complex
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diseases include multifactorial diseases in which one or more
gene mutations must interact with each other and/or environmen-
tal factors in order for a disease to be manifest.

Autosomal Recessive Inheritance

In autosomal recessive inheritance (Fig. 2.2), disease usually
results when a person inherits two defective copies of the same
autosomal gene; the affected individual can be either a homozy-
gote, if two identically defective copies of the same gene are
inherited, or a compound heterozygote if there are two different
deleterious mutations in the gene. The parents are unaffected het-
erozygotes who carry one normal copy and one abnormal copy
of the gene. By definition, in recessive disease, heterozygous car-
riers of recessive disorders are not affected because the normal
copy of the gene compensates for the defective copy. The typical
familial inheritance pattern in autosomal recessive illness is for
disease to occur in one or more full brothers and sisters, with
both genders affected equally and both parents unaffected. Re-
cessive disorders are seen with increased frequency in children
of consanguineous marriages, in which the parents are related to
each other (Fig. 2.2), and in genetically isolated populations, be-
cause both parents have a greater chance of carrying the same
defective gene inherited from a single common ancestor. The
genotypes of affected individuals in such instances are expected
to show homozygous mutations. A lack of family history is not an
argument against autosomal recessive inheritance because, with
small sibship sizes typical of many contemporary families, a single
affected child born to unaffected parents is the rule rather than
the exception.
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Figure 2.1. Normal human metaphase
chromosomes from a male, aligned to
-~ show the 22 pairs of autosomes, plus one
g - X and one Y. The banding pattern is re-
vealed by Giemsa staining. Giemsa-light
XY regions are particularly rich in genes.
(Kindly provided by Amalia Dutra.)
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Figure 2.2. Autosomal recessive inheritance. Circles, females; squares,
males; filled symbol, affected; symbol with dot, silent carrier. Roman
numerals designate generations, with each individual within a generation
identified by an integer. This pedigree demonstrates a consanguineous
mating, double horizontal line, between cousins III-1 and III-2 (a typical,
but not required characteristic of autosomal recessive disease pedigrees).
An arrow marks the proband, the first person in the family to come to
medical attention. For updated conventions for pedigree drawing, see
Bennett et al. (1995).
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Recessive illness usually results from loss of function of a gene
whose product is normally present in excess so that even a half-
normal amount of the gene product is adequate to prevent disease.
For example, homozygotes with deletion of the first exon of the
gene encoding adenosine deaminase (ADA) have a profound defi-
ciency of the enzyme, resulting in early onset of severe combined
immunodeficiency (SCID) (see Chapter 12). In contrast, heterozy-
gotes, with one deleted and one functional copy of the gene, have
an amount of enzyme activity intermediate between that found in
normals and that in patients with ADA-deficient SCID; but even a
small fraction of the normal activity is sufficient to protect them
from expressing any immunological defect.

Autosomal Dominant Inheritance

In autosomal dominant inheritance (Fig. 2.3), an individual needs
only one copy of a gene alteration for the disease to occur. The
parent from whom the genetic alteration was inherited may him-
self or herself be affected, or may be a silent, or nonpenetrant,
carrier. Alternatively, neither parent may harbor the alteration
seen in the child if the child’s mutation arose spontaneously in
one of the two gametes, egg or sperm, from which the child was
formed. The typical inheritance pattern in autosomal dominant
illness is to see multiple affected individuals, both genders af-
fected equally, with transmission of the disease from one genera-
tion to the next. A lack of family history is not a strong argument
against autosomal dominant inheritance, however, because a non-
penetrant carrier parent or a new mutation will make the affected
individual appear as a sporadic occurrence of the disease in the
family.

If a dominantly inherited condition requires the presence of
an alteration on only one chromosome, it would seem contradic-
tory that some heterozygotes for the defective gene can show no
evidence of the disease (lack of penetrance), as illustrated for in-
dividual II-4 in Figure 2.3. However, such lack of penetrance is a
well-described phenomenon in autosomal dominant disorders.
Incomplete penetrance is seen if the onset of the disorder is age-
dependent or if an additional factor or factors, such as a second
spontaneous somatic mutation or an environmental agent or in-
fluence, must be superimposed on the underlying genetic defect
in order for the disease to become clinically evident.

Mutations can cause dominantly inherited diseases through
a number of different mechanisms. In the most straightforward
situation, abnormal amounts of the gene product may be inade-
quate or allow accumulation toxic metabolites. For example, defi-
ciency of one copy of a gene or multiple genes contained within
microdeletions of chromosome 22 is responsible for DiGeorge
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Figure 2.3. Autosomal dominant inheritance. Note male-to-male trans-
mission from subject II-2 to III-4, strongly suggesting dominant inheri-
tance. II-4 is a nonpenetrant carrier. Circles, females; squares, males; filled

symbol, affected; symbol with circle, at risk but currently unaffected car-
rier; arrow, proband.

syndrome (see Chapter 33). This model for dominant inheritance
is called haploinsufficiency. In contrast, more than two copies of
a gene may also cause disease inherited in an autosomal domi-
nant manner, as is seen with duplication of the PMP22 gene in
Charcot-Marie-Tooth TA peripheral neuropathy (Boerkel et al.,
2002) or triplication of the o-synuclein gene in familial Parkin-
son disease (Singleton et al., 2003).

In a second pathogenetic mechanism, a gain of novel func-
tion, a dominant mutation may cause a new or altered protein to
be made that is endowed with a novel or toxic activity not found
in the normal gene product. An example is the acute myeloid
leukemia M4Eo subtype associated with a somatic (not germline,
and thus not inherited from one generation to the next) inversion
of chromosome 16 (Liu et al., 1993). This chromosomal rearrange-
ment causes the apposition of the 5" portion of the transcription
factor gene CBFB with the 3’ end of the gene encoding myosin
heavy chain, a structural protein of muscle. The result is a chimeric
protein that interacts in an abnormal way with other transcription
elements to interfere with the normal transcription program of
myeloid progenitor cells.

A third type of mutation frequently causing dominant inheri-
tance is dominant negative mutation, such as that seen in most
patients with an autoimmune lymphoproliferative syndrome (see
Chapter 24). Patients with heterozygous mutations in the gene
encoding the apoptosis mediator CD95 or Fas have defective pro-
grammed cell death through the homotrimeric Fas receptor com-
plex. In vitro studies of the mutated gene products show not only
failure of the mutant protein to transmit a death signal itself but
also interference by these altered Fas proteins with death signal
transmission by coexpressed normal Fas (Fisher et al., 1995). The
mutated Fas proteins may produce steric interference when in-
corporated into the normal trimeric Fas receptor complex.

Finally, a mechanism operating in some dominantly inherited
cancer syndromes is that of a two-hit process (Knudson, 1971).
The first hit is an inherited mutation that inactivates one allele of
a tumor-suppressor gene, rendering an individual heterozygous
for the mutated gene. One defective allele for this type of inheri-
tance is not in itself sufficient to cause disease. However, an indi-
vidual who carries only one normal copy of a tumor-suppressor
gene is at markedly increased risk for developing cancer. All that
is required is that a single somatic cell undergo a second muta-
tion inactivating the remaining normal allele for that one cell to
undergo pathologic, unregulated growth and produce a clonal can-
cer. Second hits are frequently genomic deletions in a single cell
as it divides, resulting in loss of heterozygosity at the disease lo-
cus in the tumor cells.

X-Linked Inheritance

Mutations in X-linked genes have strikingly different conse-
quences in males and females and cause diseases with a distinc-
tive X-linked pattern of inheritance (Fig. 2.4). This is because of
the different number of X chromosomes in males and females
and the unique biological properties of the mammalian X chro-
mosome. In a male carrying a defective X-linked gene, clinically
apparent abnormality always occurs because his only copy of the
gene is disrupted. Male hemizygosity for the X chromosome ex-
plains the large number of X-linked immunodeficiencies (Fig. 2.5)
and the high proportion of males diagnosed with inherited im-
munodeficiency. In females with X-linked gene defects, the situ-
ation is more complex. In order to provide dosage compensation
and to equalize gene expression for X-linked genes in males and
females, one of the two X chromosomes in a female’s somatic
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cells is chosen at random, early in embryonic life, to undergo a
near total and irreversible inactivation (Lyon, 1966). Thus, in
contrast to the situation with a heterozygote for an autosomal
gene mutation, a female heterozygous for an X-linked gene mu-
tation does not have a uniform population of cells, each of which
expresses both the normal and abnormal gene. Instead, the so-
matic tissues of a female are made of a mixture of cells, some of
which have an active X chromosome carrying the normal gene,
while the rest have an active X carrying the abnormal gene. The
relative proportion of cells with one or the other X chromosome
active in any one tissue averages 50%, but may differ substan-
tially depending on chance and the number of precursor cells for
that tissue that were present in the embryo when X inactivation
took place. The fraction of cells in a tissue that have an active X
chromosome carrying the normal gene is usually sufficient for
normal function of the tissue, so female heterozygotes for X-linked
disorders are usually silent carriers. If, however, the cells that
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P 414 __ PFC Properdin deficiency
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13 X-linked severe combined
immunodeficiency, XSCID
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Figure 2.5. Idiogram of human chromosome X, illustrating the major
Giemsa bands and conventional cytogenetic nomenclature, including
p (short) arm and q (long) arm, integers denoting major bands increasing
from centromere to telomere, and additional digits to the right of the
decimal point denoting sub-bands. The loci on the X chromosome of
known human immune disease genes are indicated.
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Figure 2.4. X-linked inheritance. Circles, females;
squares, males; filled symbol, affected; symbol with dot,
silent carrier. Male-to-male transmission is not present.

have inactivated the X chromosome carrying the normal gene
predominate in a tissue, female heterozygotes may be sympto-
matic. Thus, the terms dominant and recessive as applied to auto-
somal disorders are not strictly applicable to X-linked diseases.

In female carriers of some X-linked conditions, such as
X-linked SCID due to defects in the IL-2Ry receptor (see Chap-
ter 9) or X-linked agammaglobulinemia (XLA) due to defects in
the Btk kinase (see Chapter 21), the expected random X inacti-
vation in the lymphocyte population targeted by the gene defect
is not seen (Puck, 1993). In these situations, a female carrier of
X-linked SCID (or of XLA) will have no lymphocytes (or in the
case of XL A no B cells) whose active X chromosome carries the
mutation because the fraction of the lymphocyte precursors that
have inactivated the X chromosome carrying the normal version
of the gene cannot develop and differentiate normally. As a re-
sult, the target lymphocyte population for each disease will show
marked “skewing” of X-inactivation. The abnormal X-inactiva-
tion pattern seen in X-linked immunodeficiencies is discussed in
greater detail in the chapters related to specific diseases and in
Chapter 44.

A typical X-linked inheritance pattern (Fig. 2.4) is character-
ized by multiple affected male siblings and cousins as well as af-
fected males in additional generations, all affected members of
the kindred being related through unaffected female relatives.
However, a lack of family history does not rule out an X-linked
inheritance mechanism for immune deficiency. As with autosomal
dominant disorders, a spontaneous new mutation in an X-linked
gene can cause the disease to appear in the family, either directly
in a male, or by the creation of a silent female carrier who passes
the mutation on to her male children. One-third of the cases of
X-linked diseases severe enough to prevent reproduction by af-
fected males are expected to be the first manifestation in their
pedigree of a new mutation (Haldane, 1935). Because males do-
nate a Y chromosome and not an X chromosome to their sons,
documenting male-to-male transmission of any trait in any pedi-
gree rules out X-linked inheritance.

Heterogeneity

Genetic heterogeneity is a broad term used to describe departures
from the simple models of “one gene—one enzyme” or “one
mutation—one disease.” Diseases can show allelic heterogeneity,
in which different mutations in the same gene cause disease, as is
the rule in single-gene immunodeficiency diseases. Locus hetero-
geneity occurs in diseases such as SCID in which a similar phe-
notype of opportunistic infections from of lack of cellular and
humoral immunity can arise from mutations in a number of dif-
ferent genes; the diseases caused by mutations at these different
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loci are termed genocopies. In contrast, a phenocopy is an ac-
quired, not a genetic, disease that resembles genetic forms of the
disease.

Still more complicated models of inheritance appear to be op-
erating in disorders such as common variable immune deficiency
and IgA deficiency (see Chapter 23) or atopic disease. In these dis-
orders one can observe a clearly increased incidence within fami-
lies; however, an obvious Mendelian pattern of inheritance is not
seen. A genetic contribution to such diseases is suspected when
there is greater concordance of the disease in monozygotic (identi-
cal) twins than in dizygotic (fraternal) twins and when there is an
increased risk for the disease in relatives of affected patients com-
pared to that in the population at large. The risk of a second af-
fected individual in a family is greater the closer the blood
relationship with the proband. Such complex inheritance patterns,
well described in asthma and insulin-dependent diabetes mellitus,
are the result of interactions between genes at different loci com-
bined with unidentified, but substantial environmental effects.

How to Identify Disease Gene Loci

Abnormal Protein Products

The first disease genes to be recognized as mutated in immune dis-
orders were identified by defining abnormalities in their protein
products. Adenosine deaminase deficiency was originally identi-
fied as a purine metabolic defect, and subsequently the absence of
ADA enzyme activity was noted in patients who lacked lympho-
cytes and had immune defects (see Chapter 12; Giblett et al.,
1972). This approach was fruitful in ADA-deficient SCID because
the enzyme encoded by the disease gene turned out to be a “house-
keeping” gene, expressed in all normal cells. It was subsequently
appreciated that the amount of ADA protein normally found in
lymphocytes is far greater than that in other tissues and that T cells
are exquisitely sensitive to elevated levels of its substrates, includ-
ing deoxyadenosine. These facts help to explain why ADA defi-
ciency is much more harmful to lymphocytes than to other cell
types, although effects on organs such as the liver and central ner-
vous system are recognized. The general method of first identifying
protein abnormalities in immune disorders and then documenting
gene lesions has been less successful for disease genes that have re-
stricted tissue expression or are only active in an early stage of dif-
ferentiation of the target cell type. For these, positional cloning and
testing for mutations in candidate genes have been essential.

Cytogenetic Abnormalities

When clinical disorders are associated with abnormalities in the
number or structure of an individual’s chromosome complement,
cytogenetic techniques can lead to the identification of disease
genes. Metaphase chromosomes from dividing cells can be stained
with Giemsa to reveal segmental banding patterns that uniquely
characterize each human chromosome (Fig. 2.1). Cytogenetic
analysis involves comparison of each chromosome to the stan-
dard karyotype idiogram, as illustrated for the X chromosome in
Figure 2.1. Hybridization of labeled DNA probes to denatured
chromosomes, known as fluorescent in situ hybridization, or FISH
(Color Plate 2.1), can pinpoint much smaller regions of the genome
to indicate the chromosomal location of a disease-associated mi-
crodeletion, duplication, or rearrangement. The example in Plate
2.1 shows hybridization of a fluorescent labeled cosmid containing
the Fas-associated death domain (FADD) gene to identify its local-
ization to human chromosome 11q13.3 (Kim et al., 1996).

Aneuploidy, or abnormal chromosome number, is associated
with immune defects. Trisomy 21, or Down syndrome, the most
common genetic cause of human mental retardation, is accompa-
nied by depressed in vitro immune responses and by increased
incidence of autoimmunity and infections, the leading cause of
death in Down syndrome (Epstein, 2001).

At the subchromosomal level, contiguous gene deletion syn-
dromes are collections of clinical manifestations resulting from
consistently observed chromosomal deletions spanning multiple
neighboring genes. An example is the chromosome 11p13 dele-
tion syndrome associated with Wilms tumor, aniridia, genitouri-
nary anomalies, and mental retardation (Haber, 2001; Schaffer
et al., 2001). Larger deletions produce the complete phenotype,
while smaller disruptions involving single genes within the re-
gion produce limited phenotypes, such as isolated aniridia. A
contiguous gene deletion syndrome in the context of an immun-
odeficiency has been postulated, but not proven, in DiGeorge
syndrome, which is associated with deletions of chromosome
22q11 (see Chapter 33; Schaffer et al., 2001).

Rare or unique chromosomal abnormalities are occasionally
found in the context of primary genetic disorders. Coexistence
of a chromosomal translocation, duplication, or deletion and an
abnormal phenotype in a patient is very unlikely to be a coinci-
dence; rather, the cytogenetic lesion provides direct evidence for
the genetic localization of a disease. One of the best examples
of chromosomal abnormality leading to gene identification is
the contiguous gene deletion syndrome produced by interstitial
deletion of chromosome Xp21 in male patients suffering from
multiple disorders including chronic granulomatous disease as
well as Duchenne muscular dystrophy, retinitis pigmentosa, and
McLeod hemolytic anemia (see Chapter 37; Schaffer et al.,
2001).

Disease Gene Localization
by Linkage Mapping

DNA polymorphisms

Each child inherits one chromosome of each pair of homologous
chromosomes from one parent and the other chromosome of the
homologous pair from the other parent. The parent of origin of
each chromosome in a pair can be identified by tracing the inher-
itance of DNA polymorphisms, small differences in DNA se-
quence between chromosomes. Polymorphic alleles for linkage
analysis were originally detected by different lengths of the DNA
segments seen on Southern blots of DNA digested with various
restriction endonucleases (restriction fragment length polymor-
phisms, or RFLPs) (Drayna and White, 1985). By 1990, RFLPs
were largely replaced by short tandem repeat polymorphisms
(STRPs) composed of stretches of simple dinucleotide, trinu-
cleotide, or tetranucleotide, repeats of variable length, such as
CACACACA - - - - CA. The number of repeats in an STRP can
vary tremendously, with as many as a dozen alleles or more found
in populations of healthy subjects. STRPs occur frequently in the
genome and can be assayed by the polymerase chain reaction (Litt
and Luty, 1989; Weber and May, 1989). More recently, single
nucleotide polymorphisms (SNPs) have begun to replace STRPs
as useful polymorphisms (Sachidanandam et al., 2001; Holden,
2002). Although SNPs are comprised of only two alleles and,
therefore, are less informative than STRPs, they can be analyzed
much more inexpensively than STRPs by high-throughput tech-
nology. Because SNPs are far more frequent, occurring approxi-
mately every 1000 base pairs, SNP variants are dense enough to
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be used for association studies (see below). For more informa-
tion on genetic marker loci, see Chapter 44.

Meiotic crossing-over

In the absence of abnormal cytogenetic findings to point to
the chromosomal locus for a genetic disorder, mapping of a dis-
ease gene usually relies on linkage analysis in kindreds in which
the disorder affects multiple individuals. Gene mapping by link-
age analysis is made possible by the normal phenomenon of mei-
otic recombination, or crossing-over during gametogenesis.
During the first meiotic division, each pair of homologous chro-
mosomes lines up randomly on the spindle and then separates in
the course of the first reduction division of meiosis I. This indepen-
dent assortment of chromosomes during meiosis I is responsible
for randomly distributing one member of each pair of homologous
chromosomes into each gamete. It is also in meiosis I that homolo-
gous segments of two chromatids form a pair of homologous chro-
mosomes that interchange their genetic material by crossing over
at points of contact, known as chiasmata (Fig. 2.6). On average,
between two and four chiasmata develop between every pair of
homologous chromosomes during each meiosis.

Suppose two polymorphic loci are situated at locus 1 and lo-
cus 2 on the same chromosome, as shown in Figure 2.6, and
there are polymorphic alleles A and a at locus 1 and alleles B and
b at locus 2. Also suppose that a parent is heterozygous at both
loci (genotype Aa Bb), and, in addition, allele A at locus 1 hap-
pens to be on the same chromosome (same DNA molecule) as
allele B at locus 2, while alleles a and b are both on the other
chromosome. If no crossing-over occurs in the interval between
locus 1 and locus 2 during meiosis, each gamete will receive ei-
ther the chromosome containing alleles A and B or the one carry-
ing alleles a and b (nonrecombinant). If, however, a crossing-over
event between the two loci in the Aa/Bb individual occurs, the
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Figure 2.6. Diagram of meiotic crossing-over involving two hypotheti-
cal loci, 1 and 2. Alleles at locus 1 are A and a, alleles at locus 2 are B and
b. Recombinant gametes are products of a crossover event between locus 1
and locus 2.

resulting gametes will have a chromosome with a new (recombi-
nant) combination of alleles, i.e., either alleles A and b or a and B.
From a knowledge of the genotypes of parents and their offspring,
one can count the number of offspring resulting from a gamete
carrying a crossover between locus 1 and locus 2 and determine
the observed recombination frequency with which crossing-over
events happen between the two loci during gametogenesis.

If crossing-over occurs approximately uniformly along a chro-
mosome, then the chance of a crossing-over event should reflect
how far apart the two loci are on that chromosome. The further
apart the loci are physically, the greater the chance that at least
one crossover will occur between them; the closer they are to
each other, the smaller the chance of crossing over. It is straight-
forward to show that if two loci are so far apart that at least one
crossover will always occur in the chromosomal interval between
locus 1 and 2 during gamete formation, then 50% of all the oft-
spring will have the nonrecombinant and 50% the recombinant
genotype (Nussbaum et al., 2006). At the other extreme, when
two loci are so close together that crossovers almost never occur,
the observed recombination frequency will approach zero. Be-
tween these two extremes are [inked loci on a chromosome. These
loci have less than 50% recombination in offspring since recom-
binants can arise only through a relatively rare crossing-over
event that just happens to fall within the short segment of chro-
mosome separating them. For such loci, the frequency of recom-
binant offspring will be somewhere between 0% and 50%. Thus,
in principle one should be able to correlate recombination fre-
quency with the actual distance between two loci. This is the case
when two loci are reasonably close, with a recombination fre-
quency less than 10%; recombination frequency then translates
directly into a theoretical genetic distance, measured in units
called centiMorgans (cM), where 1% recombination frequency is
equal to 1 cM. This relationship does not hold when loci are
loosely linked (recombination frequencies >10%—-20%) because
of the chance that two independent crossovers, rather than just
one, will occur between the two loci. A double crossover will not
be detected as a recombination between the two markers and,
thus, the measured recombination frequency will always be less
than the genetic distance in cM.

In physical terms, the average recombination rate across the
entire genome is 1.2 cM per megabase (Mb) of DNA, which means
that 1 cM of genetic distance represents approximately 830,000
base pairs of DNA (Kong et al., 2002). The correlation between
genetic distance and molecular distance, however, can vary with
the gender of the individual in whom the meiosis is occurring and
the region of the chromosome being examined. Overall, across all
22 autosomes, the recombination rate in males is 0.9 cM per Mb
whereas it is 1.5 cM per Mb in females, presumably because of
biologic differences in meiosis I in female vs. male gameto-
genesis. As one looks at smaller and smaller segments of DNA,
the average recombination frequency per DNA segment length
becomes increasingly inhomogeneous. For example, telomeric re-
gions have threefold higher recombination per unit length of
DNA in males than do centromeric regions. At an even finer scale,
recombination becomes very nonuniform, with some segments of
a few thousand bases showing a 200 times higher recombination
rate than that of neighboring segments of equal length (Jeffreys
et al., 2001; Gabriel et al., 2002).

Model-based linkage analysis

Linkage analysis is used to map genes responsible for diseases
inherited in a classical Mendelian pattern (Borecki and Suarez,
2001). Affected and unaffected members of families in which the
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disease is being inherited are studied by determining their geno-
types at a large number of polymorphic genetic marker loci
whose positions are known along each chromosome. Recombi-
nation events between the disease locus and all of the genetic
markers are counted. If the inheritance pattern is known by in-
spection of the pedigree (model-based analysis), one can score
each affected and unaffected individual as either showing or not
showing a crossover between the disease locus and each marker
locus tested to determine the recombination frequency. For most
of the markers, one expects a 50% recombination frequency be-
cause they are not linked to the disease locus; indeed, most mark-
ers are not even on the same chromosome as the disease locus. If
a marker seems to show less than a 50% frequency of offspring
carrying chromosomes with a recombination between the marker
locus and the disease locus, this marker locus may be linked to
the disease locus.

How is the recombination frequency between the disease and
particular marker loci actually measured and the significance of
any apparent reduced recombination frequency below 50% as-
sessed in a statistically valid manner? The statistical method
used to measure the recombination frequency between genetic
loci is called the maximum LOD (for logarithm-of-odds) score
method, and its features are summarized in Table 2.1. The result
of a LOD score analysis consists of two parts. The first part,
called 6,,,, by convention, is the best estimate (in a statistical
sense) of the recombination frequency between the disease locus
and a polymorphic marker locus in a set of families. The value of
0.« 15, therefore, a measure of genetic distance between two
loci. The second parameter, z,,,,, is a measure of how good that
estimate of 0, actually is. When z,,,, is greater than 1.5, link-
age is strongly suggested. If z,, . is larger than 3, the likelihood
that the loci are linked is a thousand times (103) greater than the
likelihood that the linkage data are purely the result of chance.
Thus LOD scores with z,,, of 3 or greater are taken as nearly de-
finitive proof that two loci are linked.

LOD score analysis will demonstrate which polymorphic loci
of known location are linked to the disease by finding the small-
est value of 0,,,, with the largest z,,,,, preferably 3 or greater.
Linkage of the disease gene to a marker of known location on a
chromosome thereby places the disease gene in the same general
location as the marker on that chromosome.

Affected relative analysis (model-free
linkage analysis)

Model-based linkage works best when one or a few loci of rea-
sonably high penetrance are responsible for a disease and thus

Table 2.1. Characteristics of the LOD Score

1. The LOD score is a measure of the degree of linkage between two gene-
tic markers.

2. The LOD score information comes in two parts:

0, the recombination fraction
z, the logarithm of the odds that the markers are linked, rather than
unlinked

3. 6 measures how frequently recombination occurs between two genetic
markers. It is a statistical average derived from observing how often a
recombination is seen in actual families. The smaller 6 is, the closer two
markers are to each other.

4. zis alogarithmic measure of how good the estimate of 0 really is. Every
integer increase in z is a 10-fold improvement in certainty that 0 “really”
is what it has been measured to be. The higher the z, the more significant
the measurement of 0 is.

demonstrate a Mendelian inheritance pattern in families. For
many disease loci, no Mendelian pattern is discernible because
there may be many loci of reduced penetrance as well as
gene—gene and gene—environment interactions. In this situation,
another approach to mapping disease genes is used, called the
affected-relative method. This approach makes no assumption
about the inheritance pattern of the disease (thus it is “model-
free”) but simply relies on the fact that two siblings share half of
their alleles, having inherited them from their parents. Or in ge-
netic terms, siblings are identical by descent at half the loci in
their genomes. If a particular gene contributes to the develop-
ment of disease, however, then pairs of siblings who are both
affected by the disease will share the alleles at loci linked to
the disease gene significantly more frequently than 50% of the
time.

The affected-relative method is inherently less powerful
than linkage analysis but is more suitable than conventional
linkage analysis for detecting a genetic contribution to disease
when the disease shows significant lack of penetrance or is inher-
ited as a complex trait. The affected-relative approach has been
applied to autoimmune diseases, diabetes, asthma, and atopic
disease.

Association Studies

Model-based and model-free linkage analysis both depend on
looking in families for linkage between a disease gene and mark-
ers distributed throughout the genome. In contrast, association
studies are done in populations, not families (Borecki and Suarez,
2001). Suppose a disease-producing or predisposing gene origi-
nated many generations ago (Fig. 2.7), in a region of a chromo-
some with a particular haplotype defined by a particular set of
alleles at nearby loci (Todd, 2001). An association between the
disease-producing or predisposing gene and this haplotype is
likely to be preserved through many generations because the loci
containing the alleles that define the haplotype are so close to the
disease locus that they are unlikely to recombine during the many
meioses that occurred as the disease gene was passed down through
the generations (Jorde, 2000). In this case, the disease-causing
allele and the alleles making up the haplotype at closely linked
markers remain together, a situation known as linkage disequilib-
rium. As a result, the haplotype on which the disease gene orig-
inated will be found with increased frequency among affected
individuals compared to in the population in general. Such in-
Founder
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Figure 2.7. Linkage by descent in a hypothetical population in which a
disease mutation can be traced to a founder. Marker alleles very close to
the disease gene are unlikely to be separated by crossing over and consti-
tute a disease-associated haplotype, which is preserved over many gen-
erations. (Kindly provided by Dennis Drayna.)
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Table 2.2A. Relative Risk Ratio Analysis

Disease Present Disease Absent
Haplotype present a b
Haplotype absent c d

Relative risk (RR) ratio describes the risk of having a disease with vs. without a
given genetic determinant. RR ratio = [a/(a+b)]/[c/(c +d)].

creased frequency can be assessed using a case—control study de-
sign. An under- or overrepresentation of the haplotype among af-
fected individuals is measured using the relative risk ratio (RR
ratio) in a two-by-two table (Table 2.2A). The RR ratio is calcu-
lated as the proportion of individuals with disease among those
with a given haplotype divided by the proportion of individuals
with the disease who lack the haplotype. A RR ratio >1 indicates
an association between the haplotype and the disease in the popu-
lation whereas a ratio <1 suggests the haplotype is protective
against the disease. The significance of any deviation from 1 must
of course be assessed by an appropriate statistical test.

For example, there are mutant alleles of the gene encoding the
mannose-binding lectin (MBL), a circulating opsonization fac-
tor, that reduce serum levels of this protein to <10% of normal in
individuals homozygous for one of these alleles. A study of the
frequency of MBL-deficient genotypes in invasive pneumococ-
cal disease (Kronberg and Garred, 2002) revealed the data shown
in Table 2.2B. The frequency of homozygotes among individuals
with invasive disease was elevated with a RR ratio of 2.1. The el-
evation was statistically significant (p < 0.0001); 95% confidence
limits placed the relative risk of invasive pneumococcal disease
given an MBL deficient allele at 1.64- to 2.62-fold greater than
the risk of healthy control subjects.

Association studies can be powerful tools for identifying
alleles that appear to increase or decrease susceptibility to vari-
ous diseases. However, an association by itself does not prove a
causal relationship between the variant alleles and the disease
phenotype. For example, all alleles in linkage disequilibrium with
a variant found to be associated with a disease will also show an
association without being directly causally related, although doc-
umentation of linkage of a risk factor to all such alleles (a risk-
associated haplotype) would provide important information. For
example, the iron-overload disease hemochromatosis and cer-
tain alleles at the HLA-A locus are closely associated, but the
HLA-A alleles themselves do not actually cause hemochro-
matosis. Instead, there is significant linkage disequilibrium be-
tween particular HLA-A alleles and mutations at the closely
linked HFE gene that is actually responsible for the disease
(Gandon et al., 1996).

Association studies have not been as successful as one might
wish, as evidenced by the frequent failure of many follow-up stud-

Table 2.2B. Alleles of MBL Gene Predispose to Invasive
Pneumococcal Disease*

Invasive Pneumococcal

Disease Healthy Controls
Homozygous for MBL
deficiency alleles 48 61
Not homozygous for
MBL deficiency alleles 329 1221

RR ratio=[48/(48+61)]/[329/(329+ 1221)] =2.075.
*Kronberg and Garred (2002).

ies to replicate original reports of association (Hirschhorn et al.,
2002). One particular difficulty arises from an artifact known as
stratification. A population in which various ethnic subgroups do
not freely intermarry is a stratified population. The frequency of
particular haplotypes in different ethnic groups may vary because
these groups have been geographically separated throughout many
thousands of years of human history before they came together
into a modern population. If an ethnic group in the population does
not intermarry with the general population and happens to have a
higher incidence of a particular disease for such historical reasons,
any haplotypes whose frequencies in this subgroup differ from
those in the general population will appear to be artifactually asso-
ciated with the disease. Stratification can be managed by proper
study design and careful selection of appropriate control groups
(Pritchard and Rosenberg, 1999).

Positional Cloning

The methodologies outlined above provide the means for obtain-
ing information about the location of many disease genes in the
human genome. With the localization of disease genes, even prior
to specific gene identification and finding mutations, carrier de-
tection and prenatal diagnosis may become possible for the first
time. Furthermore, knowing where a disease gene is located can
be the first step in discovering what it is. Availability of the entire
sequence of the human genome has revolutionized disease gene
identification after linkage to a specific genetic region has been
established.

|[dentification of Candidate Genes

Once a disease gene has been localized to a particular critical re-
gion of a chromosome, all the genes located in this region must
be evaluated as candidates for alterations responsible for the dis-
ease phenotype. The entire complement of genes in any region of
human DNA can now be readily ascertained by searching public
databases containing the complete human genome sequence de-
posited by the Human Genome Project (Baxevanis, 2001). In
addition to genomic sequence, mRNA sequences from all the ex-
pressed genes in a wide variety of tissues are also available (Rig-
gins and Strausberg, 2001).

Evaluation of Candidate Genes
fo Define a Disease-causing Gene

Once the set of candidate genes in the critical region of linkage or
association is obtained through mining genomic and mRNA se-
quence databases, candidates can be evaluated to determine which
one is the disease gene. Northern blots are used to determine the
full length of the transcript and tissue expression pattern and to test
patients affected with the disease for alterations in mRNA size or
quantity. Finally, sequence comparison must reveal deleterious
mutations in the alleles of affected patients that are not present in
alleles of healthy controls.

The changes in DNA responsible for causing deleterious
mutations in genes are extremely heterogeneous. In some cases,
deletion of part or all of the DNA encoding the gene has occurred,
resulting in production of no mRNA or a defective mRNA tran-
script lacking important portions of the gene sequence. Small
insertions or deletions of a few base pairs may alter the triplet
reading frame and create mRNA carrying incorrect codons and,
often, a premature termination downstream of the small insertion
or deletion. In other cases, single point mutations can interfere
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with normal RNA processing, such as splicing of exons, resulting
in mRNAs that either retain noncoding intronic sequences in the
transcript or lack all or part of a coding exon. Some point muta-
tions within coding regions change an amino acid codon into a
stop codon (nonsense mutation), thereby inserting a premature
termination into the mRNA. Still other point mutations may alter
a codon from that of one amino acid to another (missense muta-
tion). Regardless of which of the above mutation mechanisms has
occurred, mutant mRNAs are frequently poorly transcribed or
highly unstable; cells carrying such mutations may appear to lack
mRNA entirely rather than producing abnormal mRNA.

Mutations that occur over and over again on independent gene-
tic backgrounds are known as hot-spot mutations. The most fre-
quent is the alteration of the dinucleotide cytosine-guanine (CG) to
thymadine-guanine (TG) either on the coding or anticoding strand.
It is believed that the cytosine within a CG dinucleotide is at high
risk for undergoing C-to-T transition because such cytosines are
frequently covalently modified by methylation at the 5 position of
the pyrimidine ring. Spontaneous deamination of a methylcytosine
results in a thymidine, which may not be repaired promptly by the
cell because it is not recognized as an abnormal base within DNA.
Hypotheses for the mechanisms of these mutations and data on
their frequency, as well as a lexicon of mutations observed in hu-
man genetic disease, have been compiled by Cooper and Kraw-
czak (1995).

The impact of any particular mutation depends on the effect
that mutation has on the transcription of the gene into mRNA, the
translation of the mRNA into a protein product, and the post-
translational processing and stability of any mutant protein that is
made. Moreover, functional consequences of mutations also de-
pend on the physiological and environmental context of the cell,
tissue, and individual carrying the mutation. In many diseases, a
myriad of different mutations can lead to the same final common
pathway: the loss of a functional gene product. In the inherited
immune disorders as a rule, there are dozens of different muta-
tions that can disrupt function of the gene product and bring about
the disease. However, in certain types of genetic disease, a partic-
ular mutation may affect the function of a protein in a subtle and
unique way and thereby cause a highly specific phenotype. For
example, only a few, highly specific missense mutations in the 3-
globin gene result in a protein with the physicochemical proper-
ties that cause the hemoglobin to form crystals under low oxygen
conditions, as seen in sickle-cell anemia. Thus the mutation reper-
toire for sickle-cell disease is severely restricted.

By means of positional cloning, human disease genes have
been successfully identified solely on the basis of their genomic
location, with little or no knowledge of the nature of the patho-
physiological process responsible for the disease. These muta-
tions overwhelmingly affect the coding portions of genes or occur
at highly conserved regions of introns immediately adjacent to
exons. The coding portions of genes, however, constitute only
4%-5% of sequence of a gene, and thus constitute a mere 1%—2%
of the genome. With detailed information on the sequence of the
human genome, we are likely to discover other alterations in non-
coding regions that contribute to disease, perhaps in ways more
subtle than are found with severe, deleterious mutations typical of
Mendelian disorders with high penetrance. In such cases, linkage
mapping is only the beginning of the study of pathogenesis of ge-
netic disease and correlations between genotype and phenotype.
Such variants may be in regulatory or intronic sequences and may
alter expression or function only to a limited degree. Variants af-
fecting levels of gene expression are not always adjoining the
coding sequence; examples are known of locus control regions,

enhancers, and other sequences altering expression that are 10 to
100 or more kilobases distant from the coding sequences they in-
fluence. Finding such alterations and proving they are the cause
of disease will be a major challenge to genetics research in the
years to come.

Assets of the Human Genome Project

The Human Genome Project (HGP), first conceptualized in the
mid-1980s and officially launched in 1990, had as its stated pri-
mary goal the determination of the complete sequence of human
DNA. Along the way, the HGP set a number of intermediate
goals aimed at developing new tools and biological reagents of
outstanding utility and importance for medical genetics research
(Green, 2001). An initial goal was creation of a genetic map with
highly polymorphic markers spaced approximately every 2-5 cM
for genetic mapping. This goal was more than realized, with the
identification of nearly 7000 STRPs or microsatellite markers,
highly variable DNA segments containing strings of two- to four-
nucleotide units detectable by polymerase chain reaction. Mi-
crosatellite markers formed the foundation for the first dense
genetic linkage map of human DNA that covered over 3600 cM
of genetic distance at an average spacing less than 1 cM. Single
nucleotide polymorphisms, which are far more frequent than
STRPs, have been developed for high-throughput parallel linkage
mapping.

As sequencing was scaled up and cost per nucleotide se-
quenced decreased, the HGP became a dynamic international sci-
entific enterprise. By 2003, a virtually complete, highly accurate
sequence of the human genome was freely available in databases
accessible through the Internet (International Human Sequencing
Consortium, 2001). We are now in an era when the information
gained through the HGP is being brought to bear on many aspects
of molecular biology, evolutionary studies, and medical practice
(Collins et al., 2003). For example, the sequence has provided
for the first time a near-complete catalog of human genes and re-
vealed that there are an estimated 20,000 to 25,000 human genes,
occupying about 40% of the genome. Such catalogs now form
the basis of the powerful new technology known as expression
arrays (Geschwind, 2003). Sequences corresponding to many or
nearly all human transcripts are individually mounted in a two-
dimensional array on a glass or silicon wafer. Messenger RNA
from two sources (such as normal and cancerous cells from the
same tissue) are labeled with two different fluorescent dyes, mixed
together, and allowed to hybridize to the array. The intensity of flu-
orescence from each of the two dyes at each address on the array
provides a measure of the relative amount of the transcript of each
gene in the two sources from which the mRNA was isolated. The
relative amounts of tens of thousands of transcripts can be com-
pared simultaneously, providing a profile of the expression of tran-
scripts in a diseased tissue compared to that in an unaffected
standard tissue. Such profiles are not only useful as biomarkers but
may also provide crucial insights into disease pathogenesis.

With completion of the human genome sequence, genetic vari-
ation can also be investigated in far more detail than before. A
complete catalog of all human sequence variation can be com-
piled along with an assessment of which variants have functional
consequences. As of 2003, millions of the estimated total of 10
million SNPs present in the aggregate over all human populations
have been identified and catalogued (Sachidanandam et al., 2001;
Holden, 2002). These SNPs form the basis for genome-wide pop-
ulation studies designed to identify particular haplotypes that har-
bor DNA variants that contribute to common, complex diseases.
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Table 2.3. Internet Resources for Genetic Information

Name

Internet Address

Description

NCBI www.ncbi.nlm.nih.gov

UCSC Genome Bioinformatics http://genome.ucsc.edu/

Ensembl Genome Browser http://www.ensembl.org/

OMIM http://www.ncbi.nlm.nih.gov:80/entrez/
query.fcgi?db=OMIM

HUGO Mutation Database http://wwwhgmd.cf.ac.uk/docs/oth_mut.html

GeneTests http://www.genetests.org/

Immune Deficiency Foundation
Jeffrey Modell Foundation http://www.jmfworld.com/

European Society for Inmunodeficiencies http://www.esid.org/

http://www.primaryimmune.org/

National Center for Biotechnology Information, a division
of the National Library of Medicine. Repository for
genomic sequence, cloned genes, expressed sequence
tags, Unigene project data, SNPs, expression data,
haplotype blocks, and more

University of California, Santa Cruz. Annotated assembly of
human and other genomes including genes, predicted
genes, markers, and more

The Wellcome Trust, Sanger Institute genomic information
site. Repository for genomic sequence, comparative
species homologies, genes, predictions, and more

Online Mendelian Inheritance in Man, an online, searchable
“knowledge base” of human genetic disorders, including
clinical description, genetic data, and molecular
characterization of known disease genes

Human Genome Organization site linking Web sites
involved in describing and cataloguing the mutations
responsible for human genetic disease

Publicly funded medical genetics information resource
listing clinical and research laboratories providing
diagnostic testing for genetic diseases in North America

U.S. national organization dedicated to research, education,
and advocacy for primary immune deficiency diseases

Foundation supporting and advocating research and
education about primary immunodeficiency

Physician information, disease databases

Shown in Table 2.3 is an annotated list of some of the most
important Web sites that hold genome and genetic data of crucial
importance in medical genetics research and patient care.

Ethical Issues in Genetic Testing

There are numerous ethical issues surrounding human genetics
as scientific knowledge and medical technology come to grips
with the three central tenets of medical ethics: beneficence (do-
ing good for the patient), autonomy (safeguarding the individ-
ual’s rights to control his or her medical care and be free of
coercion), and equity (ensuring that all individuals are treated
equally and fairly). A full discussion of these issues is beyond
the scope of this chapter, but a few examples arising in immun-
odeficiency diseases serve to illustrate some of these aspects of
medical ethics and genetics.

As more and more genes are identified and found to be in-
volved in human genetic disease, our ability to perform molecular
diagnosis will continue to increase dramatically. An inescapable
consequence of this rapidly accelerating knowledge is the time
lag between acquiring the ability to diagnose genetic disease and
developing effective interventions to prevent or treat diseases
once they are diagnosed. For the immunodeficiency diseases, re-
cent advances in therapy, from new antibiotics to immunoglobu-
lin replacement to bone marrow transplantation and gene therapy,
have placed clinical immunologists at the forefront of developing
the tools to close the gap between diagnosis and treatment. How
such tools are used and whether they are readily available to all
who need them are clearly issues of fairness in the application of
scientific knowledge.

An additional aspect of the growth of genetic knowledge is in
the area of disease predisposition. Increasingly, molecular tools
are allowing clinicians to identify individuals and relatives who

are at risk for disease that may have an onset much later in life
than when the molecular testing is being done. Testing healthy
individuals for disease predispositions encoded in their genomes
has obvious benefits in identifying people at risk who may be
able to modify their lifestyles and/or begin appropriate preven-
tive therapy; but it also carries the risk of serious adverse psycho-
logical damage, stigmatization in society, and discrimination in
insurance and employment. Ethical problems with genetic test-
ing are especially acute when the testing identifies a predisposi-
tion for a disorder for which current medical technology provides
little or no treatment when clinical disease actually develops.
Thus, the issue of beneficence becomes quite central to testing in
this setting. Is knowing the result of a genetic test doing more
good than harm, or more harm than good?

The ethics of genetic testing is also an acute issue when testing
children for the carrier state of diseases, such as X-linked immun-
odeficiences that pose no threat to a female child’s own health but
identify a substantial risk for having affected offspring. The auton-
omy of children, including their right to make decisions for them-
selves about learning about their own genetic constitution, must be
balanced against the desire of parents to obtain such information
and transmit it to their children in the manner they believe best. As
the power of genetic diagnoses increases, there is an increasingly
greater need to educate health care providers, patients, their fami-
lies, and society at large to make informed decisions about how to
use genetic information wisely and for maximum benefit.
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Mammalian Hematopoietic
Development and Function

GERALD J. SPANGRUDE

The origins of the mammalian immune response are found in
hematopoiesis. Most of the diseases discussed in this book are
mediated by mutations in genes that function during the course of
hematopoietic development at the level of the progenitors for spe-
cific cell lineages (severe combined immunodeficiencies) or at the
level of the expression of signaling molecules that promote differ-
entiation (MHCII deficiency), or at the level of the functional po-
tential of mature effector cells (leukocyte adhesion deficiency,
chronic granulomatous disease). The common theme throughout
the diseases discussed in this volume is the origin of the cellular
components of specific and nonspecific immunity, the hematopoi-
etic stem cell (HSC). While specific mutations in particular genes
can result in defects in highly specialized mature cell populations,
the resulting immunodeficiencies are distinguished by the bio-
chemical result of the disrupting mutation and not by the develop-
mental origin of the defective cellular response. This presents
both an opportunity and a caution in the design of therapies for
some of these diseases.

Bone marrow transplantation is one avenue for treatment of
some immunodeficiences, but in the absence of a related, gene-
tically matched donor, the risks inherent in allotransplantation
often outweigh the potential benefits. Transplantation of gene-
corrected autologous cells can theoretically overcome the allo-
transplantation issue. While many of the immunodeficiencies
might be corrected by genetic therapy, it is important to recog-
nize that alterations in gene expression directed at correcting one
developmental defect may be accompanied by an equally disrup-
tive alteration in hematopoietic function as a result of express-
ing the corrected gene in cell lineages where it is not normally
found.

The challenges of genetic therapy for immunodeficiences are
great, and the global effect of correction aimed at one blood line-
age on the entire blood-forming system must not be overlooked.

This chapter will give an overview of our current understanding
of hematopoiesis, specifically focusing on the transplantable
HSC, to provide a basis for considering the common origin of
most immunodeficiencies and the prospects for bone marrow
transplantation as a therapeutic intervention.

Overview of Hematopoietic Stem Cells

Because of the relatively short life span of most blood cells, a
high rate of production is necessary throughout life to maintain
normal numbers. In adult mammals, the major source of blood
is the bone marrow. It is here that the HSC is found, represented
at a frequency of fewer than 1 cell per 10* marrow cells (Neben
et al., 1993).

The nature and identification of HSC remain somewhat con-
troversial in that isolation of these cells is technically demand-
ing and definitive assays for HSC function are lacking. The
HSC is now known to comprise a heterogeneous mixture of
cells with various degrees of functional activity in transplants
and culture assays. Figure 3.1 depicts three levels of hematopoi-
etic stem and progenitor cells, defined functionally as cells with
the potential to differentiate into a variety of lineages of mature
cell types. The most primitive of these three populations is the
HSC, which is capable of differentiating along all hematopoietic
lineages. In addition, this group of cells can be maintained in
sufficient numbers to ensure lifelong blood production through
a process known as self-renewal, which results in replacement
of cells in this compartment when they are lost through differen-
tiation.

Various lines of experimental evidence indicate that these
primitive HSCs enter the cell cycle only infrequently (Bradford
et al., 1997; Cheshier et al., 1999), and they are generally thought
of as being metabolically quiescent (Hodgson and Bradley,
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Figure 3.1. A model of the hierarchy of primitive hematopoietic stem
(HSC) and progenitor cells. Quiescent stem cells are representative of the
pluripotent HSC, with both self-renewing potential and the ability to dif-
ferentiate as any type of blood cell. These HSCs occasionally enter the cell
cycle and contribute to the expanding multipotent progenitor pool. Retro-
grade movement back into the quiescent state may explain the process of

1984). When one of these cells enters a cycle of cell division, this
member of the hematopoietic hierarchy can be thought of as en-
tering the “expanding multipotent progenitor” pool (Fig. 3.1).
Although the mechanism of self-renewal is not understood, one
possibility is that retrograde movement of at least one daughter
cell back into the quiescent pool is responsible for maintenance
of adequate numbers of primitive HSCs. The pool of expanding
multipotent progenitors retains developmental potential for all
hematopoietic lineages but gradually loses the ability to self-
renew. After an undefined number of cell divisions, these cells
lose their ability to differentiate along the lymphoid lineages
and enter the third pool depicted in Figure 3.1, the “committed
myeloerythroid progenitors.” These cells then are selected to dif-
ferentiate as various types of mature cells, depending on the cy-
tokines available in the specific areas of the marrow where they
differentiate.

Embryology of Hematopoiesis

Blood cells develop in essentially the same manner in embryos
of all mammals. Embryonic mammalian hematopoiesis can be di-
vided into three distinct phases: mesoblastic, hepatic, and myeloid
(Wintrobe, 1967). The mesoblastic phase (also known as the
vitelline phase because of the predominance of morphologically
recognizable hematopoietic cells in the yolk sac) persists for
about 10 weeks in human embryos (about 12 days in the mouse).
During this time, the predominant blood cell type observed mor-
phologically is the primitive (nucleated) erythrocyte in the yolk
sac, which can be detected as early as 18 days of gestation in
humans. During the hepatic period (beginning at 6-8 gestational
weeks in the human or 10-12 days in the mouse), the fetal liver
assumes the major responsibility for blood formation and contin-
ues to be hematopoietic until shortly before birth. In humans, a
transient period of splenic hematopoiesis precedes the myeloid
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self-renewal. Once expansion is under way, the ability to self-renew is lost.
The expanding multipotent pool can directly differentiate as lymphoid or
myeloerythroid progeny. Commitment to the myeloerythroid lineages re-
sults in further expansion of these progenitors during differentiation, and
subsequent restriction to specific lineages results in precursor cells with
limited proliferative potential.

phase, which initiates in marrow cavities at 10-12 weeks of ges-
tation (15-16 days in the mouse), and by 20 weeks the majority
of blood formation in human embryos occurs in the bone mar-
row. While splenic hematopoiesis is only a transient stage during
human development, the spleen remains hematopoietically ac-
tive throughout the adult life of the mouse. In spite of this, the
bone marrow remains the primary site of blood formation, as it
contains at least 10-fold higher levels of assayable progenitors
than those in spleen.

As discussed above, the primary anatomical site where
hematopoiesis is first observed in mammalian embryos is ex-
traembryonic, in the numerous blood islands of the yolk sac. The
liver primordium is subsequently seeded by migrating HSCs
and rapidly becomes the predominant site of embryonic blood
production. Recent experimental evidence suggests that a sepa-
rate origin of hematopoiesis is also present intraembryonically
in mammals, as is the case in lower vertebrates. Intraembry-
onic hematopoiesis in mammals is localized in a specialized
splanchnopleural region of mesoderm that includes the dorsal
aorta and the mesonephros and genital ridge (AGM region, see
Fig. 3.2; Muller et al., 1994). Although morphologically recog-
nizable hematopoietic elements are present only in the yolk
sac during early embryogenesis, progenitor assays can detect
hematopoietic activity in the AGM region prior to the appear-
ance of progenitors in the fetal liver (Medvinsky and Dzierzak,
1996). It is currently unclear whether the fetal liver is colonized
by HSC deriving from the yolk sac, the AGM, or both. However,
one series of experiments demonstrated lymphoid and multi-
potent myeloid generative activity in the region of the dorsal
aorta prior to establishment of circulation in the mouse em-
bryo (Cumano et al., 1996). Therefore, it seems clear that mam-
malian hematopoiesis initiates within the developing embryo as
well as in the yolk sac (reviewed in Dzierzak and Medvinsky,
1995).
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Figure 3.2. Morphology or early mammalian embryogenesis and the
origins of the blood-forming cells. The embryo depicted here is human
and at the beginning of the fourth week of gestation, just prior to differ-
entiation of the mesonephros and genital ridge from the nephrogenic
cord. While morphologically distinct blood cells are already present in
the blood islands (not depicted here) of the yolk sac, no blood produc-
tion is evident in the body of the embryo. Surgical dissection of the
AGM region (hatched area in the figure) followed by specific assays for
hematopoietic function has demonstrated that primitive hematopoietic
stem and progenitor cells are also present in the AGM, even though no
morphologically identifiable blood cells can be detected. Adapted from
Hllustrated Human Embryology, Volume 1: Embryogenesis, by Tuchmann-
Duplessis et al. (translated by L.S. Hurley), Paris: Masson, 1975. Used
with permission.

Transplantation of yolk sac cells into irradiated adult animals
does not result in engraftment. However, HSC activity has been
demonstrated in early (day 10) mouse yolk sac after transplanta-
tion into neonatal recipient animals, possibly because of an ob-
ligate localization of these cells in the hematopoietic liver for
further maturation into HSCs prior to marrow colonization (Yo-
der and Hiatt, 1997). It is likely that the yolk sac promotes prima-
rily primitive hematopoiesis (nucleated red cells that transiently
function during embryogenesis) while the embryonic source of
hematopoiesis is predominantly definitive (the stable, long-term
source of hematopoiesis). However, after the onset of blood circu-
lation both types of hematopoietic function are present in both
anatomic locations during subsequent development.

The AGM and the yolk sac are both mesodermally derived.
The primordial cells that initiate formation of the hematopoietic
system migrate to the AGM and yolk sac from the caudal portion
of the early primitive streak during gastrulation (Bloom, 1938).
The proliferating cells of the blood islands differentiate along
two distinct pathways: one to form the endothelial cell bound-
aries of the first blood vessels at the periphery of the blood is-
lands, and the other to give rise to primitive blood cells in the
center of the islands. Thus, the common mesenchymal ancestry of
endothelium and blood cells can be traced to a relatively late pe-
riod during their ontogeny. Within the mammalian embryo, clus-
ters of hematopoietic cells are not observed in the AGM region
but rather are seen intravascularly as clumps of cells attached to
the aortic endothelium (Dzierzak and Medvinsky, 1995). In birds,
the onset of intraembryonic hematopoiesis is morphologically ob-
vious, and for many years this was generally felt to be a funda-
mental difference between mammalian hematopoiesis and that of
lower vertebrates.

Microenviroments of Hematopoiesis

Bone Marrow and the Niche

Bone is a calcified extracellular matrix of collagen and gly-
cosaminoglycans that is synthesized by osteoblasts—bone-forming
cells. The medullary cavity of bone may be hematopoietically
active and contain so-called red marrow, or it may be predomi-
nantly inactive and filled with fat cells (white marrow). During
the process of aging in humans, the anatomical sites of medullary
hematopoiesis are progressively limited, beginning at birth when
hematopoietic activity was distributed throughout the skeleton. By
18 years of age, most hematopoietically active marrow is found in
central locations such as the pelvis, sternum, and ribs (Amos and
Gordon, 1995). The medullary cavity and haversian canals of bone,
which house blood vessels, are lined with a membrane called the
endosteum. Occasional osteoclasts, which destroy bone, are found
in the walls of the medullary cavity and are associated with areas of
bone resorption.

The endosteum and its associated osteoclasts are of particular
interest because the most primitive HSCs for blood formation
appear to be localized near the walls of the medullary cavity
(Lord et al., 1975; Gong, 1978; Uchida et al., 1994). The process
of hematopoiesis depends on HSC in an intimate association
with nonhematopoietic tissue cells in the medullary cavity of
bone and, in some rodents, in the spleen (reviewed in Testa and
Dexter, 1990). These tissue cells are generally termed stromal
cells, a generic term that may be applied to any of a wide variety
of nonmobile cells (reviewed in Dorshkind, 1990). The matrix of
the medullary cavity includes structural elements of the blood
vascular system, nerve fibers, and a system of reticular cells and
fibers. This matrix is established during embryogenesis before
the initiation of hematopoiesis. Thus, it provides a specialized
microenvironment that supports hematopoietic cells within the
parenchyma.

The bone marrow microenvironment probably has several
distinct functions with regard to hematopoiesis (Fig. 3.3). First,
it must provide conditions to maintain pluripotent HSCs in a
primitive state throughout an animal’s lifetime, thus ensuring an
adequate supply of the seeds of hematopoiesis. Second, it must
provide appropriate inductive signals for primitive HSCs to di-
rect regulated development of erythroid, myelomonocytic, and
B-lymphoid lineages. The processes of maintenance and differ-
entiation of HSCs must be balanced to sustain a regulated fre-
quency of functionally mature blood cell populations without
depleting the HSC pool. The role of regulating the maintenance
and differentiation of HSCs is filled by the stromal-cell elements
of the marrow microenvironment, although in the case of ery-
thropoiesis the kidney is also intimately involved in an endocrine
manner through the production of erythropoietin. In addition to
producing cytokines, marrow stromal cells also mediate prolifer-
ation and differentiation of hematopoietic progenitors via direct
cell—cell interactions, using both common and specialized cell
adhesion molecules (Kincade, 1991; Long et al., 1992).

The distinct functions of HSCs and the microenvironments
that support them are clearly seen in two mutant mouse strains
that were selected after mutations at the “dominant spotting”
(W) and “steel” (S1) loci on chromosomes 5 and 10, respectively
(Schultz and Sidman, 1987). The products of these two loci in-
teract to result in normal hematopoietic development and func-
tion; the S1 gene product is expressed by the microenvironment,
while the W gene product is expressed by the hematopoietic cells
(reviewed in Witte, 1990).
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Over the last few years direct evidence for a bone marrow
niche critical for HSC has accumulated (Suda et al., 2005). Thus,
osteoblasts have been shown to be an integral part of a niche
wherein the HSC is believed to reside (Calvi et al., 2003; Zhang
et al., 2003). Moreover, the frequency of HCS seems to be de-
pendent on the number of osteoblasts (Zhang et al., 2003; Visnjic
et al., 2004) and parathyroid hormone was reported to increase
hematopoiesis by inducing the synthesis of Jagged 1, which serves
as a ligand for notch signaling (Calvi et al., 2003). Conversely,
ostopontin serves as a negative regulator with defective mice
showing increased jagged 1 and angiopoetin 1 expression (Stier
et al., 2005). Of particular interest to the field of primary immun-
odeficiencies, the ATM protein, defective in ataxia telangiectasia,
was recently reported to regulate the reconstitutive capacity of
HSCs (Ito et al., 2004).

Spleen

Another example of the importance of HSC—stromal cell interac-
tions in regulating hematopoietic growth is provided by the mouse
spleen; in mice hematopoietic activity is maintained in the spleen
throughout adult life. Although both the bone marrow and spleen
support erythropoiesis and granulopoiesis, the spleen is domi-
nantly erythropoietic, whereas granulopoiesis exceeds erythro-
poiesis in the bone marrow. Implantation of bone fragments into
irradiated spleens allows the two types of microenvironments to
exist in juxtaposition. In such cases, individual colonies of
hematopoietic cells that arise at the border of the two microenvi-
ronments are frequently granulocytic in the vicinity of the bone
fragment and erythroid in the splenic area (Wolf and Trentin,
1968). Results from these experiments argue that microenviron-
mental differences can dictate developmental pathways followed
by individual multipotent cells.

Other examples of microenvironments that induce specialized
hematopoietic growth include the B and T lymphocyte lineages,
which develop predominantly in bone marrow and thymus, respec-
tively. These observations are consistent with an “instructive” role
for microenvironments in directing lineage commitment (Metcalf,
1998). An equally compelling case can be made for a stochastic
model of hematopoietic differentiation (Enver et al., 1998), and it
is likely that both mechanisms function in various lineages and
stages of development.

Mature Cells Exit to

__—"" the Periphery via the

Bloodstream

¢ g T Cell Precursor
@ ==——p @ B Lymphocytes

Figure 3.3. The bone marrow microenvironment includes a
complex mixture of parenchymal cells that support mainte-
nance and differentiation of hematopoietic cells by secretion of
cytokines as well as via cell—cell interactions. The associations
Y between developing hematopoietic cells and their supportive
microenvironment are largely uncharacterized; this diagram is
strictly a generalized representation of the notion that interac-
tions with stromal cells are thought to regulate various stages of
hematopoietic development in specific manners.

Hematopoiesis in Culture

The establishment of long-term cultures of bone marrow stromal
elements has provided further evidence that specialized stromal
cells contribute to microenvironments that support hematopoiesis.
In addition, culture systems have been developed that selectively
support HSC maintenance with either myeloid and erythroid de-
velopment (Dexter and Lajtha, 1974), B-cell development (Whit-
lock and Witte, 1982), or T-cell development (Anderson et al.,
1993). These culture systems involve the establishment in vitro of
specialized stromal cell monolayers or reaggregation of stromal
cells and progenitors into a three-dimensional structure to mimic
organ culture of the intact thymus. Stromal cell monolayers may
be heterogeneous, consisting of fibroblasts, endothelial cells, adi-
pocytes, and mononuclear-derived macrophages and dendritic
cells, or they may be established in vitro as cell lines of clonal ori-
gin that have been screened and selected to optimally support
hematopoietic development.

Early observations of the myeloid cultures developed by Dexter
and colleagues indicated that adipocytes were most closely associ-
ated with hematopoiesis in vitro. The subsequent development of
stromal cell lines (Hunt et al., 1987; Kodama et al., 1992) has
strengthened these findings; the stromal cell lines that support in
vitro growth of early lymphoid and myeloid cells and maintain
spleen colony-forming cells are adipocyte-like and resemble ad-
ventitial reticular cells. These latter cells are fibroblastoid cells that
form a cellular network, or reticulum, within the bone marrow cav-
ity. They accumulate neutral lipid deposits under certain conditions
and are secretory, producing collagen and other proteins (Hunt
et al., 1987). The bone marrow and thymus culture systems prom-
ise to provide clues that will clarify the roles of cell-cell interac-
tions and of soluble growth factors in regulating hematopoiesis.

Isolating Mouse Hematopoietic Stem Cells

Because of the important biological and medical implications
inherent in the concept of a rare population of primitive cells be-
ing responsible for continuous replenishment of all circulating
blood cells, efforts to identify and isolate HSCs date back to the
first quantitative assays of hematopoietic development (re-
viewed in Spangrude, 1989; Visser and Van Bekkum, 1990). Af-
ter description of the in vivo spleen colony-forming assay (Till
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and McCulloch, 1961), development of an in vitro colony assay
followed a few years later (Bradley and Metcalf, 1966). Al-
though early efforts to enrich primitive hematopoietic cells relied
on these assays, the limitations of the assays in reflecting the
self-renewal potential of HSC was recognized early on. Velocity
and equilibrium centrifugation studies demonstrated that bone
marrow cells with an inherent capacity to produce splenic colonies
could be separated from those capable of in vitro colony forma-
tion (Worton et al., 1969a, 1969b), and that self-renewal poten-
tial, as indicated by the content of splenic colony-forming units
(CFU-S) within individual spleen colonies, could be separated
from the bulk of the CFU-S in normal bone marrow (Worton
et al., 1969a). These observations indicated that CFU-S activity
might not directly correlate with self-renewal potential, a prob-
lem that has not been conclusively resolved. However, the early
separation studies demonstrated that cell separation methods
could indeed be applied to dissect the hierarchy of primitive
hematopoietic cells.

Mouse HSC can be enriched from adult bone marrow by use
of a number of methods. In one approach to the identification
and enrichment of mouse HSCs, monoclonal antibodies specific
for antigens that characterize cells belonging to specific mature
and committed hematolymphoid lineages are used to identify
these cells in bone marrow suspensions (Muller-Sieburg et al.,
1986). The marked cells can be depleted by a solid-phase im-
munological method such as panning (Jordan et al., 1990) or use
of immunomagnetic particles (Bertoncello et al., 1989; Ikuta
et al., 1990). The remaining population of cells, termed lineage-
negative (Lin™), contains approximately 5% of the initial number
of bone marrow cells and consists of a mixed population of mul-
tipotent HSCs, early progenitors, and late progenitors. Lin~ cells
can be further fractionated with specific monoclonal antibodies
that recognize antigens expressed by a variety of hematopoietic
and nonhematopoietic cells—for example, Thy-1 (Muller-Sieburg
et al., 1986), Ly-6A/E (Spangrude and Brooks, 1992), c-kit
(Okada et al., 1991a; de Vries et al., 1992), and major histocom-
patibility complex class I molecules (Mulder et al., 1984). The
lectin wheat germ agglutinin has also been useful in discriminat-
ing multipotent HSCs from early- and late-stage progenitors as
there is a relatively high number of binding sites for the lectin on
multipotent HSCs compared to that on later-stage progenitors
(Visser et al., 1984). When combined with a depletion of cells
expressing high levels of lineage differentiation antigens, any
one of these markers alone or in combination will identify a
group of primitive hematopoietic cells in adult bone marrow or
fetal liver. This multiparameter approach is necessary because no
one cell-surface antigen has been identified that is expressed
only by HSCs. Most currently defined HSC markers continue to
be expressed as the cells differentiate and new, lineage-specific
markers appear.

Heterogeneity of the Hematopoietic
Stem Cell Compartment

Cell populations resulting from antibody selection techniques
are heterogeneous in function, suggesting a complex organiza-
tional structure within the HSC compartment. The heterogeneity
is mostly with respect to self-renewal potential, since a high fre-
quency of cells isolated by antibody enrichment are multipotent
for both lymphoid and myeloid lineages (Spangrude and John-
son, 1990). The subset of multipotent cells possessing extensive
self-renewal potential is resistant to killing by 5-fluorouracil and
other cell cycle—active agents (Hodgson and Bradley, 1979). This

finding suggests that these cells are metabolically quiescent or
that they possess elevated levels of a multidrug resistance mech-
anism (Chaudhary and Roninson, 1991).

Several methods have been used to select for long-term re-
populating cells from antibody-enriched HSC populations. The
vital mitochondrial dye rhodamine-123 can be used to distin-
guish cell populations on the basis of metabolic activity, and self-
renewing HSCs are predominantly recovered from the group of
cells exhibiting low mitochondrial staining (Bertoncello et al.,
1985). Rhodamine-123 is also a substrate for multidrug efflux
pumps. However, it is likely that the discrimination between the
self-renewing and non-self-renewing HSC subsets by rhodamine-
123 is due to differences in mitochondrial content and activity
(Kim et al., 1998). In a second strategy vital nucleic acid dyes such
as Hoescht 33342 are used to identify cells not in cycle (Neben
etal., 1991; Wolf et al., 1993).

Finally, specific combinations of antibody markers can select
for self-renewing HSCs (Morrison and Weissman, 1994). The
combination of cell-surface and metabolic markers allows the re-
covery of a population of cells capable of long-term repopulation
of irradiated animals after transplantation of less than 10 cells
(Wolf et al., 1993; Spangrude et al., 1995). In contrast, over 10°
normal bone marrow cells are required to produce a similar level
of reconstitution.

The published methods for enriching populations of HSCs
from mouse bone marrow and fetal tissues have dramatically im-
proved the ability of researchers to explore the early events in
normal mammalian hematopoiesis. As more enriched popula-
tions have become available for experimental use, it has become
possible to critically test these cells for their ability to respond to
recombinant cytokines by proliferating (Li and Johnson, 1992;
Sitnicka et al., 1996), to assess the developmental pathways that
the cells will follow under defined conditions in vitro (de Vries
et al., 1991), and to explore the ability of small numbers of cells
to repopulate lethally irradiated animals over long periods of
time (Spangrude et al., 1995).

Characteristics of Human Hematopoietic
Stem Cells

The demonstration that the CD34 antigen is expressed by pro-
genitor cells in human bone marrow (Civin et al., 1984) has al-
lowed many investigators to explore the HSC compartment in
humans. Applying the same general approach that was success-
ful in the mouse, several groups have combined negative selec-
tion for lineage markers; positive selection for CD34 (Andrews
et al., 1986), Thy-1 (Baum et al., 1992), or c-kit (Briddell et al.,
1992); and selection for low staining with rhodamine-123 (Srour
et al., 1991) to achieve high enrichments of human hematopoi-
etic progenitor cells. Positive selection for CD34 alone has been
used as a method to enrich for progenitors prior to bone marrow
transplantation after chemotherapy for a number of malignan-
cies (Berenson et al., 1991; Shpall et al., 1994). Highly purified
CD34* Thyl* Lin~ cells have also been used clinically for trans-
plants after myeloablative chemotherapy (Archimbaud et al.,
1996). In allograft transplants for treatment of immunodeficien-
cies, selection for HSCs by specific antigen expression may de-
crease the potential for graft-vs.-host disease (Flake et al., 1996).
In addition, attempts to introduce normal counterparts of defec-
tive endogenous genes into the hematopoietic system for treat-
ment of immunodeficiencies (Mulligan, 1993; Candotti et al.,
1996) require that the target population be relatively enriched for
self-renewing HSCs. However, in light of a pronounced genetic
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variability of HSC phenotype in mice (Spangrude and Brooks,
1992, 1993), caution should be exercised when making the as-
sumption that most HSCs in most human individuals express
CD34 or Thy-1. Recently, the existence of human stem cells that
lack CD34 has been proposed (Nakauchi, 1998).

In recent years, a great deal of attention has been focused on
augmentation and acceleration of engraftment in bone marrow
transplant settings by cytokine therapy in the recovery phase, and
on the use of peripheral blood-derived stem/progenitor cells as
a source of hematopoietic stem cells for human transplantation.
While hematopoietic progenitors are rarely found circulating in
peripheral blood under normal circumstances (Micklem et al.,
1975), cytotoxic drug treatment, the administration of hematopoi-
etic cytokines (Bodine et al., 1993), or both treatments in se-
quence (Siena et al., 1989) induce a rapid peripheralization of
hematopoietic stem/progenitor cells. These cells can be harvested
by multiple leukophoresis sessions over several days, frozen for
storage, and infused to mediate hematopoietic recovery following
marrow ablative therapy. There is a significant effect of peripheral
blood-derived stem and progenitor cells on the kinetics of recov-
ery during the pancytopenic phase, when infection and hemor-
rhage can result in significant patient morbidity and mortality. A
variety of studies have documented dramatic effects on both neu-
trophil and platelet recovery when peripheral blood stem cells,
with or without supplemental cytokines, were used to mediate
hematopoietic recovery following high-dose chemotherapy (Ben-
jamin et al., 1995; Basser et al., 1996). Enrichment of HSCs from
normal donor peripheralized blood progenitor products (Weaver
et al., 1993; Murray et al., 1995) may enable efficient allotrans-
plantation without graft-vs-host disease in the treatment of many
immunodeficiencies (Flake et al., 1996).

Assays for Hematopoietic Stem Cells

A great deal of attention has been focused on the development of
assay systems that specifically detect the activity of the most
primitive of HSCs for hematopoiesis (Fig. 3.4). One approach to
an in vivo clonal assay for long-term repopulation is limiting di-
lution competitive repopulation to derive a measure of compet-
itive repopulating units (CRUs) (Szilvassy et al., 1990). In this
assay, very small numbers of genetically marked cells are trans-
ferred into anemic W/Wv mice (Boggs et al., 1982) or irradiated
animals. In the latter case, a radioprotective dose of normal mar-
row cells is also provided to mediate radioprotection, and the de-
velopment of donor-derived populations is followed over long
periods of time. This approach has been used to estimate the fre-
quency of long-term repopulating cells in normal marrow sus-
pensions (Boggs et al., 1982; Micklem et al., 1987). Enrichment
of mouse HSCs from bone marrow resulted in repopulation of
recipient animals after transfer of single injected cells (Smith
et al., 1991; Spangrude et al., 1995).

Because it is very difficult to determine what the seeding effi-
ciency of this assay is—that is, how frequently an intravenously in-
jected cell seeds to a microenvironment such as the spleen or bone
marrow where hematopoiesis is supported—it is not possible to
know how frequent the long-term repopulating cell was in the orig-
inal population; only a minimum frequency can be determined.
Further, since there is ample evidence that long-term repopulation
is usually quasiclonal in radiation-reconstitution models, the ab-
sence of progeny in the long term may indicate that the single
injected HSC is one of many in a quiescent state, rather than sup-
porting the idea that the cell was unable to self-renew and give
rise to progeny over a long period of time (Van Zant et al., 1992).

;lélrn:ggr Expanding Committing
Assay BM  HSC=p qenitor — Progenitor —® Precursor
CRU 1
CAFC-28 3
Radioprotection ?
Late CFU-S (d12) 15
Early CFU-S (d8) 15
CAFC-7 40
CFU-C 300

Figure 3.4. Assays that detect various members of the hematopoietic
hierarchy. A number of assays currently used to detect hematopoietic
stem and progenitor cells are listed along with the approximate fre-
quency of the normal mouse bone marrow cells detected by these assays
and a general indication of the level of the hematopoietic hierarchy de-
tected by each assay. The black and shaped portions of the bars indicate
strong and weak activity, respectively, in the indicated assay. The assays
are abbreviated as follows: CRU, competitive repopulating unit, a trans-
plantation assay that measures the clonal frequency of cells able to con-
tribute long term to blood formation in a transplant recipient. CAFC,
cobblestone- area—forming cell, a cell culture assay that measures the
ability of stem and progenitor cells to form within 7-28 days a morpho-
logically distinct colony of cells in association with a monolayer of cul-

tured stromal cells; Radioprotection, the potential of transplanted stem
and progenitor cells to mediate hematological rescue of lethally irradi-
ated animals; CFU-S, colony-forming units (spleen), a transplant assay
that measures formation of clonally derived colonies of proliferating
hematopoietic cells in the spleens of irradiated animals 8 or 12 days after
transplant; CFU-C, colony-forming units (culture), a culture assay that
measures expansion of clones of cells in a semisolid culture medium in
response to soluble growth factor stimulation. This assay can also be
performed by seeding single cells into culture wells. The frequency of
responding cells in each assay has been taken from Neben et al. (1993)
and Szilvassy et al. (1996); these numbers will vary depending specific
assay conditions and the age and strain of the donor mouse from which
bone marrow cells are obtained.
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Unknown seeding efficiencies and the quasiclonal repopulation
problems compound the difficulty of measuring the frequency of
long-term repopulating cells, even when a remarkable level of en-
richment for the activity has been achieved.

Very soon after the description of the CFU-S assay by Till and
McCulloch in 1961, the question of whether splenic colonies truly
represent the proliferation of primitive HSCs became an important
issue. Since the criteria for defining HSCs at that time included
multilineage potential and a capacity for self-renewal, it naturally
followed that one should be able to demonstrate the presence of
new colony-forming cells within spleen colonies. This hypothesis
was tested in a double transplant experiment by either excising in-
dividual spleen colonies (Siminovitch et al., 1963) or pooling the
entire spleen from a CFU-S experiment (Siminovitch et al., 1964)
for transplant into secondary irradiated recipients. The results re-
vealed a broad heterogeneity in the ability of splenic colonies to
initiate new splenic colonies. Also, when a longer period of time
was allowed to elapse prior to harvesting spleen colonies for sec-
ondary transplant, the number of colonies containing secondary
CFU-S increased. Many more colonies harvested 14 days after in-
jection contained CFU-S compared to colonies harvested after 8
days. While a reasonable interpretation at the time invoked an ex-
tended time frame necessary for the self-renewal process within
spleen colonies (Lewis and Trobaugh, 1964), later work revealed
that the majority of early (day 8) CFU-S disappeared a few days
later and that at least half of the late (days 11-13) colonies arose
from a separate group of hematopoietic cells (Magli et al., 1982;
Wolf and Priestley, 1986). These intrinsic differences in CFU-S
hinted at the limited utility of the CFU-S assay to detect HSCs;
only after a secondary transplant could one be assured of the self-
renewing potential inherent in the original spleen colony.

Refinements in HSC characterization and enrichment have
strengthened the concept that many types of hematopoietic cells
that form spleen colonies lack the ability to reconstitute long-term
hematopoiesis in irradiated animals (Ploemacher and Brons, 1988).
Conversely, several groups have demonstrated long-term repopu-
lating potential in the apparent absence of splenic colony-forming
potential (Ploemacher and Brons, 1989; Jones et al., 1990; Wolf
et al., 1993). While it is not yet clear whether inhibitory cytokines
(Graham et al., 1990) or splenic seeding considerations (Spangrude
and Johnson, 1990) may explain the failure of certain HSC prepa-
rations to form spleen colonies, it is very clear that spleen colony
formation is not a unique characteristic of primitive HSCs (Hodg-
son and Bradley, 1979; Magli et al., 1982). Further, the inability to
use such an assay in the investigation of human hematopoiesis,
with the possible exception of chimeric human—mouse model sys-
tems (McCune et al., 1988), dictates the need to develop specific in
vitro assays for HSCs.

Many recent attempts to develop specific in vitro assays for
HSCs have relied on coculture of candidate HSC populations with
feeder layers of bone marrow—derived stromal cells. A number of
laboratories have used this approach to analyze hematopoiesis
with mouse and human models (Ploemacher et al., 1989; Suther-
land et al., 1990). In this assay there are two phases: an expansion
phase in which the primitive HSC number is increased without a
large degree of differentiation, and a detection phase when the
products of the initial expansion are read out. In the expansion
phase, self-renewal must be favored over differentiation, and the
typical approach is to use a stromal cell feeder layer under the
conditions originally defined by Dexter and colleagues (Dexter and
Lajtha, 1974) to culture HSC populations. In most cases, the sec-
ond phase of the assay involves harvesting the cells that differenti-

ate in the cultures and testing these progeny cells for the ability to
produce macroscopic colonies in semisolid medium under the in-
fluence of a variety of cytokines (the culture colony-forming unit,
or CFU-C assay). While the readout of colony formation is not
an activity uniquely associated with HSCs, the differentiation of
HSCs in these stromal cell cocultures is thought to result in the
production and thus a net increase in the number of colony-
forming cells. The results of such an assay are fairly quantitative,
but the assay is not clonal because individual colonies in the sec-
ond phase of the assay do not reflect single-input HSCs. However,
if the coculture is initiated under limiting dilution conditions
(Ploemacher et al., 1989; Sutherland et al., 1990), an estimate of
the frequency of the HSCs in any given cell population is possible.
Furthermore, a higher absolute number of colony-forming cells
produced in any one culture is interpreted as an indicator of a
more primitive initiating HSC. This culture system, and variants
thereof, is usually termed the long-term culture initiating cell (LT-
CIC) assay.

Cocultures of HSC and supportive bone marrow stroma evolve
to generate unique associations between the two cell types. The
mobile HSC interdigitates between and beneath the stromal mono-
layer, resulting in HSCs with a characteristic nonrefractile appear-
ance by phase-contrast microscopy. These stromal-covered cells
proliferate to form clusters of tightly packed cells that have been
referred to as cobblestone areas, and the assay to detect such
events is known as the cobblestone area-forming cell (CAFC) as-
say (Ploemacher et al., 1989; Neben et al., 1993). The frequency
of formation of cobblestone areas can be correlated to hematopoi-
etic repopulating activity in vivo, and the kinetics of cobblestone
area formation reflects the relative maturation stage of the initiat-
ing cells, with more primitive cells requiring a longer period of
time to establish a cobblestone area. These observations have been
incorporated into the CAFC assay, which does not rely on a read-
out of CFU-C, but rather quantitates the frequency of cobblestone
areas as a function of time (Ploemacher et al., 1991; Weilbaecher
et al., 1991; Neben et al., 1993). There is currently no strong evi-
dence that stromal cell systems effectively reproduce the bone
marrow environment in terms of self-renewal of HSCs (Spooncer
et al., 1985). The stromal cocultures can produce CFU-C from in-
put HSCs over prolonged periods of time (van der Sluijs et al.,
1990), but it is unclear to what extent HSCs can actually self-
renew in these cultures relative to the in vivo environment.

While some correlation has been made between long-term re-
constitution of lethally irradiated animals and some in vitro cul-
ture systems (Ploemacher et al., 1991), in fact the only definitive
method available to define the self-renewing characteristics of
HSCs is by transplantation in vivo (Orlic and Bodine, 1994).
The availability of genetically defined strains of mice that allow
easy identification of donor-derived cells in the peripheral blood
of recipient animals in an otherwise syngeneic transplant (Harri-
son, 1980; Spangrude et al., 1988) provides a valuable model
system for HSC function that has not yet been entirely dupli-
cated by in vitro culture systems (van der Sluijs et al., 1993).
The major limitation of the in vitro systems is that, in general,
the development of only one or a few hematopoietic lineages is
supported. Also, sole reliance on long-term culture initiation as
an indicator of HSC function ignores the known capacity of
mammalian cells to adapt to tissue culture conditions. Recently,
immunodeficient strains of mice have been widely used as an
in vivo model for engraftment of both normal and leukemic
hematopoietic cells from human sources (Wang et al., 1998).
Although not optimal for analysis of long-term hematopoiesis,
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this assay allows detailed study of stem cell homing to bone mar-
row and multilineage differentiation in the context of a normal
microenvironment.

Colony Stimulating Factors and
Hematopoietic Stem Cell Regulation

Although stromal cell cocultures have proved to be a useful
model for studying the development of HSCs in vitro, ideally one
would prefer to identify and characterize the stromal cell-derived
cytokines responsible for driving each stage of hematopoiesis.
Many hematopoietic cytokines have been identified and purified
and have had their genes cloned (reviewed in Metcalf, 1989).
However, as single agents, these molecules are primarily involved
in later stages of myeloid and lymphoid differentiation. Early
hematopoietic progenitors require as many as three cytokines to
induce colony formation in vitro (Bartelmez et al., 1989), and it is
not yet clear whether the most primitive HSCs respond to known
cytokines at all (Fig. 3.4). Interleukin (IL)-1 and IL-3, in com-
bination with colony-stimulating factor 1 (macrophage colony-
stimulating factor, or M-CSF), are sufficient to drive in vitro colony
formation by highly enriched populations of HSCs (Kriegler
et al., 1990). A similar combination of cytokines, but not single cy-
tokines, was shown to stimulate highly enriched HSCs at a clonal
level to differentiate into osteoclasts as well as mature blood cells
(Hagenaars et al., 1989). Leukemia inhibitory factor and IL-6
have both been identified as costimulators of primitive HSCs
when used in combination with IL-3 (Okada et al., 1991b; Leary
et al., 1990). The combination of IL-3 and IL-6 provides the stim-
ulation necessary to achieve retroviral infection of primitive HSCs
in vitro (Bodine et al., 1990). Finally, several cytokines such as
steel factor (Lowry et al., 1992), Flt3 ligand (Shah et al., 1996),
thrombopoietin (Broudy et al., 1995; Sitnicka et al., 1996), and
basic fibroblast growth factor (Gabbianelli et al., 1990) have been
shown to potentiate colony formation by highly enriched progeni-
tors populations in combination with other cytokines. Taken to-
gether with numerous reports of negative regulatory influences
mediated by macrophage inflammatory protein 1 (Graham et al.,
1990), tumor necrosis factor (Rogers and Berman, 1994), and
transforming growth factor (Jacobsen et al., 1995), these studies
reinforce the concept of synergism and antagonism between the
effects of colony-stimulating factors on primitive HSCs (Jacobsen
et al., 1994).

Self-Renewal of Hematopoietic Stem Cells

A major advantage of using a mouse model system to define ba-
sic characteristics of the HSC is that, given the paucity of experi-
mental methods, it can be used to demonstrate the most critical
of HSC functions, self-renewal. The concept of self-renewal in
hematopoiesis can be interpreted in several ways. One possibility
is that self-renewal of HSCs occurs at each cell division, which
requires that HSCs divide in the complete absence of differentia-
tion. This leads to the conclusion that one HSC may contribute
indefinitely to hematopoiesis, a critical assumption for the appli-
cation of gene therapy protocols in immunodeficiencies. If, how-
ever, one envisions a heterogeneous compartment of HSCs, all
of which share the ability to initiate development in multiple
hematopoietic lineages but differ in ability to give rise to more
multipotent cells, the conclusion is consistent with the clonal
succession model as proposed by Kay (1965) and there is less
optimism for prolonged correction of genetic defects by gene
therapy. A supraoptimal number of non-self-renewing multipo-

tent cells, each possessing a high but finite intrinsic proliferative
potential, would be adequate to ensure long-term hematopoiesis
(Spangrude, 1992). An intermediate situation consisting of es-
sential elements from both extremes produces a further variation.

It will be difficult to prove or disprove the proposal that one
HSC can divide to produce progeny of identical proliferative
and developmental potential; however, many experiments have
demonstrated the reality of clonal succession and of the hetero-
geneous nature of the HSC compartment. Sequential activation
of HSC clones leads to clonal or quasiclonal contributions to
hematopoiesis, as demonstrated by transplantation experiments
between animals differing at isoenzyme loci (Micklem et al.,
1987; Abkowitz et al., 1995) or by transplants of bone marrow
cells carrying unique retrovirally induced genetic markers (Jor-
dan and Lemischka, 1990). Serial transplantation of bone mar-
row, which eventually leads to a loss of repopulating activity
(Harrison et al., 1990), can demonstrate two distinct phases of
engraftment in recipient animals. The first phase is unsustained,
apparently because more committed members of the HSC com-
partment being unable to maintain hematopoiesis in the long
term. The second phase is sustained and is due to very primitive
HSCs (Jones et al., 1989). These observations are compatible
with clonal succession and with the generation-age hypothesis
(Rosendaal et al., 1976), which extends the clonal succession
model to predict that the number of generations an HSC is re-
moved from its initial progenitor is inversely proportional to its
proliferation potential (and hence hematopoietic-repopulating
potential) and directly proportional to its state of activation. This
means that the ability of any individual HSC to self-renew is lim-
ited, but the compartment of multipotent cells possesses the self-
renewing ability of the sum of all individual HSCs.

Application of transplantation pressure in hematopoiesis re-
sults in exhaustion of HSCs (Harrison et al., 1990). In a very
intriguing study, allophenic chimeras, made by aggregating em-
bryos of two inbred mouse strains, were used to show that HSC
exhaustion can be observed under normal developmental pressure
(Van Zant et al., 1990). In these experiments, one partner mouse
strain (DBA/2) has spleen colony-forming cells, of which 24 are
normally in cell cycle, whereas in the other partner strain
(C57BL/6) only 2.6 of these cells are in cycle. In allophenic
chimeras between these two strains, the DBA/2 HSC population
predominated early in life, only to be overtaken and eventually
eclipsed by the C57BL/6 population. A similar observation was
made after bone marrow transplants from chimeras into irradiated
F1 recipients. These experiments bear out basic predictions of the
generation-age hypothesis and point to intrinsic differences in the
HSC as a factor in the longevity of hematopoiesis and of life
span. Do HSCs also self-renew at a cellular level? This question
is critical to the concept of gene therapy as a permanent cure for
immunodeficiencies. To answer this question definitively we will
need more sophisticated techniques of cell culture and analysis.

Conclusions

The outcome of human bone marrow transplantation may be im-
proved if enriched populations of early progenitors and HSCs are
transplanted rather than whole bone marrow or pheresis prod-
ucts. This could be true in allogeneic transplants, where graft-
vs.-host disease might be eliminated by T-cell depletion, and also
in autotransplants, where residual tumor cells in the graft may
contribute to relapse (Gazitt et al., 1995). Application of gene
therapy to human immunodeficiency treatments via transplantation
will also require HSC enrichment to improve the efficiency of
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targeting functional genes to the hematopoietic generative compart-
ment. It is critical that we understand the biology of hematopoiesis
and know how to maximize the self-renewing potential of trans-
planted HSCs. Researchers working in the human system must
currently rely on assay systems for long-term repopulation that
have not been thoroughly examined for their specific mechanism
of detecting the critical (self-renewing) populations of cells. Un-
raveling of the mysteries of the HSC compartment has been com-
plicated by the difficulty in obtaining native HSCs in any large
quantity for classical cell biological studies. This problem is
compounded by the observation that HSC biology (phenotype and
function) varies among mouse strains, making concrete rules for
early hematopoiesis difficult to formulate.

Several recent studies suggest that bone marrow—derived
hematopoietic stem cells may have broader developmental po-
tential than originally thought, as examples of differentiation into
epithelium, hepatocytes, neurons, and muscle have been reported
(Krause et al., 2001; Lagasse et al., 2000). The phenomenon of
differentiation across lineage barriers is often referred to as plas-
ticity. Furthermore, evidence suggests that multipotent cells ca-
pable of generating blood and other tissues exist in many adult
tissues (Anderson et al., 2001). Although these new observations
may open new avenues to treatment of genetic diseases, this field
is still highly controversial, with reports describing both the exis-
tence and the essential lack of plasticity (Anderson et al., 2001;
Wagers et al., 2002; Goodell, 2003; Raff, 2003; Theise and
Wilmut, 2003; Wagers and Weissman, 2004). In some cases fu-
sions between cells have been found as the underlying mecha-
nism (Alvarez-Dolado et al., 2003; Vassilopoulos et al., 2003).

The marked propensity of HSCs to rapidly differentiate in
most in vitro culture systems (Rebel et al., 1994) has hampered
our ability to investigate under controlled, in vitro conditions the
hierarchy of the HSC compartment and to approach the question
of how to maintain the essential “stemness’ of HSC populations.
The possibility that self-renewal in the HSC compartment is lim-
ited to a finite number of cell divisions may indicate that even
under the best conditions unlimited expansion of true HSCs is an
impossible goal to attain. This possibility has an obvious impact
on proposals for gene therapy of immunodeficiencies through
transplantation, since self-renewal of transduced stem cells is the
only vehicle by which this may be accomplished. At the present
time, development of better clinical methods for management of
the complications of allogeneic transplants may be a more expe-
dient method by which to treat congenital immunodeficiencies.
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The purpose of this chapter is to give a broad overview of some
of the complexities involved in T cell development. T cells are
key regulators of specific immunity, and their function is deter-
mined by events that occur during an intricate developmental
process in the thymus. An understanding of T cell development
is thus fundamental to our understanding of immune responses.
While a variety of different receptor—ligand interactions are im-
portant during T cell development, none are as crucial as those
mediated via the T cell antigen receptor (TCR). Although the ex-
act nature of the TCR was not elucidated until the early 1980s
(Hedrick et al., 1984; Yanagi et al., 1984), experiments done in
the 1970s led to the finding that T cell specificity is linked to
proteins encoded by genes in the major histocompatibility com-
plex (MHC) (Shearer, 1974; Zinkernagel and Doherty, 1974).
The MHC is known as the H-2 complex in mice and as the HLA
(human leukocyte antigen) complex in humans. Unlike B cells,
T cells generally do not respond to whole protein or native anti-
gens. Instead, T cells recognize peptide fragments of foreign or
self-antigens complexed with MHC molecules. Furthermore, a
given T cell recognizes only a particular peptide-MHC complex
in a process referred to as MHC restriction (Zinkernagel and Do-
herty, 1979).

The interaction of a developing thymocyte’s TCR with peptide
presented on self-MHC in the thymus determines the fate of that
thymocyte. Only some become the mature T cells that patrol the
body’s periphery and respond to foreign antigen. The molecular
interactions that lead to the elimination of self-reactive thymo-
cytes (“negative selection”) and the survival of those that can
potentially mount protective immune responses (‘“‘positive selec-
tion”) are complex. Our understanding of thymic ontogeny has
been greatly enhanced through the use of genetic tools, particu-
larly mutant animal models. In this context, the use of transgenic
and gene-targeted mice has been especially revealing. We begin

this chapter with a brief description of these technologies and
their utility. We then give overviews of the TCR proteins and the
genes encoding them, followed by a discussion of the corecep-
tors CD4 and CDS8, which have enormous influence on T cell de-
velopment. Finally, we describe the stages of T cell development
in detail at both the cellular and molecular levels, noting where
appropriate the various mutations that have helped to define each
stage.

Transgenic and Gene Targeting Technology

T cell development consists of a sequence of well-coordinated
processes in which immature progenitor cells enter the thymus,
participate in a complex developmental process, and emerge as
mature T cells able to function in host defence. In the past, it was
difficult to dissect the unique roles of the multitude of genes in-
volved in thymocyte maturation. Natural mouse mutants existed
and furnished much information on immune system development
but, in most cases, the identity of the genes mutated in these ani-
mals was unknown. With the advent of recombinant DNA tech-
nology in the 1970s, it became possible to splice different gene
sequences and their control elements together. Subsequent re-
finements allowed the expression of exogenous genes in experi-
mental animals, an investigative method called transgenesis. As
is detailed throughout this chapter, the study of transgenic mice
bearing genes of relevance to immune responses revealed much
about their function (Cantrell, 2002). However, the expression
of these genes was necessarily nonphysiologic, and researchers
sought a means of eliminating the function of a specific endoge-
nous gene to determine its effects. In 1989, gene-targeting tech-
nology was developed which allowed researchers to delete a single
gene in a whole animal. The study of these genetically modified
“knockout” mice has provided us with invaluable data on the
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functions of single genes in vivo (Mak et al., 2001). Immunolo-
gists readily embraced gene-targeting technology because the loss
of many immunological genes is still compatible with normal
embryonic development, meaning that a relatively healthy mu-
tant animal can often be recovered and studied.

We will now give a short description of methodologies under-
lying transgenesis and gene targeting, and the related methodol-
ogy of RAG complementation.

Transgenesis

Transgenesis is the expression of an exogenous gene of interest in
a cell. By placing the transgene of interest under the control of a
tissue-specific promoter, the effect of the gene on a specific cell
type can be examined. The copy number and location of integra-
tion of the transgene in the host cell genome can affect its expres-
sion. When and where the transgene’s promoter is operational are
also relevant, as transgene expression may be activated at different
times or at different locations in different cell types. Transgenes are
useful for probing the relationship between structure and function
of a molecule: the expression of a mutated version of a protein that
has been engineered to lack a particular domain may reveal the im-
portance of that domain or protein. Transgenes can also be used to
rescue function in gene-deficient mice and thus assess the nature of
the original defect. For example, if a mutant in which a develop-
mental process is blocked can be rescued by the overexpression of
a molecule known to promote cell survival, it is likely that the orig-
inal mutation affected a protein with a role in survival. This protein
may be quite distinct from the product of the transgene.

A dominant negative (D™N) transgene can be used to inter-
fere with the expression of an endogenous protein. Often the pro-
tein derived from a D™N transgene is a catalytically inactive
version of the molecule of interest, the theory being that large
quantities of such a protein (5- to 10-fold excess) will compete
with the endogenous protein for essential substrates or cofactors.
It should be ensured that the promoter used to drive D™N trans-
gene expression is capable of achieving the necessary high level
of expression. It is also essential to determine how much interfer-
ence is required to completely inactivate the endogenous protein,
and how specific an inhibitor the D™N molecule truly is. It is not
unusual for a D™N inhibitor to sequester molecular intermediates
needed by more than one endogenous enzyme or pathway. This
latter characteristic can be an advantage when one wants to over-
come redundancy of function and simultaneously disable all iso-
forms of a protein of interest.

Constitutively active transgenes can also be constructed to
overcome natural control mechanisms within a cell. Mutations of
residues in negative control sequences or enzymatic catalytic sites
can result in constitutive activation of a protein. A difficulty with
these types of mutants is that nonphysiological expression of
the gene in question occurs by definition: the molecule is likely
not produced at either the normal location, time, or concentration,
forcing a guarded intepretation of results. Temporal control of
transgenes can be exerted by placing them under the control of
promoters engineered to be regulated by the addition of the an-
tibiotic tetracycline (Gossen et al., 1995) or the synthetic estrogen
tamoxifen (Littlewood et al., 1995). Transgenes encoding bacter-
ial toxins are valuable tools because of their specificity and high
potency at low concentration. For example, transgenes encoding
the bacterial cholera, botulism, and pertussis toxins have been used
as inhibitors to determine the roles of G proteins in various intra-
cellular signaling pathways (Chaffin and Perlmutter, 1991; Hen-
ning et al., 1997).

With respect to studying T-cell development, transgenes have
been placed under the control of various promoters that restrict
expression of the genes they regulate primarily to the T lineage.
Such promoters include the proximal promoter of the gene en-
coding the Src family protein tyrosine kinase p56-<k (Lck) (Al-
lan et al., 1992), the promoters of the genes encoding the CD4
and CDS coreceptors (Ellmeier et al., 1999), and a modified CD2
promoter (Zhumabekov et al., 1995). These promoters are ex-
pressed both in thymocytes and in peripheral T cells but at differ-
ent stages of development. For example, the expression of
transgenes under the control of the Lck promoter can be detected
in the earliest thymocytes, whereas the CD2 promoter is gener-
ally not activated until a later stage.

While “standard” trangenesis as described above is undeni-
ably a powerful and useful technology, it has the disadvantage of
random integration of the transgene. Knock-in technology recti-
fies this defect because the transgene is introduced into a precise
location in the genome by homologous recombination—that is,
the transgene is designed such that sequences flanking the gene
of interest are homologous in sequence to the endogenous locus
and thus ensure that the transgene integrates in its natural posi-
tion. The natural transcription controls of the gene of interest are
thus preserved (unlike standard transgenesis) and the danger of
overexpression artefacts is reduced. Knock-in mutations can be
used to introduce reporter constructs to facilitate detection of
a hard-to-monitor gene, or regulatory constructs can be added to
alter expression patterns. For example, to investigate control of
IL-4 expression in vivo, a reporter gene was “knocked into” the
IL-4 locus (Pannetier et al., 1999). This study led to the genera-
tion of much useful information on the regulation of effector
T-cell differentiation (Hu-Li et al., 2001).

Gene Targeting

The basic principle of gene targeting is replacement of the gene
of interest via homologous recombination between exogenous
DNA (a targeting vector or knock-out construct) and its endo-
genous chromosomal homologue (Capecchi, 1989; reviewed in
Koller and Smithies, 1992) (Fig. 4.1). The targeting vector con-
tains flanking sequences that are identical to endogenous DNA
sequences, ensuring that the endogenous gene is replaced with the
mutated version. The homologous recombination event yields an
insertion, replacement, or deletion of the targeted genomic locus,
depending on the design of the knockout construct. It was shown
in the early 1980s that multipotent embryonic stem (ES) cells
from mouse embryos could be cultured and manipulated in vitro
and then reintegrated back into a wild-type mouse blastocyst.
When returned to the embryonic environment, the manipulated
ES cells resumed normal development and contributed to all
cell lineages including germ cells. By combining gene-targeting
technology with the transfection and culture of murine ES cells,
mice with mutations in a single gene can be generated. To create
a knockout mouse, murine ES cells are injected in vitro with the
targeting vector. To enrich for those rare ES cells that have un-
dergone homologous recombination, a selectable marker gene,
such as that encoding neomycin resistance, is usually included in
the targeting construct. A negative selection marker (such as a
toxic gene) may also be included in the flanking region of the
construct to kill cells in which random integration of the target-
ing construct has occurred (Yagi et al., 1990; Hasty et al., 1991).
Embryonic stem cells that have undergone homologous recombi-
nation are detected by polymerase chain reaction (PCR) assays
and confirmed by genomic Southern blot analysis (Capecchi,
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1989). The recombinant cells are microinjected into a mouse
blastocyst which is then implanted into a pseudopregnant fe-
male. The resulting chimeric mice transmit the knockout genes
to their offspring (Robertson et al., 1986). The progeny are ana-
lyzed for presence of the knockout mutation and interbred to
achieve homozygosity. The phenotype of the null-mutant mouse
is then assessed to obtain knowledge of the gene’s function.

While gene knockouts are extremely useful for deducing the
functions of many genes, there are some caveats to their use.
Unanticipated alternative or aberrant splicing of exons or the
synthesis of truncated translation products can complicate inter-
pretation of the data. In addition, an engineered mutation in one
gene may have an unexpected effect on a neighboring gene, mak-
ing it difficult to distinguish the true source of the observed phe-
notype. Mutations that affect the architecture of an organ may
indirectly influence the differentiation or behavior of the cells of
interest within it. Genetic background can have a huge influence
on expression of the phenotype of the mutant mouse, and redun-
dancy in molecular systems may mean that the function of miss-
ing gene may be compensated for by the function of another
gene. Finally, if the gene in question has a double function in the
immune system and in embryonic development, embryonic or
perinatal lethality may preclude analysis of the gene’s function
in adult tissues.

Figure 4.1. The classical approach to gene targeting
in embryonic stem (ES) cells. Gene targeting is car-
ried out in wild-type mouse ES cells cultured for ma-
nipulation. A targeting construct is engineered in
which the gene of interest is disrupted by the insertion
of the neo gene. The thymidine kinase Hsv-tk gene
can be placed outside the target gene as a negative se-
lection marker. The construct is transfected into the
cultured ES cells, usually by electroporation. If ho-
mologous recombination occurs, only the neo/target
gene sequences will be inserted into the chromosomal
DNA of the ES cells. Selection with the neomycin-
like drug G418 will kill any nonrecombinant ES cells.
Selection with gancyclovir will kill any nonhomolo-
gous recombinants carrying the Hsv-tk gene. ES cells
heterozygous for the targeted mutation as confirmed
by polymerase chain reaction (PCR) and Southern
blotting are injected into a mouse blastocyst. The
chimeric blastocyst is then implanted into a pseudo-
pregnant female. Homozygosity for the targeted muta-
tion is achieved by subsequent breeding steps.

Some of these problems can be circumvented by the Cre-
LoxP and FLP-FRT recombination systems that allow tissue- or
stage-specific gene expression (Metzger and Chambon, 2001). In
the former, Cre recombinase from bacteriophage P1 recognizes
bacterial LoxP sequences flanking the mammalian genomic DNA
to be deleted. Cre-mediated recombination of two loxP sites in cis
orientation results in the deletion of all DNA between them
(Sternberg et al., 1986). FLP-recombinase from yeast carries
out the same function by recombining flanking FRT sequences
(O’Gorman et al., 1991). Transgenic expression of Cre or FLP by
use of a tissue-specific promoter thus allows the generation of
tissue-specific knockouts. For example, constructs in which Cre
expression is controlled by the T cell-specific promoter of the
Lck gene can be used to induce the deletion of loxP-flanked
genes only in T cells (Fig. 4.2). Inducible knockout of a gene can
be achieved by placing Cre under the control of tetracycline
transactivation systems, insect hormones, or analogues of mam-
malian steroid hormones (Kuhn et al., 1995; Rajewsky et al.,
1996). A caveat with respect to the use of Cre recombinase (in
particular) is that the efficiency of gene deletion in a tissue will
depend on the efficiency of transgenic Cre expression in that tis-
sue, a highly variable parameter.

A specific mutation of a gene of interest can also be generated
using the knock-in approach. For example, a knock-in construct
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was created in which the dimerization domain of the key
hematopoietic signaling phosphatase CD45 was disrupted by a
point mutation. Analyses of transgenic animals expressing this
mutated gene showed that CD45 activity was lost in the absence
of the dimerization function and that control of lymphocyte pro-
liferation was compromised (Majeti et al., 2000).

RAG Complementation

RAG complementation provides a system in which to test the
role of a particular gene in lymphocyte development and func-
tion. The recombination activation genes (Ragl/ and Rag2) are
essential for V(D)J rearrangement of the antigen receptor genes
in B and T cells (Schatz et al., 1989). Mice lacking either RAG1
or RAG?2 are viable but lack mature T and B cells (Shinkai et al.,
1992, 1993; Mombaerts et al., 1992b). When ES cells homozy-
gous for a knockout mutation are microinjected into blastocysts
of RAG-deficient mice, all lymphocytes developing in these
chimeric animals are necessarily derived from the RAG* knock-
out ES cells (Chen et al., 1994) (Fig. 4.3). The effect of the knock-
out mutation on specific immunity can then be analyzed. RAG
complementation is particularly useful when the homozygous
knockout phenotype is embryonic lethal.

TCR/CD3 Complex

We now return to the T cell itself, first examining the structure of
its antigen receptor. The TCR 1is responsible for the recognition of
both foreign and self antigens, and thus is central to both T-cell
development and the mounting of specific immune responses. In-
ability to recognize foreign antigen can lead to overwhelming in-
fection, while inappropriate recognition of self-antigen can result
in autoimmunity.

TCRs are heterodimeric proteins composed of either TCRo
and [ chains, or TCRy and & chains. Thymocytes and the major-
ity of peripheral T cells bear oy TCRs but about 5%—10% of all
T cells bear Y0 TCRs. All TCRo heterodimers recognize pep-
tides complexed with MHC molecules, but some TCRYd mole-
cules recognize nonpeptide antigens either directly or bound to
the MHC-like molecule CD1. For both of3 and yd TCRs, recog-
nition of the antigen depends on the binding site formed by por-
tions of the afd or Y8 chains. However, surface expression of the
TCR and antigen-specific T-cell signaling and activation depend
on the association of the TCR with the CD3 complex. The CD3

p56/°K.cre
transgenic

Figure 4.2. Cre/loxP-mediated gene targeting. Genetic
manipulation of ES cells produces a mouse in which the
gene of interest is “floxed,” or flanked by two loxP sites.
The floxed mouse is then crossed with a transgenic
mouse expressing Cre recombinase under the control of a
tissue-specific promoter; in this case, the p56!°k promoter
which is active only in T cells. Cre expressed in the
thymi of the double transgenic progeny of this cross
recombines adjacent /oxP sites and deletes the gene of
interest only in T cells.

Rag”" mouse
lacks mature T or B cells
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Figure 4.3. RAG-deficient blastocyst complementation. Mice deficient
for either RAG1 or RAG2 are viable but lack mature T and B lympho-
cytes. To examine lymphocyte development and behavior in the absence
of a gene of interest (gene X), wild-type embryonic stem (ES) cells ho-
mozygous for deletion of gene X (RAG**; gene X~7) are injected into
RAG-deficient blastocysts. The chimeric blastocysts are implanted in
pseudopregnant females where they develop into pups in which any lym-
phocytes present are necessarily derived from the gene X~ ES cells. Be-
cause the gene deletion in this system is somatic, RAG complementation is
particularly useful for examining the function in lymphocyte development
of genes that are embryonic lethal when deleted in the germ line.
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Figure 4.4. ofTCR/CD3 on the cell surface. Schematic drawing of the
ofTCR/CD3 complex in the T-cell membrane. The TCRof heterodimer
is associated with three other CD3 dimers: CD3ed, CD3ye, and (most of-
ten) CD3CL. The CD3g, 8, and ¥ chains each contain one immunorecep-
tor tyrosine-based activation motif (ITAM) sequence (black rectangles)
important for signal transduction, while the CD{ chain contains three
ITAMs. The TCRof heterodimer is responsible for antigen recognition,
whereas the CD3 chains convey intracellular signals via activation of ki-
nases associated with their cytoplasmic tails (see Fig. 4.6).

complex consists of at least five distinct membrane proteins,
CD3y, 9, €, £, and M, which are noncovalently associated both
with each other and the TCR heterodimer (Weiss and Littman,
1994). The CD3y, 9§, and € chains are found as ye and d¢ subunits
within the TCR/CD3 complex (Blumberg et al., 1990; Malissen
and Malissen, 1996), whereas the { chain is found as a homod-
imer (in 90% of TCRs) or as a {n heterodimer (~10% of TCRs).
The CD3( and 1 chains are splice variants derived from the same
gene. Other splice variants encoded by the CD3{ gene have been
described, such as CD36 and CD31 (Malissen and Malissen,
1996). The minimal stoichiometry of the most common o3 TCRs
is TCRoB: CD3yeCD36eCD3L( (Fig. 4.4). All CD3 chains contain
at least one of the tyrosine-rich immunoreceptor tyrosine-based ac-
tivation motifs (ITAMs) essential for initiating intracellular signal-
ing following antigen binding to the TCR.

TCR Genes

An off TCR binds to peptide-MHC via its variable (V) region
located at the extracellular N-terminus of the heterodimer. The
V region is linked to an invariable extracellular region, a trans-
membrane domain, and a short intracellular domain at the car-
boxyl terminus of the protein. These latter elements are encoded
by the constant (C) region exons of the TCR loci (Davis and
Bjorkman, 1988). The V regions of both component TCR chains
contribute to the antigen binding site, and each chain’s V region
is encoded by a V exon. Analogous to the immunoglobulin (Ig)
light-chain gene, the TCRo and Y V exons contain a V (variable)
and a J (joining) gene segment, while, like the Ig heavy-chain
gene, the TCRP and & V exons contain a V, a D (diversity), and a
J gene segment. In each developing thymocyte, the V and J or V,
D, and J gene segments forming the V exons are randomly cho-
sen from the huge array of multiple V, D, and J gene segments
present in germline TCR loci. In a process known as somatic
gene rearrangement, the site-specific RAG1/2 recombinases ini-
tiate the joining of the chosen V, D, and J gene segments at the
DNA level (Schatz et al., 1989; Chen et al., 1994). The double-
stranded DNA protein kinase (dsDNA-PK) catalyzes the liga-
tion of the rearranged gene segments to form a complete and

unique V exon for each TCR chain in each developing thymocyte
(Kirchgessner et al., 1995). The V exon sequences are then joined
to the C exon sequences by conventional RNA splicing prior to
translation of both chains and heterodimer assembly. It is the ran-
dom rearrangement of V(D)J gene segments that generates most
of the enormous diversity of TCRs expressed on mature T cells
(Toyonaga et al., 1985; Davis and Bjorkman, 1998). Additional
diversity is introduced at V-D-J junctions through the introduction
of template-independent (or N) nucleotides during V(D)J re-
arrangement. N-nucleotide addition is mediated by the enzyme
terminal deoxynucleotidyl transferase (TdT) (Tonegawa, 1983).

The Coreceptors

While the TCR antigen binding site is responsible for the recog-
nition of specific peptide in the binding groove of an MHC mol-
ecule, the CD8 and CD4 molecules function as coreceptors by
binding to nonpolymorphic regions of the MHC class I and class
IT molecules, respectively. The coreceptors facilitate TCR signal
transduction because the cytoplasmic domains of both CD4 and
CD8 are physically associated (with differing stoichiometry) with
Lck tyrosine kinase (see below; Veillette et al., 1988; Turner et al.,
1990; Weiss and Littman, 1994). Both CD4 and CDS8 have im-
portant roles in the ontogeny and selection of thymocytes and in
the activation of mature T cells resident in peripheral lymphatic
organs (Wallace et al., 1993).

CD8 and MHC Class |

CD8 is a cell surface glycoprotein expressed on MHC class I-re-
stricted T cells. In mice, thymocytes and peripheral T cells gen-
erally express CDS as heterodimers of CD8a. (Lyt-2) and CD8f3
(Lyt-3). On human T cells, CD8 is composed of homodimers of a
single subunit, the homologue of murine CD8a.. The greatest se-
quence similarity between human and murine CD8a is located
in the transmembrane (79%) and cytoplasmic (5%) domains
(Littman, 1987). The MHC class I molecule to which CD8 binds
is a heterodimer composed of an MHC class I o chain noncova-
lently associated with the invariant B2-microglobulin ($2M)
chain. The corresponding gene symbol is B2m. 2M is crucial
for the expression of the MHC class I molecule on the cell sur-
face. The peptides associated with MHC class I molecules are
generally derived from endogenous proteins degraded by pro-
teasomes in the cytosol. The peptides are translocated into the
endoplasmic reticulum (ER) by a heterodimeric transmembrane
transporter complex with structural similarity to ATP binding
cassette transporters (Spies and DeMars, 1991). The TAP1 (trans-
porter associated with antigen processing-1) and TAP2 subunits
of this transporter complex are encoded by the Tapl and Tap2
genes which map to the MHC class II region (Deverson et al.,
1990; Monaco et al., 1990). Once in the ER lumen, the endoge-
nous peptides are immediately loaded into the binding grooves
of newly synthesized MHC class I molecules (Androlewicz and
Cresswell, 1996).

Since interaction with peptide-loaded MHC class I is required
for CD8* T-cell development, disruptions in either the B2m gene
or the Tap genes have severe effects on the mature CD8* T-cell
population. For example, a drastic reduction in the number of
CD8* T cells is observed in gene-targeted B2M-deficient mice
(Koller et al., 1990; Zijlstra et al., 1990), and a similar phenotype
is observed in animals in which the Tapl gene has been deleted
(Van Kaer et al., 1992). Cytotoxic T-cell functions are severely
impaired in these mutant mouse strains because they lack CD8*
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T cells; however, T-helper activities mediated by CD4* lympho-
cytes are normal.

CD4 and MHC Class |l

CD4 (L3T4 in the mouse) is a 55kDa single-chain glycoprotein
with four Ig-like extracellular domains (D1-D4), a transmembrane
region, and a cytoplasmic domain (Littman, 1987). Comparison
of the human and mouse CD4 amino acid sequences reveals 55%
similarity, with the greatest homology shared between the cyto-
plasmic domains. CD4 molecules interact with MHC class II
molecules in both functional studies and binding assays (Green-
stein et al., 1984; Doyle and Strominger, 1987). The two most
distal extracellular domains of CD4 bind to the nonpolymorphic
2 domain of MHC class II molecules. The intracellular domain
of CD4 is associated with large quantities of Lck, making it par-
ticularly important for the initiation of the complex TCR signal-
ing cascade (Glaichenhaus et al., 1991). The majority of T helper
functions, which consist primarily of the secretion of cytokines re-
quired for the complete activation of B cells and cytotoxic T cells,
are carried out by CD4* T cells.

The MHC class II molecule to which CD4 binds is a het-
erodimer composed of an MHC class II o chain noncovalently as-
sociated with an MHC class II B chain. MHC class II molecules
generally present peptides from exogenous sources. Because both
MHC class I and II molecules are assembled in the ER, and both
are capable of binding peptides, a mechanism must exist in the
ER to protect the peptide-binding groove of class II molecules
from occupancy with endogenous peptides (Neefjes and Ploegh,
1992). The invariant chain (i) is coordinately expressed with MHC
class I in the ER and associates with newly synthesized
MHC class II molecules such that the binding of peptide in the
MHC class II groove is blocked. As the MHC class II-Ii com-
plexes traverse the increasingly acidic intracellular antigen-pro-
cessing compartments, Ii undergoes stepwise degradation by
cathepsin-like proteases until only a fragment of i, called CLIP
(class II—associated invariant chain peptide), remains in the bind-
ing groove (Roche, 1995). CLIP peptides were initially discov-
ered by examination of mutant antigen-presenting cell (APC)
lines that exhibited unstable MHC class II molecules (Mellins
et al., 1990). These APCs were able to present exogenous peptide
fragments but could not process whole protein antigens or present
peptides derived from them to T cells. Further study showed that
these mutant cell lines had mutations in the HLA-DM gene that
maps to the class II region of MHC between HLA-DP and HLA-
DQ (Fling et al., 1994; Morris et al., 1994). The murine homo-
logue of HLA-DM is H2-M. Both HLA-DM and H2-M are
heterodimers with low homology to conventional MHC class II
proteins (Roche, 1995). HLA-DM/H-2M colocalizes with MHC
class II molecules in an endolysosomal compartment called the
MHC class Il compartment (MIIC) (Roche, 1995) and functions
as a peptide exchanger. HLA-DM/H-2M catalyzes the release of
CLIP peptides from the MHC class II groove and the subsequent
loading of processed exogenous peptides (Denzin and Cresswell,
1995; Sherman et al., 1995). Accordingly, HLA-DM/H-2M is
most effective at pH 4.5-6, the pH range prevalent in later antigen-
processing compartments. Once the MHC class II molecule is
loaded with peptide, HLA-DM/H-2M is released and the pep-
tide-MHC complex makes its way to the APC surface.

The functions of many molecules involved in the exogenous
antigen processing pathway have been clarified through studies
of knockout mice. The development and function of CD4*
T cells are disturbed in mice lacking Ii, confirming the crucial

role of this protein in normal MHC class II antigen presentation
(Viville et al., 1993). In H2-M-deficient mice, normal amounts of
MHC class II molecules are present on the cell surface but the
majority of them are associated with CLIP rather than exogenous
peptide (Fung-Leung et al., 1996; Martin et al., 1996; Miyazaki
et al., 1996). Unexpectedly, positive selection of MHC class II-re-
stricted CD4* T cells appeared intact in these animals and they
possessed large numbers of CD4+ T cells that responded vigor-
ously to antigens presented by normal APCs. However, APCs from
H2-M-deficient mice were unable to stimulate syngeneic or allo-
geneic T lymphocytes to respond against self-antigens or foreign
antigens (Fung-Leung et al., 1996). In MHC class II-deficient
mice (Cosgrove et al., 1991; Grusby et al., 1991; Kontgen et al.,
1993), thymocyte development is blocked at an early stage and
CD4+ lymphocytes are virtually absent in peripheral lymphoid or-
gans. However, the development and functions of peripheral CD8*
cytotoxic T cells are normal. Surprisingly, there were significant
numbers of CD4* T cells in the thymi of MHC class II-deficient
mice, although these cells were not of a mature phenotype. A sub-
set of these unusual CD4* cells was found to be restricted to MHC
class I-like CD1 molecules (Cardell et al., 1995).

Overview of T Cell Development
and TCR Signaling

In this section, we present brief overviews of the stages of thy-
mocyte development and introduce the signaling pathways vital
to this process. It is hoped that the reader will then have a better
understanding of the in-depth discussion of thymocyte selection
processes that follows.

Stages of T Cell Development

T cell development takes place in the thymus in a well-defined
process during which precursor thymocytes divide, rearrange
their antigen receptor DNA, and express functional TCRs and
coreceptors. Thymic ontogeny can be divided into three major
stages distinguished by the expression of certain cell surface re-
ceptors (Sebzda et al., 1999) (Fig. 4.5). The first major stage is
the triple negative (TN) stage, in which neither the TCR, CD4,
nor CD8 is expressed. Some immunologists refer to this stage
as the double negative (DN) or CD4-CD8~ stage. It is during the
third phase of this stage (DN3; see below) that rearrangement
of the VDJ segments of the TCRp (but not TCRa) locus com-
mences. The TCRP chain pairs with an invariant TCRa-like chain
known as the pre-Toa chain (or the TCRVa chain or gp33) to
form a pre-TCR complex on the cell surface. In the second major
stage of development, thymocytes commence expression of both
coreceptors and are known as double positive (DP) or CD4*CD8*
thymocytes. Rearrangement of the TCRa locus occurs, expres-
sion of pre-To is extinguished, and true TCRof heterodimers
are expressed on the surfaces of DP thymocytes. It is at this point
that positive and negative selection of DP thymocytes occur. In
the third major stage of thymocyte development, DP cells that
have been positively selected up-regulate expression of the TCR/
CD3 complex. Recognition of MHC class I molecules by the
TCR leads to the down-regulation of the expression of CD4 and
the maturation of single positive (SP) CD8* thymocytes. Con-
versely, the interaction of a TCR with MHC class II results in the
cessation of CD8 expression and the maturation of SP CD4+*
T thymocytes. Mature CD4+ and CD8" T cells then emerge from
the thymus and take up residence in the periphery, ready to detect
foreign antigens.
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Figure 4.5. Overview of thymocyte development. Simplified scheme
of thymocyte development based on the expression of the markers
CD25 and CD44, the TCR, and the coreceptors CD4 and CDS. As bone
marrow—derived hematopoietic progenitors differentiate, three broad
stages of thymocyte development can be distinguished: the double nega-
tive (DN) stage (no expression of CD4 or CD8; also no expression of a
mature TCR); the double positive (DP) stage (expression of both CD4
and CDS8; eventual expression of a mature TCR); and the single positive
(SP) stage (expression of either CD4 or CD8 and a mature TCR). During
the DN stage, the TCR gene undergoes somatic recombination and thy-
mocytes that express a functional TCR chain are allowed to mature fur-

Two major events occur during thymocyte development to
ensure that an optimal T cell repertoire is generated. Negative
thymic selection refers to the deletion by induced apoptosis of po-
tentially self-reactive thymocytes—that is, those cells that strongly
recognize self-peptide presented on self-MHC by thymic stromal
cells Positive selection refers to the differentiation of thymocytes
that only weakly recognize self-peptide presented on self-MHC
(those cells that are more likely to recognize foreign peptide pre-
sented on self-MHC). Positive selection thus generates a T cell
repertoire that is restricted to self-MHC (Bevan, 1977; Zinker-
nagel et al., 1978; Zinkernagel and Doherty, 1979), and negative
selection ensures that that repertoire is self-tolerant (Kappler et al.,
1987a, 1987b, 1988; MacDonald et al., 1988). Immunologists call
the outcome of these processes the establishment of central toler-
ance. T cell clones that recognize self-antigens but escape deletion
or inactivation in the thymus are functionally inactivated in the pe-
riphery by mechanisms of peripheral tolerance.

TCR Signaling Cascade

The binding of TCR/CD3 and a coreceptor to peptide-MHC trig-
gers a signaling cascade that conveys information from the T cell
surface to its nucleus. The transcription of a variety of new genes
is induced while that of other genes is inhibited. Cellular responses
are mediated through mobilization of the actin cytoskeleton, and a
multimolecular structure called the immunological synapse (1S) or
supramolecular activation cluster (SMAC) forms at the interface
of the T cell and the APC (Bromley et al., 2001). Immunologists
are still in the throes of elucidating all the players in this cascade,
the means by which they interact with each other, and how their
activities lead to T cell responses. Studies of the structure of
SMACS in mature T cells and thymocytes have turned up some in-
triguing differences. In mature T cells activated by engagement
of their TCRs by antigen, a central SMAC forms in which a ring
of the adhesion binding partners LFA-1 and ICAM-1 surrounds

Pasitive Selection
Negative Selection

ther. This process is called fB-selection. During the DP stage, the TCRo
gene undergoes somatic recombination to generate a functional TCRo
chain that combines with the TCRp chain to form a functional het-
erodimer. Double positive thymocytes expressing TCRof3 heterodimers
are then subjected to negative selection to remove cells expressing TCRs
that strongly recognize self-peptide/MHC complexes (potentially auto-
reactive cells), and positive selection to ensure the maturation of cells
expressing TCRs that only weakly recognize self-peptide/MHC com-
plexes. It is these latter cells that enter the SP stage and become mature
CD4* and CDS8* T cells capable of mounting immune responses to
pathogens in the periphery.

an inner cluster of TCR/peptide-MHC complexes (Monks et al.,
1998). However, in thymocytes, a decentralized SMAC is formed
in which multiple TCR/peptide-MHC complexes accumulate in
areas of I[CAM-1 exclusion (Hailman et al., 2002).

As noted above, the antigen binding subunits of the TCR
cannot transduce signals themselves and depend on the ITAM-
bearing CD3 chains for this function. The CD3 proteins do not
possess intrinsic enzymatic activity but are coupled to cytoplas-
mic tyrosine kinases that interact with a host of other kinases,
adaptor proteins, and transcription factors to bring about the
downstream effects of antigen recognition (Hermiston et al., 2002)
(Fig. 4.6). Among those membrane-bound kinases responsible
for the earliest events in TCR-induced signal transduction are the
Src family protein tyrosine kinases (PTKs) Lck and p59f%™ (Fyn).
Lck interacts noncovalently with cysteine residues in the cyto-
plasmic tails of both CD4 and CDS8 (Yamaguchi and Hendrick-
son, 1996), whereas Fyn associates directly with the CD3 chains
of the TCR/CD3 complex. In a resting cell, phosphorylation of
regulatory C-terminal residues by p50°sk kinase (Csk) renders
Lck and Fyn catalytically inactive. Antigen receptor binding
in both T and B lymphocytes activates CD45, a transmembrane
phosphotyrosine phosphatase (PTPase) expressed in all nucle-
ated hematopoietic cells. In T cells, the intracellular domain of
CDA45 dephosphorylates the negative regulatory tyrosine residues
of Lck and Fyn, thereby up-regulating their activities.

Once activated by CD45 dephosphorylation, Lck and Fyn
phosphorylate ITAMs found within the CD3 complex. Phospho-
rylated ITAMs in CD3( chains recruit the kinase ZAP70 to the
TCR complex, and this enzyme in turn recruits and activates
the molecular adaptor proteins SLP76, LAT, and GADS. These
adaptors recruit additional mediators such as Vavl1, Itk, and Grb2
and subsequently key mid-stream transducers such as Rho
GTPases, phosphatidylinositol 3-kinase (PI3K), phospholipase
C-yl (PLCyl), and Ras. Vavl is expressed in all hematopoietic
cells, contains SH2 and SH3 signaling domains, and functions
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Figure 4.6. TCR signaling pathways.
A schematic drawing of some of the
signaling molecules involved in TCR sig-
naling that influence thymocyte
selection, based on gene targeting
studies. See text for descriptions of
molecular activities and interactions.
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as a guanine nucleotide exchange factor for the Rac and Rho GT-
Pases. These GTPases in turn promote thymocyte survival and
differentiation as well as reorganization of the T cell actin cy-
toskeleton. Transgenic mice in which Rho function was geneti-
cally inactivated in the thymus showed a striking decrease in
thymic cellularity and in levels of peripheral T cells that were due
to a defect in thymocyte expansion (Henning et al., 1997). Studies
of Vavl-deficient mice have confirmed that Vav1 is vital for the
actin cap formation that supports SMAC assembly (Fischer et al.,
1998; Holsinger et al., 1998; Wulfing, 2000). Actin cytoskeletion
reorganization also requires the function of the Vav target gene
WASP, which encodes the protein defective in Wiskott-Aldrich
syndrome (Snapper et al., 1998; J. Zhang et al., 1999). In addition
to cytoskeletal reorganization, Vavl-driven Rho family GTPases
induce activation of the important transcription factor NFAT. Tran-
scription of genes driven by NFAT is vital for the completion of
T-cell activation and proliferation and cytokine production.

A second signaling pathway induced following ZAP70 acti-
vation depends on PLCyl. PLCyl interacts with both LAT and
Itk and mediates the hydrolysis of phosphatidylinositol 4,5 bis-
phosphate (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-
triphosphate (IP3). DAG production leads to activation of protein
kinase C 6 (PKCO) and the recruitment of this isoform to the
SMAC. PKC6 activation is also associated with the formation
and recruitment of a protein complex containing the adaptors
Bcl10 and MALT1. Bcll0 is specifically required for the activa-
tion of the transcription factor NF-xB following antigen receptor
engagement (Riiland et al., 2001) but the precise role of MALT1
is not yet known. The second product of PLCyl action, IP3, in-
duces an increase in the concentration of free cytoplasmic Ca>*
by binding to and opening insP3-regulated receptors in the ER
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diacylglycerol; ERK, extracellular
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(Klausner and Samelson, 1991). This increase in intracellular
calcium activates calcineurin, a serine/threonine phosphatase re-
quired for the activation of NFAT.

A third set of signaling pathways induced following TCR-
mediated ZAP70 activation involves the MAPK (mitogen-activated
protein kinase) family of signal transducers, particularly ERK
(extracellular signal-regulated kinase). MAPK signaling cas-
cades generally function in the proliferation and differentiation of
hematopoietic cells (Rincon, 2001). Grb2, a molecule acting
downstream of LAT, mediates the transduction of signals between
the TCR and Sos, a guanine nucleotide exchange factor. Sos as-
sists in Ras GTP exchange, resulting in the activation of Ras. Ac-
tivated Ras in turn recruits the serine/threonine kinase Raf to the
plasma membrane and activates it. Activated Raf phosphorylates
MEK (MAPK/ERK kinase), which in turn phosphorylates ERK.
Phosphorylated ERK induces transcription leading to the pro-
duction of cytokines that support T cell differentiation. Other
MAPK pathways are also triggered upon TCR engagement. Both
the JINK/SAPK (jun kinase/stress-activated kinase) and p38 sig-
naling pathways have been implicated in T cell activation and
apoptosis. There is also extensive cross-talk between TCR sig-
naling pathways. For example, DAG production can promote
Ras activation because DAG interacts with the upstream Ras ac-
tivator Ras guanyl-releasing protein (RasGRP).

Thymocyte Ontogeny

With this background in T cell development and TCR signaling
molecules, we are ready to examine thymocyte ontogeny in de-
tail. As we follow hematopoietic precursor cells on their journey
from progenitors to thymocytes to mature T cells, we will discuss
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the effects on this process of various genes as demonstrated by
the phenotypes of gene-targeted mice (Mak et al., 2001; Yeung
et al., 1994). These animals have been of key importance in estab-
lishing that T cells mature through multiple genetic checkpoints
(Fig. 4.7). For example, deletion of the TCRp locus leads to a
much earlier block in thymocyte development than the deletion of
the TCRo locus (Mombaerts et al., 1992a). This unexpected re-
sult defined two distinct points at which TCR gene rearrangement
takes place. Another surprise arose from the phenotype of Lck-
deficient mice (Molina et al., 1992), which were found to have the
same defects as TCRpB-deficient animals. Lck signaling function
had not been expected to be important at so early a stage because
it was generally assumed that the TCR was not expressed on early
thymocytes. The door was thus opened to the discovery of the
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Figure 4.7. Checkpoints in thymocyte development as indicated by
gene-targeting studies. Examination of the phenotypes of gene-targeted
mice has allowed researchers to define specific genetic checkpoints dur-
ing thymocyte development. Molecules whose functions are required at
or around these checkpoints are indicated. See text for detailed descrip-
tions of various stages. DN, double negative stage; DP, double positive
stage; ISP, intermediate single positive stage; SP, single positive stage; +,
double knockout mutant.

pre-TCR signaling complex and a key checkpoint in T lym-
phopoiesis (reviewed in von Boehmer et al., 1999).

The Double Negative Stage

T Cell Development in the Bone Marrow

Hematopoietic cells originate in the fetal liver during embryonic
development and in the bone marrow in adulthood. According
to the most widely accepted model of murine hematopoiesis, a
pluripotent hematopoietic stem cell (HSC) resident in the bone
marrow differentiates into an HSC expressing the tyrosine kinase
Flt3, and then into two early multipotent progenitors: the com-
mon myeloid progenitor (CMP) and the common lymphoid pro-
genitor (CLP) (Borowski et al., 2002). Hematopoietic stem cells
are capable of indefinite self-renewal in vivo and can reconstitute
the complete spectrum of hematopoietic cells. Common myeloid
progenitors and CLPs retain some self-renewal capacity and are
able to differentiate into the full complement of either myeloid
cells or lymphoid cells, respectively. It is still not entirely clear
whether all CLPs remain in the bone marrow, or whether some can
migrate to the thymus and differentiate into T cells in that location.
In vitro experiments in adult mice have identified progeny of
CMPs and CLPS that are more restricted in their potential. For ex-
ample, cells giving rise only to neutrophils or monocytes have been
isolated, as well as intermediates such as a B/T/natural killer (NK)
precursor and an NK/T precursor, and still other cells limited to
producing granulocytes, erthryocytes, monocytes, or macrophages.

Multiple growth factors, cytokines, and transcription factors
play roles in initiating and maintaining lymphopoiesis (Berg and
Kang, 2001). Function of the transcription factor PU.1 is essen-
tial for the development and maturation of both CLPs and CMPs.
PU.1 controls the transcription of cytokine receptors needed to
receive developmental signals such that PU.17~ mice lack T cells,
B cells, neutrophils, and macrophages. The level of PU.1 in a
hematopoietic progenitor controls its destiny: low levels of PU.1
induce IL-7R expression and lymphoid development, whereas
high levels of PU.1 suppress IL-7R expression and promote the
expression of receptors for cytokines favoring myeloid develop-
ment. IL-7, along with FIt3 ligand and c-kit ligand (growth fac-
tors derived from bone marrow stromal cells), is essential for the
survival of the earliest committed T cell progenitors, and IL-7 is
crucial for the maturation of these progenitors to lymphocytes.
Mice with disruptions of the genes encoding either IL-7 or the
IL-7R subunits have defects in cell cycle progression and thus
exhibit impaired thymocyte development. If a transgene encod-
ing the anti-apoptotic protein Bcl-2 is introduced into IL-7- or IL-
7R-deficient mice, T cell development can be rescued (Akashi
et al., 1997; Maraskovsky et al., 1997; von Freeden-Jeffry et al.,
1997). This result implies that a primary function of IL-7 is to
maintain thymocyte survival. Interestingly, signaling delivered
through IL-7R is more important for yd T-cell than for af} T-cell
development. IL-7R~~ mice have decreased numbers of o T cells
but a complete absence of Y T cells because of a failure in TCRy
locus rearrangement. Introduction of an already rearranged TCRY
transgene can rescue Yo T cell development in these animals (Kang
et al., 1999). It is thought that signals initiated by IL-7 binding to
IL-7R and transduced via the intermediaries Jak and STAT trigger
changes to the accessibility of the TCRy locus that are required for
RAG recombinase binding (Schlissel et al., 2000).

Ikaros is a transcription factor acting slightly later than PU.1
that is also required for the development of CLP and its progeny
(reviewed in Rothenberg and Anderson, 2002). Ikaros is thought
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to repress the transcription of “lineage-inappropriate” genes by
recruiting histone deacetylases that reduce the chromatin acces-
sibility of a locus (Georgopolous, 2002). For example, CD19 (a
B cell-specific gene) is repressed in T/B progenitors destined to
become T cells, while CD4 and CDS expression is repressed in
those precursors destined to become B cells. A related transcrip-
tion factor called Aiolos interacts with Ikaros to help establish
T lineage commitment and thymocyte expansion. Mice with re-
duced levels of Ikaros or Aiolos fail to activate expression of the
CD8a. gene, leading to an apparent increase in immature T cells
expressing CD4. Another important transcription factor involved
in the divergence of T cell progenitors from B cell progenitors is
GATA-3. GATA3~~ mice can produce B cells but not even the
earliest of thymocyte populations.

There is now a considerable body of evidence that supports a
role for the cell fate determination protein Notch-1 in T cell line-
age commitment (Robey, 1999). The Notch proteins are a family
of highly conserved transmembrane receptors that control binary
cell fate decisions in diverse organisms. The Notch proteins regu-
late transcription directly by associating with nuclear factors (Ar-
tavanis-Tsakonas et al., 1999). Interaction between Notch-1 and
one of its several ligands results in proteolytic cleavage of Notch-1
and the release of its intracellular domain (IC). The Notch-1 IC
translocates to the nucleus and interacts with the CBF1 transcrip-
tion factor, converting it from a repressor to an activator of genes
involved in cell fate decisions (Hsieh et al., 1996; Struhl and
Adachi, 1998). Among these are the HES genes, transcriptional re-
pressors that act as downstream effectors in the Notch-1 signaling
pathway. HES™~ mice either lack a thymus or have a small organ
that is completely deficient in mature oy and Y8 T cells (B and NK
cells are normal). Commitment to the T lineage results from the
interaction of Notch-1 with Delta-1 (but not an alternative ligand,
Jagged-1) (Jaleco et al., 2001). Indeed, in vitro, Delta-1 expressed
ectopically by a bone marrow stromal cell line induces the differ-
entiation of hematopoietic progenitors into both o3 and Yo T cells
but not B cells (Schmitt and Zifiga-Pfliicker, 2002). The produc-
tion of NK cells is independent of Delta-1 expression. This study
thus shows that the lymphopoietic function of the thymic microen-
vironment, which had been difficult to replicate in vitro, is largely
to supply ligands to induce Notch-1 signaling. In the absence of
Notch signaling, V-to-DJ recombination in the TCRf locus is im-
paired and thymocyte development is halted at this stage (Wolfer
et al., 2002). Notch-1 also interferes with the activity of the E2A
transcription factor that facilitates transcription of B cell-specific
genes, blocking development down the B-cell path. Consistent
with these findings, loss-of-function mutations of Notch-1 in new-
born mice or in bone marrow stem cells result in a severe early
block in T cell development and the appearance of ectopic B cells
in the thymus (Radtke et al., 1999; Wilson et al., 2001). In addi-
tion, Notch-1 function can be manipulated to favor the develop-
ment of B cells in the thymus (Koch et al., 2001; Izon et al., 2002).
Conversely, expression of a constitutively active form of Notch-1
in bone marrow stem cells results in the ectopic development of
precursor T cells outside the thymus (Pui et al., 1999; Allman
et al., 2001).

Early lymphopoiesis is also influenced by signal transduction
molecules. As mentioned above, Csk kinase negatively regulates
Src family kinases in resting hematopoietic cells by phosphory-
lating specific tyrosine residues. Genetic disruption of the Csk
gene causes multiple defects in organ development such that em-
bryonic lethality occurs at days 9—10 of gestation (Imamoto and
Soriano, 1993; Nada et al., 1993). Phosphorylation of the negative
regulatory tyrosine residues of Fyn, Src, and p53/p56™ (Lyn, an-

other member of the Src family that is predominantly expressed in
B cells) was greatly reduced, but not absent, in Csk~ mice. Con-
sequently, the catalytic activity of these Src family kinases was en-
hanced in in vitro assays, and various hyperphosphorylated proteins
were detected in Csk™~ embryos. Studies of Csk~ ES cells and
Csk™~ RAG™~ reconstituted mice showed that Csk~~ hematopoi-
etic precursors could colonize the bone marrow and thymus but
that there was an early block in differentiation prior to the T-cell
commitment stage (Gross et al., 1995). A conditional Csk knock-
out mutation specifically confined to the T lineage allowed the de-
velopment of mature CD4+ T cells in a RAG-deficient background
(Schmedt et al., 1998; Schmedt and Tarakhovsky, 2001).

T-Cell Development in the Thymus

The earliest precursor T cells that can be found within the thymus
itself are the DN1 subset, characterized as HSA* (heat-stable
antigen; CD24) CD3~CD4-CD8" and also c-kit"CD44+CD25".
These cells, which constitute approximately 2%—-5% of all thy-
mocytes, have the ability to home directly to the thymus after in-
travenous transfer into a host animal (Shortman, 1992). DN1 cells
subsequently up-regulate expression of CD25 to become DN2 or
pro-T cells with a surface phenotype of CD44*CD25*. The pre-
To. chain is also expressed in these cells. When DN2 thymocytes
become DN3 or early pre-T cells, they down-regulate expression
of CD25 again to become CD44+CD25~ cells. It is at this point
that an obvious commitment to the o3 or Y0 T lineage is made.
Thymocytes at the DN3 stage commence somatic recombination
in the TCR, v, and & loci, with rearrangement of the y and & gene
segments preceding that of the [ gene segments (Raulet et al.,
1985). While only rearrangement of the TCRf locus is required
to initiate oy T-cell maturation, both TCRy and TCRS must be
productively rearranged to generate functional yd T cells. Since
the somatic recombinases RAG1/2 have been shown to be essen-
tial for the rearrangement of all TCR genes (Schatz et al., 1989),
it is not surprising that mice deficient for either of these mole-
cules have very early defects in lymphocyte development (Mom-
baerts et al., 1992b; Shinkai et al., 1992, 1993). The thymi of
RAGI- or RAG2-deficient mice contain a decreased number
of thymocytes (approximately 3 x 10° compared to about 1x 108
thymocytes in normal mice) and T-cell development is arrested
at the early DN2 stage. Similarly, mice with a natural mutation
in the dsDNA-PK (Prkdc) gene show normal initiation of gene
segment recombination but fail to ligate the segments together,
resulting in a lack of mature T and B cells (Kirchgessner et al.,
1995). In contrast, mice with a mutation in the 7dr gene responsi-
ble for N-nucleotide addition do not show altered T-cell develop-
ment (Gilfillan et al., 1993; Komori et al., 1993).

The TCRo locus does not initiate rearrangement until consid-
erably later than the other three loci. Instead, in thymocytes des-
tined to become o T cells, newly synthesized TCRJ chains pair
with pre-To chains to form pre-TCRs. Pre-TCRs undergo testing
to determine whether the TCR[ chain can function in a signaling
complex. Thus, disruption of the pre-Tco gene leads to an arrest
in TCRaf thymocyte development at a phenotypic stage similar
to that in TCRB-deficient mice (Fehling et al., 1995). Introduction
of various trangenes encoding mutated versions of pre-To. has
demonstrated that the cytoplasmic domain of the pre-Tow chain
is not required for pre-TCR function (Fehling et al., 1997) and
that pre-TCR signaling does not require a ligand (Irving et al.,
1998; Wiest et al., 1999). As long as the pre-Ta chain associ-
ates successfully with a functional TCRJ chain, exits the Golgi,
and assembles with the CD3 complex in the plasma membrane
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microdomains, thymocyte development proceeds normally
(O’Shea et al., 1997). Interestingly, pre-To-deficient mice ex-
hibit normal development of Y3 T cells, indicating that the Y T
lineage diverges from the o T lineage at the point of pre-TCR
expression (Fehling et al., 1995; Malissen and Malissen, 1996).
It is thought that pre-TCR signaling may “instruct” T precursors to
divert down the of differentiation path. Indeed, the pre-TCR and
vd TCR differ in their signal initiation mechanisms. Unlike the
pre-TCR, the Y8 TCR does not associate with lipid microdomains
in the plasma membrane and does not associate with CD3¢ (Saint-
Ruf et al., 2000). Further confirmation of this difference can be
found in the phenotype of mice with a targeted disruption of the
TCR C3 exon. These animals have no detectable cell surface ex-
pression of any yd TCR components but o3 T cell development
is normal (Itohara et al., 1993). TCR& knockout mice are also able
to mount normal antibody responses after immunization with oval-
bumin, indicating that o T helper cell function remains intact
(Itohara et al., 1993). Conversely, development of ¥ cells is unaf-
fected by either Tcra or Tcrb mutations (Mombaerts et al., 1992a).
Initial studies reported a role for Notch-1 in otf3/yd T cell lineage
commitment (Washburn et al., 1997), but it now appears that
Notch-1 signaling supports the differentiation of both T-cell types
(Schmitt and Zuaniga-Pfliicker, 2002).

Only DN3 pre-T cells that have rearranged the TCRJ locus
in-frame and have successfully combined it with the pre-To
chain to form a functional pre-TCR on the thymocyte surface re-
ceive a signal permitting further development, a process called 3
selection. Pre-TCR signaling leads to activation of the transcrip-
tion factor NF-xB, which controls the expression of numerous
genes needed for survival and proliferation (Voll et al., 2000).
Cells that have rearranged the TCRP locus out-of-frame do not
receive the survival signal and are induced to undergo apoptosis
(Malissen and Malissen, 1996). As the -selected thymocytes fur-
ther evolve into DN4 or late pre-T cells, expression of CD44 is
lost and the cells are phenotypically CD44-CD25~. These cells
undergo a dramatic expansion that requires the activities of the
transcription factors Tcf-1 and Sox4. Mice deficient for either of
these molecules lack DP cells and have pre-T cells that fail to
proliferate (Schilham and Clevers, 1998). DN4 cells that expand
successfully pass through an immature single positive (ISP)
stage in which CD8 is transiently expressed on the cell surface
but a mature TCR is not yet present. The transition is then made
to the DP stage in which both CD4 and CDS are expressed, re-
arrangement of the TCRo. locus occurs, and a complete TCRa3
heterodimer is finally expressed on the thymocyte surface. DP
cells are then subjected to positive and negative thymic selection.

The importance of functional TCRB chain rearrangement
and pre-Ta/TCRp expression for the transition from DN to
DP thymocytes and for expansion of B-selected thymocytes is
clearly demonstrated in the phenotype of TCRB-deficient mice
(Mombaerts et al., 1992a). These animals have a small thymus
because of an early block in T cell development at the DN3 stage.
The reduced numbers of cells making up the TCRB~~ thymus
are present in equal proportions of DN and DP cells. Both these
thymocyte populations lack detectable rearrangements of Tcrb
genes and TCRaf expression (Mombaerts et al., 1992a). How-
ever, recombination did occur at the TCRo locus, suggesting that
TCR} rearrangement and expression are not an absolute prereq-
uisite for TCRa rearrangement.

Pre-TCR signaling also requires intact function of components
of the CD3 complex, signal transduction molecules, and adaptor
molecules further downstream. For example, CD3&~~ thymocytes,
although still able to express rearranged TCRP transcripts, are

blocked at the DN3 stage (Malissen et al., 1995). These findings
imply that CD3e expression is important for monitoring the pro-
ductivity of TCRP rearrangement by testing for pre-TCR signal
transduction. Consistent with the association between pre-TCR
signaling and o T commitment, rearrangements of TCRY (Tcrg)
and & (Tcrd) gene segments are normal in CD3e~~ mice. Mice
deficient for CD3{ show a profound reduction in the amount of
surface TCRs on DP cells as well as a reduced number of thymo-
cytes (Liu et al., 1993; Love et al., 1993; Malissen et al., 1993;
Ohno et al., 1993; Shores et al., 1998). In the peripheral lym-
phoid organs of double-mutant CD3{n~~ mice, unusual CD4*
CD8 TCRoB* and CD4*CD8+*TCRof+ cells were present that
were positive for Thy-1 and CD44 surface expression but did not
stain with anti-CD3e or anti-HSA antibodies. Interestingly, the
development of thymus-independent intestinal intraepithelial
lymphocytes (IELs) occurred normally in these mice, and IELs
expressed TCRs complexed with the Fc,RI, chain in the absence
of CD3{n (Love et al., 1993; Malissen et al., 1993).

Mice deficient for Lck kinase exhibit a small thymus because
of an early block in the maturation of both TCRof and TCRYd
thymocytes (Molina et al., 1992). Mice transgenic for a domi-
nant negative Lck mutation (Levin et al., 1993) have a phenotype
similar to that of Lck™~ mice. Conversely, a transgene encoding
a constitutively active form of Lck can fully replace defective
pre-TCR signaling in RAG1-deficient mice (Mombaerts et al.,
1994). These results indicate that the catalytic activity of Lck is
crucial for the maturation of all early thymocyte precursors. These
results were confirmed using RAG complementation studies in
which Lck was shown to be critical for signaling pathways acti-
vated by gamma-irradiation and CD3€ engagement in RAG-17~
immature thymocytes (Wu et al., 1996). The maturation of trans-
genic TCRYS T cells was followed in Lek™~ mice and found to
be blocked at an early stage (Penninger et al., 1993). However,
the development of these transgenic y0 T cells did not require the
coexpression of CD4 or CD8, indicating that the Lck/CD4 and
Lck/CD8 associations observed in normal T cells are not essen-
tial for thymocyte development (Penninger et al., 1993). Sur-
prisingly, as was true for CD3{n-deficient mice, intestinal TCRY
T cells appeared to be unaffected by the Lck mutation (Penninger
et al., 1993), indicating that Lck-mediated signal transduction
may be differentially regulated in thymocytes, depending on the
antigen recognized or the anatomical site of development.

Mice deficient for Fyn kinase do not display any overt pheno-
typic changes in T-cell development (Appleby et al., 1992; Stein
et al., 1992), although they do display brain-associated defects
(Grant et al., 1992; Stein et al., 1992). The proliferative responses
of thymocytes and splenic T cells from Fyn-deficient mice were
only slightly decreased after TCR/CD3 activation or stimulation
with allogenic spleen cells, lectins, or bacterial superantigens. At
the molecular level, a defect in Fyn expression resulted in altered
patterns of tyrosine phosphorylation and decreased Ca?* flux.
However, double-mutant Lck/Fyn-deficient mice show a pro-
found block at the DN3 stage of thymocyte differentiation that
was more pronounced than that observed in Lck-deficient ani-
mals. These results indicate that Fyn can functionally compen-
sate for Lck during early thymocyte development and pre-TCR
signal transduction (Groves et al., 1996; van Oers, 1996).

Interestingly, mice lacking ZAP70 have a later block in thy-
mopoiesis than that of Vavl-deficient mice, even though Vavl
functions downstream of ZAP70. It has been shown through
RAG complementation that mice lacking Vav1 have only a small
number of mature T cells because of a block at the DN3 stage.
These mutant T cells proved to be hyporeactive to TCR/CD3
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stimulation, and Ca2* signaling was impaired (Fischer et al.,
1995; Tarakhovsky et al., 1995; Zhang et al., 1995). In contrast,
ZAP70-deficient mice have DP thymocytes but these cells do not
progress to mature CD4* or CD8* SP cells. A block in positive
and negative T-cell selection of DP thymocytes has been demon-
strated in ZAP70~"~ thymocytes (Negishi et al., 1995). Why the
discrepancy between the phenotypes of Vav/~ and ZAP70~/~
mice? SYK, a kinase related to ZAP70, is highly expressed in
DP thymocytes (A.C. Chan et al., 1994). SYK~~ mice show im-
paired differentiation of B-lineage cells due to disruption of
pre-BCR complex signaling but have no apparent block in the
development of TCRo3 thymocytes (Cheng et al., 1995; Turner
et al., 1995). (These animals apparently do have a defect in the
maturation of yd T cells.) However, double-mutant mice lacking
both ZAP70 and SYK show a complete block in thymocyte de-
velopment at the DN3 stage (just like Vavl-deficient mice),
which implies that ZAP70 and SYK can compensate for each
other’s activity for pre-TCR signaling but not for thymic selec-
tion (Cheng et al., 1997).

Downstream of ZAP70, the molecular adaptors SLP-76
(Clements et al., 1998; Pivniouk et al., 1998), LAT (W. Zhang
et al., 1999), and Gads (Yoder et al., 2001) are all essential for
pre-TCR signaling and DN3 thymocyte maturation. Transgenic
studies have shown that constitutively active Rac-1 can induce
differentiation of pre-T cells but not proliferation (Gomez et al.,
2000). In particular, constitutively active Rac-1 rescues functions
missing in the absence of Vav and allows Vav1-deficient thymo-
cytes to complete B-selection. A constitutively active Raf-1 trans-
gene promotes thymocyte proliferation and differentiation but
not allelic exclusion (Iritani et al., 1999). Other studies have sug-
gested that allelic exclusion of the TCRp locus requires SLP-76
(Aifantis et al., 1999) and PKCB8 activity (Michie et al., 2001).

There have been some reports implicating Notch-1 in the
DN-to-DP transition. Immature outer cortical DN thymocytes ex-
press high levels of Notch-1, whereas DP thymocytes express
little or no Notch-1, and the most mature SP thymocytes express
an intermediate level of Notch-1. It was proposed that Notch-1
down-regulation might be required for the maturation of cortical
thymocytes (Hasserjian et al., 1996). Felli et al. (1999) further
demonstrated a differential expression of different Notch iso-
forms (Notch-1, 2, and 3) and their ligands (Jagged-1 and 2) in
the thymus, suggesting that thymocyte development is regulated
by the interactions between different members of the Notch
family and their cognate ligands in different thymic cell com-
partments.

The Double Positive Stage

The Coreceptors

CD44-CD25* late pre-T cells (DN4) differentiate into CD4*CD8*
DP thymocytes that rearrange the TCRo. (Tcra) locus to generate
a functional TCRaf heterodimer. Mice with a disruption in the
Tcra locus consequently show a later block in development than
do TCRB-deficient mice. TCRo-deficient animals have a normal-
sized thymus and a marked absence only of CD4* and CD8* SP
cells (Mombaerts et al., 1992a; Philpott et al., 1992). Inter-
estingly, normal numbers of both DN and DP thymocytes ex-
pressing TCRP chains but not heterodimeric oy TCRs exist
in TCRo 7~ animals. In older TCRo-deficient mice, an unusual
CD4+TCRB!! lymphocyte population can be observed in the
periphery that is even more apparent after the introduction of a
TCRJ transgene (Philpott et al., 1992). These data indicate that,

while TCRa is not required for the DN-to-DP transition and the
subsequent expansion of the DP thymocyte pool, its expression
(along with that of TCRp) is required for the DP-to-SP transi-
tion. The TCRa. locus does not undergo allelic exclusion like the
TCRP locus and V,J, rearrangements may continue within a
given cell such that two TCRs containing different TCRa. chains
may be expressed on the surface (Heath et al., 1995). More re-
cently, it has been noted that progression of VJ  rearrangement
is controlled by thymocyte survival in a way that regulates the T
cell repertoire (Guo et al., 2002). It has been suggested that TCRs,
like BCRs, may undergo secondary rearrangement in the form of
receptor editing (McGargill et al., 2000).

As might be expected, the coreceptors CD4 and CD8 are cru-
cial for DP thymocyte maturation. The CD8a. chain is required
for the surface expression of both CD8o and CD8f. Thus, in
mice with a disrupted Cd8a gene there is a total absence of CD8
expression on T cell surface (Fung-Leung et al., 1991a, 1993).
The vast majority of T cells in the periphery of these mutants are
CD4* T cells whose maturation appears to be normal. Cytotoxic
responses to alloantigens were partly impaired whereas cytotoxic
responses to virus infections were severely inhibited. Studies of
CD80. 7~ mice transgenic for a CD8c. chain bearing point muta-
tions of the Lck binding domain showed that the Lck-associative
function of CDS is not essential for thymic selection (I.T. Chan,
1993). Nevertheless, an absence of most of the CD8a cytoplas-
mic domain did have an inhibitory effect on the positive selec-
tion of cytotoxic cells (Fung-Leung et al., 1991b).

In mice with a disrupted Cd8b gene, the CD8a* T-cell popu-
lation in the thymus and in most peripheral lymphoid organs is
reduced to 20%—30% of normal, and CD8a expression on thy-
mocytes is decreased to approximately 50% of normal (Fung-
Leung et al., 1994). This defect does not extend to IELs, cells
that express a CD8aoe homodimer and develop extrathymically
(Guy-Grand et al., 1991). Thus, CD8B is important only for
thymically derived CD8* T cells. The absence of CD8[} reduces
but does not completely abolish thymic maturation of CD8*
T cells. Moreover, peripheral T cells in CD8B~/~ mice display ef-
fective cytotoxic activity against virus infections, a finding sug-
gesting that CD8 is not essential for cytotoxic effector functions
of CD8* T cells (Fung-Leung et al., 1994).

Mice with a disruption in the Cd4 gene have markedly de-
creased T helper cell activity but normal development and func-
tion of CD8* T cells. These results indicate that expression of
CD4 on progenitor cells and on DP thymocytes is not obligatory
for the differentiation of CD8* cytotoxic effectors (Rahemtulla
et al., 1991; Killeen et al., 1993). Curiously, CD4~~ mice are
still able to mount detectable T-helper cell responses. This resid-
ual T helper activity has been attributed to a population of
TCRof*CD4-8~ T cells present in peripheral lymphatic organs
(Locksley et al., 1993; Rahemtulla et al., 1994).

Mechanisms of Positive and Negative
Thymic Selection

Positive selection of DP thymocytes results in the generation of
mature CD4*+ TCRMgh helper or CD8+ TCRMgh cytotoxic SP T
cells that are able to react to non-self, whereas negative selection
eliminates potentially harmful self-reactive T cells (von Boehmer
et al., 1989b; Sebzda et al., 1999). The mechanisms governing
positive and negative selection are dependent on physical inter-
actions between the antigen-specific TCR expressed on develop-
ing thymocytes and peptide-MHC complexes expressed on
surrounding thymic stromal cells. More than 80% of developing
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thymocytes express a TCR that does not recognize any self-
peptide/self-MHC combination. These cells undergo apoptosis
and are said to “die of neglect” or “die by non-selection default.”

There were originally several models put forward to explain
how the interaction of the TCR with thymic ligands could result
in nonselection, positive selection, or negative selection. How-
ever, the preponderance of the most recent evidence gained from
studies of animal models supports the “affinity/avidity model” of
thymic selection (Sprent et al., 1988; Sebzda et al., 1999). This
model proposes that the type of selection a thymocyte undergoes
depends on the strength of the interaction between its TCR and
its peptide-MHC thymic ligand (Fig. 4.8). According to this
model, thymocytes with TCRs of low affinity or avidity for self-
MHC do not receive any type of signal and undergo programmed
cell death by default. However, thymocytes expressing TCRs
with intermediate affinity or avidity for self-MHC receive a sur-
vival signal and are positively selected. These TCRs are those
most likely to recognize foreign peptides presented in the context
of self-MHC and thus may be useful in host defence against
pathogen infections. In contrast, thymocytes expressing TCRs
with high affinity or avidity for self-peptide/self-MHC receive a
signal that induces them to undergo either clonal deletion or
clonal inactivation. This negative selection of thymocyte clones
removes potentially self-reactive cells. To test the affinity/avid-
ity model, the outcome of thymic selection has been experimen-
tally manipulated in fetal thymic organ cultures (FTOC) by
titrating the density of specific peptide-MHC complexes. A low
concentration of the peptide antigen recognized by a transgenic
TCR resulted in positive selection, whereas a high concentration
of the peptide antigen resulted in negative selection and im-
munological tolerance (Ashton-Rickardt et al., 1994; Hogquist
et al., 1994; Sebzda et al., 1994). Bolstering the density hypoth-
esis is the observation that negative selection is associated with
maximal internalization of the engaged TCR, whereas fewer
TCRs are internalized during positive selection (Mariathasan
et al., 1998). As is discussed in more detail below, internalization
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Figure 4.8. Affinity/avidity model of thymocyte selection. Schematic
diagram of the relationship between the affinity and avidity of TCRs for
peptide/self-MHC ligands (pMHC) presented in the thymus and the per-
centage of thymocytes directed toward the indicated cell fate. Thymo-
cytes whose TCRs have low affinity or avidity (>80% of thymocytes) do
not recognize pMHC and do not receive survival signals; they are not
selected and die of neglect. Thymocytes with high affinity for pMHC
(V18%) receive signals inducing apoptosis; these cells are negatively se-
lected. Thymocytes with intermediate affinity for pMHC (<1%-2%) re-
ceive signals allowing them to survive, expand, and differentiate into
mature T cells; these cells are positively selected.

of TCRs has been linked to modulation of downstream signal
transduction.

Stromal Cell Involvement in Thymic Selection

Although it has been clear for some time that negative selection
of autoreactive thymocytes occurs in the thymus (Ramsdell et al.,
1989; Speiser et al., 1992), it has been less obvious which cell
types are responsible for presenting the selecting ligands. Both
bone marrow—derived cells and stromal cells in the thymus have
been implicated, but comparatively few studies have been done
to specifically identify the cell types involved. Peptides derived
from ubiquitously expressed ‘“housekeeping” proteins can be
presented by thymic stromal cells and thus contribute to both
positive and negative selection of thymocytes. However, until very
recently, it was believed that T cells recognizing tissue-specific
self-proteins were generally inactivated by peripheral tolerance
mechanisms, since, by definition, tissue-specific proteins should
not appear in the thymus. There was also some evidence that
tissue-specific proteins shed into the circulation by the tissue in
question could be taken up by recirculating APCs able to access
the thymus (Heath and Carbone, 2001). However, despite sporadic
reports that expression of tissue-specific proteins such as myelin
and cytokeratin could be detected in the thymus itself (Heid
et al., 1988; Jolicoeur et al., 1994; Pribyl et al., 1996; Smith et al.,
1997), thymic expression of tissue-specific proteins was not fully
appreciated (Hanahan, 1998). Experiments with transgenic mice
expressing genes under the control of tissue-specific promoters
often showed expression in the thymus as well as in the tissue of
interest (Klein et al., 1995), but it remained possible that the pro-
moters were displaying leaky expression because of their site of
integration.

Recent studies have identified a population of medullary
thymic epithelial cells (mTECs) located in the thymus that may
play a key role in the establishment of central tolerance to tissue-
specific proteins. Medullary TECs can transiently express a wide
range of these molecules, allowing the deletion of reactive T-cell
clones before their release to the periphery (Kyewski et al., 2002).
Also, mTECs have been shown to express RNAs encoding hor-
mones, secreted proteins, membrane proteins, and transcription
factors, among other molecules. Experiments in transgenic and
nontransgenic mice have confirmed that ectopic expression of a
protein in mTECs leads to peripheral tolerance of that protein
(Anderson et al., 2000; Klein et al., 2000; Derbinski et al., 2001).
It has yet to be determined whether all mTEC clones can express
all tissue-specific proteins or whether individual mTEC clones
express different subsets of tissue-specific proteins. The latter sit-
uation would enable an individual mTEC cell to express a greater
percentage of its cell surface proteins as the tissue-specific pro-
tein in question, increasing epitope density and the likelihood of
a sufficiently strong TCR signal being delivered to the T cell to
induce negative selection (Kyewski, 2002). Some have specu-
lated that mTECs may also be involved in the differentiation of
regulatory T cells that suppress autoimmune responses (Sak-
aguchi, 2000; Seddon and Mason, 2000).

It is not yet clear whether expression of tissue-specific genes
in mTECs is the result of random derepression of transcription
or a more directed activation process. Similarly, the influence of
external factors on mTEC gene expression remains a mystery.
However, new evidence has implicated a transcription factor called
AIRE (autoimmune regulator) in mTEC-induced central toler-
ance (Anderson et al., 2002). Both humans and mice deficient for
AIRE suffer from autoimmune symptoms that affect multiple
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organs (Bjorses et al., 1998; Anderson et al., 2002; Ramsey et al.,
2002). (See Chapter 25). Analyses of transcription by cells of
AIRE-deficient mice showed that mTEC expression of several
tissue-specific proteins associated with various autoimmune symp-
toms was reduced in the absence of AIRE. Furthermore, although
the highest levels of AIRE expression occurred in mTECs, AIRE
was not required for the differentiation or antigen-presenting
function of mTECsS. Studies of chimeric animals in which AIRE
expression was missing either from hematopoietic cells or from
stromal cells showed that peripheral autoimmunity was present
only in the latter situation. AIRE is known to interact with the
transcriptional coactivator CREB-binding protein (Pitkanen et al.,
2000), and it has been suggested that AIRE may participate in a
multisubunit complex in mTECs that activates the transcription
of multiple genes encoding tissue-specific proteins. Both AIRE-
dependent and independent promiscuous expression of tissue-
restricted self antigens in the thymus seems to occur (Derbinski
et al., 2005). In the absence of AIRE, negative selection of T cells
recognizing these proteins does not appear to occur, and tissue-
reactive T cell clones escape to the periphery.

Several other molecules have been identified as being impor-
tant for thymic stromal cell development and/or function. GHLF,
Whn, Pax1, and Hox3a are all transcription or differentiation
factors important for TEC development and the establishment of
a normal thymic microenvironment (Nehls et al., 1994, 1996;
Panigada et al., 1999; Su and Manley, 2000). “Sonic hedgehog”
is a maturation factor produced by thymic stromal cells that acts
on DN thymocytes to hold them at this stage of development
(Outram et al., 2000). The transition to DP cells cannot occur un-
til an unknown mechanism blocks sonic hedgehog signaling by
thymic stromal cells.

Role of Signaling Molecules and Transcription
Factors in Thymic Selection

Receptor proximal signaling elements such as components of the
CD3 complex, CD45, Lck, and Vav influence thymic selection.
While other CD3 chains are important for DN stages of thymo-
cyte differentiation, CD3d appears to act at a later stage such that
YO T cells are normal in Cd30d-deficient mice (Dave et al., 1997).
Analysis of these mutant animals has shown that they have spe-
cific defects in afy DP positive selection, and point to CD3§ as
the link between TCR engagement and ERK pathway activation
during positive selection (Delgado et al., 2000; see below).

It is perhaps surprising that the phosphatase CD45, which
functions to dephosphorylate Src family PTKSs, is not essential
for early thymocyte development. Strains of gene-targeted mice
lacking the alternatively spliced exon 6 (Kishihara et al., 1993)
or exon 9 (Byth et al., 1996) of CD45 have been generated.
Mpyeloid lineage development is normal in these mutants, and
B-cell development is normal until a stage of differentiation that
correlates with BCR-dependent positive and negative selection
(Cyster et al., 1996). Similarly, T cell development in CD45-
deficient animals is blocked only at the transition of DP to ma-
ture CD4+ and CD8* SP cells (Kishihara et al., 1993; Byth et al.,
1996). Taken together, these results point to an important role for
CD45 in T- and B-lymphocyte selection.

Lck and Vavl have dual roles in thymocyte development. As
well as being important for the DN-to-DP transition, Lck and
Vav are required for the DP-to-SP transition. Genetic data have
indicated that, although Lck is not required for superantigen-
driven cell death of CD4* T helper cells, it is involved in the

proximal signaling pathways necessary for the TCR-mediated
clonal deletion underlying negative selection (Penninger et al.,
1996). Similar studies have shown that Vav1 regulates peptide-
specific apoptosis in thymocytes and is required for both positive
and negative selection (Turner et al., 1997; Kong et al., 1998).

Attempts have been made to find molecules and/or pathways
that are exclusively involved in either positive or negative selec-
tion. For example, D™N transgenes have been used to inhibit var-
ious molecules within the MAPK pathways, including Ras and
MEK (Alberola-Ila et al., 1995, 1996; Swan et al., 1995; O’Shea
et al.,, 1996; Genot and Cantrell, 2000). Positive selection is
blocked in these mutants and there are significant reductions in
numbers of mature SP thymocytes. These results have been con-
firmed in mice genetically deficient for ERK1 (Pages et al., 1999)
or its upstream mediator RasGRP (Dower et al., 2000). Other evi-
dence suggests that the level of ERK signaling as induced by
TCR affinity or avidity for the peptide-MHC complex in question
determines positive vs. negative selection (Bommhardt et al.,
2000; Mariathasan et al., 2000; Hogquist, 2001). In situations of
negative thymocyte selection, ERK activation is vigorous but
short-lived, while positive selection generates weak ERK signal-
ing that is sustained (Werlen et al., 2000). It is speculated that
ligands with low affinity for a TCR (positively selecting) do not
trigger receptor internalization, allowing them to continue to trig-
ger TCR signaling and to sustain moderate ERK activation. In
contrast, high-affinity ligands (negatively selecting) induce vig-
orous ERK activation that is rapidly extinguished by TCR inter-
nalization. As mentioned above, ERK signaling leading to positive
selection is also dependent on the extracellular transmembrane
domain of CD39, which is required for association with LAT and
the subsequent activation of other downstream transducers in the
MAPK pathway (Delgado et al., 2000).

The Tec family kinases may also be involved in selection.
Several members of the Tec family, including Itk and Rk, have
been shown to be important in setting the signaling thresholds for
positive and negative selection (Liao and Littman, 1995; Schaef-
fer et al., 2000). Id3, a nuclear helix-loop-helix protein regulated
by Itk, also appears to be involved in positive selection (Rivera
et al., 2000; Bain et al., 2001). Genes specifically associated with
negative selection have been harder to identify, although many
have been implicated (reviewed in Sebzda et al., 1999). The en-
gagement of costimulatory molecules such as CD28 by binding
partners on thymic stromal APCs has been shown to promote
negative selection (Page et al., 1993; Punt et al., 1994; Amsen
and Kruisbeek, 1996). Interestingly, mice heterozygous for a null
Grb2 mutation express subnormal levels of this adaptor and
show impaired negative thymocyte selection (Gong et al., 2001).
Positive selection is normal in these mutants. On the basis of
the above findings, it has been proposed that negative selection
may proceed to ERK activation via Grb2, but that positive selec-
tion takes a different route to ERK through Ras-GRP (Hogquist,
2001).

In contrast to the MAPK pathways, the phospholipid signal-
ing pathway activated following TCR engagement does not ap-
pear to be important for thymic selection of DP cells. Analysis
of mice deficient for PKC6, the isoform of PKC that preferen-
tially associates with the SMAC, has suggested that PKCO does
not play an essential role in either positive or negative selection
(Sun et al., 2000a). It also remains controversial whether cal-
cineurin is important for either positive or negative selection
(Kane and Hedrick, 1996; Hayden-Martinez et al., 2000; Chan
et al., 2002).
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Interestingly, mice with a targeted disruption of the interferon
regulatory factor-1 (IRF-1) gene have a block specifically in the
development of DP cells into CD8 SP thymocytes as well as a
profound reduction in mature CD8" T cells (Matsuyama et al.,
1993). The development of CD4* T cells is normal. IRF-1 con-
trols the expression of the 7ap and other genes required for MHC
class I loading, which explains part of the reduction in CD8*
T cells (White et al., 1996). However, there also appears to be a
defect in selection that is intrinsic to CD8* thymocytes (Pen-
ninger et al., 1997). IRF-2 binds the same promotor sequences
as IRF-1 and acts as a transcriptional repressor. While IRF-27/~
mice have a defect in B-cell development, T-cell development is
normal (Matsuyama et al., 1993).

Molecules that promote thymocyte survival can influence
thymic selection in several ways. Without the induction and main-
tenance of thymocyte survival pathways, the window of op-
portunity for positive and negative selection would rapidly close.
Studies of transgenic and knockout mice have shown that the
genes encoding the antiapoptotic protein Bcl-X; , RhoA GTPase,
the transcription factors NFAT and c-Myb, the retinoid-related
orphan receptor (RORY), and members of the E family of regula-
tory proteins are important for DP thymocyte survival (Ma et al.,
1995; Motoyama et al., 1995; Taylor et al., 1996; Oukka et al.,
1998; Bain et al., 1999; Costello et al., 2000; Pearson and We-
ston, 2000; Sun et al., 2000b). Similarly, studies of mice trans-
genic for mutant NF-kB regulatory proteins that act as inhibitors
have shown that this transcription factor is crucial for pre-T-cell
survival and positive selection (Kuo and Leiden, 1999; Hettmann
and Leiden, 2000; Voll et al., 2000). CD8* T cells do not develop
in the absence of NF-kB, whereas CD4+ T cells are more de-
pendent on CREB.

The Single Positive Stage

The engagement of MHC class I or II during the positive selec-
tion of a DP thymocyte spurs it to proliferate and differentiate
into mature CD8* or CD4+ SP cells, respectively. This process is
called CD4/CDS8 lineage commitment.

Precisely how a DP cell determines that it should become a
CD4* SP or a CD8* SP cell has yet to be completely elucidated.
Models proposed to account for CD4/CDS lineage commitment
fall into two camps: those based on an instructive mechanism
and those based on a stochastic (random choice) mechanism.
The original instructive model proposed that differentiation into
a CD4 or a CDS8 cell was determined by engagement of the
offTCR plus CD4 or CD8 by either MHC class II or class I, re-
spectively (von Boehmer et al., 1989a). In other words, thymo-
cytes recognizing MHC class I were instructed to differentiate
into CD8&'T cells, while thymocytes expressing TCRs with affin-
ity for MHC class II were instructed to become CD4+ T cells. Al-
though initial results using TCR transgenic mice were consistent
with this model, later analyses of various mutant mouse strains
and of additional TCR transgenic mice favored a stochastic mech-
anism (Kaye et al., 1989; S.H. Chan et al., 1993; Davis et al.,
1993; Itano et al., 1994; Robey et al., 1994; van Meerwijk et al.,
1995; von Boehmer, 1996). Subsets of CD4+8!° and CD4°8+ T
cells expressing intermediate levels of CD4 and CD8 were iden-
tified in different MHC-deficient mutant mouse strains, consis-
tent with the idea that DP thymocytes randomly down-regulate
the expression of one or the other coreceptor as they move to-
ward becoming mature CD4*8~ and CD4-8* SP cells. This hy-
pothesis was supported by findings that transgenic expression of

CD4 in thymocytes could mediate development of CD4-8+ TCR
transgenic cells in class I-deficient mice, and that transgenic ex-
pression of CD8 molecules could mediate development of CD4+8~
TCR Tg cells in class II-deficient mice (Baron et al., 1994; S.H.
Chan et al., 1994; Robey et al., 1994; van Meerwijk et al., 1995;
von Boehmer, 1996).

More recent studies have continued to generate opposing bod-
ies of evidence. Brugnera and colleagues have proposed a “core-
ceptor reversal” model that is at least partly instructive (Brugnera
et al.,, 2000). This model posits that CD8 expression is first
down-regulated in all DP thymocytes regardless of their MHC
restriction, so that all thymocytes initially become CD4+ cells.
Those thymocytes that subsequently receive both an IL-7 signal
and a weak signal delivered by binding to MHC class I resume
CD8 expression and down-regulate CD4 expression, effectively
“reversing” their prior CD4*" phenotype to a CD8* phenotype.
However, those thymocytes that receive a signal through MHC
class II maintain their CD4 expression and do not resume CD8
expression. The stochastic mechanism of CD4/CD8 commitment
is supported by a study examining the deletion of a regulatory
motif functioning as a silencer of CD4 expression (Leung et al.,
2001). B2M-deficient mice, which usually have only very low
numbers of CD8" T cells, were transfected with a transgene
conferring constant expression of CD4 due to the absence of the
silencer. These mice contained mature T cells that expressed
both CD4 and CD8 and exhibited MHC class II restriction.
These cells developed into cytotoxic effectors after antigen stim-
ulation.

Lck signaling has also been proposed as a mechanism of
CD4/CD8 commitment because Lck associates with the cyto-
plasmic tails of both coreceptors (Turner et al., 1990). The model
holds that strong Lck signaling favors the differentiation of DP
cells into CD4+ SP cells, while little or no signaling results in
CD8* SP cells (Berg and Kang, 2001). The amount of Lck sig-
naling is determined by the MHC restriction of the TCR: MHC
class I-restricted TCRs bind to CDS8, which is associated with
low levels of Lck activity, whereas MHC class II-restricted TCRs
bind to CD4, which is associated with about 20-fold higher
levels of Lck activity. Experiments in which mutated CD8 mole-
cules capable of binding different amounts of Lck were com-
pared showed that the greater the amount of Lck bound to CDS,
the more CD4* T cells emerged from the DP population (Salmon
et al., 1999). Yasutomo and colleagues (2000) devised an in vitro
culture system that allowed them to monitor SP development fol-
lowing the binding of a TCR to either wild-type MHC class 11
(fully capable of binding Lck) or mutated MHC class II lacking
the CD4 binding site (decreased Lck binding). In the absence of
significant Lck binding, thymocyte differentiation was skewed to
CDS8*. The authors interpreted their data to mean that the dura-
tion of antigen signaling as transduced by Lck determines CD4/
CDS8 commitment. Additional evidence supporting a commitment
model based on quantitative differences in Lck signaling has
come out of transgenic studies in which constitutively active or
Dm™N mutants of Lck were used (Hernandez-Hoyos et al., 2000).
Overexpression of Lck induced MHC class I-restricted thymo-
cytes to develop into CD4+ T cells, whereas reduced levels of
Lck drove MHC class II-restricted thymocytes down the CD8*
path. Confirmation of these results has been obtained by the in-
troduction of a transgene specifying tetracycline-inducible Lck
expression into Lck™ cells (Legname et al., 2000). Induced ex-
pression of Lck resulted in high levels of Lck activity and the ex-
clusive differentiation of CD4+* T cells.
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There is some evidence supporting a role for ERK signaling
in CD4/CDS lineage commitment. In one study, high levels of
ERK signaling appeared to favor CD4* over CD8* SP develop-
ment. Transfection of mice with a transgene encoding a constitu-
tively active form of ERK resulted in increased numbers of
CD4+ thymocytes but decreased numbers of CD8* cells (Sharp
et al., 1997). Consistent with this result, CD4 maturation was
blocked by inhibition of ERK signaling whereas CD8 develop-
ment was enhanced (Bommbardt et al., 1999; Sharp and Hedrick,
1999). However, other studies have shown that CD8 differ-
entiation can be blocked by deletion, inhibition, or interference
with ERK activity (Alberola-Ila et al., 1995; Pages et al., 1999;
Mariathasan et al., 2000).

Finally, some investigators have suggested that Notch-1 may
contribute to CD4/CDS8 lineage commitment, although its involve-
ment is still the subject of much debate (Osborne and Miele,
1999; Robey, 1999; Deftos and Bevan, 2000; von Boehmer, 2001).
Robey et al. demonstrated that expression of an active form of
Notch-1 in developing T cells resulted in an increase in CD8"
lineage cells and a decrease in CD4" lineage cells, even if MHC
class I was absent (Robey et al., 1996; Robey, 1999). In addition,
when Notch-1 signaling was blocked with antibodies, CD8* SP
development was favored (Yasutomo et al., 2000). Complemen-
tary studies revealed that the CD4 silencer that prevents CD4 ex-
pression in DN and CD8 SP thymocytes has an HES-1 binding
site (Kim and Siu, 1998), and HES genes are known to be regu-
lated by Notch-1. However, other data have suggested that rather
than promoting only the development of CD8* SP cells, Notch-1
signaling is involved in the maturation of both CD4 and CD8 SP
thymocytes (Deftos et al., 1998, 2000). Still others believe that
Notch-1 may exert its effect indirectly, by reducing the strength
of signal delivered through the TCR (Anderson et al., 2001; Izon
etal., 2001). Cells receiving high Notch-1 signals would have re-
duced signaling through the TCR and would consequently adopt
the CD8 cell fate, whereas cells receiving lower Notch-1 signals
would have stronger TCR signals and become CD4 cells.

Concluding Remarks

T cell development is coordinated by the concerted actions of a
variety of surface receptors, signal transduction molecules, and
transcription factors. Genetic engineering technology has pro-
vided valuable tools for the dissection of the complex multitude
of genes and gene products involved in thymocyte ontogeny and
T cell function. The use of mutant animals has been central to the
identification of several important genetic checkpoints in thymic
development. Overlapping gene functions have emphasized the
enormous plasticity of the immune system, enabling the animal
to adapt to changes and compensate for loss of key molecules. A
greater understanding of T cell development will assist us in de-
signing rational therapeutics for the treatment of cancer, autoim-
munity, and chronic inflammatory diseases.
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B lymphocytes develop from hematopoietic stem cells. In the
mouse, B cell development takes place at different sites in the
body during ontogeny, starting at day 8—8.5 of gestation in yolk
sac and fetal aorta (Cumano et al., 1993; Godin et al., 1993,
1995; Cumano and Godin, 2001; Ling and Dzierzak, 2002).
When circulation of blood begins at day 9 of gestation, B cell
precursors can still be found in the yolk sac and fetal aorta, and
later—around days 10—-11—in the liver, spleen, and omentum
(Ogawa et al., 1988; Rolink and Melchers, 1991; Solvason et al.,
1992; Melchers and Rolink, 1999; Cumano and Godin, 2001).
From days 15 to 16 of gestation, B cell precursors are also found
in the bone marrow. After birth, the bone marrow becomes the
major site for B lymphopoiesis (Hardy et al., 1991; Rolink and
Melchers, 1991; Rolink et al., 1993, 1994; Osmond et al., 1998;
Melchers and Rolink, 1999; Hardy and Hayakawa, 2001). B cell
development in mouse and human bone marrow from progeni-
tor (pro) and precursor (pre) B cells to immature and mature
slg-positive B cells is characterized by changes in (1) rearrange-
ment of immunoglobulin (Ig) heavy (H) and light (L) chain genes;
(2) the expression of surface-bound and intracellular markers; (3)
cell cycle status; (4) in vitro growth properties; and (5) life ex-
pectancy in vivo.

In this chapter we will use this nomenclature for the different
stages of B cell development. Table 5.1 provides a comparison
with the widely used “Philadelphia” nomenclature (Hardy et al.,
1991; Hardy and Hayakawa, 2001) for early B cell stages. The
table also shows the Ig rearrangement status of various develop-
mental stages. Figure 5.1 summarizes the different early stages
of B cell development in mouse and the markers expressed at
these various stages. In Figure 5.2 presents a similar summary of
the late stages of B cell development in mouse.

We have described in detail normal B cell development else-
where (Rolink and Melchers, 1991; Ghia et al., 1998; Osmond

et al., 1998; Melchers and Rolink, 1999). Briefly, the first identi-
fiable cell within the B cell lineage, the pro-B cell, expresses low
levels of CD45R (B220) together with c-kit, FIt3/FLK-2, and
CD43, but does not yet express the lineage-specific marker CD19
(Rolink et al., 1996; Ogawa et al., 2000; Hardy and Hayakawa,
2001). The Ig heavy (IgH) chain loci in these cells are predomi-
nantly in (nonrearranged) germ-line configuration.

pre-BI cells following the earlier pro-B stage carry both IgH
chain alleles DJ rearranged, with the exception of those found
in rearrangement-deficient or defective mice, such as RAGI~-,
RAG2-, severe combined immunodeficiency (SCID), or J,—
deficient mice (Bosma et al., 1988; Mombaerts et al., 1992;
Shinkai et al., 1992; Chen et al., 1993). The pre-BI cells express
CD45R (B220), CD19, CD43, and c-kit on their surface, whereas
TdT, RAGI, and RAG2 are expressed intracellularly (Rolink et
al., 1991a, 1991b, 1993, 1994; Grawunder et al., 1995). More-
over, pre-Bl cells express the two components of the surrogate
light (SL) chain, A5 and Vg (Karasuyama et al., 1993, 1996).
They have lost Flt3/FLK-2 expression (Ogawa et al., 2000) and
do not yet express CD25 (Rolink et al., 1994). About 30%—40%
of pre-BI cells are in the S, G,—M phase of the cell cycle. pre-BI
cells can also proliferate long term on stromal cells in the pres-
ence of IL-7 in vitro (Rolink et al., 1991a).

Pre-B-II cells have VDJ-rearranged IgH chain loci and can be
subdivided by expression of SL chain and size into three popula-
tions (Rolink et al., 1994; Grawunder et al., 1995; Ghia et al.,
1998; Osmond et al., 1998; Melchers and Rolink, 1999). All
pre-B-II cells have lost c-kit and TdT but gained CD25 (TAC)
surface expression (Rolink et al., 1994). Moreover, uH chain ex-
pression in the cytoplasm can be detected in over 95% of these
cells (Rolink et al., 1994), thus indicating that the pre-B-II com-
partment is selected for those cells that have undergone produc-
tive VDyJy; rearrangement. Pre-B-II cells express intermediate
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Table 5.1. Nomenclature and Immunoglobulin Rearrangement Status of Early Stages of Mouse B Cell Development

Basel nomenclature

Philadelphia
nomenclature

gH locus

gL locus

Pro-B Pre-BI Large pre-B-II type 1 ~ Large pre-B-II type 2 Small pre-B-11 Immature B
Pre-pro-B (Fr A) Pro-B (Fr B/C)  Early pre-B (Fr C’) Part of late pre-B (Fr D)  Part of late pre-B (Fr D)  New B (Fr E)

GL DJ VDI VDI VDI VDJ

GL GL GL GL V] \2)

gH, immunoglobulin heavy chain; IgL, immunoglobulin light chain.

Pro-B Pre-B | Large Pre-B Il Large Pre-B Il Small Pre-B Il Immature B
type 1 type 2

-C-0~0-0-C

B220
CD19
c-kit
FIt3/FLK2
CcD43
BP-1
TdT
Ci1qRp
CD25
A5/VpreB
pre-BCR
RAG 1/2
uH chain
k-L chain
Figure 5.1. Markers used to identify early stages of mouse B cell development. Solid lines indicate that
all cells express the marker, whereas broken lines indicate weak expression or only a fraction of the cells
expressing the marker. Large circles represent cells that are cycling; small circles indicate resting cells.
Immature B Immature B Immature B Mature B
bone marrow type 1 spleen type 2 spleen ( B-2, Follicular B)
C1gRp +++ ++ + -
lgM +++ +++ ++ ++
igD +- +- ++ +++
CD21 - - + +
CcD23 - - + +
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Figure 5.2. Markers used to identify late stages of mouse B cell development. Surface markers indicated
are evaluated for staining intensities in FACS analyses.
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levels of CD45R (B220) and CD19. All pre-B-II cells have lost
the capacity to proliferate on stromal cells plus IL-7. About
15%-20% of pre-B-II cells are large, and 70%—80% of these are
in the S, G,—M phase of the cell cycle. Approximately 25% of
these express the SL chain in complex with a WH chain on their
surface (Rolink et al., 1994).

The noncycling, small pre-B-II population has also lost SL
expression. Single-cell polymerase chain reaction (PCR) analy-
sis (ten Boekel et al., 1995; Yamagami et al., 1999a, 1999b) has
shown that these cells are in the process of L-chain rearrange-
ment and are therefore the direct precursors of immature sIgM*
sIgD~ B cells. Some of the immature B cells formed in the bone
marrow migrate to the spleen. Here they can be distinguished
from their mature counterparts by expression of the C1qRp pro-
tein, recognized by the monoclonal antibodies (MAbs) 493 and
AA4.1 (Rolink et al., 1998, 1999a, 2001; Norsworthy et al.,
1999; Petrenko et al., 1999; Allman et al., 2001), and by their
short life span (4 days vs. more than 6 weeks). The immature
B cells in spleen can be subdivided into type 1 and type 2 (transi-
tional cells), based on the differential expression of CD21,
CD23, IgM, and IgD, as depicted in Figure 5.2 (Loder et al.,
1999; Rolink et al., 2001). Both types of immature splenic B
cells are very sensitive to anti-IgM—induced apoptosis in vitro.

In this chapter, we will summarize recent experimental
evidence that further defines different cellular stages of B cell
development. Special attention will be paid to mutant mice in
which B cell development is impaired at various stages.

B Lineage Commitment

The differentiation of hematopoietic stem cells (HSCs) into the var-
ious hematopoietic lineages is usually pictured in a hierarchical
fashion: these cells develop first into progenitors and then into pre-
cursors, with decreasing pluripotency and increasing commitment
to single differentiation pathways (Weissman, 2000). Mice defi-
cient for the basic helix-loop-helix proteins encoded by the E2A
gene and early B cell factor (EBF) show an arrest of B cell develop-
ment at the earliest stage prior to rearrangement of the IgH locus
(Bain et al., 1994; Busslinger, 2004; Zhuang et al., 1994; Lin and
Grosschedl, 1995; Matthias & Rolink, 2005). These findings, to-
gether with those showing that forced expression of E2A and EBF
in hematopoietic precursors induce the transcription of several B
lymphoid-specific genes (Kee and Murre, 1998; O’Riordan and
Grosschedl, 1999; Romanow et al., 2000; Goebel et al., 2001), have
implicated these two transcription factors in the control of B line-
age commitment. However, this idea was recently challenged by
findings made with mice deficient for the transcription factor Pax5.

Pax5-deficient mice exhibit a block in B cell development at the
transition from DyJy-rearranged pre-BI to VDyJ,—rearranged
pre-B-1II cells (Urbanek et al., 1994; Nutt et al., 1997). Pax5~/~
pre-BI cells express various lymphoid and B cell-specific genes,
including RAG-1, RAG-2, TdT, As, V5, Igo, IgB, E2A, and
EBF, similar to wild-type pre-BI cells (Nutt et al., 1997, 1998;
Schebesta et al., 2002). Moreover, like wild-type cells, Pax5~/~
pre-B-1 cells have the long-term capacity to grow in vitro on
stromal cells in the presence of IL-7 (Nutt et al., 1997, 1998;
Schebesta et al., 2002). However, and in marked contrast to
wild-type pre-BI cells, Pax5-deficient B cell precursors can un-
der appropriate in vitro conditions develop into macrophages,
granulocytes, osteoclasts, dendritic cells, and natural killer (NK)
cells (Nutt et al., 1999; Schebesta et al., 2002; Busslinger, 2004).

Upon transplantation into an irradiated host, Pax5~~ pre-BI
cells can differentiate into T cells, macrophages, granulocytes,

osteoclasts, dendritic cells, NK cells, and, in rare cases, even into
erythrocytes (Nutt et al., 1999; Rolink et al., 1999b; Schebesta
et al., 2002; Schaniel et al., 2002a). Furthermore, Pax5~~ pre-BI
cells home to the bone marrow where they retain their pheno-
type and original differentiation state. These cells can then be re-
cloned in vitro on stromal cells and IL-7. Upon retransplantation
these cells again populate the bone marrow and also give rise to
the various hematopoietic cells mentioned before (Rolink et al.,
1999b; Schaniel et al., 2002b). Recently Schaniel et al. (2002b)
showed that at least five serial transplantations can be performed
with these Pax5~~ pre-BI cells without losing their hematopoi-
etic multipotency and self-renewing capacity. Thus, Pax5~~ pre-
BI cells exhibit features of pluripotent HSCs. Moreover, this
unexpected in vitro and in vivo plasticity of Pax5~~ pre-BI cells
in hematopoietic development strongly suggests that Pax5 ex-
pression determines B cell commitment.

Pax5 is known to both activate and repress transcription de-
pending on the regulatory sequence context of the target gene
(Nutt et al., 1999; Schebesta et al., 2002). This dual function of
Pax5 is compatible with its role in B lineage commitment. On the
one hand, Pax5 further activates B lymphoid—specific gene expres-
sion, as best illustrated by the induction of CD19 expression in
Pax5~~ pre-BI cells after reconstitution with a Pax5-expressing re-
combinant retrovirus (Nutt et al., 1999). On the other hand, Pax5
represses the transcription of lineage-inappropriate genes, e.g., the
macrophage colony-stimulating factor receptor (M-CSF-R) gene,
thus rendering these pre-BI cells unresponsive to M-CSF and in-
terfering with their capacity to differentiate into macrophages.

Pro-B Cells

The earliest fraction of B cell progenitors in the scheme of Hardy
and colleagues (Hardy et al., 1991; Hardy and Hayakawa, 2001)
is fraction A. The cells in this fraction are characterized by the
expression of B220 and CD43 and the absence of heat-stable
antigen (HSA) and BP-1. They constitute approximately 3% of
the total nucleated bone marrow cells. It has been shown that, in
contrast to all other stages of B cell development, these cells
do not express CD19 (Rolink et al., 1996). In fact, it has been
demonstrated that the vast majority of these cells do not belong
to the B cell lineage. About 30% of these cells are precursors of
NK cells: they express NK cell markers and, after stimulation
with IL-2 in vitro, gain the ability to lyse NK cell targets very ef-
ficiently (Rolink et al., 1996). Another 30%—40% of the cells in
this fraction coexpress CD4 at levels comparable to those found
on T cells. However, these cells are not T lineage cells because
they do not express components of the T cell receptor and are
found in similar numbers in RAG1- and RAG2-deficient ani-
mals. Furthermore, these cells were unable to proliferate in an in
vitro stromal cell/IL-7 culture system that enables the growth of
pro- and pre-BI cells (Rolink et al., 1991a), thus these B220*
CDA4* cells are not progenitors of the B cell lineage. In addition,
transplantation of these cells into RAG2~~ (gene name: Rag2)
mice did not result in development of a detectable number of B
cells or any other cell type of hematopoietic lineage. Several
groups (Asselin-Paturel et al., 2001; Nakano et al., 2001; Nikolic
et al., 2002) have recently indicated that these CD4+ cells might
be the murine counterparts of the so-called plasmacytoid den-
dritic cells of humans (Cella et al., 1999).

Within the population of B220*, CD19-, NK1.1~, CD4~ cells,
a small subpopulation can be identified that expresses c-kit,
FIt3/FLK-2, C1qRp, and A5 and exhibits B cell progenitor activ-
ity (Rolink et al., 1996; Ogawa et al., 2000). These cells can be
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grown on stromal cells in the presence of IL-7 and can differen-
tiate into CD19* B lineage cells. However, whether these cells
are already committed to the B cell lineage remains unknown.
Transplantation of such cells grown for 2 weeks in vitro into
RAG?2-deficient mice results in the reconstitution of both B and
T cell compartments (Rolink et al., unpublished observation).

pre-Bl Cells

The next stage in B cell development relates to the so-called
pre-BI cells. These cells have gained CD19 expression and lost
FIt3/FLK-2 expression—i.e., they are B220*, CD19*, c-kit*,
CD43*, SL*, and C1qRp* and express TdT, RAG1, and RAG2 in
the nucleus (Rolink et al., 1993, 1994, 1996; Ghia et al., 1998;
Osmond et al., 1998; Ogawa et al., 2000). The L chain gene loci
in these cells are in germ-line configuration and are transcrip-
tionally still inactive (Grawunder et al., 1995; ten Boekel et al.,
1995). Development at this stage is blocked in mice with defi-
ciencies in the rearrangement machinery (Bosma et al., 1988;
Mombaerts et al., 1992; Shinkai et al., 1992) and in mice harbor-
ing a deletion of the J,; gene segment (Chen et al., 1993). This
results in pre-BI cells with IgH chain loci in germ-line configura-
tion. In contrast, the vast majority of pre-BI cells found in other
strains of mice (rearrangement competent) have both IgH alleles
DIJ rearranged (Rolink et al., 1991a; ten Boekel et al., 1995).

A small segment (10%-20%) of the pre-BI cells have com-
pleted IgH chain rearrangements and express a WH chain in the
cytoplasm (ten Boekel et al., 1997, 1998). Surprisingly, 50% of
UH chains found in pre-BI cells are unable to pair with the SL
components As and V5, and thus cannot make a precursor B
cell antigen receptor (pre-BCR) (ten Boekel et al., 1997, 1998;
see below). Also surprising was the finding that about 20% of
these WH chains use the most D-proximal Vi element V81X
(ten Boekel et al., 1997). None of these V;;81X uH chains ana-
lyzed was able to form a pre-BCR. This might also explain why
V481X uH chains are very rarely found in mature B cells (Decker
et al., 1991; Carlsson et al., 1992; Huetz et al., 1993). The bio-
logical meaning of this biased V181X usage in pre-BI cells is
still unclear.

In vitro, pre-BI cells can be propagated on stromal cells in the
presence of IL-3, IL-7, or thymic stromal-derived lymphopoietin
(TSLP) (Rolink et al., 1991a; Winkler et al., 1995a; Ray et al.,
1996).

As mentioned above, an arrest in B cell development at the
pre-BI stage is also found in Pax5~~ mice. However, the target
genes of Pax5 that are responsible for this arrest have not yet
been identified. Moreover, a block in B lymphopoiesis at this
stage is also observed in animals that cannot form a pre-BCR—
for example, mice deficient for A5 (Kitamura et al., 1992),
Vorep1s and V.o (Mundt et al., 2001), and membrane deposi-
tion of WH (WH™~ mice) (Kitamura et al., 1991) and Igp (Gong
and Nussenzweig, 1996). This block also occurs in mice that
have a defect in pre-BCR signaling due to mutations of Syk
(Cheng et al., 1995; Turner et al., 1995) and B cell linker pro-
tein (BLNK) (Jumaa et al., 1999; Pappu et al., 1999; Hayashi
et al., 2000). A block at the pre-BI cell stage of development is
also observed in IL-7- and IL-7R-deficient mice—i.e., IL-77-,
IL-7Ro”, and IL-2Ry”~ mice (Peschon et al., 1994; DiSanto
et al., 1995; von Freeden-Jeffry et al., 1995). The block observed
in membrane WH~, TgB~~, Igor”~, and Pax5~~ mice is absolute,
whereas in other mice, later stages, including mature B cells, are
found in the bone marrow and in peripheral lymphoid organs, al-
though in far lower numbers than in wild-type mice.

Pre-B-Il Cells

The next developmental stage along in B lineage is characterized
by cytoplasmic uH chain expression, which defines the pre-B-II
cell stage. These typical pre-B cells have lost the expression of
c-kit and TdT, and most of them do not express CD43 (Rolink
et al., 1994). In addition to WH chain expression, these cells have
gained the expression of CD25 (Rolink et al., 1994).

The pre-B-II compartment can be subdivided into three dif-
ferent developmental subsets. The first stage contains large and
actively cycling cells. On the surface, they express the pre-BCR
consisting of the SL chain in association with the wWH chain
(Rolink et al., 1994; Winkler et al., 1995b; Karasuyama et al.,
1996). These cells do not express RAG1 and RAG2 and carry
their IgL chain loci still in germ-line configuration (Grawunder
et al., 1995; ten Boekel et al., 1995). It is exactly at this stage of
development that the allelic exclusion of the second H chain al-
lele is likely to be established; a transient down-regulation of the
VD] rearrangement machinery might be involved in this process
(Grawunder et al., 1995). At this stage the L chain loci are not
yet transcriptionally active. The H chain locus might be rendered
inaccessible for further rearrangements in ways that need to be
clarified.

The importance of this stage, especially the membrane depo-
sition of the pre-B receptor ensuring normal B cell development,
is best illustrated in mutants unable to produce this receptor. In
mice with a deletion in the transmembrane portion of their uH
chain and mice with a deletion in the A part or the V .5 and
Virep2 part of the SL-encoding genes, large cycling pre-B-II
cells are not detected. This results in a reduced number of small
pre-B cells (Kitamura et al., 1991, 1992; Mundt et al., 2001). A
similar phenotype is found in mice with a deletion in the genes
encoding IgfB (Gong and Nussenzweig, 1996), indicating that the
association between the pre-BCR and Igf} and Igo and conse-
quent signaling via surface pre-BCR is required for the transition
from pre-BI to pre-B-II cells.

In line with this, tyrosine kinase Syk—deficient mice and mice
defective for the adapter protein BLNK display a block at this
early stage of B cell development. This finding indicates a key
role for Syk and BLNK in pre-BCR signaling (Cheng et al.,
1995; Turner et al., 1995; Jumaa et al., 1999; Pappu et al., 1999;
Hayashi et al., 2000).

The importance of the pre-BCR is also indicated in experi-
ments in which RAG1~~ or RAG2™~ mice are supplemented
with a transgenic UH chain (Rolink et al., 1994; Spanopoulou et
al., 1994; Young et al., 1994). As discussed above, RAG1~~ and
RAG27~ mice are blocked at the pre-BI cell stage. However,
supplementation with a rearranged WH gene, which allows them
to express a pre-BCR, results in progression of B cell develop-
ment in these mice up to the stage of small pre-B-II cells. Thus,
expression of the pre-BCR ensures proliferative expansion that
constitutes a positive selection for pre-B cells with a productive
VD] rearrangement that can lead to formation of a pre-BCR.

We have shown that this pre-BCR-mediated selection and
expansion can be mimicked in vitro. Sorted pre-BI cells of wild-
type mice cultured in plain medium (no cytokines added) ex-
panded (Rolink et al., 2000) were selected for productive VDJ
rearrangement. By day 5 of culture, 70%—-80% of the cells recov-
ered expressed IgM on their surface. No expansion and/or selec-
tion was observed in pre-BI cells of A5~ mice—i.e., pre-BI cells
that cannot form a pre-BCR. Single-cell experiments with wild-
type pre-BI cells indicated that approximately 15% of them un-
dergo this expansion and selection. Moreover, it was found that
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single ex vivo isolated pre-BI cells proliferate to different clone
sizes in vitro. This finding may indicate that pre-BCRs with dif-
ferent fitness of pairing with the SL chain allow different num-
bers of divisions. Overall, these in vitro data suggest that pre-BCR
exerts its function in a ligand-independent fashion. There is fur-
ther evidence that IL-7 can enhance the efficiency of pre-BCR-
mediated expansion (Stoddart et al., 2000).

It has been shown that the transmembrane form of the uH
chain is necessary for IgH chain allelic exclusion. Thus, around
15% of the peripheral B cells expressing sIgM in F1 mice carry-
ing a wild-type and a transmembrane-deficient WH chain allele
express the deficient allele in the cytoplasm (Kitamura and Ra-
jewsky, 1992). On the basis of this finding and the fact that pre-
BCR expressing pre-B-II cells have down-modulated RAG1 and
RAG?2 expression (Grawunder et al., 1995), it has been sug-
gested that the pre-BCR also mediates allelic exclusion. How-
ever, A5~ and V.5, and RAG2”~ mice that cannot form a
pre-BCR still exhibit allelic exclusion, which indicates that a
complete pre-BCR is not needed for this process (ten Boekel et
al., 1997, 1998; Mundt et al., 2001).

In all likelihood, the next developmental stage following the
pre-BCR-positive cells is the large, cycling pre-B-II cell stage, in
which expression of the SL chain is lost (Rolink et al., 1994;
Winkler et al., 1995b; Karasuyama et al., 1996). Unlike the pre-
BCR-positive pre-B-II cells, the large, cycling pre-B-II cells ex-
press RAG1 and RAG2 at the RNA but not yet at the protein
level (Grawunder et al., 1995). Moreover, sterile transcripts from
the kL chain gene locus become detectable, although the L chain
gene loci in these cells are still in germ-line configuration (ten
Boekel et al., 1995). When the large, cycling pre-B-II cells be-
come resting and small, a large proportion of the cells carry re-
arranged L chain genes (ten Boekel et al., 1995; Yamagami et al.,
1999a, 1999b). Already at this stage, the KL and AL chain loci
are rearranged in the characteristic 10:1 ratio. Experiments by
Engel et al. (1999) and Goldmit et al. (2005) suggest that chro-
matin structural changes rendering Ig gene loci accessible for
V(D)J recombination occur earlier within the kL chain gene lo-
cus than within the AL chain gene. This may explain the high fre-
quency of kL chain—containing immunoglobulins in the mouse.

In wild-type mice, about half of the sIg* B cells have re-
arranged only one allele at the xLL chain locus. Most of these
cells show only a single rearrangement, preferentially to Jx1, the
most V proximal of the functional J segments. In marked con-
trast, small pre-B-II cells show a dramatically increased frequency
of multiple kL chain rearrangements (Yamagami et al., 1999a,
1999b). Moreover, about 20% of small pre-B-II cells express a
kL chain protein in the cytoplasm but not on the cell surface, al-
though half of these cells have productively rearranged VkJx
segments. Although over 95% of all pre-B-II cells express uH
chains in their cytoplasm, these WH-xL chain combinations are
not expressed on the surface.

Two possible scenarios might account for the lack of surface
expression of the WH-xL chain pairs. First, it is conceivable that
certain {H-xL chain combinations may not be able to form an
IgM molecule. Since the peripheral sigM* B cell pool should
contain only pairing combinations, the small pre-B-II pool may
be enriched for those that do not fit together. Second, a given uH-
kL chain combination may have paired properly and been de-
posited on the surface. However, if this IgM is autoreactive and
encounters autoantigen in the bone marrow environment, this
might lead to down-regulation of these autoreactive receptors
from the cell surface. Both scenarios are by no means mutually
exclusive.

Nemazee and colleagues (Tiegs et al., 1993; Nemazee, 2000)
and Weigert and coworkers (Gay et al., 1993; Radic et al., 1993)
have shown that recognition of autoantigen by immature B cells
induces secondary rearrangements at the L chain loci and thus
can change the cells’ receptor specificity from self to non-self.
In humans, a similar type of BCR editing has been observed
(Dorner et al., 1998). Recently, Casellas et al. (2001) showed
that the contribution of B cells that have undergone receptor edit-
ing to the total peripheral B cell repertoire is about 25%. How-
ever, mice deficient for the expression of kL. chains due to a
deletion of the constant kL. region display patterns of kL. chain
gene rearrangements in small pre-B-II cells similar to those in
wild-type mice. This finding would argue against the notion that
most of the receptor editing is autoantigen recognition driven
(Yamagami et al., 1999a, 1999b).

When autoreactive Ig transgenes are bred onto a rearrangement-
deficient background—i.e., a situation where receptor editing is
impossible—an absolute block at the transition from small, pre-
B-II to immature B cells is observed (Andersson et al., 1995).
For instance, RAG27~ mice carrying the Sp6 anti-TNP IgM
transgene display this absolute block in differentiation at the
transition from small pre-B-II to immature B cells. It is assumed
that this block in differentiation results from the cross-reaction
of Sp6 anti-TNP IgM with dsDNA, an apparently abundant au-
toantigen in the bone marrow environment where extensive cell
apoptosis occurs. However, injection of Sp6 transgenic RAG2~/~
mice with the T cell-independent antigen TNP-Ficoll elicits a
strong antibody response within 5 days. Hence, cross-reactive
T cell-independent antigens might be able to overcome negative
selection and clonal deletion of autoreactive B cells. This raises
the possibility that T-independent antigens may be involved in
the initiation of autoimmune diseases.

Immature B Cells

Osmond and colleagues (reviewed in Osmond, 1993) have deter-
mined that mice produce roughly 2 x 107 immature B cells per
day in the bone marrow. These immature B cells then migrate
through the terminal branches of central arterioles into the spleen.
At this site, these immature B cells, which display life spans of
about 4 days, differentiate into mature B cells with life spans of
around 15 weeks (Rolink et al., 1998, 2001). In the spleen the im-
mature B cells can be distinguished from their mature coun-
terparts by the cell surface expression of the ClqRp protein
recognized by MAbs 493 and AA4.1 (Rolink et al., 1998, 1999a,
2001; Petrenko et al., 1999). Based on the expression of CD21
and CD23, immature B cells in the spleen can be subdivided into
two populations (transitional cells); CD21~ CD23~ and CD21*
CD23* (Loder et al., 1999) (Fig. 5.2).

In the transition from bone marrow to the spleen, about 90%
of immature B cells are lost. A large part of this loss can proba-
bly be explained by the deletion of autoreactive B cells in the
bone marrow, and signaling through the BCR appears to play a
key role for this process. Thus both Syk-deficient mice and mice
expressing an Igo lacking the cytoplasmic tail (IgoiA</A¢) show a
much more marked loss of B cells at this transition (Turner
et al., 1995; Torres et al., 1996). Interestingly, immature B cells in
IgoA’A¢ mice have increased levels of tyrosine phosphorylation
and expression of activation antigen (Torres and Hafen, 1999).
This suggests that the intensity of signaling may be very critical
for B cells passing this checkpoint. Similar findings were evident
in IgoAAc mice carrying a soluble hen egg lysozyme (HEL) and
an anti-HEL immunoglobulin transgene (Kraus et al., 1999). The
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finding that in CD45~~ mice more immature B cells enter the
spleen might indicate that the phosphatase CD45 is critically in-
volved in signaling thresholds (Rolink et al., 1999a, 2001).

Mice deficient for the transcriptional coactivator OBF (also
called OCA-B or Bob-1) show a severe reduction of immature
B cells in the spleen (Schubart et al., 1996). This reduction is even
more dramatic in OBF/Oct-2 (Schubart et al., 2001) and OBF/Btk
(Bruton’s tyrosine kinase) (Schubart et al., 2000) double-mutant
mice. The molecular mechanisms underlying these defects are
still unclear. However, a Bcl-2 transgene expressed in the B line-
age rescues this defect to a large extent in OBF/Btk double-
mutant mice, a finding suggesting that life spans of immature B
cells may play a role in this transition (A.G. Rolink, unpublished
data).

Cross-linking of the BCR on the two immature B cell popula-
tions found in the spleen (Fig. 5.2) leads to the induction of
apoptosis (Rolink et al., 1998; King and Monroe, 2000), which
indicates that these cells are still sensitive for undergoing nega-
tive selection. Nevertheless, in wild-type mice, most immature
splenic B cells enter the pool of long-lived mature B cells
(Rolink et al., 1998). The finding that apoptosis induced by BCR
cross-linking can be blocked by anti-CD40 and IL-4 (Rolink
et al., 1998; King and Monroe, 2000) may indicate that these
molecules are involved in the transition from immature to ma-
ture B cells. CD40- and IL-4-deficient mice, however, have nor-
mal numbers of mature B cells (Kopf et al., 1993; Kawabe et al.,
1994).

Recently it has been shown that mice deficient for the tumor
necrosis factor (TNF) family member BAFF (also termed TALL-1,
THANK, Blys, and zZTNF4 (Moore et al., 1999; Mukhopadhyay
et al., 1999; Schneider et al., 1999; Shu et al., 1999; Gross et al.,
2000) or its receptor BAFF-R (Thompson et al., 2001) are
blocked in B cell development at the CD21~ CD23~ stage in
the spleen—i.e., at the type 1 immature B cell stage (Fig. 5.2).
Moreover, immature splenic B cells treated with BAFF in vitro
acquire a mature phenotype and become resistant to BCR cross-
linking-induced apoptosis (Batten et al., 2000; Rolink et al., 2002).
Taken together, these findings strongly suggest that the interac-
tion between BAFF and BAFF-R plays a crucial role in the tran-
sition from immature to mature B cells.

Other mutant mice with defects in the transition from imma-
ture to mature B cells have also been described. For instance,
Btk-defective mice have normal numbers of immature splenic B
cells; however, their number of mature B cells is reduced about
fivefold. Because the life span of mature B cells in Btk mice is
indistinguishable from that found for wild-type B cells, the de-
fect most probably reflects a reduced efficiency of Btk™~ imma-
ture splenic B cells in entering the mature compartment (Rolink
et al., 1999a). The finding that a Bcl-2 transgene expressed in B
cells can rescue this defect suggests that the Btk molecule might
be involved in induction of survival.

Major histocompatibility complex (MHC) class II has also
been implicated in the transition from immature to mature B cells
in the spleen. Thus, mice deficient in the invariant chain (Ii’")
(Shachar and Flavell, 1996) and MHC class IIoc”~ mice (Rolink
et al., 1999a) display a severely reduced mature B cell compart-
ment. In fact, the mature B cell pool is completely absent in
Btk/Ao double-mutant mice. The defect in Ao~ mice appears
to be intrinsic to the B cells and may be due to a four- to fivefold
reduced life span of mature B cells (Rolink et al., 1999a). The
molecular mechanisms underlying these defects are still unclear.
In particular, the finding that CTIIA~~ (Chang et al., 1996) and
AP~ (Cosgrove et al., 1991; Markowitz et al., 1993) mice, as

well as mice lacking all conventional MHC class II genes (Mad-
sen et al., 1999), do not show such a defect makes the role of
MHC class II in this transition very puzzling.

Mature B Cells

The peripheral mature B cell compartment can be subdivided
into three subpopulations: B-1, B-2, and marginal zone B cells,
which can be distinguished by the differential expression of vari-
ous cell surface markers (Table 5.2). Thus, B-1 cells are charac-
terized by the high expression of IgM and the low expression of
IgD and B220. Moreover, these cells express CD11b/Mac-1 and
part of them expresses CDS5, but they do not express CD21 and
CD23. B-2 cells express intermediate levels of [gM and high lev-
els of IgD and B220. Moreover, these cells express intermediate
levels of CD21 and CD23 and do not express CD11b/Mac-1 or
CD5. Marginal zone (MZ) B cells, by contrast, express high lev-
els of IgM and CD21 but no or very little IgD and CD23. B220
expression levels are intermediate, whereas CD11b/Mac-1 and
CDS5 expression cannot be detected in these cells.

In addition to their different surface marker phenotype, these
three subpopulations of mature B cells preferentially localize
in different parts of the body. Thus B-1 cells are primarily
found in the peritoneal cavity and some in the spleen (Hardy and
Hayakawa, 2001). B-2 cells are mainly found in the circulation
and in the primary lymphoid follicles of secondary lymphoid or-
gans. Marginal zone B cells localize in the spleen to a region that
surrounds the primary lymphoid follicles (Dammers et al., 1999;
Oliver et al., 1999; Martin et al., 2001).

B-1 cells have a self-renewing capacity and are mainly de-
rived from fetal liver stem cells. These cells contribute to a large
extent to T-independent antibody responses. Many B1 cells carry
a BCR that has low affinity for self-antigens, and recent evidence
shows that their development depends on BCR-derived positive
selection signals (Hayakawa et al., 1999; for review see Hardy
and Hayakawa, 2001).

Marginal zone B cells show an activated phenotype and re-
spond better and faster than B-2 cells to low concentrations of
mitogens such as lippopolysaccharide (LPS) (Oliver et al., 1999;
Martin et al., 2001). These cells can rapidly differentiate into
plasma cells when activated, primarily by T-independent anti-
gens, although they may also respond to T-dependent antigens.
Like B-1 cells, MZ B cells have been shown to be generated by a
positive selection process (Martin and Kearney, 2000; Wellmann
et al., 2001).

The vast majority of B2 cells in the mouse are small and
resting, i.e., not activated. They are primarily responsible for
T-dependent immune responses and thus are also the precursors
of the memory B cell compartment. It is probable that, like B-1
and MZ B cells, the B-2 cell compartment is generated via positive

Table 5.2. Markers Used to Distinguish Different Mature B Cell
Subpopulations

BI B2/follicular B Marginal Zone B

IeM +++ ++ +++

IgD +/—- +++ +—

B220 + +++ ++

CD21 +/— ++ +++

CD23 +— ++ +/-

CD5 +— - -
CD11b/Mac-1 ++ - -
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selection, although direct experimental evidence for this is not
yet available.

It is now well established that the formation of all three ma-
ture B cell subpopulations requires the expression of a functional
BCR (Lam et al., 1997)—i.e., a BCR with signaling properties.
The numerous mutant mice created in the last couple of years,
however, have indicated that the BCR signal strength needed for
the formation of these three subpopulations might be different
(for reviews see Hardy and Hayakawa, 2001; Cariappa and Pil-
lai, 2002). These studies showed that mutations causing a weak-
ening of the BCR signal strength affect formation of the B-1
compartment but not that of the B-2 and MZ B cell compart-
ments. In addition to BCR signaling, non-BCR-related molecu-
lar interactions are also differentially required for the formation
of the three mature B cell subpopulations.

In this respect, BAFF- and BAFF-R-deficient mice lack the
B-2 and the MZ B cell compartment but display a normal B-1
compartment (Moore et al., 1999; Mukhopadhyay et al., 1999;
Schneider et al., 1999; Shu et al., 1999; Gross et al., 2000;
Thompson et al., 2001). In addition, mutations affecting the mi-
croarchitecture of secondary lymphoid organs, especially of the
spleen, as well as those disturbing the migration and homing of
cells can influence the generation of the different mature B cell
compartments (Futterer et al., 1998; Guinamard et al., 2000;
Lipp et al., 2000; Fukui et al., 2001; Girkontaite et al., 2001; Reif
et al., 2002).

Human B Cell Development

B cell development in human bone marrow is very similar to that
in the mouse, but the expression of various cell surface markers
characterizing murine differentiation stages is different (Gougeon
et al., 1990; Ghia et al., 1996). A summary of markers used to
identify early stages of human B cell development is given in
Table 5.3. Cells at the earliest stage of B cell development in hu-
man bone marrow corresponding to the mouse pro/pre-BI com-
partment are CD19* CD10* CD34*. They express TdT and RAG
intracellularly, but not pH chains. On the surface these cells also
express the SL chain. The proteins associated with the SL chain
at this stage of differentiation have not yet been identified. Like
their murine counterparts, these cells actively undergo cell divi-
sion. However, in contrast to the murine system, it has not yet
been possible to define conditions that allow long-term prolifera-
tion of human pre-B cells in vitro. At this point, we do not know
whether the inability to grow these pro/pre-B cells is due to the
lack of a proper stromal cell or to the appropriate cytokines not
yet being identified. It is also noteworthy that IL-7 seems to be
far less important in human than in mouse B cell development.

This is based on the finding that patients with an inactive IL-2Ry
chain (also called common y-chain, which is part of the IL-7 re-
ceptor) appear to have normal B cell development (Gougeon
et al., 1990; Noguchi et al., 1993), whereas IL-2Ry~~ mice have
a major block in B cell development during the transition from
pre-BI to pre-B-II cells (DiSanto et al., 1995).

A human equivalent to the mouse pre-BCR-positive pre-B-II
cells has been identified. These cells are characterized as CD19™,
CD10*, CD34~ TdT-, RAGI1-, pre-B cell receptor-positive large,
cycling cells. They carry productively VDyJ—rearranged IgH
chain loci, while their L chain gene loci, as in the mouse, are still
in germ-line configuration. Mutations inactivating the expression
and/or signaling of the pre-BCR (Minegishi et al., 1998, 1999;
Conley et al., 2000) indicate that this receptor plays a role in hu-
man B cell development similar to that in mice—namely, selec-
tion and proliferative expansion of VDJ in-frame rearranged
pre-B cells. This assumption is based on the fact that the vast ma-
jority of precursor B cells in human bone marrow also express
WH chains in the cytoplasm.

Analogous to B cell development in the mouse, the next B
lineage differentiation stage is defined by pre-BCR-negative pre-
B-II cells that are CD19*, CD10*, CD34-, TdT-, RAG1*~, cu*.
However, some minor differences between the phenotypes of
these cells in mouse and humans are also apparent at this stage of
differentiation. For instance, a small but significant number of
the large pre-BCR-negative human pre-B-II have undergone L
chain rearrangements. Furthermore, low levels of V. .; mRNA,
but not of protein, are still detectable in these cells.

When the large and cycling pre-BCR-negative human pre-
B-II cells become quiescent, they up-regulate RAG expression
and lose the expression of V.. Single-cell PCR analysis has
shown that most of these cells have rearranged their IgL chain
loci. Therefore, these cells are comparable to small, resting pre-
B-II cells in mouse.

Collectively, these results indicate that the different stages of
B cell development in human bone marrow are very similar to
those found in mouse. Their relative sizes of the different pre-B
cell compartments in young mice and young humans are also
comparable. The identification of patients with impaired B cell
development at a certain stage of differentiation might help us to
elucidate mouse/human parallels and differences in transcription
factors, cell surface receptors, and signaling molecules in B cell
development, to name a few important components.
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Table 5.3. Markers Used to Identify Early Stages of Human B-Cell Development

Large pre-B-11

Large pre-B-11

Marker Pro/pre-B-1 type 1 type 2 Small pre-B-11 Immature B
CDI19 + + + + +
CD34 + - - - -
CD10 + + + + +

As/V pren + + - - -
pre-BCR - + - - -

TdT + - - - -

WH chain - + + +

Rag 1 + ND ND + +

ND, not determined.
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Signal Transduction by T and B Lymphocyte
Antigen Receptors
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Considerable progress has been made during the past several
years toward our understanding of the processes by which T and
B lymphocytes become activated. Antigen-specific activation of
these quiescent cells involves the triggering of antigen receptors
to induce signal transduction events that can lead to both the cell
cycle progression and differentiation of T and B cells. A remark-
able synergy has resulted from a convergence of studies of the
most fundamental processes involved in T and B cell activation
and those involving clinical and experimental immunodeficiency
syndromes. Clinical and experimental immunodeficiency states
often result when the functions of T and B cell antigen receptors
(TCRs and BCRs) or critical components in the pathways regu-
lated by these receptors are interrupted.

An increasing number of cell surface receptors on T and B
cells contribute to the activation of these cells. However, the
specificity of the response to antigen dictates that the antigen re-
ceptors on these cells play the central role. Although the forms of
antigens recognized and the effector functions mediated by these
two cell types are quite distinct, the mechanisms by which the
antigen receptors transduce signals and the ensuing molecular
events are remarkably similar. Stimulation of the TCR and BCR
induces the protein tyrosine phosphorylation of a large number
of proteins implicated in signal transduction processes that con-
tribute to cellular activation. Here, we will focus on the means by
which the TCR and BCR induce protein tyrosine phosphoryla-
tion and the consequences of these phosphorylation events.

Antigen Receptors on T and B Lymphocytes

The TCR and BCR are both oligomeric complexes that contain
subunits responsible for antigen recognition and other subunits
involved in signal transduction (Fig.6.1A). The repertoires of the
clonally distributed ligand binding subunits of these receptors

are entrusted with the responsibility of recognizing the vast array
of antigens or peptides that may be encountered through interac-
tions with pathogens. In the case of the TCR, the antigen- or
ligand-binding subunit consists of productively rearranged o or
Y0 heterodimers. The antigen-binding subunit of the BCR con-
sists of the heavy and light chains of membrane immunoglobulin
(Ig). Whereas these subunits have all of the information neces-
sary for specific antigen recognition, their short cytoplasmic do-
mains do not contain sufficient information to interact with
cytoplasmic molecules involved in signal transduction.

In the case of the TCR, the o or Y3 heterodimers assemble
with the invariant CD3 v, 8, and € chains and a homo-or het-
erodimer of { and/or Fcy chains. The precise stoichiometry of
the assembly, which occurs in the endoplasmic reticulum, is not
known, but there is evidence for CD3 € chains forming noncova-
lent dimers with CD38 or CD3y (Blumberg et al., 1990; Kappes
and Tonegawa, 1991). The assembly of all of the components is
necessary for efficient expression on the plasma membrane. Hu-
man or murine immune deficiency syndromes characterized by
T cell developmental arrests or functional defects and lower TCR
expression have been associated with CD3y or € mutations (Perez-
Aciego et al., 1991; Tanaka et al., 1995; see Chapter 16). Studies
in T cell lines and heterologous cells show that most incomplete
complexes are retained in the endoplasmic reticulum or golgi and
shunted toward a degradative pathway (Klausner et al., 1990).
Unusually placed transmembrane acidic and basic residues ap-
pear to play an important role in the interaction of these chains.
The CD3 and { chain dimers are responsible for signal transduc-
tion function of the receptor.

Membrane Ig also assembles with invariant chains, Igow and
IgP involved in signal transduction. Like the CD3 chains, Igo.
and IgB form heterodimers and each chain has a single extracel-
lular Ig-like domain and intracellular domains with signaling
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function (Reth, 1992). The number of Iga/IgB dimers associated
with a membrane Ig tetramer unit has not been definitively estab-
lished. Efficient cell surface expression of membrane Ig requires
association with Igo and IgB. Although charged amino acid
residues are not present in the transmembrane domains of BCR
subunits, these domains do interact with each other and this in-
teraction is necessary for assembly (Venkitaraman et al., 1991).
Thus, the BCR and TCR are both obligate multisubunit com-
plexes in which antigen-binding functions and signal transduc-
tion functions are provided by distinct chains.
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mIg o ENLYEGLNLDDCSM-YEDI Figure 6.1. A. Schematic representation of
mIg B DHTYEGLNIDQTAT--YEDTI the T cell antigen receptor (TCR) and B cell
antigen receptor (BCR). B. Immunoreceptor
BLV gp30 DSDYQALLPSAPETI-YSHL tyrosine-based activation motifs present in
EBV LMP-2 HSDYQPLGTQDQSL=-YLGL hematopoietic receptors involved in antigen
SIV Nef G D L Y E R Il I-l R A R G E T - Y G R L recognitionandinvirusesthatinfectTorB
cells. h, human; r, rat; m, mouse; BLV, bovine
KsSnv K1 LQDYYSLHDLCTED YTQP leukemia virus; EBV, Epstein-Barr virus; SIV,
simian immunodeficiency virus; KSHYV,
Consensus D/E- = ¥ = = L = = = = = = = = Y--L Kaposi’s sarcoma-associated herpes virus.

In addition to the antigen receptors found on mature lympho-
cytes, related receptors are found on pre-B cells in the bone mar-
row and on CD4-/CD8~ thymocytes (Roth and DeFranco, 1995;
von Boehmer and Fehling, 1997). These receptors contain only
one of the two antigen-binding chains, the one that is generated
by recombination first during development of the cell, in combi-
nation with a surrogate for the second chain. In B cells, this “pre-
BCR” contains the Ig 1 heavy chain together with the A5 and
Vprep Proteins, each of which is thought to mimic one-half of the
Ig light chain of the BCR. This pre-BCR also contains Igo/IgP
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heterodimers. Similarly, the pre-TCR contains a complex of the
TCRP chain with an o chain surrogate called pre-Tow associated
with CD3 and C chains. In both cases, these receptors play criti-
cal roles in allowing developing lymphocytes to sense the suc-
cessful rearrangement of the first antigen receptor gene and pass
through a developmental checkpoint, after which rearrangement
at that locus ceases and rearrangement of the Ig light-chain gene
or the TCRo. gene increases.

The CD3 and { chains of the TCR and the Igo. and IgP chains
of the BCR have substantial cytoplasmic domains containing se-
quences responsible for the signal transduction function of these
receptors. These signal transduction functions were most defi-
nitively established through the use of chimeric receptors in
which the cytoplasmic domains of several of these proteins were
linked to the extracellular and transmembrane domains of het-
erologous proteins (Irving and Weiss, 1991; Romeo and Seed,
1991). Although these cytoplasmic domains do not encode enzy-
matic functions, they can confer TCR and BCR signal transduc-
tion functions to heterologous receptors. This signal transduction
function is encoded in a sequence motif, termed ITAM (for im-
munoreceptor tyrosine-based activation motif’), which is present
as a single copy in all of the CD3 chains and the Igo. and Igf3
chains, and as three copies in the { chain (Fig. 6.1B). The ITAMs
are also present and functionally active in the cytoplasmic do-
mains of the nonligand-binding subunits of the high-affinity
IgE Fc receptor, the phagocytic Fcy receptors on macrophages,
and the DAP-12 chain that associates with natural killer (NK)
cell-activating receptors (Lanier, 2001). Interestingly, the ITAM
sequence motif, D/ExxYxxL(x)6—-8YxxL, in many of these
chains is encoded by two exons with similar organization, sug-
gesting a common evolutionary origin (Wegener et al., 1992).
This also suggests that these antigen receptors use similar mecha-
nisms to transduce signals. Mutagenesis studies have shown that
both tyrosines and both leucines are critical for the ability of
ITAMs to transfer signal transduction function to heterologous re-
ceptors (Sefton and Taddie, 1994). The residues surrounding the
conserved tyrosines and leucines can be quite variable. A major
question that arises and remains unsettled is whether ITAMs,
which contain such variable sequences, have equivalent functions
or whether part of their functions are distinctive. Some investiga-
tions have suggested that multiple ITAMs are present in TCRs and
BCRs to recruit distinct signaling molecules (Frank et al., 1990;
Clark et al., 1992; Siemasko and Clark, 2001). Others have sug-
gested that the presence of multiple ITAMs may play a role in sig-
nal amplification (Irving et al., 1993; Law et al., 1993; Lin et al.,
1996; Donnadieu et al., 2000; Love and Shores, 2000). In mouse
experiments involving genetic deletion of all or part of the CD3(
ITAMs, it was shown that the CD3y, , € subunits are sufficient
for normal TCR signaling events and effector functions and that
the CD3{ ITAMs do not play any exclusive role (Ardouin et al.,
1999). Mice containing mutations of the ITAM tyrosines in Igo
did not exhibit any major defects in the development of B-2 cells,
whereas there was a reduction in B-1 and marginal zone B cells.
Combining the Igo. mutation with a truncation in Igf3 resulted in a
dramatic arrest in B cell development at the pro-B cell stage
demonstrating the requirement for functional ITAMs on at least
one of the signal transducing chains of the BCR for progression
through early development. Mice carrying a truncation in the cy-
toplasmic tail of Igf} alone progress to the immature stage and re-
spond normally to BCR ligation; however, they are arrested at this
stage in the bone marrow and die by apoptosis. These observa-
tions indicate that Igot and Ig3 might have distinct biologic activi-
ties in vivo (Kraus et al., 2001; Reichlin et al., 2001).

As in other situations where pathogens have usurped or tar-
geted normal cellular machinery to their benefit, at least four
viruses that infect T or B cells encode ITAMs that appear to play
an important role in their pathogenesis. The bovine leukemia
virus, which can transform B cells, contains an ITAM in the cy-
toplasmic domain of the gp30 envelope glycoprotein that is criti-
cally important for viral infection and/or replication (Willems
et al., 1995). An ITAM is also present in the latent membrane pro-
tein 2 (LMP2) of the Epstein Barr virus (EBV) and has been im-
plicated in maintaining a state of viral latency in transformed B
cell lines (Miller et al., 1995). Recent studies suggest that LMP2
serves to recruit E3 protein ubiquitin ligases that target BCR-
activated protein kinases, thereby down-regulating BCR signaling
(Winberg et al., 2000). In addition, SLP-65/BLNK, a signaling
adaptor molecule that will be discussed later, was recently identi-
fied as a downstream effector of LMP2A. In EBV-infected
B cells, one of the SLP-65 isoforms was found to be constitutively
tyrosine phosphorylated, resulting in complex formation with
CrkL and subsequent phosphorylation of Cbl and C3G (Engels
et al., 2001a,b). In contrast, phospholipase C y2 (PLC7y2) activa-
tion was completely blocked. Thus, during latent EBV infection,
LMP?2 has contrasting effects on SLP-65-regulated pathways. A
rare mutation of the Nef protein of the simian immunodeficiency
virus results in the creation of an ITAM sequence (Du et al.,
1995). This mutation is associated with the unusual ability of this
viral isolate to infect and replicate in primary resting T cells and
cause a fulminant viral infection. Finally, human herpesvirus 8
(HHVS; also known as Kaposi’s sarcoma [KS]-associated her-
pesvirus, or KSHV) which causes Kaposi’s sarcoma, primary ef-
fusion lymphoma, and multicentric Castleman’s disease, encodes
the K1 gene product that contains an ITAM-like sequence in the
C-terminal cytoplasmic tail. Expression of this protein leads to
ligand-independent signaling in B cells that is abrogated upon
mutation of the ITAMs (Lagunoff et al., 1999). Thus, the ITAM
plays a critical role in normal T and B cell antigen receptor func-
tion and some pathogens have capitalized on this function.

ITAMs of T and B Cell Antigen Receptors Interact
with Distinct Families of Protein Tyrosine Kinases

Stimulation of the TCR and BCR leads to the activation of pro-
tein tyrosine kinases (PTKSs) that are critical for lymphocyte re-
sponses to antigen. Two families of cytoplasmic PTKs, members
of the Src and Syk/ZAP-70 families, have been implicated in the
most proximal signaling events induced by these receptors. In-
deed, considerable evidence has accumulated to suggest a model
in which the TCR and BCR ITAMs interact with these two fami-
lies of PTKSs in a sequential and coordinated manner (Fig. 6.2).
Whereas the members of the families of the PTKs that are ex-
pressed in T and B cells differ, they appear to subserve similar
functions.

In B cells and in T cell lines and T cell clones, the earliest
event associated with antigen receptor stimulation is the tyrosine
phosphorylation of ITAMs (Law et al., 1993; Iwashima et al.,
1994). In contrast, in ex vivo T cells, phosphorylation of the ITAM
tyrosines is present in the basal state (van Oers et al., 1993). Both
the inducible and basal phosphorylation of ITAM tyrosines de-
pends on members of the Src family (Iwashima et al., 1994;
Richards et al., 1996; van Oers et al., 1996a). Src family kinases
expressed in T cells are Lck, Fyn, and Yes and those expressed in
B cells are primarily Lyn, Fyn, and Blk. These kinases are pe-
ripheral membrane proteins characterized by the following: (1) a
unique N-terminal domain that is myristylated in all family
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members and also may be palmitoylated; (2) an SH3 domain in-
volved in mediating protein—protein interactions by binding to
proline-rich sequences; (3) an SH2 domain involved in mediat-
ing protein—protein interactions by binding phosphorylated tyro-
sine residues in the context of particular neighboring amino acid
residues; (4) a catalytic domain; and, (5) a carboxy-terminal
domain that contains a negative regulatory site of tyrosine phos-
phorylation.

In T cells, the functions of Lck and/or Fyn are critical for
TCR signal transduction. Lck and Fyn both coimmunopre-
cipitate with the TCR complex and can interact with an ITAM
(Samelson et al., 1990; Beyers et al., 1992), but genetic studies
with cell lines and mice have indicated a more important role for
Lck in the phosphorylation of the ITAMs (Iwashima et al., 1994;
van Oers et al., 1996a). However, in the absence of Lck, or when
Lck function might be limiting, Fyn may be able to play a com-
pensatory role. This view is consistent with the developmental
phenotypes seen in mice deficient in one or both of these ki-
nases: mice deficient in Fyn have no developmental abnormality
of conventional o3 T cells but they lack NK1.1* T (NKT) cells
(Appleby et al., 1992; Stein et al., 1992; Eberl et al., 1999),
whereas the loss of Lck is associated with a severe but incom-
plete arrest in T cell development (Molina et al., 1992). The
residual development seen in thymocytes lacking Lck is com-
pletely absent in thymocytes from mice deficient in both kinases
(van Oers et al., 1996b). These thymocytes exhibit a complete
developmental block at a stage where the function of the pre-
TCR is important (Fehling et al., 1995). Presumably, this reflects
the inability of the pre-TCR to transduce signals in the absence
of Lck or Fyn.

A unique feature of Lck is the ability of its N-terminal region
to associate with the cytoplasmic tails of the CD4 and CD8 core-
ceptors (Chow and Veillette, 1995). A primary role for Lck func-
tion in the initiation of TCR signaling is also consistent with its
association with CD4 and CDS. The colocalization of CD4 or
CD8 with the TCR during antigen recognition may serve to lo-

Figure 6.2. Model for sequential interaction of Src
and Syk/ZAP-70 protein tyrosine kinases with an
ITAM. Note that the subsequent interaction of the
Src kinase, involving its SH2 domain, with the phos-
phorylated Syk or ZAP-70 kinase is not depicted.

calize Lck in close proximity with the TCR, facilitating its par-
ticipation in early signaling events.

In B cells the Src family kinases are also believed to be respon-
sible for ITAM phosphorylation, although Syk may contribute as
well. For example, in a chicken B cell line, DT-40, Lyn is appar-
ently the only Src family kinase expressed. Disruption of the Lyn
gene in these cells decreased anti—-IgM—induced tyrosine phospho-
rylation of Igo. and IgP, but did not eliminate it (Takata et al.,
1994). Moreover, subsequent signaling events were decreased but
not eliminated. Conversely, when the BCR was expressed in the
AtT-20 rat pituitary cell line following the introduction of cDNA
expression vectors, BCR stimulation led to strong tyrosine phos-
phorylation of Igo and Igf but minimal downstream signaling.
These cells express Fyn but not Syk, Lyn, or Blk. Introduction
of Syk restored some downstream signaling events and also
boosted the stimulation-dependent phosphorylation of Igo. and
IgP (Richards et al., 1996). In murine splenic B cells, Lyn is the
most abundant Src family member present, although substantial
amounts of Blk and Fyn are also detectable. B cells from mice
rendered deficient in Lyn by targeted gene disruption exhibit sig-
nificantly delayed tyrosine phosphorylation of Igo after BCR
stimulation (Nishizumi et al., 1995; Chan et al., 1997), indicating
that Lyn is important but not essential for Igo. phosphorylation.
Thus, the situation is a bit more complex than in T cells, but
again, Src family kinases are primarily responsible for phospho-
rylation of Iga and Igf3 ITAM tyrosines.

In the absence of coreceptor involvement, the low stoichiom-
etry of the documented interactions of the Src family members
with the TCR and BCR, as well as the apparent redundancy in
some functions among these PTKs, raises questions about how
TCR and BCR stimulation induces these kinases to phosphory-
late the ITAMs. One point worth noting is that the stoichiometry
of ITAM phosphorylation is low, even in systems where receptor
stimulation is maximal. The basis for such interactions could be
relatively nonspecific and involve ligand-induced association of
receptors with membrane microdomains (“lipid rafts”) where
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these Src kinases are concentrated. Alternatively, the association
of the receptor and kinase could be based on an interaction be-
tween the SH2 domain of the Src family PTK and a small per-
centage of ITAMs that may be tyrosine phosphorylated in the
basal state. The recruitment of Src family PTKs to phosphory-
lated ITAMs is attractive in view of studies suggesting that the
tyrosine phosphorylated YEEI sequence, similar to the YXXL
sequences in ITAMs, is a preferred binding site for the SH2
domains of Src kinases (Songyang et al., 1993). Most ITAMs
have at least one negatively charged amino acid residue between
the tyrosines and leucines (Fig. 6.1B). Indeed, cross-linking of
chimeric transmembrane proteins with Igo or Igf ITAMs leads
to induced association of Lyn (Law et al., 1993). Moreover, the
inducible phosphorylation of { chain ITAMs requires the func-
tion of the Lck SH2 domain (Straus et al., 1996). This could re-
flect a positive feedback loop whereby once a few ITAM tyrosines
are phosphorylated, Lck binds and then phosphorylates other
ITAMs of neighboring receptors aggregated by the triggering
stimulus. While there are alternative explanations for the interac-
tions of the Src PTKs with the TCR or BCR, receptor ligation
does appear to increase the catalytic activity of these PTKs
(Saouaf et al., 1994; Tsygankov et al., 1994).

Both tyrosines of an ITAM are necessary for its signal trans-
duction function (Sefton and Taddie, 1994). The explanation for
this dependency on both tyrosines is likely to reflect the require-
ment for tyrosine phosphorylation of both sites for high-affinity
binding of a second type of PTK, ZAP-70 and/or Syk. ZAP-70
and Syk have a similar overall structure. They contain N-terminal
tandem SH2 domains and a C-terminal catalytic domain. ZAP-
70 is expressed exclusively in T cells and NK cells. Syk is more
broadly expressed within the hematopoietic lineages. ZAP-70
and Syk bind to doubly phosphorylated ITAMs with relatively
high affinity via an interaction that depends on both of their SH2
domains (Wange et al., 1993; Iwashima et al., 1994; Bu et al.,
1995). The crystal structure of the ZAP-70 tandem SH2 domains
bound to a doubly phosphorylated TCRE ITAM peptide confirms
that both SH2 domains interact with a single, doubly phosphory-
lated ITAM and helps explain their cooperative binding (Hatada
et al.,, 1995). Similar data have been obtained for the crystal
structure of Syk bound to an ITAM (Fiitterer et al., 1998). Thus,
inducible phosphorylation of ITAMs results in recruitment of
ZAP-70 or Syk to the stimulated-receptor complex. If ITAMs are
phosphorylated in the basal state, as has been observed in ex vivo
thymocytes and peripheral T cells, ZAP-70 and/or Syk are bound
and poised to respond to receptor stimulation (van Oers et al.,
1994, 1996a).

The induction of PTK activity following Syk/ZAP-70 recruit-
ment to the receptor complexes likely involves additional inter-
actions between the Src and Syk/ZAP-70 PTKs. In vitro studies
suggest that the binding of Syk, but not ZAP-70, to ITAMs can
lead to its activation (Shiue et al., 1995). However, simple bind-
ing of Syk and ZAP-70 to ITAMs in vivo is probably not suffi-
cient for stimulation of their kinase activity and subsequent
signal transduction, since Syk and ZAP-70 bound to the ITAMs
in ex vivo thymocytes are not activated (van Oers et al., 1994,
1996a). Rather, both Syk and ZAP-70 kinase activities are regu-
lated primarily by phosphorylation of tyrosine residues within a
regulatory loop of their catalytic domains (Chan et al., 1995;
Wange et al., 1995). In the case of ZAP-70, this key phosphory-
lation event can be performed by Lck or Fyn but not by ZAP-70
itself (Chan et al., 1992, 1995; Wange et al., 1995). In contrast,
Syk can activate itself, and this is seen in overexpression studies
in Cos cells or upon cross-linking of a chimeric protein in which

Syk has been fused to the cytoplasmic domain of a transmem-
brane protein (Kolanus et al., 1993; Couture et al., 1994). Syk
can probably also be activated by Src family PTKs such as Lyn.
Thus, the Src kinases can play a critical role in Syk and ZAP-70
catalytic activation by phosphorylating the regulatory tyrosines.
In addition to the tyrosines in the activation loop, there is evi-
dence that other tyrosines are phosphorylated and are involved
either in negative regulatory functions, i.e., Y292 in ZAP-70
(Chan et al., 1995; Wange et al., 1995; Kong et al., 1996; Zhao
and Weiss, 1996; Magnan et al., 2001), or in positive regulatory
functions, i.e., Y315 and Y319 in ZAP-70 (Gong et al., 2001b;
Magnan et al., 2001). These phosphorylation sites are involved
in recruitment of substrates that may contain SH2 domains with
specificity for specifically phosphorylated sequence motifs, in a
manner analogous to that observed with PTK growth factor re-
ceptors. Proteins that have been reported to bind to either Syk or
ZAP-70 include Lck (Thome et al., 1995; Straus et al., 1996),
Lyn (Law et al., 1996), Shc (Nagai et al., 1995), Vav (Katzav
et al., 1994), PLCyl (Law et al., 1996), SHIP (an inositol 5-
phosphatase) (Crowley et al., 1996), and Cbl (Fournel et al.,
1996). The functions of some of these signaling components will
be discussed in a later section.

A stable complex of Lck and ZAP-70 or Syk has been ob-
served following TCR stimulation (Thome et al., 1995; Straus
et al., 1996). The interaction appears to depend on the binding of
the Lck SH2 domain to tyrosine phosphorylated residues in the
interdomain B region of ZAP-70 (Y319) or Syk (Pelosi et al.,
1999). A Y319F mutant of ZAP-70 retains full tyrosine kinase
activity but is unable to reconstitute TCR-dependent Ca>* mobi-
lization, Ras activation, CD69 expression, and NFAT-dependent
transcription in ZAP-70-deficient Jurkat cells. This functional
defect may reflect the inability of the mutant ZAP-70 to interact
with Lck, although other explanations are possible. For example,
phosphorylation of Tyr319 also promotes the association of
ZAP-70 with the SH2 domain of PLCyl. Accordingly, ZAP-70-
deficient cells reconstituted with Y319F mutant ZAP-70 show
reduced tyrosine phosphorylation of PLCyl and the LAT adapter
protein (Williams et al., 1998).

The relative contribution of the two families of PTKs toward
phosphorylation of downstream substrates has not been clearly
assessed. However, activation of Lck alone by cross-linking CD4
or CDS fails to mimic TCR stimulation (Ledbetter et al., 1990).
This suggests a critical function provided by Syk and ZAP-70 in
later signal transduction events. Successful reconstitution of Syk-
deficient B cells or ZAP-70-deficient T cells with ZAP-70 or Syk
depends on the catalytic functions of these PTKs and the presence
of the activating tyrosine of the kinase domain (Y518,Y519 for
Syk, and Y493 for ZAP-70) (Kurosaki et al., 1995; Kong et al.,
1996; Williams et al., 1998). Thus, a contribution of both Src and
Syk/ZAP-70 kinases is likely to be important for effective down-
stream signaling events.

Both ZAP-70 and Syk play critical roles in lymphocyte devel-
opment, presumably because signal transduction through imma-
ture and mature antigen receptors is critical for transition through
certain developmental checkpoints. Mice and humans deficient
in ZAP-70 exhibit distinct developmental arrests and marked im-
pairment in TCR signal transduction function (Arpaia et al.,
1994; Chan et al., 1994b; Elder et al., 1994; Negishi et al., 1995;
see Chapter 14). A profound B cell developmental arrest and
bleeding diathesis are the most prominent features of mice defi-
cient in Syk (Cheng et al., 1995; Turner et al., 1995). Bleeding
may be secondary to a collagen receptor signaling defect in
platelets (Poole et al., 1997). The B cell developmental arrest in
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these mice occurs at the same stage as seen with mutations that
prevent expression of the membrane-bound form of the Igu
heavy chain. Thus, it is thought that the developmental block re-
sults from impaired pre-BCR function. This interpretation is
consistent with the impaired BCR signal transduction function
observed in an avian B cell line deficient in Syk (Takata et al.,
1994). Thus, the Syk and ZAP-70 PTKs play critically important
roles in TCR and BCR signal transduction function.

In some systems it has been suggested that Syk and ZAP-70
may be interchangable (Gelfand et al., 1995; Kong et al., 1995).
One clear difference is that Syk appears to be less dependent on
interactions with Src kinases than is ZAP-70 (Kolanus et al.,
1993; Chu et al., 1996). It is not yet clear whether Syk and ZAP-
70 are completely functionally redundant with regard to activation
of downstream signaling events. It is likely that these kinases do
have unique functions in T cells. For instance, the ay T cell line-
age is primarily affected in mice made deficient in ZAP-70
(Negishi et al., 1995), whereas the ¥8 lineage of T cells in epithe-
lial tissues is defective in Syk deficient mice (Mallick-Wood et
al., 1996). Thus, many of the functions of these PTKs overlap,
but they appear to have unique functions as well.

Regulation of Antigen Receptor
Signal Transduction

Coreceptors on T Cells

The great sensitivity of the immune system has evolved to allow
immune responses to be initiated early upon infection with
pathogens. While receptors with high affinity exist within the de-
rived repertoire of antigen receptors on T and B cells, the immune
sytem has also developed mechanisms to increase the sensitivity
of responsiveness until the clonal expansion of cells with high-
affinity receptors can take place. T and B cells both have distinct
coreceptor molecules that function in concert with antigen recep-
tors to recognize antigen and induce signaling events. Here we
will restrict our use of the term coreceptors to refer to molecules
that recognize the molecular complex containing intact antigen or
peptide antigen along with the antigen receptor.

The positive selection of most af thymocytes and the pri-
mary response of oy T cells to antigen usually depend on the
functional contributions of the coreceptors CD4 and CD8. The

CD4 and CDS8 molecules are integral membrane glycoproteins
whose extracellular domains bind to the 2 domain of class II -
major histocompatibility complex (MHC) molecules or the o3
domain of class I MHC molecules, respectively, on antigen-
presenting cells (Janeway, 1992; Robey and Fowlkes, 1994).
These interactions are of relatively low affinity and may depend
on the simultaneous binding of the TCR as well. In fact, some ev-
idence suggests that a TCR-initiated signaling event may be re-
quired for the recruitment and effective participation of the CD4
coreceptor (Xu and Littman, 1993). An alternative but not mutu-
ally exclusive view is that the CD4 or CD8 participation stabi-
lizes the low-affinity TCR-MHC/peptide interaction and also
potentiates TCR signal transduction by delivering Lck to the
TCR complex (Fig. 6.3).

The cytoplasmic domains of CD4 and CD8 bind to the unique
N-terminal region of Lck through a cysteine-containing motif
shared by CD4 and CDS8 (Chow and Veillette, 1995). This inter-
action is important but not absolutely essential for TCR signal
transduction during development or at low antigen concen-
trations (Killeen and Littman, 1993). Several functional conse-
quences may result from the interaction of Lck with the CD4 and
CDS coreceptors. In T cell clones or lines, if CD4 or CD8 deliv-
ers Lck to the TCR complex through colocalization driven by the
interaction of the coreceptors with the MHC/peptide complex,
the phosphorylation of ITAMs by Lck would be facilitated and
subsequent interactions involving the phosphorylation and acti-
vation of ZAP-70 or Syk could be potentiated (Weiss, 1993). A
similar interaction of the coreceptors of T cells in vivo would
lead to the delivery of Lck into close proximity with ITAM-
bound ZAP-70 or Syk, again potentiating their phosphorylation
and activation. In addition to this initiating function of Lck in
TCR signal transduction, Lck appears to contribute to T cell acti-
vation in a second way in which a CD4-bound Lck molecule binds
to phosphorylated ZAP-70 or Syk via its SH2 domain, thereby
stabilizing the interaction of the coreceptor with the TCR-MHC/
peptide complex (Xu and Littman, 1993; Thome et al., 1995;
Straus et al., 1996).

The ligation of coreceptors in the absence of TCR engage-
ment has been reported to induce negative signals. Ligation of
CD#4 with anti-CD4 monoclonal antibodies primes the T cells for
subsequent apoptosis when the TCR is stimulated (Newell et al.,
1990). In vivo, this may be relevant to interactions of the HIV
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gp120 protein with CD4, which can lead to apoptosis if the TCR
is subsequently stimulated (Banda et al., 1992). The mechanisms
underlying such coreceptor-induced inhibitory signals have not
been clarified.

Mature CD4 or CD8 T cells are derived from thymocyte pre-
cursors that express both of these coreceptors. Evidence suggests
that these two coreceptors play an active role in the decision pro-
cess regarding lineage commitment (von Boehmer and Kisielow,
1993). Moreover, T cells that express CD4 or CD8, in addition to
recognizing peptide antigens on distinct classes of MHC mole-
cules, generally have distinct effector functions, helper or cytolytic
functions, respectively. To explain this linkage of coreceptor ex-
pression to differentiated phenotype, it has been proposed that
the engagement of the TCR with each of these coreceptors leads
to distinct signaling events (Ratcliffe et al., 1992; von Boehmer
and Kisielow, 1993; Itano et al., 1996). The identity of such spe-
cialized events remains unknown. Since the interaction of CD4
with Lck appears to be more avid than that of CD8 with Lck
(Wiest et al., 1993), it is possible that there are quantitative and
qualitative effects that should be considered.

Coreceptors on B Cells

The concept of coreceptors in B cell antigen recognition is a
newly emerging concept, in part because a coreceptor involved
in the recognition of native antigen is not often considered. How-
ever, recent studies suggest that complement fixed to soluble or
particulate antigen may serve to colocalize complement recep-
tors with the BCR and greatly potentiate BCR signaling and B
cell activation (Fearon and Carter, 1995). Antigen/complement
complexes or fusion proteins are much more potent inducers of
B cells than native antigen. These observations suggest that coli-
gation of the complement receptor and the BCR increases the
sensitivity of the B cell response to antigen, analogous to the role
of coreceptors in T cell activation.

The complement receptor that functions as coreceptor is
CD21. It is part of a molecular complex formed by CD19, CD21
(complement receptor 2, CR2), and TAPA-1 (CDS81) (Fig. 6.3).
CD21 binds the complement proteolytic product C3dg. Ligands
for CD19 and TAPA-1 have not been identified, although TAPA-1
serves as the receptor for infection by hepatitis C virus (Pileri
et al., 1998). Coligation of CR2 or CD19 with the BCR lowers
the effective concentration of anti-Ig required to induce early sig-
nal transduction events or B cell proliferation (Fearon and
Carter, 1995). Similar observations have been made with a solu-
ble antigen/complement fusion protein (Dempsey et al., 1996),
suggesting that such synergy in coligation of these complexes is
physiologically relevant. Interestingly, preligation of CDI9 in-
hibits IgM-mediated B cell proliferation in a manner that is re-
markably similar to the properties of the T cell coreceptors, CD4
and CD8.

The precise mechanism by which the CD19/CD21/TAPA-1
complex functions as a coreceptor is not clear. Stabilization of
the extracellular ligand interactions is one possible mechanism.
Src kinases, including Lyn, have been detected in CD19 im-
munoprecipitates (van Noesel et al., 1993), which suggests that
the B cell coreceptor complex could bring these kinases into
proximity of the BCR ITAMs or recruited kinases. In addition,
the inducible phosphorylation of CD19 by BCR stimulation
leads to the recruitment of a number of signaling molecules that
could contribute to the initial events in BCR activation or could
recruit potential substrates or signaling molecules (Fearon and
Carter, 1995). The best-characterized interaction is with the p85

subunit of phosphatidylinositol 3-kinase (PI3K) (Tuveson et al.,
1993). This results from the interaction of the p85 SH2 domains
with phosphorylated CD19 residues containing the consensus mo-
tif YXXM. Activation of PI3K follows BCR stimulation and it par-
ticipates in downstream signaling events as described later. CD19
also binds the signaling component Vav (see below) and this likely
contributes to B cell activation as well. The positive role of CD19
in B cell activation is illustrated by the striking effects of altering
CD19 expression genetically. B cells with elevated levels of CD19
are highly activated, whereas those with decreased levels are poorly
stimulated by antigen (Sato et al., 1997).

Receptors with Inhibitory Functions

Recent studies have identified several receptors that appear to
function in negatively regulating signal transduction by the TCR
(the killer inhibitory receptors, KIRs; and CTLA-4) ( Waterhouse
et al., 1995; Yokoyama, 1995; Marengere et al., 1996) and the
BCR (FcyRIIB, CD72, and PIR-B) (Brauweiler et al., 2000;
Parnes and Pan, 2000; Takai and Ono, 2001). These receptors in-
hibit signal transduction by the TCR or BCR by recruiting from
the cytoplasm inhibitory signaling proteins to the plasma mem-
brane in close proximity to the stimulated antigen receptor.
Among the proteins recruited to the membrane by these recep-
tors are the cytoplasmic protein tyrosine phosphatases SHP-1
and SHP-2 and the inositol phosphatase SHIP-1. The mecha-
nisms by which these proteins inhibit signal transduction by the
TCR and BCR are beginning to be characterized.

The best characterized of these inhibitory receptors is FcYRIIB.
Coligation of this receptor with the BCR inhibits B cell prolifera-
tive responses and promotes B cell apoptosis. Physiologically, col-
igation is likely to occur during the binding of antigen-antibody
complexes to antigen-specific B cells. The presence of IgG bound
to the antigen reflects the presence of specific antibody, so inhi-
bition of further B cell activation is a mechanism for down-
regulating antibody production late in an immune response.
Indeed, mice made deficient in FcyRIIB have heightened B cell
responses to BCR stimulation (Takai et al., 1996). Coligation of
the BCR with FcyRIIB leads to FcyRIIB tyrosine phosphoryla-
tion (Muta et al., 1994). The major inhibitory function of this re-
ceptor maps to a single tyrosine residue in its cytoplasmic domain
that is in the context of an immunoreceptor tyrosine-based in-
hibitory motif (ITIM) with a consensus sequence I/L/VXYXXL.
Phosphorylation of this tyrosine residue in the ITIM leads to the
recruitment of the SHP-1 and SHP-2 protein tyrosine phos-
phatases (PTPs) and also the SHIP-1 inositol 5-phosphatase via
their SH2 domains (D’ Ambrosio et al., 1995; Chacko et al., 1996).
The significance of SHP-1 and SHP-2 binding to FcyRIIB re-
mains unclear. SHIP-1 is the primary effector of FcyRIIB and is
thought to modulate its signaling function by hydrolysis of phos-
phatidylinositol 3,4,5 triphosphate (PIP;), a key molecule in-
volved in the translocation and assembly of a signaling complex
consisting of PLCy2 and Btk. These are required for PIP, hydrol-
ysis and Ca?* mobilization (see below; Gupta et al., 1997; Okada
et al., 1998; Scharenberg et al., 1998; Hashimoto et al., 1999).
FcyRIIB ligation also results in the inhibition of BCR-mediated
Ras activation. In addition, SHIP forms a complex with another
adaptor protein, p629°k, which becomes strongly tyrosine phos-
phorylated upon BCR-FcyRIIB co-cross-linking and recruits
RasGAP, a suppressor of Ras activity (Tamir et al., 2000; Yaman-
ishi et al., 2000).

The related Ig superfamily members, paired immunoglobulin-
like receptors (PIRs), have also been shown to modulate BCR
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signaling. These receptors are expressed not only on B cells but
also macrophages, neutrophils, mast cells, and dendritic cells.
These are type I transmembrane glycoproteins with six Ig-like
domains related to human FcoR and bovine Fcy2R, with the ac-
tivating (PIR-A) and inhibitory (PIR-B) forms being expressed
in a pairwise fashion. The ligand for these receptors is unknown,
although co-cross-linking PIR-B with the BCR or the Fc recep-
tor for IgE (FceRI) results in inhibition of antigen receptor— or
Fc receptor—mediated activation through the ITIMs present in
the cytoplasmic tail. On B cells, PIR-B is constitutively tyrosine
phosphorylated and associated with the tyrosine phosphatase
SHP-1. PIR-A, by contrast, requires association with the Fc re-
ceptor common 7 chain for its membrane expression and activa-
tion function (Kubagawa et al., 1999; Maeda et al., 1998, 1999).
The functions of these proteins are not yet understood.

CD72 is the third receptor that negatively regulates B cell
function. CD72 is a type II transmembrane protein belonging to
the C-type lectin superfamily. It is expressed on the surface of
B cells throughout their development and is thought to be a regu-
lator of different stages of B cell development (Parnes and Pan,
2000; Kumanogoh and Kikutani, 2001). Absence of CD72 is as-
sociated with a significant increase in the number of IgMIgD~
pre-B cells in the bone marrow whereas the mature IgM*IgD*
B cells are fewer in number. These findings indicate that CD72
may be required for the efficient transition from the pre-B cell
to the immature B cell and/or from the immature to the mature
B cell stage. CD72-deficient mice also have increased numbers
of splenic B-1 cells and marginal zone B cells (Pan et al., 1999).
This change in the relative distribution of B-1 and conventional
B-2 cells has also been observed in mice that have been gene
targeted for other negative regulators of BCR signaling—e.g.,
Lyn, SHP-1, and CD22. Interestingly, the cytoplasmic domain
of CD72 contains two ITIMs, one of which has been shown to
recruite SHP-1. Accordingly, the B cells from CD72-deficient
mice are hyperresponsive to suboptimal doses of antigenic and
mitogenic stimulation (Pan et al., 1999; Adachi et al., 2000).

Receptors with Dual Effects on Antigen
Receptor Signaling

Another cell surface protein that influences the outcome of signal-
ing via the BCR is CD22, a transmembrane glycoprotein that be-
longs to the family of Siglecs (sialic acid binding Ig-like lectins)
and is expressed exclusively on B cells. The sialic acid binding ac-
tivity of CD22 is largely undetectable in resting B cells; however,
activation of the B cell results in CD22 binding to 0.2,6 sialylated
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ligands, probably because of unmasking of the ligand binding do-
mains (Nitschke et al., 2001). Upon BCR engagement, the cyto-
plasmic tail of CD22 is phosphorylated by the Src family kinase
Lyn on six tyrosine residues. Three of these are in the context of
ITIMs, which suggests a negative regulatory role for CD22. Lyn-
deficient mice lack BCR-induced tyrosine phosphorylation of
CD22, and this might contribute to the hyperactive state of B cells
derived from these mice (Chan et al., 1998; Cornall et al., 1999).

There is also evidence that CD22 can signal positively. For
example, the cytoplasmic tail of CD22 has been shown to recruit
several signaling molecules including Lyn, Syk, PLCy2, PI3K,
Grb2, and Shc (Fearon and Carroll, 2000). In addition, B cells
from CD22-deficient mice exhibit decreased overall tyrosine
phosphorylation and proliferation, consistent with a positive sig-
naling function of CD22. Further studies will be needed to better
define the role of CD22 in B cell regulation. At the same time,
CD22 also binds the tyrosine phosphatase SHP-1 and the inositol
phosphatase SHIP, both of which are involved in the negative reg-
ulation of B cell activation. Accordingly, CD22-deficient B cells
show augmented calcium responses which are regulated by mem-
brane recruitment of SHP-1 and SHIP (Sato et al., 1996; Nitschke
etal., 1997; Poe et al., 2000). Similarly, sequestering CD22 away
from the BCR by preincubation with anti-CD22-coated beads
leads to robust mitogen-activated protein kinase (MAPK) activa-
tion upon BCR stimulation, whereas coligating BCR with CD22
suppresses MAPK activation. It has been suggested that the cis
binding of CD22 to the cell surface glycans could keep it se-
questered away from the BCR and could thus prevent it from
exerting a negative influence (Smith and Fearon, 2000).

Regulation by CD45 and Csk

The steady-state level of protein tyrosine phosphorylation is the
result of a dynamic equilibrium involving the opposing actions
of kinases and phosphatases. The function of Src PTKSs is tightly
regulated by tyrosine phosphorylation (Cooper and Howell, 1993).
Phosphorylation of a tyrosine near the catalytic loop of the ki-
nase domain is associated with the activated state of these kinases.
In addition, the C-terminal regulatory region of the Src kinases
contains a tyrosine residue whose phosphorylation negatively
regulates their activity. In T and B cells, the phosphorylation of
this negative regulatory site in Src PTKs appears to be regulated
by the opposing actions of the transmembrane PTP CD45 and
the cytoplasmic Csk PTK (Fig. 6.4) (Chan et al., 1994a; Chow
and Veillette, 1995). The regulation of Lck in T cells by CD45
and Csk has been most thoroughly studied.
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Figure 6.4. Dynamic regulation of Src
family kinases by Csk and tyrosine phos-
phatases, CD45 and PEP, in plasma mem-
brane microdomains (lipid rafts).
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Various isoforms of CD45, derived by alternative splicing of
exons 4-6, which encode portions of the extracellular domain,
are expressed in a cell type— and activation-specific manner on
all nucleated cells of the hematopoietic lineage (Trowbridge and
Thomas, 1994). Although the regulated expression of specific
isoforms of CD45 suggests that CD45 may be regulated by ex-
tracellular ligands, definitive identification of such ligands has
not yet been achieved. It is also possible that the extracellular do-
main of CD45 interacts laterally with other molecules present in
the same plasma membrane, thereby delivering the phosphatase
domains to their targets. Some evidence of this has been obtained
for interaction of the low—molecular weight isoforms of CD45
with CD4 and the TCR (Leitenberg et al., 1996). Like most trans-
membrane PTPases, CD45 contains two tandem PTP homology
domains in its cytoplasmic domain. Only the membrane proxi-
mal PTP domain clearly has catalytic phosphatase function, al-
though the membrane distal domain may play an important
regulatory function as it appears to be necessary for PTP activity
of CD45 (Johnson et al., 1992; Desai et al., 1994).

CDA45 expression is required for normal T cell development
in mice (Kishihara et al., 1993; Byth et al., 1996). Interestingly,
B cell development is not dependent on CD45, although the B
cells that do develop show functional defects. In peripheral ma-
ture T and B cells as well as cell lines and clones, CD45 is re-
quired for TCR- and BCR-induced signal transduction (Chan et
al., 1994a; Trowbridge and Thomas, 1994). The PTP catalytic
function of CD45 is required for TCR signal transduction (De-
sai et al., 1994). In its absence, the earliest phosphorylation of
ITAMs or recruitment of ZAP-70 does not occur (Chu et al.,
1996). In CD45-deficient T cell lines, although there is not an
substantial increase in basal tyrosine phosphorylation of most
proteins, the negative regulatory tyrosine phosphorylation sites
of Lck and Fyn are hyperphosphorylated (Ostergaard et al.,
1989; Hurley et al., 1993; McFarland et al., 1993; Desai et al.,
1994). Phosphorylation of this site results in an inactive state of
these PTKSs because of a conformational constraint imposed by
an intramolecular interaction between the C-terminal phospho-
tyrosine and the SH2 domain of the kinase (Sicheri and
Kuriyan, 1997; Young et al., 2001). The observations made in
CD45-deficient cells are consistent with the notion that the
phosphotyrosine in the C-terminal region is a physiologic sub-
strate of CD45 and the Lck and Fyn kinases are inactive in
CD45-deficient cells. The greatly decreased activity of Lck and
Fyn can account for the defect in TCR signal transduction func-
tion. Thus, in normal resting cells where these kinases are de-
phosphorylated at the C-terminal-negative regulatory sites,
CD45 maintains the Src kinases in a TCR-responsive but not
active state. Activation of Src family kinases involves the phos-
phorylation of a critical tyrosine within the regulatory loop of
the kinase domain in addition to the lack of phosphorylation of
the negative regulatory site.

Observations of isoform-specific effects of CD45 in reconsti-
tuted T cell hybridoma systems are suggestive of specific func-
tions for the different isoforms (Novak et al., 1994; McKenney
et al., 1995). Studies with an epidermal growth factor receptor-
CD45 chimera suggest that ligand-induced dimerization may
negatively regulate the phosphatase function of CD45 (Desai et
al., 1993). Inactivation by dimerization of CD45 appears to be
mediated by a putative wedge-like structure in the juxtamem-
brane region that blocks the catalytic site of the partner mole-
cule during dimerzation (Majeti et al., 1998). Disruption of the
wedge function in mice leads to lymphoproliferation and au-
toimmunity (Majeti et al., 2000). These studies strongly suggest

that dimerization of CD45 regulates its activity and thereby re-
strains lymphocyte activation.

The PTK responsible for the phosphorylation of the negative
regulatory sites of Src PTKs is Csk, a widely expressed PTK that
contains SH2 and SH3 domains (Chow and Veillette, 1995). In the
basal state, Csk and CD45 are presumably in equilibrium, main-
taining the C-terminal tyrosines of Src family protein kinases pri-
marily in the unphosphosphorylated form. Overexpression of Csk
can inhibit TCR-induced protein tyrosine phosphorylation and
interleukin-2 (IL-2) production, but does not lead to the hyper-
phosphorylation of the negative regulatory site in the basal state
(Chow et al., 1993). Regulation of Csk occurs by its differential
distribution between the cytosol and lipid raft fraction of the
plasma membrane during lymphocyte activation (Fig. 6.4). The
lipid raft resident transmembrane adaptor protein Cbp/PAG-85
was identified as a binding partner for Csk in resting T cells. Cbp
is constitutively tyrosine phosphorylated in resting T cells and
binds to Csk via the SH2 domain of the latter. According to one
model, upon TCR cross-linking, Cbp is dephosphorylated by an
unknown tyrosine phosphatase, thereby releasing Csk, which re-
localizes to the cytosol, allowing the balance to be shifted in the
favor of Src family kinase activation. Later, Cbp gets rephospho-
rylated and recruits Csk back to the lipid microdomains where it
can exert its negative regulatory effect on Lck and Fyn once
again (Peninger et al., 2001). In addition, an intracellular protein
tyrosine phosphatase, proline-enriched phosphatase (PEP), which
is expressed in hematopoeitic cells, has been found to associate
with Csk via the SH3 domain of Csk. Substrate-trapping experi-
ments using mutant PEP identified Zap-70 and FynT as two
proximal targets of PEP-mediated inhibition and the site of de-
phosphorylation on FynT was mapped to the positive regulatory
tyrosine 417. Thus, a complex of Csk-PEP acts synergistically to
interfere with TCR signaling by phosphorylating the C-terminal
negative regulatory tyrosine and dephosphorylating the activat-
ing tyrosine of Src family kinases (Cloutier and Veillette, 1999).
In addition, two other members of the PEP family, PTP-PEST
and PTP-HSCEF, have been reported to cooperate with Csk in the
regulation of antigen receptor signaling in T cells (Davidson and
Veillette, 2001; Wang et al., 2001). Whether PEP, PTP-PEST,
and PTP-HSCEF all act redundantly or uniquely is currently un-
known.

In Csk-deficient chicken B cells, Lyn was found to be highly
phosphorylated at the autophosphorylation site and constitu-
tively active. In addition, Syk was also constitutively activated,
to an extent similar to that observed upon BCR stimulation.
However, BCR cross-linking was still required for other cellular
proteins to be tyrosine phosphorylated and for calcium mobiliza-
tion and inositol 1,4,5-triphosphate (IP;) generation (Hata et al.,
1994). Homozygous mutant mice with a disruption in the Csk
gene were found to have neural tube defects, were embryonic
lethal, and died during gestation at days 9—10. The embryonic
cells exhibited an increase in the activity of Src, Fyn, and Lyn ki-
nases, which suggests that Csk regulates the activity of these ki-
nases; this may be essential during embryogenesis (Imamoto and
Soriano, 1993; Nada et al., 1993). The role of Csk in lymphocyte
development was studied by conditionally inactivating Csk in im-
mature thymocytes. Lack of Csk was found to override the re-
quirement for pre-TCR, off TCR, and MHC class II for the
development of CD4*CD8* double-positive and CD4+ single-
positive thymocytes as well as peripheral CD4 of3 T-lineage cells
(Schmedt el al., 1998). Thus, Csk and its substrates, the Src fam-
ily kinases, mediate the effect of pre-TCR and oy TCR on the
development of a3 T cells. Triple knockout mice lacking Csk,
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Lck, and Fyn show a block in the development of o T cells, in-
dicating that Lck and Fyn are specific substrates for Csk during T
cell development. Furthermore, Csk was shown to play a differ-
ential role in positive and negative selection during development
(Schmedt and Tarakhovsky, 2001).

Signaling Pathways Activated by Antigen
Receptor-Induced Tyrosine Phosphorylation

The stimulation of the TCR and BCR induces the tyrosine phos-
phorylation of many intracellular proteins and sets into motion a
number of signaling pathways. A list of many of the proteins that
are inducibly tyrosine phosphorylated is presented in Table 6.1.
In the following sections, we will focus on some of the better-
understood TCR- and BCR-regulated signaling pathways and
discuss the involvement of some of these proteins in lymphocyte
activation.

Role of Adaptor Proteins

Signal transduction via the TCR and BCR flows from the mem-
brane proximal tyrosine kinases to downstream signaling reac-
tions such as activation of Ras, MAPKSs, actin rearrangement,
and calcium-dependent pathways. The transmission of these sig-
nals requires the formation of multimolecular complexes consist-
ing of adaptor proteins and signaling components (Table 6.1).
The adaptor proteins lack enzymatic or transcriptional activity
but are comprised of modular domains such as the SH2, SH3,
PTB, PDZ, or PH domains or simply multiple tyrosines or pro-
lines that can act as docking sites for some of the above domains
(Pawson, 1995; Pawson and Nash, 2000).

Some adaptors are membrane proteins whereas others are cy-
tosolic in unstimulated cells and are recruited to the plasma
membrane by initial receptor signaling events. In the former cat-
egory are the transmembrane adaptors LAT, which is required
for TCR signaling, and CD19, which is a major coreceptor in
B cells. Both proteins contain multiple tyrosine residues that are
phosphorylated upon receptor ligation and form docking sites for

Table 6.1. Antigen Receptor—Induced Tyrosine Phosphoproteins

T Cells B Cells
Plasma membrane proteins TCR:CD3 4, ¢, v BCR: Iga
g Igf
CD5 CDI19
CD6 CD22
LAT FcyRIIB
Src kinases Lck, Fyn Lyn, BIk, Fyn
Syk/ZAP-70 kinases ZAP-70, Syk Syk
Downstream enzymes MAP-kinases MAP-kinases
Vav Vav
PLC vyl PLC Y2
GAP (+/-) GAP
SHIP
Adaptors/others She She
Cbl Cbl
SLP-76 BLNK
Lnk HS1
Ezrin Bam-32
Valosin-containing
protein BCAP
Gads p62dok
HS1 Gabl

other downstream adaptors and signaling enzymes and therefore
serve to nucleate the formation of multimeric signaling com-
plexes, or “signalosomes.” B cells likely contain an additional
protein of this type as genetic ablation of CD19 decreases B cell
activation but does not abolish it. In T cells, phosphorylated LAT
recruits the cytosolic adaptor SLP-76 (Jackman et al., 1995) via
the latter’s C-terminal SH2 domain. SLP-76 also interacts with
the adaptor Gads and with the signaling component Vav, whose
function is described below. A close relative of SLP-76 ex-
pressed in B cells is B cell linker protein (BLNK) (Fu et al.,
1998), also known as BASH (Goitsuka et al., 1998) or SLP-65
(Wienands et al., 1998). SLP-76 and BLNK have similar domain
structures and recruit many of the same signaling molecules in
T and B cells. Both SLP-76 and BLNK have a single C-terminal
SH2 domain, acidic, basic, and proline-rich regions, and multiple
tyrosines that get phosphorylated upon stimulation. They bind
PLCy, Nck, Vav, and Cbl (Jackman et al., 1995; Fu et al., 1998).

In cells lacking SLP76 or BLNK, proximal receptor engage-
ment is uncoupled from distal events such as calcium flux and
IL-2 activation (Clements et al., 1998; Yablonski et al., 1998;
Pappu et al., 1999). Deficiency of SLP-76 or BLNK in mice leads
to strong defects in T and B cell development, respectively
(Clements et al., 1998; Pappu et al., 1999; Hayashi et al., 2000).
However, despite the obvious parallels in the structure and func-
tion of SLP-76 and BLNK, B cells lacking BLNK could not be
functionally complemented by SLP-76 alone. Reconstitution also
required the addition of the adaptors LAT and Gads, which form a
complex with SLP-76 (Ishiai et al., 2000). Presumably this re-
flects the formation of distinct but analogous complexes of adap-
tor proteins in B cells and T cells. The additional components of
this complex in B cells are not yet defined. Recently, BLNK was
shown to bind directly with the Igo: chain of the BCR upon B cell
stimulation. The interaction was mediated by the SH2 domain of
BLNK and Y204 of Igo., which is located distal to and outside the
ITAM (Engels et al., 2001b). Thus, it is possible that in B cells
Iga plays a role similar to that of LAT in TCR signaling.

The Phosphatidylinositol Second
Messenger Pathway

TCR or BCR stimulation results in the tyrosine phosphorylation
and activation of PLCY1 or PLCYy2 (Carter et al., 1991; Park et al.,
1991; Weiss et al., 1991). PLCY2 is preferentially expressed in
B cells whereas PLCY1 is preferentially expressed in T cells. The
PLCy isozymes are responsible for the hydrolysis of PI 4,5-
bisphosphate yielding IP; and diacylglycerol (DAG), which lead
to increases in cytoplasmic free calcium ([Ca?*];) and activation
of protein kinase C (PKC) isozymes, respectively (Majerus et al.,
1990) (Fig. 6.5). The critical role of PLCy in regulating these
events in antigen receptor stimulation is supported by observa-
tions in an avian B cell line in which the PLCY2 gene was inacti-
vated (Takata et al., 1995) and PLCy2 knockout mice (Hashimoto
et al., 2000; Wang et al., 2000). The increase in [Ca?*]; and acti-
vation of PKC have been shown to contribute to a variety of
cellular responses in T and B cells.

Following TCR or BCR stimulation, PLCY isozymes translo-
cate to the membrane, where they become tyrosine phosphory-
lated on critical tyrosine residues (Todderud et al., 1990; DeBell
et al., 1999; Rodriguez et al., 2001; Veri et al., 2001). This acti-
vates their catalytic activity (Nishibe et al., 1990). This translo-
cation involves the recruitment of PLCYy isozymes via their SH2
domains to phosphorylated tyrosine residues on LAT in T cells
and BLNK in B cells. In addition, some data suggest that the
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Figure 6.5. Critical signaling events involving phosphatidylinositol (PI)-
containing lipids. Other abbreviations in text.

SH2 domain of PLCyl and y2 may directly interact with
tyrosine-phosphorylated Syk (Sillman and Monroe, 1995; Law
et al., 1996). Moreover, the SH3 domain of PLCy1 interacts with
a proline-rich motif in SLP-76, which may explain the require-
ment of this adaptor for PLC activation (Yablonski et al., 1998,
2001). Whether the two PLCy isozymes are differentially regu-
lated remains to be determined.

Stimulation of the TCR and BCR results in a rapid and sus-
tained increase in [Ca?*]; (Gardner, 1989; Lewis and Cahalan,
1989). A requirement for this sustained increase for biological
responses has often been observed (Goldsmith and Weiss, 1988).
The immediate increase in [Ca®*]; is the result of the release of
intracellular stores of calcium through the action of IP; on the
IP; receptor (Taylor and Marshall, 1992; Kurosaki et al., 2000).
This release of the intracellular stores of calcium, however, re-
sults only in a transient rise in [Ca®*];. The sustained increase re-
quires an inward transmembrane flux of extracellular calcium,
which occurs through mechanisms and channels that remain ill
defined but may be a consequence of the emptying of the intra-
cellular stores, a mechanism referred to as capacitative calcium
entry (Bootman and Berridge, 1995). Both soluble mediators and
tyrosine phosphorylation have been implicated in this capacita-
tive flux of extracellular calcium (Parekh et al., 1993; Bootman
and Berridge, 1995; Jayaraman et al., 1996).

The increase in [Ca®*]; has effects on several downstream
events, including the activation of calcium/calmodulin-dependent
kinase II and calcineurin, a calcium/calmodulin-regulated protein
serine/threonine phosphatase (also called PP2B). Although the
activation of calcium/calmodulin-dependent kinase II has been
implicated in T cell anergy (Nghlem et al., 1994), the regulation
and function of calcineurin has received considerably greater at-
tention. Calcineurin function has been implicated in T and B cell
responses that depend on TCR and BCR functions in a wide vari-
ety of experimental systems. This connection was made possible
through the use of the immunosuppressives cyclosporin A and
FK506, which, when bound to their cellular receptors (cyclo-
philin and FKBP, respectively), function as specific inhibitors of
calcineurin (Schreiber and Crabtree, 1992). Among the best ex-
amples illustrating the importance of calcineurin in lymphocyte
responses are the studies of its role in the activation of a family
of transcriptional factors, nuclear factor of activated T cells
(NFAT), which plays an important role in the regulation of several
lymphokine genes, including IL-2. Calcineurin catalytic function

has been shown to be required for the transformation of inactive
cytoplasmic NFAT into active nuclear NFAT, where it interacts
with AP-1 transcription factors (made up of Fos and Jun fam-
ily members) at composite elements in the upstream IL-2 regu-
latory region (Flanagan et al., 1991). This requirement probably
involves the dephosphorylation of the inactive cytoplasmic
NFAT (Jain et al., 1993; Macian et al., 2001). In addition to its
contribution to regulating transcriptional events, calcineurin has
many other functions in response to antigen receptor activation,
including a role in triggering the degranulation of cytolytic
T cells.

The elevations of DAG following TCR or BCR stimulation of
the phosphatidylinositol pathway results in the activation of PKC
isozymes. There are several PKC isozymes expressed in T and
B cells. Most are calcium- and phospholipid-dependent enzymes
(PKCa, B1, and B2); some are calcium-independent (PKCe, 6, 1,
and 0) (Nishizuka, 1988). These isozymes can also be activated
by phorbol esters as well as DAG. The functions of the individ-
ual isozymes are not clear. Approaches using activated forms of
o, B, €, and O have suggested that all four isoforms may be able
to regulate various transcription factors in T cells (i.e., AP-1 and
NF-xB), but there may be some level of isozyme specificity on
these factors (Genot et al., 1995). Inactivation of PKCO results in
defects of TCR-mediated activation of NF-xB (Sun et al., 2000).
In contrast, inactivation of PKCP has effects on B cell develop-
ment that are reminiscent of Btk deficiency (Leitges et al., 1996).
PKC activation has also been implicated in many other events,
including CD4 and TCR down-regulation, Ras activation, and
cytolytic granule exocytosis. These pleiomorphic effects suggest
that PKC isozymes may be involved in many separate down-
stream events.

A remarkable synergy is observed in inducing T cell or B cell
activation by the combined actions of calcium ionophores (to el-
evate [Ca®*],) and phorbol esters (to activate PKC isozymes).
This suggests that the pathways downstream of these events in-
tersect at critical nodal points. These critical events are not estab-
lished. However, there are candidates that would be responsive to
both events, including calcium-dependent isozymes of PKC, an
upstream regulator of the c-Jun N-terminal kinase (Su et al.,
1994), or NFAT. The identification of molecules whose function
depends on both of these events is likely to lead to critical new
insights into the processes governing lymphocyte activation.

Ras Activation in T and B Cells

Ras proteins have been implicated in a wide variety of growth
and differentiation responses (McCormick, 1993; Bar-Sagi and
Hall, 2000). The activation of Ras proteins following antigen
receptor stimulation has been shown to be a critical event in
lymphocyte development and activation. The Ras proteins are a
small family of 21 kDa GTP-binding proteins with GTPase ac-
tivity. The activation state of Ras is determined by the form of
guanine nucleotide bound to it: GTP-bound Ras is active and
GDP-bound Ras is inactive. GDP-bound Ras becomes activated
by interacting with guanine nucleotide exchange proteins (GEFs)
which cause it to release GDP, allowing it to bind GTP. Con-
versely, GTP-bound Ras is inactivated by hydrolyzing the GTP
to form GDP and PO,, a reaction stimulated by GTPase activat-
ing proteins (GAPs). Thus, the activation of Ras could be a con-
sequence of GEF stimulation, GAP inhibition, or a combination
of both. The activation of Ras can lead to a variety of down-
stream events, including (1) the activation of the Erk MAPK
pathway; (2) the activation of PI3K; and, (3) the activation of
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other small molecular—weight, GTP-binding proteins such as
Rac and CDC42 (McCormick and Wittinghofer, 1996).

Initial studies of growth factor receptor PTKs in Drosophila,
C. elegans, and mammalian fibroblasts identified an adaptor
molecule called Drk, Sem 5, or Grb2, respectively, in the differ-
ent species, that interacts with both the stimulated receptors and
with a guanine nucleotide exchange factor called SOS (son of
sevenless) (Schlessinger, 1993). Subsequently, in some systems
another adaptor, called Shc, was found to function in linking
Grb/SOS to the activated receptor PTKs. Genetic and biochemi-
cal studies indicate that Grb2/SOS proteins couple the stimulated
PTK receptors to the activation of Ras. Currently it is thought that
SOS action on Ras is primarily regulated by intracellular localiza-
tion: receptor signaling induces a translocation of Grb2/SOS from
the cytosol to the plasma membrane by virtue of the binding of
Grb2 to tyrosine phosphorylated sites on the receptor itself or on
adaptor proteins such as Shc (Aronheim et al., 1994). Shc phos-
phorylation and interaction with Grb2/SOS has been observed
after TCR or BCR stimulation (Ravichandran et al., 1993; Sax-
ton et al., 1994; Crowley et al., 1996), although its importance
for activation of Ras in these cells is unclear.

The mechanisms by which antigen receptors activate Ras are
not yet well established. Stimulation of the TCR and BCR in-
duces activation of Ras (Downward et al., 1992) and the Erk
MAPK. In lymphocytes, phorbol esters induce strong activation
of Ras. This has generally been interpreted to reflect a role for
PKC in the activation of Ras, but other interpretations are possi-
ble (see below). Initial studies of the mechanism by which phor-
bol esters activate Ras implicated a PKC-dependent inhibitory
effect on GAP (Downward et al., 1990), but this has not been
confirmed. GAP is tyrosine phosphorylated following BCR stim-
ulation and to a lesser extent following TCR stimulation (Gold
et al., 1993). In B cells, it is recruited to the membrane via the
negative coreceptor FcyRIIB, SHIP, and the adaptor protein
p629°k, 50 it appears to function to limit Ras activation at least in
this context.

Regulation of GEF function is probably more directly respon-
sible for the positive activation of Ras by the TCR and BCR
(Ravichandran et al., 1993). In some T cells, Grb2/SOS associate
with the TCR-induced phosphorylated LAT, which would serve
to translocate these complexes to the membrane and presumably
stimulate Ras activation (Wange, 2000). Alternately, Ras activa-
tion may be a consequence of PLCyl activation. In this regard,
the GEF RasGRP was recently identifed in T cells (Dower et al.,
2000; Ebinu et al., 2000). This protein has calcium-binding EF
hands and, more importantly, a DAG-binding domain. Thus, the
activity of PLCyl may be directly translated into Ras activation
through the recruitment of RasGRP. The EF hands may also bind
phorbol esters, thereby explaining the ability of PMA to activate
Ras (Izquierdo et al., 1992).

Some studies have implicated c-Cbl, an antigen receptor—
inducible phosphoprotein, as a negative regulator of the interaction
of Grb2 with SOS (Donovan et al., 1994; Yoon et al., 1995). Cbl
also interacts with BLNK, a critical adaptor molecule required for
the activation of PLCy2, and exerts a negative regulatory effect on
BCR signaling, possibly by inhibiting the binding of BLNK to
PLCy2. Accordingly, it was shown that BCR-mediated PLCy2 ac-
tivation is enhanced in DT40 cells deficient in Cbl (Yasuda et al.,
2000). Clearly, these interactions are complex and much more
needs to be learned about them.

Ras plays a critical role in lymphocyte activation. Dominant
negative mutants of Ras can partially block IL-2 gene activation in
T cells and completely block NFAT-based transcription (Cantrell,

1996). This is probably explained by the involvement of Ras in
regulating the AP-1 components involved. An activated form of
Ras, which cannot hydrolyze GTP, can synergize with calcium
ionophores to induce NFAT-directed transcription. Similarly, BCR-
induced transcription of the egr-1 early response gene is medi-
ated by Ras (McMahon and Monroe, 1995). Egr-1 appears to be
important for BCR-induced up-regulation of ICAM-1 and CD44
expression (McMahon and Monroe, 1996). Ras also plays an im-
portant role in T cell development. For example, expression of
activated Ras as a transgene can promote early T cell developmen-
tal transitions in recombinase activating gene (RAG)-deficient
mice, which cannot express the pre-TCR (Swat et al., 1996).
Similarly, blockade of the Ras pathway with inactivating mutants
can interrupt normal thymic development (Alberola-lla et al.,
1995; Crompton et al., 1996). Thus, a variety of observations po-
sition the activation of Ras as a critical event in antigen receptor
signal transduction pathways.

As listed above, there are several reported downstream effec-
tors of Ras. The effectors responsible for Ras function in differ-
ent systems are not fully established and no single effector can
usually substitute for the activated form of Ras in experimental
models. The best-characterized Ras effector is the Raf-1 kinase.
GTP-bound Ras interacts directly with the serine/threonine ki-
nase Raf-1, translocating it to the membrane (Moodie et al.,
1993; Van Aelst et al., 1993; Vojtek et al., 1993). The transloca-
tion of Raf-1 to the membrane can increase its activity, although
other mechanisms have been implicated in Raf activation, in-
cluding its tyrosine phosphorylation and transphosphorylation
by dimerization (Marshall, 1996). The translocation to the mem-
brane by Ras may simply concentrate Raf-1 there and allow it to
dimerize and transphosphorylate. In any case, Raf-1 is activated
in T and B cells in response to TCR and BCR stimulation or
phorbol ester stimulation, corresponding to signals activating
Ras (Cantrell, 1996). The activation of Raf-1 leads to its direct
interaction and activation of a dual specific tyrosine/serine/threo-
nine kinase, MEK-1, that in turn activates the Erk1/Erk2 MAP
kinases.

MAP kinases have numerous functions including the phos-
phorylation and activation of transcription factors such as serum
response factor, which can regulate c-fos and Egr-1 transcription.
Thus, this antigen receptor—regulated cascade of events ending in
MAP kinase activation can function to regulate transcriptional
events leading to lymphocyte differentiation and activation. Spe-
cific inhibition of the Erk MAPK by using pharmacologic in-
hibitors of MEK1 and MEK2 blocked BCR-induced proliferation
of mature B cells, but did not block apoptotic responses of im-
mature B cells and an immature B cell line, indicating that Erk
MAPK mediate some effects of BCR signaling but not others
(Richards et al., 2001). Similarly, changes in activation of the
three MAPK families, Erk, Jnk, and p38, were found to perturb
development. Thus, genetically reduced expression of the adap-
tor protein Grb2 results in weaker Jnk and p38 activation but
does not affect Erk, which, in turn, selectively decreases the abil-
ity of thymocytes to undergo negative but not positive selection
(Gong et al., 2001a).

Vav Phosphorylation and Function
inTand B Cells

Among the many TCR- and BCR-induced tyrosine phosphopro-
teins is the protooncogene Vav (Bustelo and Barbacid, 1992; Mar-
golis et al., 1992). Vav is expressed exclusively in hematopoietic
cells and trophoblasts, although two closely related family
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Table 6.2. T and B Cell Defects in Vav-Deficient Mice

Deficiency In:
Event Vav-1 Vav-2 Vav-1 and
Vav-2

T cell development lorld Normal N
Thymocyte Ca>* elevation l Normal ND
T cell proliferation l Normal ND
B cell development Normal Normal d
BI cell development L Normal W
B cell maturation in periphery | Normal d
BCR-mediated proliferation d d W
BCR-mediated Ca?* flux l \ Al
T-independent type 2 antibody

response Normalord | L
T-dependent antibody response | d ND

Results are based on data presented in (Turner, 1997; Fisher et al., 1998; Doody
et al., 2001; Tedford et al., 2001). Entries with “or” reflect somewhat different re-
sults obtained in two different studies. L1, more severe defect; |, moderate defect,
especially upon suboptimal stimulation of TCR or BCR; ND, not determined.

members (Vav-2 and Vav-3) are now known and are expressed
more widely. The original cellular Vav is now called Vav-1. It
contains multiple distinct domains including a leucine-rich do-
main, a domain related to GEF domains of Rho-family GTPases,
a pleckstrin homology (PH) domain, a zinc finger domain, two
SH3 domains, and an SH2 domain. Deletion of the N-terminal
65 residues of Vav leads to a protein with transforming ability in
NIH 3T3 fibroblasts (Katzav et al., 1991). Genetic experiments
demonstrate that Vav plays an important role in antigen re-
sponses of T cells and B cells, but how it does so is not clear (De-
Franco, 2001).

The importance of Vav in T cell signaling is underscored by
the phenotype of Vav-17~ mice, which are severely compro-
mised in T cell function (Fischer et al., 1995; Tarakhovsky et al.,
1995). These mice show defects in thymic cellularity, thymocyte
positive and negative selection, peripheral T cell numbers, and
peripheral T cell responses. While the deficiency of Vav-1 does
not have any serious defects in the B cell compartment other than
loss of the B-1 subtype of B cells, recent evidence from genetic
knockouts of the Vav-2 gene alone or both Vav-1 and -2 together
shows that Vav-1 and Vav-2 have both unique and redundant
roles in BCR-mediated signaling (Doody et al., 2001; Tedford
et al., 2001). The development of T and B cells in Vav-2-deficient
mice is largely unaffected; however, these mice show a decrease
in antibody responses to T-independent type 2 antigens and also
a partial defect in T-dependent IgG production. Suboptimal stim-
ulation of the BCR revealed defects in BCR responses such as
calcium flux and proliferation in these mice. Vav-1 and Vav-2
double knockout mice, by contrast, had impaired B cell develop-
ment and greatly diminished BCR responses, similar to the dras-
tic effects of the Vav-1 knockout on T cells (Table 6.2).

Vav-1 appears to be a direct substrate for the ZAP-70, and
possibly Syk, PTKs. Its SH2 domain has a consensus binding
specificity for the sequence adjacent to Y315 (YESP) in ZAP-70
(Songyang et al., 1994). A homologous sequence is present in
Syk. The binding of the SH2 domain of Vav-1 and Vav-1 tyrosine
phosphorylation depends on this site in ZAP-70 (Wu et al.,
1997). Moreover, the functional activity of ZAP-70 is markedly
reduced by mutation of this site in a reconstitution system where
NFAT activity is assessed. These results suggest that the interac-
tion of ZAP-70 with Vav is an important event in antigen recep-
tor signal transduction.

The function of Vav in TCR or BCR signaling pathways is not
completely understood. On the basis of sequence homology and
overexpression experiments in fibroblasts, it is likely that Vav
regulates Rho, Rac, or Cdc 42 GTP-binding proteins (Adams
et al., 1992; Bustelo et al., 1994). In one model system, overex-
pression of Vav in Jurkat T cells led to potentiation of TCR-
mediated IL-2- and NFAT-regulated reporter constructs (Wu et al.,
1995). This functional activity, which depends on TCR-specific
signals, is also dependent on Ras, Lck, and calcineurin function.
This suggests that Vav may function very proximally within the
TCR pathway or in an alternate signaling pathway which, to-
gether with Ras and calcineurin regulated pathways, contributes
to IL-2 gene expression. This is most likely to involve increased
Rac and Cdc42 activity as evidenced by studies of Vav-deficient
cells. The most prominent signaling defect in these cells is a fail-
ure of actin polymerization and antigen receptor clustering or
cap formation (Fischer et al., 1998; Holsinger et al., 1998). As a
consequence, there is inefficient immunological synapse forma-
tion (Wulfing et al., 2000). These effects suggest that the regula-
tion of Rac and Cdc42 by Vav GEF function is a critical event in
TCR signal transduction.

Surprisingly, biochemical defects in TCR signaling in Vav-1-
deficient T cells include defects in phospholipase C tyrosine
phosphorylation and Ca?* mobilization (Fischer et al., 1995).
This global effect of Vav deficiency suggests that Vav may have
roles in T cell activation beyond Rac or Cdc4?2 activation. In this
regard, it should be noted that Vav interacts with the TCR- and
BCR-induced adaptors, SLP-76 (Jackman et al., 1995; Wu et al.,
1996), and BLNK (Fu et al., 1998). The Vav SH2 domain is re-
quired for these interactions. As has been seen with Vav, over-
expression of SLP-76 markedly potentiates TCR-mediated IL-2
promoter and NFAT-driven gene expression (Motto et al., 1996).
Furthermore, overexpression of both Vav and SLP-76 synergis-
tically induced basal and TCR-stimulated NFAT activity (Wu
et al., 1996). These results suggest that a signaling complex con-
taining Vav and SLP-76 plays an important but as yet undefined
role in T lymphocyte activation. At least part of this function
may be GEF-independent and may relate to an adaptor function
of Vav (Kuhne et al., 2000).

Other Signaling Events

It is not our intention to be exhaustive in reviewing signaling
events that occur following TCR and BCR stimulation, but two
other events deserve brief mention. A prominent substrate of
antigen receptor—induced tyrosine phosphorylation is the protein
HS-1 (Kitamura et al., 1995). The function of HS-1 is not estab-
lished, but lymphocyte antigen responses in mice deficient in
HS-1 are partially defective (Taniuchi et al., 1995), demonstrat-
ing the importance of HS-1. Finally, antigen receptors also acti-
vate PI3K (Gold et al., 1992; Ward et al., 1992). The p85 subunit
of PI3K is recruited to the membrane by binding of its SH2 do-
mains to the consensus YXXM motif in the cytoplasmic tail of
CD19 (Chalupny et al., 1995). Alternatively, it was shown that
BCAP, an adaptor protein that is tyrosine phosphorylated by Syk
and Btk, could recruit the p85 subunit of PI3K. DT40 B cells defi-
cient in BCAP were unable to generate PIP; in response to BCR
ligation and exhibited an impaired Akt response (Okada et al.,
2000).

The main reaction catalyzed by PI3K is phosphorylation of PI
4,5-bisphosphate to generate PI 3,4,5-trisphosphate (see Fig. 6.5).
This compound is a membrane-bound second messenger that re-
cruits signaling molecules to the plasma membrane via their PH
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domains. Key signaling molecules attracted to the plasma mem-
brane by PIP; are the Tec family of tyrosine kinases, Btk and
Itk. These kinases have a PH domain followed by a Tec homol-
ogy (TH), an SH3, an SH2, and a kinase domain (Smith et al.
2001). These molecules play an important role in phosphorylation
and activation of PLCy. Mutations in Btk are responsible for the
pathogenesis of the heritable immunodeficiency disorder X-linked
agammaglobulinemia (XLA) in humans and X-linked immunode-
ficiency (Xid) in mice (Chapter 21; for review see Conley et al.,
2000; also Conley et al., 1994; Lindvall et al., 2005). The disease
is characterized by a severe block in the transition of B cell pro-
genitors into mature B lymphocytes, resulting in a complete ab-
sence of B and plasma cells and undetectable immunoglobulins
(Vihinen et al., 2000). A similar phenotype was observed in mice
lacking the p850. subunit, and its splice variants p55c and pS0o.
These mice had reduced peripheral mature B cell numbers and
serum immunoglobulin corresponding to the somewhat less severe
phenotype seen in mice with Btk deficiency (Fruman et al., 1999).
Interestingly, PIP; is the substrate for SHIP, described above as
one of the proteins that binds to FcyRIIB when it is co-engaged
with the BCR. The product of the combined action of PI3K and
SHIP is PI 3,4-bisphosphate. SHIP is tyrosine phosphorylated in
BCR-stimulated B cells, but this is enhanced by co-engagement
with FcyRIIB (Chacko et al., 1996). The relative amount of PI
3,4-bisphosphate may be controlled by FcyRIIB and possibly by
other receptors on the B cell surface. Future studies may clarify
the biological significance of these reactions.

In addition to SHIP, which removes the 5” phosphate from
PIP, there is a second phosphatase that acts on PIP;, PTEN,
which removes the 3" phosphate (Fig. 6.5). PTEN is a prominent
tumor suppressor and is frequently mutated in tumor cells (Mae-
hama and Dixon, 1999). Interestingly, the Jurkat T cell line has a
defective PTEN (Shan et al., 2000).

CD28 plays a critical costimulatory function in T cells by
binding CD80 and CD86 (B7-1 and B7-2) on antigen-presenting
cells. CD28 costimulation can lead to increased lymphokine pro-
duction, enhanced proliferation, and diminished apoptosis in
TCR-mediated responses (Salomon and Bluestone, 2001). CD28
has a consensus PI3K SH2 domain binding site and this site is
phosphorylated following CD28 stimulation. The importance of
CD28-mediated PI3K activation is at best controversial. Experi-
ments in Jurkat cells often find a functional role of CD28 that is
independent of the PI3K docking site. As mentioned above, Ju-
rkat cells lack the PIP; phosphatase PTEN, so they may under-
state the importance of PIP; for CD28 function and emphasize
the other signaling functions of CD28. In any case, at least one
downstream effector of this pathway, the Akt serine/threonine ki-
nase, can partially substitute for CD28 signals in T cell lines and
in CD28-deficient T cells (Kane et al., 2001). Akt has a PH
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domain that binds PIP;, which allows Akt to be recruited to the
membrane in response to PIP; elevations—i.e., following CD28
stimulation. Once at the membrane, Akt is activated by a second
kinase, PDK-1. The consequences of Akt activation are numerous
and include antiapoptotic effects via Bad phosphorylation as well
as transcriptional effects that may be mediated by Forkhead and
NF-xB. Activation of Akt by CD28 has thus been linked to NF-xB
pathways that regulate IL-2 and IFN-y pathways. Akt is also acti-
vated in B cells following BCR ligation in a PI3K-dependent man-
ner. This activity is inhibited upon BCR coligation with FcyRIIbl1,
a finding suggesting a functional role for SHIP-1 in this regula-
tion and also explaining the increased apoptosis of B cells in
these conditions (Aman et al., 1998; Gupta et al., 1999).

Compartmentalization of T and B Antigen
Receptor Signaling

Signaling via the antigen receptors and recruitment of various
signaling molecules into a “signalosome” is increasingly being
viewed in the cell biological context. The spatial arrangement of
various participants is seen as one of the key determinants in the
regulation and outcome of signaling.

Formation of the Immunological Synapse

Efficient T cell activation requires sustained interaction between
the TCR and MHCpeptide complex. Recent imaging studies of
regions of contact between T cells and antigen-presenting cells
have described the following sequence of events occurring at
the plasma membrane: T cell polarization, initial adhesion, im-
munological synapse (IS) formation (early signaling), and IS
maturation (sustained signaling). This involves the formation of
a bull’s-eye arrangement of molecules at the point of cell—cell
contact with the TCR and MHCpeptide complexes clustering in
the center (central supramolecular activation clusters, c-SMACs)
and the adhesion molecules, LFA-1 and ICAM-1, forming a ring
around the periphery (p-SMACsS) (Fig. 6.6) (Bromley et al., 2001).
Consistent with its role as a positive regulator of Src family ki-
nase activation, CD45, which was initially thought to be excluded
from the IS because of topological constraints, was recently
shown to localize with the TCR in the c-SMAC. In addition,
within the c-SMAC, CD45 was found to occupy a distinct sub-
domain separate from the TCR (Johnson et al., 2000). Recently,
an IS similar to the one described above was reported to form
between B cells and follicular dendritic cells (FDCs) (Batista
et al., 2001). It was shown that the BCR could acquire intact anti-
gen from the FDCs through the synapse and, after processing it,
present the antigenic peptides to T cells expressing the specific
TCR, thus resembling an “immunological relay race.”

p-SMAC
(LFA-1+ICAM)

c-SMAC

(TCR+MHC)
Figure 6.6. A. Schematic view of the critical
elements forming the immunological synapse
between a T cell and an antigen-presenting cell
(APC). B. Bull’s-eye arrangement of signaling
molecules such as c-SMAC and p-SMAC.
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Figure 6.7. A schematic view of the organization of phospholipids and
modified proteins in lipid rafts. GPI, glycosyl-phosphatidylinositol.

A Role for Plassma Memibrane Microdomains
in Signal Transduction

Another feature of the molecular reorganization that occurs upon
antigen receptor ligation is the translocation of the TCR and BCR
to membrane microdomains known as “lipid rafts” (Fig. 6.7).
These are subdomains of the plasma membrane rich in choles-
terol, sphingomyelin, and glycosphingolipids, that are resistant to
extraction by nonionic detergents and can be biochemically puri-
fied on sucrose density gradients. Lipid rafts are home to glycosyl-
phosphatidylinositol (GPI)-anchored proteins, members of the
Src kinase family, heterotrimeric G proteins, and Ras family
small G proteins, and contain bound actin (Harder and Simons,
1997; Brown and London, 1998). Several key participants of the
antigen receptor signaling pathways are enriched in lipid rafts,
including the coreceptors CD4 and CDS, the Src family kinases,
Lck, Lyn, Fyn, the C-terminal Src-like kinase Csk, Cbp/PAG,
and LAT (Cherukuri et al., 2001a). Cross-linking of the TCR and
BCR induces association of these receptors with lipid rafts and
also aggregation of lipid rafts into large patches on the cell
surface, which may serve to hold multimolecular signaling com-
plexes in close proximity for efficient signal transduction (Figs.
6.4 and 6.8) (Hoessli et al., 2000). In B cells, the raft components
were demonstrated to internalize along with the receptor into the
antigen-processing compartment (Cheng et al., 1999). Functional
evidence for the significance of lipid rafts in antigen receptor
signaling comes from experiments in which rafts were dis-
rupted. Treatment of B or T cells with a variety of agents that
disrupt rafts, such as methyl B-cyclodextrin, filipin, nystatin, or

Antigen

BCR

polyunsaturated fatty acids, leads to loss of activation-induced
calcium flux in both T and B cells. This finding suggests that the
assembly of signaling molecules on lipid raft platforms is crucial
for the outcome of activation (Aman et al., 2001; Awasthi-Kalia
et al., 2001). In addition, the palmitoylation of LAT that directs
its localization to lipid rafts is necessary for it to become effi-
ciently tyrosine phosphorylated upon TCR engagement (Lin et al.,
1999). Moreover, the presence of LAT in lipid rafts is absolutely
required for coupling TCR engagement to activation of the Ras
signaling pathway, increases in intracellular Ca®*, and induction
of the transcription factor NFAT (Finco et al., 1998; Zhang et al.,
1998).

Interestingly, the developmental stage of B and T cells influ-
ences the ability of the BCR or TCR to enter lipid rafts and the
outcome of signaling through the receptor. A fraction of the pre-
BCR was found to be constitutively associated with lipid rafts,
which may reflect constitutive signaling that promotes the devel-
opmental transition to the pre-B cell stage. Upon receptor cross-
linking, additional pre-BCR molecules translocated to lipid rafts,
where they were found to assemble a signaling complex consist-
ing of tyrosine phosphorylated Lyn, Syk, Btk, PI3K, BLNK, Vav,
and PLCy2, all of which have been identified genetically as im-
portant for the cell to make the decision to progress to the next
stage in its development (Guo et al., 2000). On the other hand,
the BCR does not redistribute to lipid rafts upon receptor en-
gagement in immature B cells, and this may contribute to the
difference between the outcome of signaling in immature (dele-
tion or anergy) and mature (activation) B cells (Sproul et al.,
2000; Chung et al., 2001). Similarly, while the pre-TCR consti-
tutively associates with lipid rafts, where it signals in a ligand-
independent manner, the TCR in CD4+*CDS8* immature thymocytes
does not translocate to these domains upon ligation (Ebert et al.,
2000).

Differences in BCR translocation to lipid rafts also correlate
with the functional state of mature B cells. In this regard, tolerant
B cells from double transgenic mice expressing both anti—hen
egg lysozyme (HEL) Ig and soluble HEL failed to translocate
their BCRs into a detergent-insoluble fraction compared to B cells
from wild-type mice (Weintraub et al., 2000). Whether this
reflects a defect in translocation to lipid rafts or a defect in at-
tachment to the actin cytoskeleton is unclear. In addition, cross-
linked BCR fails to enter lipid raft fractions in EBV-infected
human B cells because of expression of the latent membrane pro-
tein LMP2A (Dykstra et al., 2001). These cells exhibit greatly

Figure 6.8. Proximal signaling events that occur in B
cell lipid rafts upon antigen receptor ligation. Note that
relative dimensions of BCR and lipid rafts are not to
scale; however, antigen stimulation induces movement
of the BCR into lipid rafts and congregation of the lipid
rafts into larger structures.
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diminished BCR signaling, although other mechanisms likely
contribute to this functional effect. LMP2A causes degradation
of Lyn and Syk via a E3 ubiquitin ligase mechanism. In contrast,
CD19/CD21 coreceptors reduce the threshold for B cell activa-
tion, and this correlates with their ability to enhance the retention
of the BCR in lipid rafts, thus retarding its internalization and
degradation (Cherukuri et al., 2001a, b).

Lipid rafts may also form a link between the antigen receptors
and the actin cytoskeleton. Cross-linking induces association of
TCRC to the cytoskeleton and this association is dependent on
lipid raft integrity (Xavier et al., 1998). Actin-rich rings were
found to organize around the contact area upon TCR ligation
with coverslips coated with anti-TCR antibodies. Sustained con-
tact required the presence of the lipid raft localized adaptor LAT
(Bunnell et al., 2001). TCR-dependent actin remodeling is im-
paired by the inhibition of the binding between the Ena/VASP
family of proteins and the fyb/SLAP adaptor protein. This result
suggests that these proteins provide a crucial link between TCR
signaling and the actin cytoskeleton (Krause et al., 2000). The
motor forces that drive actin cytoskeletal rearrangement and lipid
raft aggregation still remain largely unidentified.

Conclusions

Although T and B cells use distinct receptors to recognize com-
pletely different forms of antigens, the signal transduction ma-
chinery regulated by their antigen receptors functions remarkably
similarly. This signaling machinery includes lymphocyte-specific
components that interact with signaling components more ubig-
uitously expressed and used in a wide variety of systems. Lym-
phocyte function may be impaired by interruption of any of the
critical components in these signaling cascades. However, dis-
crete immune deficiency states are likely to affect the critical
known and unknown components that are lymphoid-specific.

References

Adachi T, Wakabayashi C, Nakayama T, Yakura H, Tsubata T. CD72 nega-
tively regulates signaling through the antigen receptor of B cells. J Im-
munol 164:1223-1229, 2000.

Adams JM, Houston H, Allen J, Lints T, and Harvey R. The hematopoieti-
cally expressed vav proto-oncogene shares homology with the dbl GDP-
GTP exchange factor, the ber gene and a yeast gene (CDC24) involved in
cytoskeletal organization. Oncogene 7:611-618, 1992.

Alberola-1la J, Forbush KA, Seger R, Krebs EG, Perlmutter RM. Selective
requirement for MAP kinase activation in thymocyte differentiation. Na-
ture 373:620-623, 1995.

Aman MJ, Lamkin TD, Okada H, Kurosaki T, and Ravichandran KS. The in-
ositol phosphatase SHIP inhibits Akt/PKB activation in B cells. J Biol
Chem 273:33922-33928, 1998.

Aman MJ, Tosello-Trampont AC, Ravichandran K. Fc gamma RIIB1/SHIP-
mediated inhibitory signaling in B cells involves lipid rafts. J Biol Chem
276:46371-46378, 2001.

Appleby MW, Gross JA, Cooke MP, Levin SD, Qian X, Perlmutter RM. De-
fective T cell receptor signaling in mice lacking the thymic isoform of
p39A7. Cell 70:751-763, 1992.

Ardouin L, Boyer C, Gillet A, Trucy J, Bernard AM, Nunes J, Delon J, Traut-
mann A, He HT, Malissen B, Malissen M. Crippling of CD3-zeta ITAMs
does not impair T cell receptor signaling. Immunity 10:409-420, 1999.

Aronheim A, Engelberg D, Li N, Al-Alawi N, Schlessinger J, Karin M.
Membrane targeting of the nucleotide exchange factor Sos is sufficient
for activating the Ras signaling pathway. Cell 78:949-961, 1994.

Arpaia E, Shahar M, Dadi H, Cohen A, Roifman CM. Defective T cell re-
ceptor signaling and CD8* thymic selection in humans lacking ZAP-70
kinase. Cell 76:947-958, 1994.

Awasthi-Kalia M, Schnetkamp PP, Deans JP. Differential effects of filipin
and methyl-B-cyclodextrin on B cell receptor signaling. Biochem Bio-
phys Res Commun 287:77-82, 2001.

Banda NK, Bernier J, Kurahara DK, Kurrle R, Haigwood N, Sekaly R-P,
Finkel TH. Crosslinking CD4 by human immunodeficiency virus
gp120 primes T cells for activation-induced apoptosis. J Exp Med 176:
1099-1106, 1992.

Bar-Sagi D, Hall A. Ras and Rho GTPases: a family reunion. Cell 103:
227-238, 2000.

Batista FD, Iber D, Neuberger MS. B cells acquire antigen from target cells
after synapse formation. Nature 411:489-494, 2001.

Beyers AD, Spruyt LL, Williams AF. Molecular associations between the
T-lymphocyte antigen receptor complex and the surface antigens CD2,
CD4, or CDS8 and CDS5. Proc Natl Acad Sci USA 89:2945-2949, 1992.

Blumberg R, Ley S, Sancho J, Lonberg N, Lacy E, McDermott F, Schad V,
Greenstein J, Terhorst C. Structure of the T-cell antigen receptor: evi-
dence for two CD3 € subunits in the T-cell receptor—CD3 complex. Proc
Natl Acad Sci USA 87:7220-7224, 1990.

Bootman MD, Berridge MJ. The elemental principles of calcium signaling.
Cell 83:675-678, 1995.

Brauweiler AM, Tamir I, Cambier JC. Bilevel control of B-cell activation by
the inositol 5-phosphatase SHIP. Immunol Rev 176:69-74, 2000.

Bromley SK, Burack WR, Johnson KG, Somersalo K, Sims TN, Sumen C,
Davis MM, Shaw AS, Allen PM, Dustin ML. The immunological synapse.
Annu Rev Immunol 19:375-396, 2001.

Brown DA, London E. Functions of lipid rafts in biological membranes.
Annu Rev Cell Dev Biol 14:111-136, 1998.

Bu J-Y, Shaw AS, Chan AC. Analysis of the interaction of ZAP-70 and syk
protein—tyrosine kinases with the T-cell antigen receptor by plasmon res-
onance. Proc Natl Acad Sci USA 92:5106-5110, 1995.

Bunnell SC, Kapoor V, Trible RP, Zhang W, Samelson LE. Dynamic actin
polymerization drives T cell receptor—induced spreading: a role for the
signal transduction adaptor LAT. Immunity 14:315-329, 2001.

Bustelo XR, Barbacid M. Tyrosine phosphorylation of the vav proto-
oncogene product in activated B cells. Science 256:1196-1199, 1992.
Bustelo XR, Suen K,-L, Leftheris K, Meyers CA, Baracid M. Vav cooperates
with Ras to transform rodent fibroblasts but is not a Ras GDP-GTP ex-

change factor. Oncogene 9:2405-2413, 1994.

Byth KF, Conroy LA, Howlett S, Smith AJH, May J, Alexander DR, Holmes N.
CD45-null transgenic mice reveal a positive regulatory role for CD45 in
early thymocyte development, in the selection of CD4*CD8* thymocytes,
and in B cell maturation. J Exp Med 183:1707-1718, 1996.

Cantrell D. T cell antigen receptor signal transduction pathways. Annu Rev
Immunol 14:259-274, 1996.

Carter RH, Park DJ, Rhee SG, Fearon DT. Tyrosine phosphorylation of phos-
pholipase C induced by membrane immunoglobulin in B lymphocytes.
Proc Natl Acad Sci USA 88:2745-2749, 1991.

Chacko GW, Tridandapani S, Damen JE, Liu L, Krystal G, Coggeshall KM.
Negative signaling in B lymphocytes induces tyrosine phosphorylation of
the 145-kDa inositol polyphosphate 5-phosphatase, SHIP. ] Immunol 157:
2234-2238, 1996.

Chalupny NJ, Aruffo A, Esselstyn JM, Chan PY, Bajorath J, Blake J,
Gilliland LK, Ledbetter JA, Tepper MA. Specific binding of Fyn and
phosphatidylinositol 3-kinase to the B cell surface glycoprotein CD19
through their src homology 2 domains. Eur J Immunol 25:2978-2984,
1995.

Chan AC, Dalton M, Johnson R, Kong G-H, Wang T, Thoma R, Kurosaki T.
Activation of ZAP-70 kinase activity by phosphorylation of tyrosine 493
is required for lymphocyte antigen receptor function. EMBO J 14:
2499-2508, 1995a.

Chan AC, Desai DM, Weiss A. The role of protein tyrosine kinases and pro-
tein tyrosine phosphatases in T cell antigen receptor signal transduction.
Annu Rev Immunol 12:555-592, 1994a.

Chan AC, Iwashima M, Turck CW, Weiss A. ZAP-70: a 70kD protein tyro-
sine kinase that associates with the TCR  chain. Cell 71:649-662, 1992.

Chan AC, Kadlecek TA, Elder ME, Filipovich AH, Kuo W-L, Iwashima M,
Parslow TG, Weiss A. ZAP-70 deficiency in an autosomal recessive form
of severe combined immunodeficiency. Science 264:1599-1601, 1994b.

Chan VW, Lowell CA, DeFranco AL. Defective negative regulation of anti-
gen receptor signaling in Lyn-deficient B lymphocytes. Curr Biol 8:545—
553, 1998.

Chan VW, Meng F, Soriano P, DeFranco AL, Lowell CA. Characterization of
the B lymphocyte populations in Lyn-deficient mice and the role of Lyn
in signal initiation and down-regulation. Immunity 7:69-81, 1997.

Cheng AM, Rowley B, Pao W, Hayday A, Bolen JB, Pawson T. Syk tyrosine
kinase required for mouse viability and B-cell development. Nature 378:
303-306, 1995.

Cheng PC, Dykstra ML, Mitchell RN, Pierce SK. A role for lipid rafts in
B cell antigen receptor signaling and antigen targeting. J] Exp Med 190:
1549-1560, 1999.



Signal Transduction by T and B Lymphocyte Antigen Receptors 87

Cherukuri A, Cheng PC, Pierce SK. The role of the CD19/CD21 complex in
B cell processing and presentation of complement-tagged antigens. J Im-
munol 167:163-172, 2001a.

Cherukuri A, Dykstra M, Pierce SK. Floating the raft hypothesis: lipid rafts
play a role in immune cell activation. Immunity 14:657-660, 2001b.

Chow LML, Fournel M, Davidson D, Veillette A. Negative regulation of
T-cell receptor signalling by tyrosine protein kinase p50°sk. Nature 365:
156-160, 1993.

Chow LML, Veillette A. The Src and Csk families of tyrosine protein kinases
in hemopoietic cells. Semin. Immunol 7:207-226, 1995.

Chu DH, Spits H, Peyron J,-F, Rowley RB, Bolen JB, Weiss A. The Syk pro-
tein tyrosine kinase can function independently of CD45 and Lck in
T cell antigen receptor signaling. EMBO J 15:6251-6261, 1996.

Chung JB, Baumeister MA, Monroe JG. Differential sequestration of plasma
membrane-associated B cell antigen receptor in mature and immature
B cells into glycosphingolipid-enriched domains. J Immunol 166:736—
740, 2001.

Clark MR, Campbell KS, Kazlauskas A, Johnson SA, Hertz M, Potter TA,
Pleiman C, Cambier JC. The B cell antigen receptor complex association
of IG-o and Ig-B with distinct cytoplasmic effectors. Science 258:123-126,
1992.

Clements JL, Yang B, Ross-Barta SE, Eliason SL, Hrstka RF, Williamson
RA, Koretzky GA. Requirement for the leukocyte-specific adapter pro-
tein SLP-76 for normal T cell development. Science 281:416—419, 1998.

Cloutier JF, Veillette A. Cooperative inhibition of T-cell antigen receptor sig-
naling by a complex between a kinase and a phosphatase. J Exp Med 189:
111-121, 1999.

Conley ME, Parolini O, Rohrer J, Campana D. X-linked agammaglobuline-
mia: new approaches to old questions based on the identification of the
defective gene. Immunol Rev 138:5-21. 1994.

Conley ME, Rohrer J, Rapalus L, Boylin EC, Minegishi Y. Defects in early
B-cell development: comparing the consequences of abnormalities in pre-
BCR signaling in the human and the mouse. Immunol Rev 178:75-90,
2000.

Cooper JA, Howell B. The when and how of Src regulation. Cell 73:1051—
1054, 1993.

Cornall RJ, Goodnow CC, Cyster JG. Regulation of B cell antigen receptor
signaling by the Lyn/CD22/SHP1 pathway. Curr Top Microbiol Immunol
244:57-68, 1999.

Couture C, Baier G, Oetken C, Williams S, Telford D, Marie-Cardine A,
Baier-Bitterlich G, Fischer S, Burn P, Altman A, Mustelin T. Activation
of p56/k by p72%* through physical association and N-terminal tyrosine
phosphorylation. Mol Cell Biol 14:5249-5258, 1994.

Crompton T, Gilmour KC, Owen MJ. The MAP kinase pathway controls dif-
ferentiation form double-negative to double-positive thymocyte. Cell
86:231-251, 1996.

Crowley MT, Harmer SL, DeFranco AL. Activation-induced association of a
145-kDa tyrosine phosphoprotein with Shc and Syk in B lymphocytes
and macrophages. J Biol Chem 271:1145-1152, 1996.

D’Ambrosio D, Hippen KL, Minskoff SA, Mellman I, Pani G, Siminovitch
KA, Cambier JC. Recruitment and activation of PTP1C in negative regu-
lation of antigen receptor signaling by FcyR11B1. Science 268:293-297,
199s.

Davidson D, Veillette A. PTP-PEST, a scaffold protein tyrosine phosphatase,
negatively regulates lymphocyte activation by targeting a unique set of
substrates. EMBO J 20:3414-3426, 2001.

DeBell KE, Stoica BA, Veri MC, Di Baldassarre A, Miscia S, Graham LJ,
Rellahan BL, Ishiai M, Kurosaki T, Bonvini E. Functional independence
and interdependence of the Src homology domains of phospholipase
C-gammal in B-cell receptor signal transduction. Mol Cell Biol 19:7388—
7398, 1999.

DeFranco AL. Vav and the B cell signalosome. Nat Immunol 2:482-484.
2001.

Dempsey PW, Allison MED, Akkaraju S, Goodnow CC, Fearon DT. C3d of
complement as a molecular adjuvant: bridging innate and acquired im-
munity. Science 271:348-350, 1996.

Desai DM, Sap J, Schlessinger J, Weiss A. Ligand-mediated negative regula-
tion of a chimeric transmembrane receptor tyrosine phosphatase. Cell
73:541-554, 1993.

Desai DM, Sap J, Silvennoinen O, Schlessinger J, Weiss A. The catalytic
activity of the CD45 membrane proximal phosphatase domain is re-
quired for TCR signaling and regulation. EMBO J 13:4002-4010,
1994.

Donnadieu E, Jouvin MH, Kinet JP. A second amplifier function for the
allergy-associated FceRI-} subunit. Immunity 12:515-523, 2000.

Donovan JA, Wange RL, Langdon WY, Samelson LE. The protein product of
the c-cbl protooncogene is the 120-kDa tyrosine-phosphorylated protein

in Jurkat cells activated via the T cell antigen receptor. J Biol Chem
269:22921-22924, 1994.

Doody GM, Bell SE, Vigorito E, Clayton E, McAdam S, Tooze R, Fernandez
C, Lee 1J, Turner M. Signal transduction through Vav-2 participates in hu-
moral immune responses and B cell maturation. Nat Immunol 2:542-547,
2001.

Dower NA, Stang SL, Bottorff DA, Ebinu JO, Dickie P, Ostergaard HL,
Stone JC. RasGRP is essential for mouse thymocyte differentiation and
TCR signaling. Nat Immunol 1:317-321, 2000.

Downward J, Graves J, Cantrell D. The regulation and function of p21ras in
T cells. Immunol Today 13:89-92, 1992.

Downward J, Graves JD, Warne PH, Rayter S, Cantrell DA. Stimulation of
p217s upon T-cell activation. Nature 346:719-723, 1990.

Du Z, Lang SM, Sasseville VG, Lackner AA, Ilyinskii PO, Daniel MD, Jung
JU, Resrosiers RC. Identification of a nef allele that causes lymphocyte
activations and acute disease in macaque monkeys. Cell 82:665-674,
1995.

Dykstra ML, Longnecker R, Pierce SK. Epstein-Barr virus coopts lipid rafts
to block the signaling and antigen transport functions of the BCR. Immu-
nity 14:57-67, 2001.

Eberl G, Lowin-Kropf B, MacDonald HR. NKT cell development is selec-
tively impaired in Fyn-deficient mice. J Immunol 163:4091-4094,
1999.

Ebert PJ, Baker JF, Punt JA. Immature CD4*CD8* thymocytes do not po-
larize lipid rafts in response to TCR-mediated signals. J Immunol 165:
5435-5442, 2000.

Ebinu JO, Stang SL, Teixeira C, Bottorff DA, Hooton J, Blumberg PM, Barry
M, Bleakley RC, Ostergaard HL, Stone JC. RasGRP links T-cell receptor
signaling to Ras. Blood 95:3199-3203, 2000.

Elder ME, Lin D, Clever J, Cahn AC, Hope TJ, Weiss A, Parslow TG. Human
severe combined immunodeficiency due to a defect in ZAP-70, a T-cell
tyrosine kinase. Science 264:1596-1599, 1994.

Engels N, Merchant M, Pappu R, Chan AC, Longnecker R, Wienands J.
Epstein-Barr virus latent membrane protein 2A (LMP2A) employs the
SLP-65 signaling module. J Exp Med 194:255-264, 2001a.

Engels N, Wollscheid B, Wienands J. Association of SLP-65/BLNK with the
B cell antigen receptor through a non-ITAM tyrosine of Ig-a.. Eur J Im-
munol 31:2126-2134, 2001b.

Fearon DT, Carroll MC. Regulation of B lymphocyte responses to foreign
and self-antigens by the CD19/CD21 complex. Annu Rev Immunol 18:
393422, 2000.

Fearon DT, Carter RH. The CD19/CR2/TAPA-1 complex of B lymphocytes:
linking natural to acquired immunity. Annu Rev Immunol 13:127-149,
1995.

Fehling HJ, Krotkova A, Saint-Ruf C, von Boehmer H. Crucial role of the
pre-T-cell receptor o gene in development of o3 but not YT cells. Nature
375:795-798, 1995.

Finco TS, Kadlecek T, Zhang W, Samelson LE, Weiss A. LAT is required for
TCR-mediated activation of PLCyl and the Ras pathway. Immunity 9:
617-626, 1998.

Fischer KD, Kong Y'Y, Nishina H, Tedford K, Marengere LE, Kozieradzki I,
Sasaki T, Starr M, Chan G, Gardener S, Nghiem MP, Bouchard D, Bar-
bacid M, Bernstein A, Penninger JM. Vav is a regulator of cytoskeletal
reorganization mediated by the T-cell receptor. Curr Biol 8:554-562,
1998.

Fischer K-D, Zmuldzinas A, Gardner S, Barbacid M, Bernstein A, Guidos C.
Defective T-cell receptor signalling and positive selection of Vav-
deficient CD4*CD8* thymocytes. Nature 374:474-477, 1995.

Flanagan WM, Corthesy B, Bram, RJ, Crabtree GR. Nuclear association of a
T-cell transcription factor blocked by FK-506 and cyclosporin A. Nature
352:803-807, 1991.

Fournel M, Davidson D, Weil R, Veillette A. Association of tyrosine protein
kinase ZAP-70 with the protooncogene product p120°® in T lympho-
cytes. J Exp Med 183:301-306, 1996.

Frank S, Niklinska B, Orloff D, Mercep M, Ashwell J, Klausner R. Structural
mutations of the T cell receptor zeta chain and its role in T cell activation.
Science 249:174-177, 1990.

Fruman DA, Snapper SB, Yballe CM, Alt FW, Cantley LC. Phosphoinositide
3-kinase knockout mice: role of p85c. in B cell development and prolifer-
ation. Biochem Soc Trans 27:624-629, 1999.

Fu C, Turck CW, Kurosaki T, Chan AC. BLNK: a central linker protein in
B cell activation. Immunity 9:93-103, 1998.

Fiitterer K, Wong J, Grucza RA, Chan AC, Waksman G. Structural basis for
Syk tyrosine kinase ubiquity in signal transduction pathways revealed by
the crystal structure of its regulatory SH2 domains bound to a dually
phosphorylated ITAM peptide. J Mol Biol 281:523-537, 1998.

Gardner P. Calcium and T lymphocyte activation. Cell 59:15-20, 1989.



88 Overview

Gelfand EW, Weinberg K, Mazer BD, Kadlecek TA, Weiss A. Absence of
ZAP-70 prevents signaling through the antigen receptor on peripheral
blood T cells but not thymocytes. J Exp Med 182:1057-1066, 1995.

Genot EM, Parker PJ, Cantrell DA. Analysis of the role of protein kinase
C-a, -¢, and -C in T cell activation. J Biol Chem 270:9833-9839, 1995.

Goitsuka, R, Fujmura Y, Mamada H, Umeda A, Morimura T, Uetsuka K, Doi
K, Tsuji S, Kitamura D. BASH, a novel signaling molecule preferentially
expressed in B cells of the bursa of Fabricius. J Immunol 161:5404-5408,
1998.

Gold MR, Chan VW-F, Turck CW, DeFranco AL. Membrane Ig cross-linking
regulates phosphatidylinositol 3-kinases in B lymphocytes. J Immunol
148:2012-2022, 1992.

Gold MR, Crowley MT, Martin GA, McCormick F, DeFranco AL. Targets of
B lymphocyte antigen receptor signal transduction include the p2lras
GTPase-activating protein (GAP) and two GAP-associated proteins.
J Immunol 150:377-386, 1993.

Goldsmith M, Weiss A. Early signal transduction by the antigen receptor
without commitment to T cell activation. Science 240:1029-1031, 1988.

Gong Q, Cheng AM, Akk AM, Alberola-Ila J, Gong G, Pawson T, Chan AC.
Disruption of T cell signaling networks and development by Grb2 hap-
loid insufficiency. Nat Immunol 2:29-36, 2001a.

Gong Q, Jin X, Akk AM, Foger N, White M, Gong G, Wardenburg JB, Chan
AC. Requirement for tyrosine residues 315 and 319 within { chain-
associated protein 70 for T cell development. J Exp Med 194:507-518,
2001b.

Guo B, Kato RM, Garcia-Lloret M, Wahl MI, Rawlings DJ. Engagement of
the human pre-B cell receptor generates a lipid raft-dependent calcium
signaling complex. Immunity 13:243-253, 2000.

Gupta N, Scharenberg AM, Fruman DA, Cantley LC, Kinet JP, Long EO.
The SH2 domain-containing inositol 5’-phosphatase (SHIP) recruits the
p85 subunit of phosphoinositide 3-kinase during FcyRIIbl-mediated in-
hibition of B cell receptor signaling. J Biol Chem 274:7489-7494, 1999.

Gupta N, Scharenberg AM, Burshtyn DN, Wagtmann N, Lioubin MN,
Rohrschneider LR, Kinet JP, Long EO. Negative signaling pathways of
the killer cell inhibitory receptor and FcyRIIbl require distinct phos-
phatases. ] Exp Med 186:473-478, 1997.

Harder T, Simons K. Caveolae, DIGs, and the dynamics of sphingolipid-
cholesterol microdomains. Curr Opin Cell Biol 9:534-542, 1997.

Hashimoto A, Hirose K, Okada H, Kurosaki T, Iino M. Inhibitory modulation
of B cell receptor-mediated Ca®* mobilization by Src homology 2 domain-
containing inositol 5’-phosphatase (SHIP). J Biol Chem, 274:11203-11208,
1999.

Hashimoto A, Takeda K, Inaba M, Sekimata M, Kaisho T, Ikehara S, Homma
Y, Akira S, Kurosaki T. Essential role of phospholipase C-y2 in B cell de-
velopment and function. J Immunol 165:1738-1742, 2000.

Hata A, Sabe H, Kurosaki T, Takata M, Hanafusa H. Functional analysis of
Csk in signal transduction through the B-cell antigen receptor. Mol Cell
Biol 14:7306-7313, 1994.

Hatada MH, Lu X, Laird ER, Green J, Morgenstern JP, Lou M, Marr CS,
Phillips TB, Ram MK, Theriault K, Zoller MJ, Karas JL. Molecular basis
for interaction of the protein tyrosine kinase ZAP-70 with the T-cell re-
ceptor. Nature 377:32-38, 1995.

Hayashi K, Nittono R, Okamoto N, Tsuji S, Hara Y, Goitsuka R, Kitamura D.
The B cell-restricted adaptor BASH is required for normal development
and antigen receptor—mediated activation of B cells. Proc Natl Acad Sci
USA 97:2755-2760, 2000.

Hoessli DC, Ilangumaran S, Soltermann A, Robinson PJ, Borisch B, Nasir-
Ud-Din. Signaling through sphingolipid microdomains of the plasma
membrane: the concept of signaling platform. Glycoconj J 17:191-197,
2000.

Holsinger LJ, Graef IA, Swat W, Chi T, Bautista DM, Davidson L, Lewis RS,
Alt FW, Crabtree GR. Defects in actin-cap formation in Vav-deficient
mice implicate an actin requirement for lymphocyte signal transduction.
Curr Biol 8:563-572, 1998.

Hurley TR, Hyman R, Sefton BM. Differential effects of expression of the
CD45 tyrosine protein phosphatase on the tyrosine phosphorylation of the
Ick, fyn, and c-src tyrosine protein kinases. Mol Cell Biol 13:1651-1656,
1993.

Imamoto A, Soriano P. Disruption of the csk gene, encoding a negative regu-
lator of Src family tyrosine kinases, leads to neural tube defects and em-
bryonic lethality in mice. Cell 73:1117-1124, 1993.

Irving B, Weiss A. The cytoplasmic domain of the T cell receptor { chain is
sufficient to couple to receptor-associated signal transduction pathways.
Cell 64:891-901, 1991.

Irving BA, Chan AC, Weiss A. Functional characterization of a signal transduc-
ing motif present in the T cell receptor { chain. J Exp Med 177:1093-1103,
1993.

Ishiai M, Kurosaki M, Inabe K, Chan AC, Sugamura K, Kurosaki T. Involve-
ment of LAT, Gads, and Grb2 in compartmentation of SLP-76 to the
plasma membrane. ] Exp Med 192:847-856, 2000.

Itano A, Salmon P, Kioussis D, Tolaini M, Corbella P, Robey E. The cyto-
plasmic domain of CD4 promotes the development of CD4 lineage
T cells. J Exp Med 183:731, 1996.

Iwashima M, Irving BA, van Oers NSC, Chan AC, Weiss A. Sequential inter-
actions of the TCR with two distinct cytoplasmic tyrosine kinases. Sci-
ence 263:1136-1139, 1994.

Izquierdo M, Downward J, Graves JD, Cantrell DA. Role of protein kinase C
in T-cell antigen receptor regulation of p21ras: evidence that two p2lras
regulatory pathways coexist in T cells. Mol Cell Biol 12:3305-3312,
1992.

Jackman JK, Motto DG, Sun Q, Tanemoto M, Turck CW, Peltz GA, Koretzky
GA, Findell PR. Molecular cloning of SLP-76, a 76-kDa tyrosine phos-
phoprotein associated with Grb2 in T cells. J Biol Chem 270:7029-7032,
1995.

Jain J, McCaffrey PG, Miner Z, Kerppola TK, Lambert JN, Verdine GL, Cur-
ran T, Rao A. The T-cell transcription factor NFATp is a substrate for cal-
cineurin and interacts with Fos and Jun. Nature 365:352-355, 1993.

Janeway CA, Jr. The T cell receptor as a multicomponent signalling machine:
CD4/CD8 coreceptors and CD45 in T cell activation. Annu Rev Immunol
10:645-674, 1992.

Jayaraman T, Ondrias K, Ondriasova E, Marks AR. Regulation of the inositol
1, 4, 5-triphosphate receptor by tyrosine phosphorylation. Science 272:
1492-1494, 1996.

Johnson KG, Bromley SK, Dustin ML, Thomas ML. A supramolecular basis
for CD45 tyrosine phosphatase regulation in sustained T cell activation.
Proc Natl Acad Sci USA 97:10138-10143, 2000.

Johnson P, Ostergaard HL, Wasden C, Trowbridge IS. Mutational analysis of
CD45: a leukocyte-specific protein tyrosine phosphatase. J Biol Chem 12:
8035-8041, 1992.

Kane LP, Andres PG, Howland KC, Abbas AK, Weiss A. Akt provides the
CD28 costimulatory signal for up-regulation of IL-2 and IFN-y but not
TH2 cytokines. Nat Immunol 2:37-44, 2001.

Kappes DJ, Tonegawa S. Suface expression of alternative forms of the
TCR/CD3 complex. Proc Natl Acad Sci USA 88:10619-10623, 1991.
Katzav S, Cleveland JL, Heslop HE, Pulido D. Loss of the amino-terminal
helix-loop-helix domain of the vav proto-oncogene activates its trans-

forming potential. Mol Cell Biol 11:1912-1920, 1991.

Katzav S, Sutherland M, Packham G, Yi T, Weiss A. The protein tyrosine ki-
nase ZAP-70 can associate with the SH2 domain of proto-Vav. J Biol
Chem 269:32579-32585, 1994.

Killeen N, Littman DR. Helper T-cell development in the absence of CD4-
p356'°k association. Nature 364:729-732, 1993.

Kishihara K, Penninger J, Wallace VA, Kundig TM, Kawai K, Wakeham A,
Timms E, Pfeffer K, Ohashi PS, Thomas ML, Furlonger C, Paige CJ,
Mak TW. Normal B lymphocyte development but impaired T cell matu-
ration in CD45-Exon6 protein tyrosine phosphatase-deficient mice. Cell
74:143-156, 1993.

Kitamura D, Kaneko H, Taniuchi I, Akagi K, Yamamura K, Watanabe T.
Molecular cloning and characterization of mouse HS1. Biochem Biophys
Res Commun 208:1137-1146, 1995.

Klausner RD, Lippincott-Schwartz J, Bonifacino JS. The T cell antigen re-
ceptor: insights into organelle biology. Annu Rev Cell Biol 6:403-431,
1990.

Kolanus W, Romeo C, Seed B. T cell activation by clustered tyrosine kinases.
Cell 74:171-183, 1993.

Kong G, Dalton M, Wardenburg JB, Straus D, Kurosaki T, Chan AC. Distinct
tyrosine phosphorylation sites in ZAP-70 mediate activation and negative
regulation of antigen receptor function. Mol Cell Biol 16:5026-5035,
1996.

Kong G-H, Bu J-Y, Kurosaki T, Shaw AS, Chan AC. Reconstitution of Syk
function by the ZAP-70 protein tyrosine kinase. Immunity 2:485-492,
1995.

Kraus M, Pao LI, Reichlin A, Hu Y, Canono B, Cambier JC, Nussenzweig
MC, Rajewsky K. Interference with immunoglobulin (Ig) alpha im-
munoreceptor tyrosine-based activation motif (ITAM) phosphorylation
modulates or blocks B cell development, depending on the availability of
an Igbeta cytoplasmic tail. J Exp Med 194:455-469, 2001.

Krause M, Sechi AS, Konradt M, Monner D, Gertler FB, Wehland J. Fyn-
binding protein (Fyb)/SLP-76-associated protein (SLAP), Ena/vasodilator-
stimulated phosphoprotein (VASP) proteins and the Arp2/3 complex link
T cell receptor (TCR) signaling to the actin cytoskeleton. J Cell Biol 149:
181-194, 2000.

Kubagawa H, Cooper MD, Chen CC, Ho LH, Alley TL, Hurez V, Tun T, Ue-
hara T, Shimada T, Burrows PD. Paired immunoglobulin-like receptors



Signal Transduction by T and B Lymphocyte Antigen Receptors 89

of activating and inhibitory types. Curr Top Microbiol Immunol 244:137—
149, 1999.

Kuhne MR, Ku G, Weiss A. A guanine nucleotide exchange factor-indepen-
dent function of Vavl in transcriptional activation. J Biol Chem 275:
2185-2190, 2000.

Kumanogoh A, Kikutani H. The CD100-CD72 interaction: a novel mecha-
nism of immune regulation. Trends Immunol 22:670-676, 2001.

Kurosaki T, Johnson SA, Pao L, Sada K, Yamamura H, Cambier JC. Role of
the Syk autophosphorylation site and SH2 domains in B cell antigen re-
ceptor signaling. J Exp Med 182:1815-1823, 1995.

Kurosaki T, Maeda A, Ishiai M, Hashimoto A, Inabe K, Takata M. Regulation
of the phospholipase C-y2 pathway in B cells. Immunol Rev 176:19-29,
2000.

Lagunoff M, Majeti R, Weiss A, Ganem D. Deregulated signal transduction
by the K1 gene product of Kaposi’s sarcoma—associated herpesvirus.
Proc Natl Acad Sci USA 96:5704-5709, 1999.

Lanier LL. Face off—the interplay between activating and inhibitory im-
mune receptors. Curr Opin Immunol 13:326-331, 2001.

Law CL, Chandran KA, Sidorenko SP, Clark EA. Phospholipase C-y 1 inter-
acts with conserved phosphotyrosyl residues in the linker region of Syk
and is a substrate for Syk. Mol Cell Biol 16:1305-1315, 1996.

Law DA, Chan VW-F, Datta SK, DeFranco AL. B cell antigen receptor mo-
tifs have redundant signalling capabilities and bind the tyrosine kinases
PTK72, Lyn and Fyn. Curr Biol 3:645-657, 1993.

Ledbetter JA, Gilliland LK, Schieven GA. The interaction of CD4 with
CD3/Ti regulates tyrosine phosphorylation of substrates during T cell ac-
tivation. Semin. Immunol 2:99-106, 1990.

Leitenberg D, Novak TJ, Farber D, Smith BR, Bottomly K. The extracellular
domain of CD45 controls association with the CD4-T cell receptor com-
plex and the response to antigen-specific stimulation. J Exp Med 183:
249-259, 1996.

Leitges M, Schmedt C, Guinamard R, Davoust J, Schaal S, Stabel S,
Tarakhovsky A. Immunodeficiency in protein kinase cf-deficient mice.
Science 273:788-791, 1996.

Lewis RS, Cahalan MD. Mitogen-induced oscillations of cytosolic Ca>* and
membrane Ca?* current in human leukemic T cells. Cell Regul 1:99-112,
1989.

Lin J, Weiss A, Finco TS. Localization of LAT in glycolipid-enriched mi-
crodomains is required for T cell activation. J Biol Chem 274:28861-
28864, 1999.

Lin S, Cicala C, Scharenberg AM, Kinet JP. The FceRIf subunit functions as
an amplifier of FceRIy-mediated cell activation signals. Cell 85:985-995,
1996.

Lindvall JM, Blomberg KEM, Viliaho J, Vargas L, Heinonen JE, Berglof A,
Mohamed AJ, Nore BF, Vihinen M, Smith CIE. Bruton’s tyrosine kinase:
cell biology, sequence conservation, mutation spectrum, siRNA modifi-
cations and expression profiling. Immunol Rev 203:200-215, 2005.

Love PE, Shores EW. ITAM multiplicity and thymocyte selection: how low
can you go? Immunity 12:591-597, 2000.

Macian F, Lopez-Rodriguez C, Rao A. Partners in transcription: NFAT and
AP-1. Oncogene 20:2476-2489, 2001.

Maeda A, Kurosaki M, Kurosaki T. Paired immunoglobulin-like receptor
(PIR)-A is involved in activating mast cells through its association with
Fc receptor y chain. J Exp Med 188:991-995, 1998.

Maeda A, Scharenberg AM, Tsukada S, Bolen JB, Kinet JP, Kurosaki T.
Paired immunoglobulin-like receptor B (PIR-B) inhibits BCR-induced
activation of Syk and Btk by SHP-1. Oncogene 18:2291-2297, 1999.

Maehama T, Dixon JE. PTEN: a tumour suppressor that functions as a phos-
pholipid phosphatase. Trends Cell Biol 9:125-128, 1999.

Magnan A, Di Bartolo V, Mura AM, Boyer C, Richelme M, Lin YL, Roure A,
Gillet A, Arrieumerlou C, Acuto O, Malissen B, Malissen M. T cell de-
velopment and T cell responses in mice with mutations affecting tyrosines
292 or 315 of the ZAP-70 protein tyrosine kinase. J Exp Med 194:491—
505, 2001.

Majerus PW, Ross TS, Cunningham TW, Caldwell KK, Jefferson AB, Bansal
VS. Recent insights in phosphatidylinositol signaling. Cell 63:459-465,
1990.

Majeti R, Bilwes AM, Noel JP, Hunter T, Weiss A. Dimerization-induced
inhibition of receptor protein tyrosine phosphatase function through an
inhibitory wedge. Science 279:88-91, 1998.

Majeti R, Xu Z, Parslow TG, Olson JL, Daikh DI, Killeen N, Weiss A. An
inactivating point mutation in the inhibitory wedge of CD45 causes lym-
phoproliferation and autoimmunity. Cell 103:1059-1070, 2000.

Mallick-Wood CA, Pao W, Cheng AM, Lewis JM, Kulkarni S, Bolen JB,
Rowley B, Tigelaar RE, Pawson T, Hayday AC. Disruption of epithelial
Y0 T cell repertoires by mutation of the Syk tyrosine kinase. Proc Natl
Acad Sci USA 93:9704-9709, 1996.

Marengere LEM, Waterhouse P, Duncan GS, Mittrucker H-W, Feng G-S,
Mak T,W. Regulation of T cell receptor signaling by tyrosine phospho-
tase SYP association with CTLA-4. Science 272:1170-1173, 1996.

Margolis B, Hu P, Katzav S, Li W, Oliver JM, Ullrich A, Weiss A, Schlessinger
J. Tyrosine phosphorylation of vav proto-oncogene product containing SH2
domain and transcription fctor motifs. Nature 356:71-74, 1992.

Marshall CJ. Raf gets it together. Nature 383:127-128, 1996.

McCormick F. How receptors turn Ras on. Nature 363:15-16, 1993.

McCormick F, Wittinghofer A. Interactions between Ras proteins and their
effectors. Curr Opin Biotech 7:449-456, 1996.

McFarland EDC, Hurley TR, Pingel JT, Sefton BM, Shaw A, Thomas ML.
Correlation between Src family member regulation by the protein-
tyrosine-phosphatase CD45 and transmembrane signaling through the
T-cell receptor. Proc Natl Acad Sci USA 90:1402-1406, 1993.

McKenney DW, Onodera H, Gorman L, Mimura T, Rothstein DM. Distinct
isoforms of the CD45 protein-tyrosine phosphatase differentially regulate
interleukin 2 secretion and activation signal pathways involving Vav in
T cells. J Biol Chem 270:24949-24954, 1995.

McMahon SB, Monroe JG. Activation of the p21" pathway couples antigen
receptors stimulation to induction of the primary response gene egr-1 in
B lymphocytes. J Exp Med 181:417-422, 1995.

McMahon SB, Monroe JG. The role of early growth response gene 1 (egr-1)
in regulation of the immune response. J Leukoc Biol 60:159-166, 1996.

Miller CL, Burkhardt AL, Lee JH, Stealey B, Longnecker R, Bolen JB, Kieff
E. Integral membrane protein 2 of Epstein-Barr virus regulates reactiva-
tion from latency through dominant negative effects on protein-tyrosine
kinases. Immunity 2:155-166, 1995.

Molina TJ, Kishihara K, Siderovski DP, van Ewijk W, Narendran A, Timms E,
Wakeham A, Paige CJ, Hartmann K-U, Veillette A, Davidson D, Mak TW.
Profound block in thymocyte development in mice lacking p56'°k. Nature
357:161-164, 1992.

Moodie SA, Willumsen BM, Weber MJ, Wolfman A. Complexes of Ras-GTP
with Raf-1 and mitogen-activated protein kinase kinase. Science 260:
1658-1661, 1993.

Motto DG, Ross EE, Wu J, Hendricks-Taylor LR, Koretzky GA. Implication
of the GRB2-associated phosphoprotein SLP-76 in TCR-mediated 1L-2
production. J Exp Med 183:1937-1943, 1996.

Muta T, Kuorsaki T, Misulovin Z, Sanchez M, Nussenzweig MC, Ravetch
JV. A 13-amino-acid motif in the cytoplasmic domain of FcyR11B modu-
lates B-cell receptor signalling. Nature 368:70-73, 1994.

Nada S, Yagi T, Takeda H, Tokunaga T, Nakagawa H, Ikawa Y, Okada M,
Aizawa S. Constitutive activation of Src family kinases in mouse em-
bryos that lack Csk. Cell 73:1125-1135, 1993.

Nagai K, Takata M, Yamamura H, Kurosaki T. Tyrosine phosphorylation of
Shc is mediated through Lyn and Syk in B cell receptor signaling. J Biol
Chem 270:6824-6829, 1995.

Negishi I, Motoyama N, Nakayama K-I, Nakayama K, Senju S, Hatakeyama
S, Zhang Q, Chan AC, Loh DY. Essential role for ZAP-70 in both posi-
tive and negative selection of thymocytes. Nature 376:435-438, 1995.

Newell MK, Haughn LJ, Maroun CR, Julius MH. Death of mature T cells by
separate ligation of CD4 and the T-cell receptor for antigen. Nature
347:286-289, 1990.

Nghlem P, Ollick T, Gardner P, Schulman H. Interleukin-2 transcriptional
block by mukltifunctional Ca**/calmodulin kinase. Nature 371:347-350,
1994.

Nishibe S, Wahl MI, Hernandez-Sotomayor SM, Tonk NK, Rhee SG, Car-
penter G. Increase of the catalytic activity of phospholipase C-yl by tyro-
sine phosphorylation. Science 250:1253-1256, 1990.

Nishizumi H, Taniuchi I, Yamanashi Y, Kitamura D, Ilic D, Mori S, Watanabe
T, Yamamoto T. Impaired proliferation of peripheral B cells and indica-
tion of autoimmune disease in lyn-deficient mice. Immunity 3:549-560,
1995.

Nitschke L, Carsetti R, Ocker B, Kohler G, Lamers MC. CD22 is a negative
regulator of B-cell receptor signaling. Curr Biol 7:133-143, 1997.

Nitschke L, Floyd H, Crocker PR. New functions for the sialic acid-binding
adhesion molecule CD22, a member of the growing family of Siglecs.
Scand J Immunol 53:227-234, 2001.

Novak TJ, Farber D, Leitenberg D, Hong SC, Johnson P, Bottomly K. Iso-
forms of the transmembrane tyrosine phosphatase CD45 differentially af-
fect T cell recognition. Immunity 1:109-119, 1994.

Okada H, Bolland S, Hashimoto A, Kurosaki M, Kabuyama Y, lino M,
Ravetch JV, Kurosaki T. Role of the inositol phosphatase SHIP in B cell
receptor—induced Ca?* oscillatory response. J Immunol 161:5129-5132,
1998.

Okada T, Maeda A, Iwamatsu A, Gotoh K, Kurosaki T. BCAP: the tyrosine
kinase substrate that connects B cell receptor to phosphoinositide 3-kinase
activation. Immunity 13:817-827, 2000.



90 Overview

Ostergaard HL, Shackelford DA, Hurley TR, Johnson P, Hyman R, Sefton
BM, Trowbridge IS. Expression of CD45 alters phosphorylation of the
Ick-encoded tyrosine protein kinase in murine lymphoma T-cell lines.
Proc Natl Acad Sci USA 86:8959-8963, 1989.

Pan C, Baumgarth N, Parnes JR. CD72-deficient mice reveal nonredundant
roles of CD72 in B cell development and activation. Immunity 11:495-506,
1999.

Pappu R, Cheng AM, Li B, Gong Q, Chiu C, Griffin N, White M, Sleckman
BP, Chan AC. Requirement for B cell linker protein (BLNK) in B cell de-
velopment. Science 286:1949-1954, 1999.

Parekh AB, Teriau H, Stuhmer W. Depletion of InsP; stores activates a Ca’*
and K* current by means of a phosphate and a diffusible messenger. Na-
ture 364:814-818, 1993.

Park DJ, Rho HW, Rhee SG. CD3 stimulation causes phosphorylation of
phospholipase C-yl on serine and tyrosine residues in a human T cell
line. Proc Natl Acad Sci USA 88:5453-5456, 1991.

Parnes JR, Pan C. CD72, a negative regulator of B-cell responsiveness. Im-
munol Rev 176:75-85, 2000.

Pawson T. Protein modules and signalling networks. Nature 373:573-580,
1995.

Pawson T, Nash P. Protein-protein interactions define specificity in signal
transduction. Genes Dev 14:1027-1047, 2000.

Pelosi M, Di Bartolo V, Mounier V, Mege D, Pascussi JM, Dufour E, Blondel
A, Acuto O. Tyrosine 319 in the interdomain B of ZAP-70 is a binding site
for the Src homology 2 domain of Lck. J Biol Chem 274:14229-14237,
1999.

Penninger JM, Irie-Sasaki J, Sasaki T, Oliveira-dos-Santos AJ. CD45: new
jobs for an old acquaintance. Nat Immunol 2:389-396, 2001.

Perez-Aciego P, Alarcon B, Arnaiz-Villena A, Terhorst C, Timon M, Segu-
rado OG, Regueiro JR. Expression and function of a variant T cell recep-
tor complex lacking CD3-y. J Exp Med 174:319-326, 1991.

Pileri P, Uematsu Y, Campagnoli S, Galli G, Falugi F, Petracca R, Weiner AJ,
Houghton M, Rosa D, Grandi G, Abrignani S. Binding of hepatitis C
virus to CD81. Science 282:938-941, 1998.

Poe JC, Fujimoto M, Jansen PJ, Miller AS, Tedder TF. CD22 forms a qua-
ternary complex with SHIP, Grb2, and Shc. A pathway for regulation of
B lymphocyte antigen receptor-induced calcium flux. J Biol Chem 275:
17420-17427, 2000.

Poole A, Gibbins JM, Turner M, van Vugt MJ, van de Winkel JG, Saito T, Ty-
bulewicz VL, Watson SP. The Fc receptor y-chain and the tyrosine kinase
Syk are essential for activation of mouse platelets by collagen. EMBO J
16:2333-2341, 1997.

Ratcliffe MJH, Coggeshall KM, Newell MK, Julius MH. T cell antigen
receptor aggregation, but not dimerization, induces increased cyto-
plasmic calcium concentrations and reveals a lack of stable associa-
tion between CD4 and the T cell receptor. J Immunol 148:1643-1651,
1992.

Ravichandran KS, Lee KK, Songyang A, Cantley LC, Burn P, Burakoft SJ.
Interaction of Shc with the £ chain of the T cell receptor upon T cell acti-
vation. Science 262:902-905, 1993.

Reichlin A, Hu Y, Meffre E, Nagaoka H, Gong S, Kraus M, Rajewsky K,
Nussenzweig MC. B cell development is arrested at the immature B cell
stage in mice carrying a mutation in the cytoplasmic domain of im-
munoglobulin B. J Exp Med 193:13-23, 2001.

Reth M. Antigen receptors on B lymphocytes. Annu Rev Immunol 10:97-121,
1992.

Richards JD, Dave SH, Chou CH, Mamchak AA, DeFranco AL. Inhibition of
the MEK/ERK signaling pathway blocks a subset of B cell responses to
antigen. J Immunol 166:3855-3864, 2001.

Richards JD, Gold MR, Hourihane SL, DeFranco AL, Matsuuchi L. Recon-
stitution of B cell antigen receptor—induced signaling events in a nonlym-
phoid cell line by expressing the Syk protein-tyrosine kinase. J Biol
Chem 271:6458-6466, 1996.

Robey E, Fowlkes BJ. Selective events in T cell development. Annu Rev Im-
munol 12:675-705, 1994.

Rodriguez R, Matsuda M, Perisic O, Bravo J, Paul A, Jones NP, Light Y,
Swann K, Williams RL, Katan M. Tyrosine residues in phospholipase Cy
2 essential for the enzyme function in B-cell signaling. J Biol Chem
276:47982-47992, 2001.

Romeo C, Seed B. Cellular immunity to HIV activated by CD4 fused to
T cell or Fc receptor polypeptides. Cell 64:1037-1046, 1991.

Roth PE, DeFranco AL. Intrinsic checkpoints for lineage progression. Curr
Biol 5:349-353, 1995.

Salomon B, Bluestone JA. Complexities of CD28/B7: CTLA-4 costimula-
tory pathways in autoimmunity and transplantation. Annu Rev Immunol
19:225-252, 2001.

Samelson LE, Phillips AF, Luong ET, Klausner RD. Association of the fyn
protein-tyrosine kinase with the T-cell antigen receptor. Proc Natl Acad
Sci USA 87:4358-4362, 1990.

Saouaf SJ, Mahajan S, Rowley RB, Kut SA, Fargnoli J, Burkhardt AL,
Tsukada S, Witte ON, Bolen JB. Temporal differences in the activation of
three classes of non-transmembrane protein tyrosine kinases following
B-cell antigen receptor surface engagement. Proc Natl Acad Sci USA 91:
9524-9528, 1994.

Sato S, Miller AS, Inaoki M, Bock CB, Jansen PJ, Tang ML, Tedder TF.
CD22 is both a positive and negative regulator of B lymphocyte antigen
receptor signal transduction: altered signaling in CD22-deficient mice.
Immunity 5:551-562, 1996.

Sato S, Steeber DA, Jansen PJ, Tedder TF. CD19 expression levels regulate
B lymphocyte development: human CD19 restores normal function in
mice lacking endogenous CD19. J Immunol 158:4662-4669, 1997.

Saxton TM, van Oostveen I, Bowtell D, Aebersold R, Gold MR. B cell antigen
receptor cross-linking induces phosphorylation of the p21™ oncoprotein
activators SHC and mSOS1 as well as assembly of complexes containing
SHC, GRB-2, mSOSI, and a 145-kDa tyrosine-phosphorylated protein.
J Immunol 153:623-636, 1994.

Scharenberg AM, El-Hillal O, Fruman DA, Beitz LO, Li Z, Lin S, Gout I,
Cantley LC, Rawlings DJ, Kinet JP. Phosphatidylinositol-3,4,5-
trisphosphate (PtdIns-3,4,5-P3)/Tec kinase—dependent calcium signaling
pathway: a target for SHIP-mediated inhibitory signals. EMBO J 17:
1961-1972, 1998.

Schlessinger J. How receptor tyrosine kinases activate Ras. Trends Biochem
Sci 18:273-275, 1993.

Schmedt C, Saijo K, Niidome T, Kuhn R, Aizawa S, Tarakhovsky A. Csk
controls antigen receptor-mediated development and selection of T-lineage
cells. Nature 394:901-904, 1998.

Schmedt C, Tarakhovsky A. Autonomous maturation of o/ T lineage cells in
the absence of COOH-terminal Src kinase (Csk). J Exp Med 193:815-826,
2001.

Schreiber SL, Crabtree GR. The mechanism of action of cyclosporin A and
FK506. Immunol Today 13:136-142, 1992.

Sefton BM, Taddie JA. Role of tyrosine kinases in lymphocyte activation.
Curr Opin Immunol 6:372-379, 1994.

Shan X, Czar MJ, Bunnell SC, Liu P, Liu Y, Schwartzberg PL, Wange RL.
Deficiency of PTEN in Jurkat T cells causes constitutive localization of
Itk to the plasma membrane and hyperresponsiveness to CD3 stimula-
tion. Mol Cell Biol 20:6945-6957, 2000.

Shiue L, Zoller MJ, Brugge JS. Syk is activated by phosphotyrosine-
containing peptides representing the tyrosine-based activation motifs of
the high affinity receptor for IgE. J Biol Chem 270:10498-10502, 1995.

Sicheri F, Kuriyan J. Structures of Src-family tyrosine kinases. Curr Opin
Struct Biol 7:777-785, 1997.

Sieh M, Batzer A, Schlessinger J, Weiss A. GRB2 and phospholipase C-y1
associate with a 36- to 38-kilodalton phosphotyrosine protein after T-cell
receptor stimulation. Mol Cell Biol 14:4435-4442, 1994.

Siemasko K, Clark MR. The control and facilitation of MHC class II antigen
processing by the BCR. Curr Opin Immunol 13:32-36, 2001.

Sillman AL, Monroe JG. Association of p72%% with the src homology-2 (SH2)
domains of PLC y 1 in B lymphocytes. J Biol Chem 270:11806-11811,
1995.

Smith CIE, Islam TC, Mattsson PT, Mohamed AJ, Nore BF, Vihinen M.
The Tec family of cytoplasmic tyrosine kinases: mammalian Btk, Bmx,
Itk, Tec, Txk and homologs in other species. Bioessays 23:436-446,
2001.

Smith KG, Fearon DT. Receptor modulators of B-cell receptor signalling—
CD19/CD22. Curr Top Microbiol Immunol 245:195-212, 2000.

Songyang Z, Shoelson SE, Chaudhuri M, Gish G, Pawson T, Haser WG,
King F, Roberts T, Ratnofsky S, Lechleider RJ, Neel BG, Birge RB, Fa-
jardo JE, Chou MM, Hanafusa H, Schaffhausen B, Cantley LC. SH2 do-
mains recognize specific phosphopeptide sequences. Cell 72:767-778,
1993.

Songyang Z, Shoelson SE, McGlade J, Olivier P, Pawson T, Bustelo XR,
Barbacid M, Sabe H, Hanafusa H, Yi T, Ren R, Baltimore D, Ratnofsky
S, Feldman RA, Cantley LC. Specific motifs recognized by the SH2 do-
mains of Csk, 3BP2, fps/fes, GRB-2, HCP, SHC, Syk, and Vav. Mol Cell
Biol 14:2777-2785, 1994.

Sproul TW, Malapati S, Kim J, Pierce SK. B cell antigen receptor signaling
occurs outside lipid rafts in immature B cells. J Immunol 165:6020-6023,
2000.

Stein PL, Lee H-M, Rich S, Soriano P. pp59%" mutant mice display differen-
tial signaling in thymocytes and peripheral T cells. Cell 70:741-750,
1992.



Signal Transduction by T and B Lymphocyte Antigen Receptors 91

Straus DB, Chan AC, Patai B, Weiss A. SH2 domain function is essential for
the role of the Lck tyrosine kinase in T cell receptor signal transduction.
J Biol Chem 271:9976-9981, 1996.

Su B, Jacinto E, Hibi M, Kallunki T, Karin M, Ben-Neriah Y. JNK is in-
volved in signal integration during costimulation in T lymphocytes. Cell
77:727-736, 1994.

Sun Z, Arendt CW, Ellmeier W, Schaeffer EM, Sunshine MJ, Gandhi L,
Annes J, Petrzilka D, Kupfer A, Schwartzberg PL, Littman DR. PKC-0 is
required for TCR-induced NF-xB activation in mature but not immature
T lymphocytes. Nature 404:402—407, 2000.

Swat W, Shinkai Y, Cheng H-L, Davidson L, Alt FW. Activated Ras signals
differentiation and expansion of CD4+8* thymocytes. Proc Natl Acad Sci
USA 93:4683-4687, 1996.

Takai T, Ono M. Activating and inhibitory nature of the murine paired
immunoglobulin-like receptor family. Immunol Rev 181:215-222. 2001.

Takai T, Ono M, Hikida M, Ohmori H, Ravetch JV. Augmented humoral and
anaphylactic responses in FcyRII-deficient mice. Nature 379:346-349,
1996.

Takata M, Homma Y, Kurosaki T. Requirement of phospholipase C-y2 acti-
vation in surface immunoglobulin M-induced B cell apoptosis. J Exp
Med 182:907-914, 1995.

Takata M, Sabe H, Hata A, Inazu T, Homma Y, Nukada T, Yamamura H,
Kurosaki T. Tyrosine kinases Lyn and Syk regulate B cell receptor—coupled
Ca?* mobilization through distinct pathways. EMBO J 13:1341-1349,
1994.

Tamir I, Stolpa JC, Helgason CD, Nakamura K, Bruhns P, Daeron M, Cam-
bier JC. The RasGAP-binding protein p629°k is a mediator of inhibitory
FcyRIIB signals in B cells. Immunity 12:347-358, 2000.

Tanaka Y, Arbouin L, Gillet A, Lin S-Y, Magnan A, Malissen B, Malissen M.
Early T-cell development in CD3-deficient mice. Immunol Rev 148:172—
199, 1995.

Taniuchi I, Kitamura D, Maekawa Y, Fukuda T, Kishi H, Watanabe T.
Antigen-receptor induced clonal expansion and deletion of lymphocytes
is impaired in mice lacking HS1 protein, a substrate of the antigen-
receptor-coupled tyrosine kinases. EMBO J 14:3664-3578, 1995.

Tarakhovsky A, Turner M, Schaal S, Mee PJ, Duddy LP, Rajewsky K, Ty-
bulewicz VLIJ. Defective antigen receptor—mediated proliferation of B and
T cells in the absence of Vav. Nature 374:467-470, 1995.

Taylor CW, Marshall ICB. Calcium and inositol 1,4,5-trisphosphate recep-
tors: a complex relationship. Trends Biochem Sci 17:403—407, 1992.
Tedford K, Nitschke L, Girkontaite I, Charlesworth A, Chan G, Sakk V, Bar-
bacid M, Fischer KD. Compensation between Vav-1 and Vav-2 in B cell
development and antigen receptor signaling. Nat Immunol 2:548-555,

2001.

Thome M, Duplay P, Guttinger M, Acuto O. Syk and ZAP-70 mediate re-
cruitment of p56'**/CD4 to the activated T cell receptor/CD3/{ complex.
J Exp Med 181:1997-2006, 1995.

Todderud G, Wahl MJ, Rhee SG, Carpenter G. Stimulation of phospholipase
C-yl membrane association by epidermal growth factor. Science 249:
296-298, 1990.

Trowbridge IS, Thomas ML. CD45: an emerging role as a protein tyrosine
phosphatase required for lymphocyte activation and development. Annu
Rev Immunol 12:85-116, 1994.

Tsygankov AY, Spana C, Rowley RB, Penhallow RC, Burkardt AL, Bolen JS.
Activation-dependent tyrosine phosphorylation of Fyn-associated pro-
teins in T lymphocytes. J Biol Chem 269:7792-7800, 1994.

Turner M, Mee PJ, Costello PS, Williams O, Price AA, Duddy LP, Furlong
MT, Geahlen RL, Tybulewicz VLJ. Perinatal lethality and blocked B-cell
development in mice lacking the tyrosine kinase Syk. Nature 378:298-302,
1995.

Turner M, Mee PJ, Walters AE, Quinn ME, Mellor AL, Zamoyska R, Ty-
bulewicz VL. A requirement for the Rho-family GTP exchange factor
Vav in positive and negative selection of thymocytes. Immunity. 7:451—
460, 1997.

Tuveson DA, Carter RH, Soltoff SP, Fearon DT. CD19 of B cells as a surro-
gate kinase insert region to bind phosphatidylinositol 3-kinase. Science
260:986-989, 1993.

Van Aelst L, Barr M, Marcus S, Polverino A, Wigler M. Complex formation
between RAS and RAF and other protein kinases. Proc Natl Acad Sci
USA 90:6213-6217, 1993.

van Noesel CJ, Lankester AC, van Schijndel GM, van Lier RA. The CR2/
CD19 complex on human B cells contains the src-family kinase Lyn. Int
Immunol 5:699-705, 1993.

van Oers NSC, Killeen N, Weiss A. ZAP-70 is constitutively associated with
tyrosine phosphorylated TCR  in murine thymocytes and lymph node
T cells. Immunity 1:675-685, 1994.

van Oers NSC, Killeen N, Weiss A. Lck regulates the tyrosine phosphoryla-
tion of the T cell receptor subunits and ZAP-70 in murine thymocytes.
J Exp Med 183:1053-1062, 1996a.

van Oers NSC, Lowin-Kropf B, Finlay D, Connolly K, Weiss A. off T cell
development is abolished in mice lacking both Lck and Fyn protein tyro-
sine kinases. Immunity 5:429-436, 1996b.

van Oers NSC, Tao W, Watts JD, Johnson P, Aebersold R, Teh H-S. Constitu-
tive tyrosine phosphorylation of the T cell receptor (TCR) { subunit: reg-
ulation of TCR-associated protein kinase activity by TCR {. Mol Cell
Biol 13:5771-5780, 1993.

Venkitaraman AR, Williams GT, Dariavach P, Neuberger MS. The B-cell anti-
gen receptor of the five immunoglobulin classes. Nature 352:777-781,
1991.

Veri MC, DeBell KE, Seminario MC, DiBaldassarre A, Reischl I, Rawat R,
Graham L, Noviello C, Rellahan BL, Miscia S, Wange RL, Bonvini E.
Membrane raft-dependent regulation of phospholipase Cy-1 activation in
T lymphocytes. Mol Cell Biol 21:6939-6950, 2001.

Vihinen M, Mattsson PT, Smith CI. Bruton tyrosine kinase (BTK) in
X-linked agammaglobulinemia (XLA). Front Biosci 5:D917-928, 2000.

Vojtek AB, Hollenberg SM, Cooper JA. Mammalian Ras interacts directly
with the serine/threonine kinase Raf. Cell 74:205-214, 1993.

von Boehmer H, Fehling HJ. Structure and function of the pre-T cell recep-
tor. Annu Rev Immunol 15:433-452, 1997.

von Boehmer H, Kisielow, P. Lymphocyte lineage commitment: instruction
versus selection. Cell 73:207-208, 1993.

Wang B, Lemay S, Tsai S, Veillette A. SH2 domain-mediated interaction of
inhibitory protein tyrosine kinase Csk with protein tyrosine phosphatase-
HSCE. Mol Cell Biol 21:1077-1088, 2001.

Wang D, Feng J, Wen R, Marine JC, Sangster MY, Parganas E, Hoffmeyer A,
Jackson CW, Cleveland JL, Murray PJ, Ihle JN. Phospholipase Cy2 is es-
sential in the functions of B cell and several Fc receptors. Immunity
13:25-35, 2000.

Wange RL. LAT, the linker for activation of T cells: a bridge between
T cell-specific and general signaling pathways. Sci STKE 2000(63):RE1.

Wange RL, Guitian R, Isakov N, Watts JD, Aebersold R, Samelson LE. Acti-
vating and inhibitory mutations in adjacent tyrosines in the kinase do-
main of ZAP-70. J Biol Chem 270:18730-18733, 1995.

Wange RL, Malek SN, Desiderio S, Samelson LE. Tandem SH2 domains of
ZAP-70 bind to T cell antigen receptor £ and CD3e from activated Jurkat
T cells. J Biol Chem 268:19797-19801, 1993.

Ward SG, Reif K, Ley S, Fry MJ, Waterfield MD, Cantrell DA. Regulation of
phosphoinositide kinases in T cells. J Biol Chem 267:23862-23869, 1992.

Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee KP,
Thompson CB, Griesser H, Mak TW. Lymphoproliferative disorders with
early lethality in mice deficient in Ctla-4. Science 270:985-988, 1995.

Wegener A-MK, Letourneur F, Hoeveler A, Brocker T, Luton F, Malissen B.
The T cell receptor/CD3 complex is composed of at least two auto-
nomous transduction modules. Cell 68:83-95, 1992.

Weintraub BC, Jun JE, Bishop AC, Shokat KM, Thomas ML, Goodnow, CC.
Entry of B cell receptor into signaling domains is inhibited in tolerant
B cells. J Exp Med 191:1443-1448, 2000.

Weiss A. T cell antigen receptor signal transduction: a tale of tails and cyto-
plasmic protein-tyrosine kinases. Cell 73:209-212, 1993.

Weiss A, Koretzky G, Schatzman R, Kadlecek T. Stimulation of the T cell
antigen receptor induces tyrosine phosphorylation of phospholipase C y1.
Proc Natl Acad Sci USA 88:5484-5488, 1991.

Wienands J, Schweikert J, Wollscheid B, Jumaa H, Nielsen PJ, Reth M. SLP-
65: a new signaling component in B lymphocytes which requires expression
of the antigen receptor for phosphorylation. J Exp Med 188:791-795, 1998.

Wiest DL, Yuan L, Jefferson J, Benveniste P, Tsokos M, Klausner RD, Glim-
cher LH, Samelson LE, Singer A. Regulation of T cell receptor expres-
sion in immature CD4+*CD8* thymocytes by p56'k tyrosine kinase: basis
for differential signaling by CD4 and CD8 in immature thymocytes ex-
pressing both coreceptor molecules. J Exp Med 178:1701-1712, 1993.

Willems L, Gatot JS, Mammerickx M, Portetelle D, Burny A, Kerkhofs P,
Kettmann R. The YXXL signalling motifs of the bovine leukemia virus
transmembrane protein are required for in vivo infection and mainte-
nance of high viral loads. J Virol 69:4137-4141, 1995.

Williams BL, Schreiber KL, Zhang W, Wange RL, Samelson LE, Leibson PJ,
Abraham RT. Genetic evidence for differential coupling of Syk family ki-
nases to the T-cell receptor: reconstitution studies in a ZAP-70-deficient
Jurkat T-cell line. Mol Cell Biol 18:1388-1399, 1998.

Winberg G, Matskova L, Chen F, Plant P, Rotin D, Gish G, Ingham R, Ern-
berg I, Pawson T. Latent membrane protein 2A of Epstein-Barr virus
binds WW domain E3 protein-ubiquitin ligases that ubiquitinate B-cell
tyrosine kinases. Mol Cell Biol 20:8526-8535, 2000.



92 Overview

Wau J, Katzav S, Weiss A. A functional T-cell receptor signaling pathway is
required for p95¥a¥ activity. Mol Cell Biol 15:4337-4346, 1995.

Wau J, Motto DG, Koretzky GA, Weiss A. Vav and SLP-76 interact and func-
tionally cooperate in IL-2 gene activation. Immunity 4:593-602, 1996.

Wau J, Zhao Q, Kurosaki T, Weiss A. The Vav binding site (Y315) in ZAP-70
is critical for antigen receptor—mediated signal transduction. J Exp Med
185:1877-1882, 1997.

Waulfing C, Bauch A, Crabtree GR, Davis MM. The vav exchange factor is an
essential regulator in actin-dependent receptor translocation to the
lymphocyte-antigen-presenting cell interface. Proc Natl Acad Sci USA
97:10150-10155, 2000.

Xavier R, Brennan T, Li Q, McCormack C, Seed B. Membrane compartmenta-
tion is required for efficient T cell activation. Immunity 8:723-732, 1998.

Xu H, Littman DR. A kinase-independent function of Ick in potentiating
antigen-specific T cell activation. Cell 27:633-643, 1993.

Yablonski D, Kadlecek T, Weiss A. Identification of a phospholipase C-yl
(PLC-yl) SH3 domain-binding site in SLP-76 required for T-cell
receptor-mediated activation of PLC-yl and NFAT. Mol Cell Biol 21:
4208-4218, 2001.

Yablonski D, Kuhne MR, Kadlecek T, Weiss A. Uncoupling of nonreceptor
tyrosine kinases from PLC-yl in an SLP-76-deficient T cell. Science
281:413-416, 1998.

Yamanishi Y, Tamura T, Kanamori T, Yamane H, Nariuchi H, Yamamoto T,
Baltimore D. Role of the rasGAP-associated docking protein p629°k in
negative regulation of B cell receptor-mediated signaling. Genes Dev 14:
11-16, 2000.

Yasuda T, Maeda A, Kurosaki M, Tezuka T, Hironaka K, Yamamoto T,
Kurosaki T. Cbl suppresses B cell receptor-mediated phospholipase C
(PLC)-y2 activation by regulating B cell linker protein-PLC-y2 binding.
J Exp Med 191:641-650, 2000.

Yokoyama W. Right-side-up and up-side-down NK-cell receptors. Curr Biol
5:982-985, 1995.

Yoon CH, Lee J, Jongeward GD, Sternberg PW. Similarity of s/i-/, a regula-
tor of vulval development in C. elegans, to the mammalian proto-oncogene
c-cbl. Science 269:1102-1105, 1995.

Young MA, Gonfloni S, Superti-Furga G, Roux B, Kurigan J. Dynamic cou-
pling between the SH2 and SH3 domains of c¢-Src and Hck underlies their
inactivation by C-terminal tyrosine phosphorylation. Cell 105:115-126,
2001.

Zhang W, Trible RP, Samelson LE. LAT palmitoylation: its essential role in
membrane microdomain targeting and tyrosine phosphorylation during
T cell activation. Immunity 9:239-246, 1998.

Zhao Q, Weiss. Enhancement of lymphocyte responsiveness by a gain-of-
function mutation of ZAP-70. Mol Cell Biol 16:6765-6774, 1996.



Lymphoid Organ Development, Cell Trafficking,
and Lymphocyte Responses

SIRPA JALKANEN and MARKO SALMI

A productive interaction between a lymphocyte and its cognate
antigen is required to trigger an adequate immune response. Thus,
it is not only the defects in the production and maturation of lym-
phocytes or in the activation machinery that can result in immun-
odeficiencies, but the same outcome can be seen if otherwise
normal cells do not migrate properly within the body in search of
foreign antigens. The best-known examples of this class of dis-
eases are leukocyte adhesion deficiencies 1 and 2 (LADI and 2,
see Chapter 38). The impact of proper lymphocyte recirculation
between blood and different tissues and within the tissue stroma
for eliciting an immune response already becomes evident by
looking at the physical dimensions of our immune system.

Humans have approximately 10'? lymphocytes, each of which
normally expresses receptors for only one antigen. Thus, for most
antigens only some 100-1000 specific lymphocytes reside any-
where in the body. Moreover, at any moment only about 1% of
these lymphocytes are in blood circulation whereas the rest are in
tissues. The freely mobile cells in the blood travel at high velocity
for their size. Even in small-caliber venules, where the extravasa-
tion takes place, an 8§ wum—diameter cell moves about 500 pwm/sec
in the blood flow. Moreover, the total length of the circulatory tree
has been estimated to exceed 100,000 km in an adult. These con-
straints make it very challenging for a specific cell to leave the
blood at a desired site. At the same time, enormously large body
surfaces are exposed to antigen invasion. The total area of the
principal entry ports for antigens is about 2 m? in the skin, 400 m?
in the gut, and 100 m? in the respiratory system. The antigens can
be minute particles such as viruses or short foreign peptides. Thus
it is clear that a highly efficient, adaptive immune response cannot
rely on chance for random contact between the antigen and a spe-
cific lymphocyte anywhere in the body.

An elaborate system of lymphocyte recirculation has evolved
to address these challenges (Carlos and Harlan, 1994; Springer,

1994; Butcher and Picker, 1996; Salmi and Jalkanen, 1997). Dif-
ferent functions of the immune system are compartmentalized to
specific organs and tissues, and these units are then intercon-
nected by lymphocyte trafficking via trees of vascular and lym-
phatic vessels (Fig. 7.1). Thus, primary lymphoid organs are
specialized for production of huge numbers of lymphocytes. The
specificity of a lymphocyte is also determined in these organs.
The mature but antigenically inexperienced cells are then re-
leased into the circulation. These naive cells extravasate from the
blood into secondary lymphoid organs (such as peripheral lymph
nodes, Peyer’s patches of gut). Simultaneously, antigens are con-
centrated into these very same organs from large epithelial sur-
faces (via an afferent lymphatic system to peripheral lymph
nodes and via M cells into Peyer’s patches). The secondary lym-
phoid organs are thus designed to collect and concentrate lym-
phocytes on the one hand and antigens on the other and to
provide an optimal microenvironment for launching a productive
immune response. Finally, the effector lymphocytes leave the
secondary lymphoid organs, equipped with a capacity to migrate
to the peripheral sites of inflammation. All the rest of the organs
and tissues in the body can be regarded as tertiary immune tis-
sues, which harbor significant numbers of lymphocytes only dur-
ing an active immune response.

Lymphocyte Migration to Primary
Lymphatic Organs

Lymphocyte trafficking first takes place during early ontogeny,
when lymphoid precursor cells populate the lymphocyte-forming
organs (Weissman, 2000). Initially, precursor cells from the yolk
sac and/or aorta—gonad—-mesonephros area migrate to fetal liver.
Later, bone marrow becomes the main target for these precursor
cells. After this stage the fate of B and T lymphocytes differs.
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B lymphocytes undergo their entire development in the cavity of
bone marrow in contact with stromal cells. T cell precursors, by
contrast, move further on to the thymus. They enter the thymus
through cortical vessels and gradually migrate toward the
medulla during the maturation processes. Finally, immunocom-
petent but naive B and T lymphocytes join the circulating pool of
lymphocytes in the blood. Although these early migratory events
are crucial for the development of the immune system, most of
the molecular determinants involved in the trafficking remain to
be elucidated.

Development of the lymphoid organs and their population of
lymphocytes is regulated in a highly time-dependent manner
(Bailey and Weiss, 1975; Bofill et al., 1985; Spencer et al., 1986;
Campana et al., 1989). In humans, first CD3-positive thymocytes
are found by week 10 of gestation. Anlage of secondary lym-
phoid organs have already started to develop earlier. Peripheral
lymph nodes developing from a lymphatic plexus become recog-
nizable around week 10, but development of high endothelial
venule (HEV)-like vessels (the specialized vessels for lymphocyte
recruitment, see below) and accumulation of early lymphocytes in
these nodes can be seen only in 15- to 18-week old fetuses. In
gut, mucosal villi appear around weeks 9-10 of gestation. By
week 14, clusters of lymphocytes can be detected in the lamina
propria and by 19 weeks well-organized Peyer’s patches appear.
The 12-week-old fetal spleen contains few lymphocytes, but at
14 weeks T and B cells are scattered throughout the organ. The
early seeding of lymphocytes takes place in the absence of any
external antigenic stimulation.

It is intriguing that the endothelial adhesion molecules, which
govern lymphocyte trafficking in the adult, are expressed in a
functional form very early during human development but in a re-
markably different manner in terms of tissue specificity (Salmi
etal., 2001). The gut addressin MAdCAM-1 (see below) is widely
expressed in fetuses already at week 7. In fetuses, it is not only
crucial for lymphocyte adhesion to vessels in gut, but it is also

THORACIC

Figure 7.1. Lymphocytes recirculate between the
blood and lymphoid organs. Most lymphocytes en-
ter the peripheral lymph nodes or organized lym-
phoid tissues of the gut (Peyer’s patches [PP] and
appendix) via high endothelial venules. A low-
level, continuous migration of lymphocytes from
vascular beds such as skin to lymph nodes takes
place via afferent lymphatics. The incoming lym-
phocytes migrate through the tissue parenchyma,
enter the lymphatics, and are then carried within
the efferent lymphatics back to the systemic blood
circulation. Most of the venous circulation has
been omitted for clarity. (Reproduced with permis-
sion from Salmi and Jalkanen, 1997).
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the most important determinant for lymphocyte binding to HEV
in peripheral lymph nodes. Although the adult peripheral node
addressin, PNAd (see below), is expressed in humans at week
15, it only gradually starts to dominate in mediating lymphocyte
trafficking to peripheral lymph nodes during early childhood. On
the basis of these findings it is likely that efficient lymphocyte re-
circulation takes place already in utero.

Trafficking of Lymphocytes to Secondary
Lymphoid Organs

Peripheral lymph nodes, Peyer’s patches, and spleen are the
prime target organs for naive lymphocytes. In lymph nodes, a spe-
cialized vessel type called high endothelial venule (HEV), based
on the characteristic cuboidal morphology of endothelial cells,
allows efficient recruitment of blood-borne lymphocytes (Bjerk-
nes et al., 1986; Kraal and Mebius, 1997). In these postcapillary
venules, the shear stress is relatively low, and the endothelial sur-
faces protruding into the lumen of the vessels are rich in specific
molecules needed for efficient adhesion. Moreover, the junctions
between endothelial cells in these vessels are not typical tight
junctions, rather, a flap-valve-like mechanism is operative at this
site, which also facilitates cellular transmigration. Consequently,
when the lymphocytes flow into HEV they undergo the different
steps of the classical extravasation cascade very efficiently. It has
been estimated that up to 50% of incoming lymphocytes make
contacts with HEV lining in Peyer’s patches and that even one
cell in four can ultimately extravasate in these specialized organs
(Bjerknes et al., 1986). On the basis of calculations in sheep,
up to 15,000 lymphocytes can be expected to be transmigrating
through HEV in a single lymph node every second (Girard and
Springer, 1995).

Antigens are concentrated to lymph nodes through the other
vessel system draining into these organs (Cella et al., 1997;
Banchereau and Steinman, 1998). Free antigens or antigens taken
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up by dendritic cells enter lymph nodes from the periphery via
afferent lymphatic vessels. These vessels empty into the subcap-
sular sinuses, from which cells and antigens can penetrate into
the lymphoid areas while flowing through the fine lymphatic
channels within the tissue. The dual vessel supply bringing in
lymphocytes by blood and antigens by lymph maximizes the
likelihood for lymphocyte—antigen contacts in lymph nodes.

When lymphocytes enter the lymphoid tissue they are further
guided by chemotactic gradients into specific intraorgan loca-
tions. Most notably, different chemokines secreted by many cell
types help to segregate lymphocytes into discrete T and B cell ar-
eas within the lymph node (Cyster, 1999; 2005). Thus B cells
preferentially accumulate into cortical B cell follicles, whereas
T cells are recruited into more diffuse subcortical T cell areas.
While percolating through the tissue stroma the lymphocytes
constantly search for their cognate antigens presented by differ-
ent types of professional antigen-presenting cells also concen-
trated in lymph nodes. If they fail to find a specific antigen in the
lymph node, they enter the lymphatic sinuses and leave the organ
via efferent lymphatic vessels. These cells are then carried back
to the blood system, since the main lymphatic trunks (such as
ductus thoracicus) open into the major veins near the heart. Then
these cells are free to move on in the circulation and to enter any
other lymphoid tissue in the body during their continuous recir-
culation (Gowans and Knight, 1964). One cycle from the blood
back to the blood takes about 1 day, hence any single lymphocyte
has time to percolate through hundreds of lymph nodes until it
dies. This patroling behavior of a lymphocyte is only interrupted
and retargeted if it encounters its specific antigen within a lym-
phoid tissue (see below).

Lymphocyte recirculation through the spleen is profoundly
different from that in the lymph nodes (Pabst, 1988). Notably,
HEYV are absent from the spleen and lymphocytes enter the white
pulp via marginal zone sinuses, where macrophage-like cells
surrounding the endothelial cells may be important for recruit-
ment. In the splenic parenchyma, lymphocytes again migrate to-
ward specific guidance molecules. However, here T cells migrate
into confined T cell areas around the central arteriole, whereas
B cells remain scattered in the corona. Splenic lymphocytes also
seem to leave the organ via the splenic vein rather than via lym-
phatics. Although the spleen contains more lymphocytes than all
the lymph nodes together, the migratory pathways in this organ
specialized for concentrating blood-derived antigens remain rather
poorly characterized.

Tissue-Selective Homing of
Activated Lymphocytes

When a lymphocyte meets its cognate antigen in lymph nodes,
its migratory properties change profoundly (Gowans and Knight,
1964; Watson and Bradley, 1998). The activated lymphocyte un-
dergoes proliferation and differentiation in the lymph node.
Thereafter, its progeny cells leave the node via the efferent lym-
phatics together with other naive lymphocytes. However, upon
rearrival into the circulation, the antigen-activated effector cells
no longer randomly recirculate to other lymph nodes. Instead,
they have become imprinted so that they can preferentially traffic
into the peripheral epithelial tissues through which the inciting
antigen penetrated the body surfaces. This reprogramming in-
volves at least changes in the expression profile of adhesion mol-
ecules and receptors for chemokines. These effector cells can
leave the blood via the normal flat-walled postcapillary venules
in the periphery and navigate into areas of microbial or other in-

flammatory stimuli. Hence, the effector cells are efficiently tar-
geted to those locations where they can do the most good to
defend the body.

A small population of effector cells ultimately turns into
memory cells. These cells have the unique capacity to patrol the
tertiary lymphoid tissues, mainly epithelial surfaces. Should the
same antigenic exposure reoccur, the memory cells can evoke
a rapid response against it. Again, the phenotypic changes in
memory cells affect their recirculation potential. These cells
(and effector lymphocytes) have profoundly decreased ability to
immigrate into lymph nodes via HEV, thus they drain mainly
into the local lymph nodes via the afferent lymphatics together
with the antigen-presenting cells and antigens (Sallusto et al.,
1999).

Under physiological conditions, two main recirculation routes
for activated lymphocytes can be distinguished (Fig. 7.1) (re-
viewed in Carlos and Harlan, 1994; Springer, 1994; Butcher and
Picker, 1996; Salmi and Jalkanen, 1997). Immunoblasts acti-
vated in peripheral lymph nodes preferentially migrate into the
skin, whereas those responding to gut-derived antigens in Peyer’s
patches tend to return to the gut-associated lymphatic tissues
(Butcher, 1999; Robert and Kupper, 1999). The gut-seeking im-
munoblasts enter mainly the intestine in the lamina propria,
which is the body’s largest nonorganized lymphoid tissue. These
cells may also have the capacity to migrate into the respiratory
and genitourinary tract, which have traditionally been included
in the common gut-associated lymphoid system (Brandtzaeg
et al., 1999). Thus, under normal conditions, the gut and non-
mucosal lymphoid organs share the total pool of naive cells with
all possible antigenic specificities, but upon activation, the subse-
quent migratory route sharpens the immune response into the af-
fected tissue.

During pathologic inflammation there are characteristic
changes in leukocyte trafficking (Carlos and Harlan, 1994;
Springer, 1994; Butcher and Picker, 1996; Salmi and Jalkanen,
1997; Cines et al., 1998). First, in acute inflammation, polymor-
phonuclear leukocytes invade the affected site very rapidly, and
only later are waves of monocyte and lymphocyte influx seen. In
a primary challenge it takes about 3 days before antigen-specific
immunoblasts enter the peripheral lesion, but during a secondary
response the influx of memory-derived cells occurs much faster.
Second, the exposure of flat-walled venules to proinflammatory
mediators at a site of acute inflammation makes them much more
adhesive toward different classes of leukocytes. Bathing of the
affected tissue in inflammatory cytokines, microbial products,
and other proadhesive compounds results in the rapid synthesis
of many endothelial adhesion molecules that are absent from
noninflamed vessels or only expressed at low levels. In chronic
inflammation, even an HEV-like transformation of vessels in pe-
ripheral tissues is common and is quite often associated with no-
tably lymphoid follicles in these nonlymphoid organs.

Different types of inflammation have typical features that also
affect lymphocyte trafficking (Carlos and Harlan, 1994; Springer,
1994; Butcher and Picker, 1996; Salmi and Jalkanen, 1997;
Butcher, 1999; Robert and Kupper, 1999). In general, both CD8
T-killer cells and CD4-positive Th1 and Th2 cells can infiltrate
to sites of inflammation, but their relative proportions vary ac-
cording to the underlying cause. The inflammatory stimulus
and/or anatomic location results in a characteristic, although
partially overlapping, pattern of expression and/or activation of
adhesion molecules and chemotactic systems on both lympho-
cytes and endothelial cells, which translates into apparently
tissue-selective migration patterns into inflamed tertiary sites.
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For example, inflamed synovial membrane in rheumatoid arthri-
tis displays features of lymphocyte homing, which are clearly
distinct from those in peripheral lymph nodes, skin, and gut. In
fact, restricted expression of homing-associated molecules on
Th1 vs. Th2 CD4 lymphocytes may explain the preponderance
of Thl cells in certain inflammatory lesions (Syrbe et al., 1999;
D’ Ambrosio et al., 2000).

Molecular Mechanisms in
Leukocyte Extravasation

The Multistep Adhesion Cascade

Lymphocytes and other leukocytes leave the blood in a multistep
process that can be visualized both in vitro and in vivo as tether-
ing, rolling, firm adhesion, and transmigration (Fig. 7.2) (Butcher,
1991; Springer, 1994; Carman and Springer, 2004). Tethering and
rolling phases are mainly mediated by selectins and their sialo-
mucin ligands. Transient and weak interactions between lympho-
cytes and endothelial cells formed by these molecular pairs lead
to triggering of an activation step involving chemokines and their
receptors. Activation is required for optimal adhesive behavior of
leukocyte integrins that are inactive when cells are freely flowing
in the bloodstream. However, engagement of other types of mole-
cules, such as glycosyl-phosphatidylinositol (GPI)-linked pro-
teins, on lymphocyte surface can result in integrin activation.
During activation and firm adhesion, leukocytes change their
shape and then start to transmigrate. Molecular mechanisms
functioning at the transmigration step are poorly known but in-
clude metalloproteinases that help lymphocytes to penetrate the
basement membrane. The path used by a transmigrating lympho-
cyte is rapidly closed by unknown repair mechanisms. Move-
ment and final localization of a lymphocyte within the tissue is
largely dependent on chemokine receptors and molecules bind-
ing to extracellular matrix proteins on its surface (Cyster, 1999;
2005).
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Figure 7.2. The multistep adhesion cascade of lymphocyte extravasa-
tion. The freely flowing, blood-borne lymphocyte starts the interaction
with vascular endothelium by tethering and rolling that then proceeds to
an activation step. Activation is followed by firm adhesion. Thereafter,
the lymphocyte seeks an interendothelial junction, through which it pen-
etrates into the tissue. The contribution of major molecular families at
each step is illustrated.

The complexity of the multistep cascade functioning in
leukocyte extravasation is comparable to blood clotting and
complement-mediated killing, in which each step has to be exe-
cuted correctly to achieve the goal. The extravasation cascade is
made more complex by the fact that vascular beds in different or-
gans and inflammatory conditions express some unique homing-
associated molecules, and each leukocyte subset displays partially
distinct homing-molecules on their surface. Because the lympho-
cyte can enter a particular tissue only if it is equipped by a set of
molecules matching the ligands presented on vascular endothe-
lium of this tissue, the composition of lymphocytic infiltration in
each tissue is tightly controlled (Butcher, 1991; Springer, 1994;
Salmi and Jalkanen, 1997).

The most relevant homing-related molecules (illustrated in
Fig. 7.3) are presented below in more detail and in the order of
their principal place in the adhesion cascade. It should be empha-
sized here, however, that functions of these molecules overlap
in vivo and may depend on the characteristics of the vascular
bed, where the interactions take place. For example, integrins are
able to mediate rolling under low shear, and in narrow capillaries
they may act without a clear preceding, selectin-mediated rolling
phase (Springer, 1994; Salmi and Jalkanen, 1997).

Tethering and Rolling

Selectin and their sialomucin ligands

Selectins and their sialomucin ligands are the key players in teth-
ering and rolling steps, because the lectin—carbohydrate bonds
between these receptor—ligand pairs allow formation of rapid but
transient and weak interactions typical of rolling behavior. There
are three members of the selectin family that have been named,
based on their main site of expression: L-selectin (CD62L) is
present on different types of leukocytes, E-selectin (CD62E) is on
endothelium, and P-selectin (CD62P) is on platelets and endothe-
lium (Rosen, 1999; Vestweber and Blanks, 1999; Ley, 2001).

The common structural feature of these molecules is the
N-terminal lectin domain, which is of fundamental importance
in binding to sialyl Lewis X (sLeX) carbohydrate present on the
sialomucin ligands of selectins (Fukuda et al., 1999; Rosen, 1999;
Vestweber and Blanks, 1999; Ley, 2001). The ligand structures for
L-selectin are presented by PNAd on HEV in peripheral lymph
nodes, thus PNAd is fundamental to guiding L-selectin—positive
lymphocytes into peripheral lymph nodes. PNAd consists of at
least six different proteins, all decorated by a sulfated and fucosy-
lated sLeX. Only four of them have been molecularly defined:
glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1),
CD34, podocalyxin, and mucosal addressin cell adhesion mole-
cule (MAdCAM-1). Interestingly, MAdCAM-1 has the proper
glycosylation for L-selectin recognition only in organized lym-
phoid areas of the gut such as Peyer’s patches but not in lamina
propria vessels, allowing to a certain extent L-selectin—dependent
entrance of cells to mucosal sites.

The importance of most homing-related molecules in vivo
has been demonstrated by creating knockout mice (Table 7.1).
Among the first were L-selectin—deficient mice that exhibit se-
verely impaired lymphocyte homing to peripheral lymph nodes.
In contrast, GlyCAM-1 knockout mice only have enlarged lymph
nodes, a result suggesting a regulatory role for the soluble
GlyCAM-1 molecule in lymphocyte homing. CD34 knockout
mice are seemingly healthy despite defective eosinophil migra-
tion. Also, the genes important for proper post-translational
modifications of the selectin ligands are disrupted. For example,
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fucosyltransferase VII (Fuc-TVII)—deficient mice are not able to
add the critical fucose moiety to the sLeX structure. Hence, they
do not glycosylate L-selectin ligands properly and exhibit severe
impairment in lymphocyte homing and leukocyte extravasation
to sites of inflammation (Lowe, 1997). Lack of a highly HEV-
specific sulfotransferase (GIcNAc6ST) leads to inefficient or ab-
sent sulfation of the sLeX motif, concomitant disappearance of
L-selectin ligand activity, and decreased lymphocyte homing
(Hemmerich et al., 2001).

Expression of both P- and E-selectin are induced at sites of
inflammation. However, their expression kinetics differs remark-
ably. P-selectin is released within minutes from intracellular stor-
age granules, Weibel-Palade bodies, and is translocated to the
endothelial cell surface, whereas E-selectin requires new protein
synthesis and its maximal expression is seen 4 hours after the in-
duction of inflammation. The primary ligand for P-selectin is cor-
rectly tyrosine-sulfated P-selectin glycoprotein ligand-1 (PSGL),
which is present on most leukocytes (McEver and Cummings,
1997). Depending on its glycosylation profile it can also bind to
E-selectin, which has high affinity particularly toward cutaneous
lymphocyte antigen (CLA), a specific glycoform of PSGL-1.
CLA-E-selectin interaction appears to be important in directing
lymphocytes to skin inflammations. In addition, E-selectin binds
to a non-mucin-like E-selectin ligand-1 (ESL-1) on leukocytes
(Vestweber and Blanks, 1999).

E-selectin knockout mice are apparently healthy, but their
leukocytes roll faster than in normal mice, indicating that E-
selectin is an important molecular brake at early steps of leuko-
cyte—endothelial cell interactions. P-selectin—defective mice are
also viable and fertile. They show neutrophilia due to a longer
half-life of neutrophils. After induction of inflammation, leuko-
cyte rolling is impaired for less than 2 hours in these mice. This
finding suggests that P-selectin is indispensable only at early
phases of inflammation (Frenette and Wagner, 1997). PSGL-1

knockout mice largely resemble P-selectin—deficient mice, thus
confirming the importance of PSGL-1 at the rolling step (Yang
et al., 1999). Mice deficient for both E- and P-selectin have also
been generated. These mice exhibit much more profound defects
than those of single knockouts, indicating that E- and P-selectin
have overlapping functions and that they compensate each other
(Frenette and Wagner, 1997). Furthermore, mice whose core 23
1,6-N-acetylglucosaminyl transferase (C2-B-CIcNAcT) gene has
been disrupted have a defect in the early step of branching of
LeX oligosaccharide and therefore lose proper glycosylation of
their E- and P-selectin ligands. These mice show normal lym-
phocyte homing to lymph nodes but their leukocytes cannot effi-
ciently enter the sites of inflammation (Etzioni et al., 1999;
Vestweber and Blanks, 1999). A human immunodeficiency dis-
ease, leukocyte adhesion defect 2 (LAD2), resembles character-
istics of these knockout animals: LAD2 patients do not have
functional selectin ligands because of a glycosylation defect.
Leukocytes of these patients have decreased rolling capacity,
although in static conditions leukocytes adhere efficiently to
endothelial cells. Patients with LAD2 suffer from recurrent bac-
terial infections and also have other developmental abnormali-
ties (Etzioni et al., 1999). This disease is presented in detail in
Chapter 38.

CD43, CD44, and vascular adhesion protein-1

Other (nonselectin) molecules have also been shown to directly
mediate rolling or tethering or to indirectly regulate this step. An
example of a regulatory molecule is CD43, a long and negatively
charged glycoprotein on lymphocytes that inhibits engagement
of L-selectin, thus blocking the homing of lymphocytes. Its role
is clearly demonstrated in CD43-deficient animals, which show
enhanced lymphocyte homing to secondary lymphoid organs
(Stockton et al., 1998). CD44 is a multifunctional member of
the proteoglycan family that can mediate rolling of lymphocytes
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Table 7.1. Phenotype of Gene-Targeted Mice Made Deficient for
Individual Homing-Associated Molecule

Molecule Main Abnormalities in Leukocyte Trafficking
L-selectin Impaired lymphocyte homing to peripheral lymph nodes
E-selectin Increased velocity of rolling leukocytes
P-selectin Decreased leukocyte rolling at early stages of
inflammation
GlyCAM-1 Enlarged lymph nodes
CD34 Impaired eosinophil accumulation in allergen-induced
lung inflammation
PSGL-1 Decreased leukocyte rolling at early stages
of inflammation
Fuc-TVII Reduced leukocyte migration to sites of inflammation
Reduced lymphocyte homing to peripheral lymph nodes
C2B GIcNACT Reduced leukocyte emigration to sites of inflammation
GIcNAc6ST Decreased lymphocyte homing
ICAM-1 Impaired neutrophil migration to sites of inflammation
ICAM-2 Delayed easinophil accumulation in the airway lumen
in allergy
VCAM-1 Embryonic lethal
CD31 Deficient migration through basement membrane
CDlla Reduced lymphocyte trafficking to peripheral lymph
nodes and to Peyer’s patches
Decreased leukocyte trafficking to sites of inflammation
CDl11b Decreased neutrophil emigration in ischemia/reperfusion

injury

No neutrophil emigration into the skin, normal
emigration into inflamed peritoneum, and increased
migration into inflamed lung

Embryonic lethal, chimeric mice have reduced
lymphocyte homing into Peyer’s patches

Impaired lymphocyte migration to Peyer’s patches

B2-integrin

o4-integrin

B7-integrin

CD43 Increased lymphocyte homing to secondary lymphoid
organs

CD44 Decreased lymphocyte migration to peripheral
lymph nodes and thymus

CCR4 No obvious defects in leukocyte trafficking

CCR7 Defective lymphocyte entry to lymph nodes and
formation of T cell areas

CXCRS Defect in formation of follicles in lymph nodes

CX3CL1 No obvious defects in leukocyte trafficking

on endothelial hyaluronan (Siegelman et al., 1999). In addition,
triggering of CD44 activates lymphocyte function—associated
antigen-1 (LFA-1), which may strengthen lymphocyte adhesion
to endothelium. In vivo experiments using function-blocking
antibodies suggest that CD44 is important in lymphocyte traf-
ficking to sites of inflammation. Moreover, lymphocytes of CD44-
deficient mice show impaired lymphocyte homing to peripheral
lymph nodes and thymus (Protin et al., 1999).

Vascular adhesion protein-1 (VAP-1) is a unique member
among the homing-related molecules, because in addition to its
adhesive function at an early phase of the multistep cascade it
possesses intrinsic enzymatic activity. The end products of the
reaction catalyzed by this amine oxidase are aldehyde, ammo-
nium, and hydrogen peroxide. All of them are potent compounds
that may regulate the entire scene of inflammation by, for in-
stance, aberrantly glycosylating endothelial proteins (aldehydes)
or by up-regulating other adhesion proteins and metallopro-
teinases and inducing apoptosis (hydrogen peroxide). Regulation
of VAP-1 function appears to involve its sequestration into intra-
cellular granules, from which it is rapidly translocated to the en-
dothelial surface upon induction of inflammation (Jalkanen and
Salmi, 2001; Salmi and Jalkanen, 2001).

Activation

Chemokines and their receptors

Certain endothelial chemokines and their interaction with the
seven pass transmembrane receptors on leukocytes are consid-
ered to be of fundamental importance at the activation step of the
adhesion cascade. Chemokines are small molecules divided into
the following families on the basis of their structural cysteine
motifs: C, CC, CXC, and CX3C, where C is cysteine and X
is any amino acid residue.

Chemokines are typically heparin-binding soluble molecules
and many of them are not even produced by endothelial cells.
How these molecules can exert their function at the luminal sur-
face of endothelial cells where blood constantly flushes away
any soluble gradients remains an enigma. The answer appears
to be in the good diffusibility of these molecules, possibly via a
specialized reticular conduit, through the lymph node to the
abluminal side of the vessels. They can then be transcytosed to
the luminal side of the endothelial cell, where they become im-
mobilized by an avid binding to surface-expressed glycosamino-
glycans. Chemokines injected subcutaneously can find their way
to the luminal surface of HEV in the draining lymph nodes,
and hence selectively enhance lymphocyte recruitment to the
draining node (Middleton et al., 1997; Gretz et al., 2000). After
chemokine binding, activation signals are transduced from the
serpentine receptors via guanine nucleotide-binding (G) proteins
via still poorly defined signaling routes that eventually result in
affinity/avidity changes of leukocyte integrins (Mantovani, 1999;
Zlotnik et al., 1999; Baggiolini, 2001; Gerard and Rollins, 2001;
Mackay, 2001).

Different leukocyte subsets possess alternative sets of chemo-
kine receptors that determine whether they are allowed to exit
from the blood—for example, at HEV in peripheral lymph nodes
or vasculature at sites of inflammation. For instance, T cells
bearing CCR7 receptor become recruited to peripheral lymph
nodes and mucosal sites where its ligand CCL21 (secondary
lymphoid chemokine, SLC) is expressed on HEV. CCR7 also
binds to CCL19 (EBV-induced molecule 1 ligand chemokine,
ELC) present on HEV. B cells, by contrast, bind efficiently to ar-
eas of HEV devoid of CCL21 with a currently unknown receptor.
They may also use CCL13 (B cell-attracting chemokine, BCA-
1) in follicular vessels and directly enter the follicles using
CXCRS (Moser and Loetscher, 2001). CX3CL1 (Fractalkine) is
structurally very different from other endothelial chemokines,
because in addition to a soluble form it has a transmembrane
form with a long stalk of sialomucin-like structure. CX3CL1 has
a strong affinity toward T cells (Mackay, 2001). Tissue selectiv-
ity among chemokines has been demonstrated to exist at least
in the skin, where endothelial CCL17 (thymus and activation-
regulated chemokine, TARC) attracts CCR4-bearing lympho-
cytes (Campbell et al., 1999).

CCR7 knockout mice demonstrate the importance of this
chemokine in lymphocyte trafficking, as these mice have defec-
tive T cell entry to lymph nodes (Cyster, 1999; 2005). In con-
trast, no obvious homing defects have been found in CX3CL1
and CCR4 knockout mice. The only abnormality discovered in
CX3CL1-/- mice is the diminished number of cells belonging to
the monocyte/macrophage lineage in the blood (Cook et al.,
2001). The same population was diminished in CCR4—/— mice in
the peritoneal cavity (Chvatchko et al., 2000), a finding suggesting
that the function of these two chemokines can be compensated
for by other molecules.
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Other molecules

Engagement of several other leukocyte surface molecules can
lead to activation of LFA-1, CD11a/CD18. However, only a few
of them have been directly shown to result in increased leukocyte
binding to endothelium. One of the molecules having this prop-
erty is CD73, a GPI-linked molecule that has ectonucleotidase
activity catalyzing conversion of extracellular AMP to adenosine
(Resta et al., 1998; Airas et al., 2000). Adenosine regulates both
E-selectin and integrin function and endothelial permeability
(Cronstein and Weissmann, 1993; Cronstein, 1997). Interestingly,
lack or diminished expression of CD73 is linked to a variety of
immunodeficiency diseases, such as Wiskott-Aldrich syndrome,
severe combined immunodeficiency, common variable immun-
odeficiency, primary hypogammaglobulinemia, selective IgA de-
ficiency, and Omenn syndrome.

Firm Adhesion

Integrins and their immunoglobulin
superfamily ligands

Certain integrins participate effectively in the arrest of leuko-
cytes on endothelium through use of members belonging to the
immunoglobulin superfamily as their vascular ligands. They can
also function at the earlier steps of the cascade, even during
rolling. Typical for integrins is that they are heterodimers con-
sisting of o and B chains (Shimizu et al., 1999). Important inte-
grins for leukocyte extravasation are 047, LFA-1, and o4pl.
047 is a principal homing receptor for MAACAM-1 and directs
lymphocytes to mucosa-associated lymphatic tissues (Butcher,
1999). Its role as a mucosal homing receptor has been clearly
demonstrated by B7 knockout animals. They have rudimentary
Peyer’s patches and their lymphocyte homing to mucosal sites is
severely impaired. In contrast, lymphocyte homing to peripheral
lymph nodes in these mice is intact (Wagner and Miiller, 1998).

04B1, by contrast, exerts its role mainly at inflammatory sites,
where it binds to its ligand, vascular cell adhesion molecule-1
(VCAM-1, CD106). Both VCAM-1 and o4 knockout animals are
embryonically lethal, indicating that besides homing they have
more fundamental roles in embryonic development. Mice that are
chimeric regarding the deletion of 04 show diminished lympho-
cyte trafficking to Peyer’s patches but not to other secondary lym-
phatic organs, a finding compatible with the phenotype of 7
knockouts (Wagner and Miiller, 1998).

LFA-1 (CD11a/CD18) is a member of the group of four
leukocyte integrins sharing the same [ chain, 2 (CD18), while
having unique o chains (CD11a, b, c, and d). LFA-1 is present
on practically all leukocytes and mediates their binding to in-
tercellular adhesion molecules 1 and 2 (ICAM-1 [CD54] and
ICAM-2 [CD102]) in its active form (Wang and Springer,
1998; Shimizu et al., 1999; Hogg and Leitinger, 2001). Mac-1
(CD11b/CD18) also participates in leukocyte migration, but its
role is heavily overshadowed by LFA-1. The role of leukocyte
integrins in leukocyte trafficking is evident through the dramatic
defects in leukocyte extravasation in patients suffering from LAD1
or its alternative form. These patients lack the normal B2 chain,
consequently surface expression of all leukocyte o chains is pre-
vented as well, or they express LFA-1 in a nonfunctional form
(Etzioni et al., 1999). This deficiency is presented in more detail
in Chapter 38 in this book.

Mice deficient in CD18 do not show as dramatic defects as
those of LADI1 patients. Their neutrophils do not migrate into

the skin but traffic normally to peritoneum and increased hom-
ing takes place in inflamed lung. CD11a—/— mice have impaired
lymphocyte homing to both peripheral lymph nodes and Peyer’s
patches, a finding in keeping with the role of LFA-1 as a non—
organ-specific homing molecule. In CD11b-negative mice, re-
duced neutrophil binding to endothelium is observed. Mice
lacking ICAM-1 have a relatively mild phenotype compared to
findings obtained from studies using function-blocking antibod-
ies. These mice have decreased neutrophil migration to tissues in
some inflammatory models. Lack of ICAM-2 normally constitu-
tively present on endothelium does not cause any obvious defects
in lymphocyte recirculation (Etzioni et al., 1999).

Transmigration

Transmigration is the least-analyzed phase in leukocyte extrava-
sation process although recent progress has been made (Carman
and Spring, 2004). Studies using function blocking antibodies
have shown that CD31 is intimately involved in transmigration.
CD31 belongs to the immunoglobulin superfamily and is ex-
pressed by several leukocyte subsets and continuous endothelium
of all vessel types (Newman, 1997). On vascular endothelium its
expression is concentrated on intercellular junctions. Unexpect-
edly, CD31-deficient mice show a normal overall transmigration
capacity. However, the polymorphonuclear leukocytes are arrested
between the endothelium and basement membrane, demonstrating
that CD31 is needed in migration through the basement mem-
brane (Duncan et al., 1999). Other molecules such as junctional
adhesion molecule (JAM), LFA-1, and the ICAMs have been im-
plicated in transmigration (Faveeuw et al., 2000; Dejana et al.,
2001). Matrix metalloproteinase-2 (MMP-2), which is induced
in T cells upon binding to endothelium, also plays a role in this
invasive process.

Intraorgan Localization of Lymphocytes

Subsequent to entry into the lymphoid organs, lymphocytes start
their voyage within the organs. For the migration, lymphocytes
need balanced function of adhesion molecules capable of bind-
ing to extracellular matrix molecules (ECM), such as fibronectin,
laminins, and collagens, and mechanisms to detach from the an-
chorage to ECM (Gretz et al., 1996). Bl-integrins are essential
for binding to various ECM, and lymphocytes can use CD44 to
bind to fibronectin and collagens. Detaching mechanisms are
poorly understood. Controlled and directional migration also
needs proper chemokine receptors on the lymphocyte surface that
respond to chemokines secreted by different cell types within the
tissues. These interactions are important both in early phases of
lymphocyte maturation, for example, in thymus and later during
physiological lymphocyte recirculation and leukocyte movement
at sites of inflammation (Mantovani, 1999; Zlotnik et al., 1999;
Baggiolini, 2001; Gerard and Rollins, 2001; Mackay, 2001). Dur-
ing normal recirculation, CCL21 and CCL19 guide T cells to in-
terfollicular areas within the nodes, whereas CCL13 produced by
follicular dendritic cells attracts B cells expressing CXCRS into
the follicles (Fig. 7.4).

In addition to cell surface molecules mediating adhesion—
de-adhesion steps in the intraorgan movement of lymphocytes,
the pathways that transduce these surface signals into the loco-
motory machinery are important for proper localization
(Sanchez-Madrid and del Pozo, 1999). Hence, specific recep-
tors are clustered at the leading edge and trailing edge of the
crawling lymphocyte. Via still incompletely understood mecha-
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Figure 7.4. Chemokines contribute to both entrance and intraorgan lo-
calization of lymphocytes. CCL19 and CCL21 are involved in T lym-
phocyte entrance via high endothelial venules (HEV) into the node.
They also guide T cells to the interfollicular areas in the lymph node.
CCL13, by contrast, directs B lymphocytes into the follicles.

nisms, these molecules signal to the actomyosin and micro-
tubuli networks within the cell, and translate the surface signals
into polarized cell crawling. Just one example of the importance
of these steps for proper immune defense is Wiskott-Aldrich
syndrome, in which a defect in one of these effector signaling
proteins leads to a severe immunodeficiency (Thrasher et al.,
1998).

Dendritic cells entering the lymph nodes via afferent lymph
and bringing antigens are key players in the immune response as
antigen-presenting cells. CCL21 expressed in lymphatic en-
dothelium assists dendritic cell entrance into the T cell areas al-
lowing these two cell types to interact with each other. B cell
collaboration with T cells is ensured by up-regulation of CXCRS
on a subset of T cells and CCR7 on B cells. This makes it possi-
ble for B and T cells to move to the boundary of the B and T cell
zones and interact with each other. A spontaneously mutant
mouse strain, plt, which has decreased expression of both CCL21
and CCL19, demonstrates the importance of these chemokines in
intraorgan localization (and entry) of lymphocytes, as these mice
have defective organization of T cell areas within lymph nodes.
The phenotype of these mice is thus comparable to that of mice
lacking the receptor for these chemokines (CCR7). In contrast,
in CXCR5-negative mice development of B cell follicles is
defective—again, in keeping with the function of this chemokine
in B cell localization (Cyster, 1999).

Intraorgan localization also shows remarkable tissue speci-
ficity, best exemplified in the gut. Practically all lymphocytes in
the small intestine have CCR9 whereas in the colon these cells
are less frequent. Importantly, lymphocytes in several other tis-
sues (excluding thymus) are CCR9 negative. The ligand for
CCR9 is CCL25 (thymus-expressed chemokine, TECK), which
is produced by gut epithelial cells and thus expected to guide
CCR9-positive lymphocytes, especially to small intestine (Kunkel

et al., 2000). Whether CCL25-CCR9 interaction plays a role
at the entrance phase to small intestine has not been directly
demonstrated.

Conclusions

Optimal lymphocyte entry to primary lymphoid organs during de-
velopment and to secondary lymphoid organs during recirculation,
and efficient leukocyte trafficking to sites of inflammation are the
key elements in adequate functioning of the immune system. Mol-
ecular mechanisms mediating lymphocyte contacts with the vas-
cular wall are relatively well known. Knowledge of the network of
chemokines and receptors needed for leukocyte entrance and in-
traorgan localization is increasing exponentially. In contrast, the
mechanisms functioning during diapedesis through the vascular
wall, leukocyte entry to afferent lymphatics at different vascular
beds, and lymphocyte exit via efferent lymphatics within the lym-
phoid organs remain to be elucidated. The importance of leuko-
cyte trafficking to the pathophysiology of human disease is
reflected in the numerous attempts worldwide at manipulating the
trafficking mechanisms of leukocytes to combat harmful inflam-
mations.

Thus far, the number of patients diagnosed as having a defect
in any of the molecules involved in leukocyte migration has been
very small. One reason for this small number may be that many
of the defects are not compatible with life. The tools for diagnos-
ing patients who suffer from defective leukocyte trafficking are
continuously being developed and may help to reveal many new
disease entities. One example of recent advances is a study in
which CXCRI1 (receptor for IL-8) expression levels in neutrophils
of normal and pyelonephritis-prone children were compared. Pa-
tients suffering from recurrent pyelonephritis had significantly
lower CXCR1 levels than those of healthy controls, providing an
explanation for these recurrences (Frendéus et al., 2000). Analo-
gous findings can be expected to emerge from other disease
groups in the near future.

Over the past few years, we have gained increasing insight
into the salient molecular and physiological mechanisms guiding
lymphocyte recirculation from the blood into the tissues and back
to the circulation. In terms of our immune defense, this continu-
ous patrolling process is important for guaranteeing maximal effi-
cacy of a lymphocyte meeting its cognate antigen. Failure of this
process inevitably leads to some form of immunodeficiency.
Thus, a detailed understanding of the multifaceted extravasation
cascade will help us to develop new strategies for guiding and
redirecting lymphocyte trafficking into locations where lympho-
cytes are needed in immunodeficiency patients, where the system
has gone awry for one reason or another.
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Phagocytic System

KUENDER D.YANG, PAUL G. QUIE, and HARRY R. HILL

Phagocytes were initially thought to be harmful to the host, con-
tributing to the untoward consequences of infection and inflam-
mation. In 1898, Metchnikoff first suggested that “the essential
and primary element in typical inflammation consists in a reac-
tion of the phagocyte against a harmful agent.” After establishing
that phagocytes were helpful in defense against bacteria, Metch-
nikoff predicted that defects in phagocyte function might predis-
pose the host to increased numbers and severity of infections due
to microorganisms. Patients with decreased phagocyte counts or
with phagocyte functional defects do, in fact, have recurrent or
even fatal infections as well as impaired wound healing. More-
over, evidence has also accumulated demonstrating that aberrant
phagocyte activation can contribute to untoward complications
of inflammation. Functional defects in phagocytes can lead to re-
current cutaneous abscesses, periodontitis, paronychia, pneu-
monitis, osteomyelitis, and occasionally life-threatening sepsis.
Aberrant phagocyte activation may result in the adult respiratory
distress syndrome (ARDS), disseminated intravascular coagula-
tion (DIC), and reperfusion injury. The kinetics of phagocyte
production as well as the activation and function of phagocytes
has been elucidated for the most part. Upon stimulation by
colony-stimulating factors including stem cell factor (SCF),
granulocyte-monocyte colony—stimulating factor (GM-CSF),
granulocyte colony—stimulating factor (G-CSF), or interleukin-3
(IL-3), phagocyte precursors proliferate and differentiate under
the control of certain transcription factors such as purine-rich
DNA sequence binding protein (PU.1) and CAAT enhancer
binding protein, o isoform (C/EBPa), for granulocytic differen-
tiation, as well as PU.1 and mammary cell-activating factor B
(c-MafB), for monocytic differentiation in the bone marrow
(Tian et al., 1996). Corticosteroids, complement fragments (C3e,
C3dg), and adrenergic neurotransmitters (epinephrine, norepi-
nephrine) accelerate the release of mature phagocytes into the

peripheral blood where they circulate and marginate along capil-
lary endothelial surfaces. Adhesive glycoproteins including se-
lectins such as P-selectin, L-selectin, and E-selectin as well as
integrins such as fibronectin and complement receptors (CR3
and CR4) promote phagocyte adhesion. Selectins are involved
in granulocyte rolling in the blood circulation, while integrins
mediate adhesiveness and phagocyte extravasation. In response
to chemoattractants such as C5a, IL-8, monocyte chemotactic
factor, leukotrienes, and bacterial formylated peptides, phago-
cytes mobilize and enter tissues and inflammatory sites where
they interact with and ingest target organisms, especially if
these are coated with immunoglobulin and/or complement. This
interaction of phagocytes with microbes is followed by inges-
tion, degranulation, and respiratory burst activity resulting in
extracellular and intracellular killing of the target as well as in-
flammatory changes in the tissues. Monocytic phagocytes can
also differentiate into dendritic cells that present antigens and se-
crete cytokines to promote optimal T lymphocyte differentiation
and activation. Defects or unregulated activation in any aspect of
the above phagocytic responses may result in immunodeficiency
diseases with associated infections or serious inflammatory dis-
orders. A variety of in vivo, ex vivo, and in vitro studies have re-
sulted in the definition of these disorders and, in some cases, in
the development of effective therapeutic regimens. As progress in
the characterization of phagocyte activation pathways and func-
tion is made, immunopharmacological intervention, bone marrow
transplantation, and potential gene therapy may offer hope to
many of these patients. Prenatal diagnoses employing restriction
fragment length polymorphism, polymerase chain reaction tech-
niques, analysis of X-chromosome inactivation, measurement of
gene products, and assessment of granulocyte function in fetal
blood make these diseases potentially identifiable and/or treat-
able in utero or shortly after birth.
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Figure 8.1. Differentiation of granulocytes and monocytes from
myeloid progenitors. Myeloid progenitors derived from CD34+ stem
cells (SC) display CD33* under the influence of certain nuclear tran-
scription factors. C/EBPa (CAAT enhancer binding protein, o isoform)
and PU.1 (purine-rich DNA sequence binding protein) are the key tran-
scription factors for myeloid cell lineage differentiation. Monocyte dif-
ferentiation is further controlled by macrophage colony—stimulating

Development and Distribution
of Phagocytic System

There is evidence that human myelopoiesis occurs early in
fetal life, as early as 6-8 weeks of gestational age (Rosenthal
et al., 1983). Phagocyte progenitor cells arise from pluripotential
hematopoietic stem cells in the bone marrow or in vitro agar cul-
ture systems. Bone marrow progenitor cells have been shown to
grow into different colonies known as colony-forming units
(CFU) granulocyte-monocyte (CFU-GM), granulocyte (CFU-G),
and eosinophil (CFU-Eo) (Iscove et al., 1971; Clark and Kamen,
1987). These precursors can give rise to mature phagocytes, in-
cluding polymorphonuclear granulocytes and mononuclear
phagocytes, under the influence of colony stimulation factors
(CSFs) such as SCF, GM-CSF, G-CSF, and IL-3. These growth
and differentiation factors are derived mostly from the stromal
cells in the bone marrow, while some are produced by myeloid
cells in the reticuloendothelial system (reviewed by Yang and
Hill, 1991, 2001). The differentiation of myeloid progenitors into
mature phagocytes probably results in part from the acquisition
of specific factor receptors on the cells at different phases of dif-
ferentiation and maturation. Interaction of lectins on the stromal
cells with receptors on phagocyte precursors may be involved in
the process of growth and differentiation (Aizawa and Tavassoli,
1987; Nangia-Makker et al., 1993). A number of suppressing
mechanisms, by contrast, including endocrine factors such as
corticosteroids, erythropoietin levels, and cytokines from lym-
phoid and myeloid cells, have been shown to provide negative
feedback signals. These endocrine factors and paracrine cy-
tokines apparently play a central role in the bone marrow in
keeping appropriate homeostasis and cellularity at a myeloid/ery-
throid (M/E) ratio between 1:3 and 1:4. The molecular mecha-
nism to explain the commitment to different lineages has been
recently deciphered. The concept that transcription factors rather
than cytokine receptor signals are the early determinants of line-
age commitment has been emphasized (Ward et al., 2000). As

TNFR

factor (M-CSF) and expression of mammary cell-activating factor B
(c-MafB), whereas granulocyte differentiation is influenced by C/EBPa
expression and granulocyte colony—stimulating factor (G-CSF) stimula-
tion. In contrast, differentiation of lymphocytes is mainly affected by
GATA-2 expression and differentiation of red blood cells (RBC) is
mainly affected by GATA-1 expression. M®, resident macrophages;
N, resident neutrophils; TNFR, tumor necrosis factor receptor.

shown in Figure 8.1, transcriptional factors PU.1 and C/EBPo
promote G-CSF receptor expression and induce terminal differ-
entiation of granulocytes (Smith et al., 1996; Keeshan et al.,
2003), whereas PU.1 and c-MafB promote monocytic differenti-
ation (Hegde et al., 1999; Ward et al., 2000; Mclvor et al., 2003).
Moreover, the switch of stem cells to a myeloid-committed line-
age is also mediated by the interaction between these transcrip-
tional factors. Zhang et al. (1999) showed that GATA-1 repressed
PU.1 expression and induced erythroid differentiation, but not
myeloid differentiation. Similarly, the interaction of GATA-1
with C/EBPs specifically regulates eosinophil lineage differenti-
ation (McNagny et al., 1998).

Phagocytes from a 20-week gestational-age fetus were found
to have active phagocytic and respiratory burst activity. Phago-
cytes from full-term newborns, however, do not have complete
functional activity. Neonatal granulocytes and monocytes have
defects in bone marrow storage pools, cellular activation, and
chemotaxis (Christensen et al., 1980, 1986; Marodi et al., 1984,
Sacchi and Hill, 1984; Newton et al., 1989; Hill et al., 1991).
Studies with adult phagocytes have indicated that a variety of cy-
tokines and glycoproteins can modulate phagocyte functions.
These results suggest that intact phagocyte function is due to in-
trinsic maturation but also modulated by environmental factors
that alter the biochemical and physiological status of phagocytes.
It is often necessary, therefore, to differentiate developmental
defects from abnormalities due to extrinsic environmental fac-
tors.

Distribution of Granulocytes

Granulocytes are produced in the bone marrow and released into
the blood and tissues where they act as the first line of defense in
host resistance and wound healing. The total granulocyte pool is di-
vided into two compartments: the bone marrow and the circulating
pools. The bone marrow provides the environment for the prolifera-
tion of myeloblasts, promyelocytes, and myelocytes as well as mat-
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uration of metamyelocytes and band form granulocytes. The latter
two populations represent the main marrow storage pool of gran-
ulocyte precursors containing 6-8 x 10° cells/kg bodyweight. The
recycling and the proliferation and maturation phases of granulo-
cytes in bone marrow require 2-3 days and 7-10 days, respec-
tively (Yang and Hill, 1993). In the blood, granulocytes are in
the circulating (0.3-0.4 x 10° cells/kg) and marginating pools
(0.4 x 10° cells/kg). Endotoxin, corticosteroids, and complement
fragments (C3e, C3d,g) cause accelerated release of mature gran-
ulocytes from bone marrow into the blood. Adrenergic neuro-
transmitters such as epinephrine and norepinephrine can promote
blood granulocyte mobilization from the marginating pool into
the circulatory pool. Granulocytes in the circulation have a short
life span with a half-life of 6-8 hours. In spite of this short half-
life, granulocyte numbers in the blood are normally maintained
between 3000 and 6000 cells/mm?.

Distribution of Monocytes and Macrophages

Monoblasts are the first recognizable cells of the monocyte series
in the bone marrow. There are, however, few monoblasts found
in the bone marrow since their storage pool is relatively small.
The transit time from a monoblast to a monocyte takes approxi-
mately 6 days (Groopman and Golde, 1981). Promonocytes are
the prominent cells of the monocyte series in the bone marrow
and comprise a major storage pool containing 6 X 108 cells/kg
(Johnston, 1988). Promonocytes mature into monocytes in the
bone marrow and are released into the blood within 2 days. Circu-
lating monocytes in the blood make up 3%—6% of the total leuko-
cytes or about 300-600 cells/mm3 (0.3-0.6 x 10° cells/L), while
three to four times as many monocytes mobilize in the marginat-
ing pool. These monocytes leave the circulation with a half-life
of 1-3 days (Groopman and Golde, 1981; Johnston, 1988; Yang
and Hill, 1993). Approximately 103 monocytes are released into
the blood and randomly leave for the tissues every day. These
monocytes may differentiate into dendritic cells in the blood and
tissues in the presence of cytokines such as GM-CSF and IL-4
(Hashimoto et al., 2000). Monocytes can develop into myeloid
dendritic cells bearing CD11c and CD14, different from plasma-
cytoid dendritic cells with a unique marker CD123 (Facchetti and
Vermi, 2002; Doni et al., 2003). Myeloid dendritic cells and plas-
macytoid dendritic cells not only display different cell surface
markers but also produce individual mediators for priming T lym-
phocyte differentiation (Langenkamp et al., 2003). They can also
transform into a variety of tissue macrophages, depending on dif-
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ferent conditions in the tissues. The monocyte—macrophage sys-
tem is widely distributed to a number of organs: microglial cells
in the brain, Kupffer cells in the liver, osteoclasts in the bone mar-
row, Langerhans cells in the skin, mesangial cells in the kidney,
and resident macrophages in lungs, spleen, thymus, lymph nodes,
pleural and peritoneal cavities, and joint spaces. Macrophages
may stay in tissues for a few months or even years. During acute
inflammation, the transit time of monocytes from the bone mar-
row to the inflammatory tissue may be shortened from 2 days to
6-8 hours. In contrast to granulocytes, which do not replicate in
the circulation or tissues, both circulating monocytes and tissue
macrophages are able to replicate rapidly. In chronic inflam-
mation, especially in a variety of granulomatous disorders, tis-
sue macrophages may transform into giant cells or epithelioid
cells in the presence of tumor necrosis factor alpha (TNF-o)
and interferon gamma (IFN-y) (Groopman and Golde, 1981;
Johnston, 1988).

Activation and Function of Granulocytes

Granulocyte Activation

Granulocytes respond to a variety of solid and soluble stimuli
via nonspecific and specific interactions. Nonspecific interac-
tions including hydrogen bonds, van der Waals, hydrostatic and
hydrophobic forces between cells, which along with soluble
stimuli, may induce changes in membrane conformation. Spe-
cific ligation of ligands to specific receptors on granulocytes can
also cause conformational changes in the plasma membrane that
consequently mediates signal transduction, resulting in cytoskele-
ton reorganization, adhesion, respiratory burst activity, degran-
ulation, movement, and phagocytosis. The kinetics of signal
transduction is organized as shown in Figure 8.2. Ligation of
chemokine or complement receptors (e.g., CXCR, C5aR) or Fc
receptors (FcRIII, CD16) on the surface of granulocytes acti-
vates a pertussis toxin (PT)-sensitive G protein that directly or
indirectly induces cytoskeleton (microfilament and microtubule)
reorganization and stimulates phospholipase C (PLC) activation,
resulting in hydrolysis of phosphatidylinositol (PI) into inositol
1,4,5-trisphosphate (IP;) and 1,3-diacylglycerol (DAG) in a few
seconds (Sandborg and Smolen, 1988). IP, elicits intracellular
calcium mobilization that can promote respiratory burst activity
and cell degranulation. DAG activates protein kinase C (PKC)
to induce cellular activation through the phosphorylation of en-
zymes or regulatory proteins, which control cell adhesion and

Figure 8.2. Activation and function of granulo-
cytes. Granulocyte cell surface receptors such as
chemokine (CXCR), complement (C5aR), and an-
tibody Fc (FcRIII) receptors transduce signals for
cell mobilization, phagocytosis, degranulation, and
bactericidal activity upon activation. For details,
see text. AA, arachidonic acid; DAG, diacylglyc-
erol; Gi, GTP binding protein; IP3, inositol triphos-
phate; MAPK, mitogen-activated protein kinases;
PC, phosphatidylcholine; PI, phosphatidylinositol;

Secretion/degranulation

PI3K, phosphoinositol 3 kinase; PKC, protein ki-
nase C; PLA2, phospholipase A2; PLC, phospholi-

-]

Bactericidal

pase C; Ras, Raf, Rac, Rho, and Cdc42 are small
GTP binding proteins.
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locomotion. Several lines of evidence, however, indicate that
stimulus—response transduction of signal may be mediated by
systems other than the PT-sensitive G protein system. For in-
stance, we have found that fibronectin-induced actin organization
was also mediated by a PT-sensitive G protein pathway (Yang
et al., 1994), whereas Southwick and coworkers (1989a) showed
that leukocyte adhesion—induced actin polymerization was medi-
ated by a PT-insensitive pathway. In addition, evidence suggests
that hydrolysis of arachidonic acid (AA) and platelet-activating
factor (PAF) from membrane phosphatidylcholine (PC) upon
granulocyte activation is associated with activation of phospholi-
pase A2 (PLA2), but not PT-sensitive G protein—-mediated PLC
(Sandborg and Smolen, 1988). Guanine nucleotide—stimulated
NADPH oxidase activity is not sensitive to pertussis or cholera
toxin (Gabig et al., 1987). A small GTP binding protein, p21
Rac, has been shown to be involved in the NADPH oxidase acti-
vation (Wientjes et al., 1996). Similarly, other small G proteins
such as Rho and Ras-related Cdc42 GTP binding protein
(Cdc42) are also involved in leukocyte adhesion and cytoskele-
ton organization (Dash et al., 1995; Nobes and Hall, 1995;
Hildebrand et al., 1996). These data indicate that there are at
least five different G proteins involved in the receptor—response
transduction of signal for granulocyte activation and several
secondary messengers coupled to these G proteins for signal
regulation. Thus, it seems likely that granulocytes are specif-
ically regulated in a variety of inflammatory reactions via dif-
ferent signal transduction pathways. In summary, activation
of granulocytes requires several integrated signal pathways. A
small G protein, Rac2, is specifically involved in triggering res-
piratory burst activity (Wientjes et al., 1996). A GTPase, Cdc42,
together with Wiskott-Aldrich syndrome protein (WASP) acti-
vates actin assembly (Higgs and Pollard, 2000). Another small
G protein, Ras, regulates phosphatidylinositol-3-kinase (PI3K)
activities for coordination of granulocyte migration (Knall et al.,
1997). Moreover, different G proteins can be coupled to differ-
ent receptors and mediate the degranulation of granulocytes
(Cokcroft and Sutchfield, 1989). The differentiation and activa-
tion of granulocytes are also regulated by mitogen-activated
protein kinases (MAPKSs) such as p38 and MEK signaling (Kim
and Rikihisa, 2002; Miranda et al., 2002). Further exploration of
granulocyte activation will likely contribute to the development
of pharmacological intervention in treating certain inflamma-
tory disorders.

Granulocyte Recognition and Adhesion

Generally, granulocytes function as scavengers in the blood cir-
culation and tissues (reviewed by Yang and Hill, 1993, 2001).
Adhesive glycoproteins on granulocytes including selectins,
such as L-selectin and P-selectin, as well as integrins, such as
fibronectin receptors and complement receptors (CR3 and CR4),
direct granulocytes to specific locations and promote gran-
ulocyte adhesion and subsequent migration (see Chapter 38).
Selectins are involved in granulocyte rolling in the blood circu-
lation, whereas integrins mediate firm adhesion and granulocyte
extravasation (Springer, 1990; Long, 1992). Environmental fac-
tors can affect the expression of integrin molecules on endothe-
lial cells, promoting adhesion of granulocytes to endothelium,
which is a prerequisite for granulocyte diapedesis and em-
igration into tissues. These factors include GM-CSF, IFN-y,
endotoxin, TNF-q, IL-1, IL-8, leukotriene B4 (LTB4), PAF,
bacterial formylated peptides, such as formyl Met-Leu-Phe
(fMLP) and C5a.

Granulocyte Migration

Granulocytes are capable of movement in a stimulated, random
fashion called chemokinesis and in a directional migration pat-
tern called chemotaxis. Following exposure to soluble or solid
stimuli, the cytoskeleton of granulocytes is reoriented to regulate
cell locomotion (Valerius et al., 1981). The cytoskeleton network
in granulocytes, which is somewhat similar to that of muscle
cells, is composed of actin and myosin as well as the structural
protein tubulin, which makes up microtubules (Valerius et al.,
1981; Oliver and Berlin, 1983). Assembly and disassembly of
the cytoskeleton in granulocytes modulate cell locomotion in an
exchangeable dynamic “gel sol” reaction. This gel sol reaction is
affected by the interaction of ligands with receptors and regu-
lated by receptor-signaling systems. A series of small G proteins
such as Rho, Rac, and Cdc42 are known to mediate changes in
the cytoskeleton and cell motility (Nobes and Hall, 1995). The
Cdc42 that possesses GTPase activity promotes actin polymer-
ization, whereas WASP is the effector for the Cdc42 GTPase and
acts as a link between Cdc42 and the cytoskeleton (see Chapter
31; Kolluri et al., 1996; Symons et al., 1996). Mutation of WASP
may impair cytoskeleton structure, resulting in dysfunction of
leukocyte migration seen in patients with Wiskott-Aldrich syn-
drome reviewed by Ochs and Notarangelo 2005; see Chapter
31). In response to chemoattractants such as C5a, IL-8, PAF,
leukotrienes, and fMLP, granulocytes reorganize their cytoskele-
ton and migrate into tissues and inflammatory sites where they
interact with target organisms. This is followed by phagocytosis,
respiratory burst activity, and degranulation.

Phagocytosis

The mechanism by which phagocytes ingest microorganisms in-
volves two distinct stages: adhesion (attachment) and internal-
ization. Attachment is mediated by specific ligand-receptor
interactions and nonspecific bonds due to hydrophilic and hy-
drophobic interactions. Internalization results from a zippering
process in which circumferential attachment of phagocyte recep-
tors to the target forms an engulfed pouch that is subsequently
fused to phagocytic granules. Attachment may be indistinguish-
able from engulfment when examined by light microscope. Ex-
perimental evidence has shown, however, that attachment and
ingestion can be separated. When opsonins are not present, at-
tachment may not be followed by ingestion. In addition, different
types as well as the status of surface receptors on the phagocytes
affect the efficiency of ingestion. Complement receptors (CR1,
CR3) and IgG antibody receptors (FcyR) on granulocytes are the
major receptors responsible for phagocytosis. FcyRs mediate
phagocytosis but different classes of FcyRs (FcyR, I, II, IIT) may
have different efficiencies. Certain FcyRs even play an inhibitory
function on phagocyte activation and inflammatory regulation
(Dietrich et al., 2000). Granulocytes may also take up microbes
via nonspecific intercellular interactions (surface phagocytosis)
that help humans survive exposure to invasive microorganisms
before they develop specific antibodies.

Respiratory Burst Activity

During membrane perturbation or phagocytosis, granulocytes are
activated to induce respiratory burst activity in which reactive
oxygen intermediates are formed, resulting in oxygen-dependent
bactericidal activities and killing of extracellular and intracellu-
lar organisms (see Chapter 37). The respiratory burst is triggered



Phagocytic System 107

C 5 Carbon Sugar

AN

HMPS

: G-6-P

U}

N
5

NADPH

NADPH + 20 > 20, + H+ + NADP+

2 Oxidase 2

Cytochrome b @
Cytosolic @)

Factors

NADPH
Glutathione (C)
Reductase

NADP+

Gamma- Glutathione H,0
Glutamyl ————=> GSH
Cysteine Synthetase Glutathione

PQA=-XO0O= 0T C®W
@O P~ I 0=-0

<
T

2GSH

Glutathione
Peroxidase

GSSG

by activation of an NADPH oxidase coupled to a respiratory
chain on the cell surface after translocation of cytosolic factors
(Bjerrum and Borregaard, 1989). Respiratory burst activity asso-
ciated with phagocyte activation is elicited by NADPH oxidase,
which is composed of a flavocytochrome bssg associated with a
gp91phox heavy chain and a p22phox light chain in the plasma
membrane as well as cytosolic proteins, including p40phox,
p47phox, p67phox, and a small G protein, p21 Rac (Wientjes
et al., 1996). The membrane-bound flavocytochrome bssg, in
conjunction with certain cytosolic factors after activation, serves
to transport an electron from NADPH to O,, resulting in O, (su-
peroxide) formation (Fig. 8.3). Reactive oxygen intermediates
including O,~, H,0,, and OH are produced, resulting in intracel-
lular microbial killing. These oxygen radicals can also result in
auto-oxidation and damage to the granulocyte itself and the
surrounding tissues. Granulocytes, however, have several scav-
enger systems—superoxide dismutase (SOD), catalase, and glu-
tathione reductase—to protect themselves from the oxidative
injury. An imbalance between free radicals and endogenous
scavengers has been implicated in many harmful processes asso-
ciated with infections (Baehner et al., 1972; Cooper et al., 1972),
endothelial damage (McCord et al., 1994; Bratt and Gyllenham-
mer, 1995), autoimmune diseases (Lefkowitz et al., 1995), and
reperfusion injury (Siminiak et al., 1995). Thus, exogenous scav-
engers such as -carotene, N-acetylcysteine, and vitamins A, C,
and E have been suggested to prevent these disorders (Boxer
et al., 1979; Jain et al., 1994, Pejaver and Watson, 1994). In addi-
tion to oxygen radicals, nitric oxide (NO) production has also
been implicated in the function of granulocytes (Larfars and Gyl-
lenhammer, 1998). However, the biologic role of NO production
in human macrophages has been questioned (Harvey, 2000).
Mouse macrophoges appear to kill intracellular organisms such
as Mycobacterium tuberculosis with NO. In contrast, human
macrophages do not appear to use this mechanism, but use

Catalase

() H,0O, ————>H,0+0
272 o 2

‘MYEJ‘ G'D'eroxfdas
-

Figure 8.3. Respiratory burst pathways and
Fe++ recycling mechanisms in the phagocyte sys-
OH- tem. Upon phagocyte activation, cytosolic
factors such as p47phox and p67phox are
translocated into the plasma membrane in as-
(b) sociation with the membrane-bound flavocy-
tochrome bssg involving a p91 heavy chain
2  and a p22 light chain to transport electrons
from NADPH to O,, resulting of O~ produc-
tion followed by H,O, and OH~ formation.
(1) (1), (II), and (III) represent major respiratory
burst activation pathways in phagocytes,
whereas (a), (b), and (c) represent major
antioxidative recycling pathways. GSH,
reduced glutathione; GSSG, oxidized
glutathione; G-6-P, glucose-6-phosphate;
G6PD, glucose 6-phosphate dehydrogenase;
HMP, hexose monophosphate shunt.
(Derived with permission from Yang and
Hill, J Pediatr 119:343, 1991.)

another unknown mechanism mediated by a toll-like receptor
(Thoma-Uszynski et al., 2001).

Degranulation

In addition to oxygen-dependent bactericidal activity, granu-
locytes undergo degranulation, which contributes to oxygen-
independent bactericidal activity and modulation of tissue
inflammation. Release of azurophilic granule contents such as
myeloperoxidase, cationic protein, and acid hydrolases can po-
tentiate the digestive and microbicidal activities of phagocytes,
called oxygen-independent cytotoxicity (Spitznagel and Shafer,
1985). A cationic protein of approximately 55kDa designated
bacterial/permeability-increasing protein (BPI) contributes to
killing of gram-negative bacteria but also binds to endotoxin, re-
sulting in inhibition of inflammation (Froon et al., 1995). Secre-
tion of secondary granules containing lysozyme (also found in
azurophilic granules), collagenase, and lactoferrin also helps to
regulate inflammation (Sandborg and Smolen, 1988; Yang and
Hill, 1993). In addition, degranulation of tertiary granules is usu-
ally concomitantly associated with translocation of fresh recep-
tors (CR1, CR3, fMLP, and laminin receptors), NADPH oxidase,
and cytochrome bssg into the plasma membrane (Borregaard and
Tauber, 1984; Miller et al., 1987; Sandborg, and Smolen 1988;
Bjerrum and Borregaard, 1989). Membrane translocation of
these receptors modulates granulocyte adhesion, movement,
phagocytosis, and respiratory burst activity. The mechanism by
which granulocytes undergo degranulation is closely related to
ionic mobilization, microfilament rearrangement (Boyles and
Bainton, 1979), and microtubule assembly (Oliver and Berlin,
1983). Factors that can affect membrane perturbation, signal
transduction, and metabolic activity regulate the degranulation
process. On the other hand, self-protection and prevention of
tissue damage from the destructive granular contents may also
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result from antiprotease activities in the plasma and from pro-
tease inhibitors produced by other leukocytes (Kloczko et al.,
1990; van de Winkel et al., 1990; Mohacsi et al., 1992; Allen and
Tracy, 1995).

Granulocyte Apoptosis

Granulocytes tend to have a short half-life in blood circulation.
Granulocyte cell death is mediated by the paracrine interaction
of the programed death ligand Fas (FasL) with the death receptor
Fas on the cell surface, leading to granulocyte apoptosis (Liles
et al., 1996). Soluble FasL or cytokines that bind or regulate Fas
expression on the cell surface may also cause granulocytes to ei-
ther survive or undergo apoptosis (Villunger et al., 2000; see
Chapter 24). Briefly, the granulocyte death program starts with
ligand-receptor interaction, which is coupled to a signal cas-
cade related to mitochondrial function. This is accompanied by
cytochrome-c leakage, resulting in caspase-3 activation and irre-
versible nuclear condensation and DNA fragmentation (Susin
et al., 1999). Promotion or inhibition of granulocyte apoptosis
might be used as a potential strategy to modulate granulocy-
topoiesis and treat infectious or inflammatory diseases in the
future.

Granulocyte Modulation of
Inflammmatory Reactions

There is also evidence that granulocytes have an important role
in inflammatory and degenerative reactions resulting from tissue
injury, tumor invasion, viral infection, autoimmune disorders,
aging, and atherosclerosis. Enhancement of granulocyte adhe-
siveness to endothelium may result from thermal injury, hypoxia,
bacterial sepsis, and immune complex disorders. Upon traumatic
injury, platelets adhere and aggregate on the vascular endothe-
lium and subsequently release chemotactic factors such as LTB4,
transforming growth factor-B (TGF-B), and platelet-derived
growth factors. This results in a rapid recruitment of granulo-
cytes and fibroblasts that have a central role in tissue inflamma-
tion and wound healing (De Gaetano et al., 1989; Tsjugi et al.,
1994). Thermal injury, hypoxia, and bacterial sepsis may cause
adult respiratory distress syndrome, which likely results from
enhanced and sustained granulocyte adhesiveness and release
of toxic granulocyte-derived mediators (Dale, 1975; McCord
et al., 1994). Immune complexes, either alone or associated with
complement activation, may also promote granulocyte influx,
adhesiveness, respiratory burst activity, and degranulation, and
contribute to vasculitis and autoimmune inflammatory reactions
(Bratt and Gyllenhammer, 1995; Lefkowitz et al., 1995). Cationic
proteins released during degranulation are also implicated in
bactericidal and cellular cytotoxicity. Furthermore, granulocytes
have been shown to have antiviral properties (Roberts et al.,
1994) and to mediate antibody-dependent cellular cytotoxicity
(ADCC) against tumors (Vaickus et al., 1990; Kushner and Che-
ung, 1991), especially in the presence of cytokines such as the
interferons and GM-CSF. Defects or abnormal activation in any
aspect of the above granulocyte responses may result in immun-
odeficiency diseases or serious inflammatory disorders.

Activation and Function of Monocytes
and Macrophages

Monocytes develop into tissue macrophages, possessing diverse
morphology and functions dependent on environment and

immunologic factors. Mononuclear phagocytes, similar to poly-
morphonuclear granulocytes, can move toward foreign invaders
and denatured tissues and destroy them by ingestion, degran-
ulation, and respiratory burst activity. Upon maturation into
macrophages, cells of the monocyte series show increases in
size, adhesiveness, and functional receptors (e.g., CR1, CR3,
FcRI, and FcRII), resulting in enhancement of phagocytosis
(Johnston, 1988; Newman et al., 1991). Some evidence indicates
that cells of the monocyte series have relatively low microbicidal
activity in comparison to granulocytes (Mathy-Hartert et al.,
1996). These macrophages lose their myeloperoxidase (MPO),
which mediates a potent microbicidal activity by catalyzing
halides into halous acid. Loss of MPO may be a differential
milestone by which harmless contact between cells of the mono-
cyte series and other immune cells occurs. Lectin-like recep-
tors as well as receptors for lipoproteins are mainly found on
macrophages but not monocytes (Nangia-Makker et al., 1993;
Watanabe et al., 1994). Defects in the former receptors may im-
pair nonimmunologically mediated reticuloendothelial clear-
ance, while dysregulation of lipoprotein uptake by macrophages
may give rise to atherosclerosis.

In addition to the professional function of phagocytosis,
cells of the monocyte series have a central role in the modula-
tion of inflammation and tissue repair (De Gaetano et al., 1989;
Tsuji et al., 1994). Upon activation, monocytes ingest particles,
produce reactive oxygen molecules, release procoagulant fac-
tors, cytokines, and granules, and express adhesive molecules
and Ia antigens. One of the most potent macrophage activators is
IFEN-y. Deficiency of IFN-y receptors or a defect in IFN-y pro-
duction due to IL-12 or IL-12 receptor deficiency can compro-
mise intracellular mycobacterial killing by macrophages (Altare
et al., 1998; Jouanguy et al., 1999; see chapter 28). Procoagulant
factors from monocytes or macrophages are involved in coagula-
tion and homeostasis (Carson et al., 1991; Spillert and Lazaro,
1991). Granules from the monocyte series contain lysozymes,
proteases, elastase, and collagenase that may augment tissue
damage. In contrast, granules containing o,-protease inhibitor,
[B,-macroglobulin, and IL-1 receptor antagonists from mono-
cytes may provide a mechanism to protect tissues from damage
(Kloczko et al., 1990; van de Winkel et al., 1990; Mohacsi et al.,
1992; Allen and Tracy, 1995). Cytokines of the monocyte series
act in an endocrine (affecting distant cells after bloodstream
transportation), paracrine (affecting adjacent cells), and au-
tocrine (affecting themselves) fashion. For instance, IL-1 can act
in an endocrine fashion on the regulation of body temperature
and sleep patterns in the hypothalamus. Paracrine cytokines of
monocyte series include CSFs (GM-CSF, G-CSF, M-CSF, ery-
thropoietin [EPO]), IL-12, TNF-o, and TGF-f, which are all
known to be involved in immune regulation (Chehimi and
Trinchieri, 1994; Matsumoto, 1995). Some of the cytokines also
act in an autocrine manner on cells of the monocyte series them-
selves. For example, ligation of M-CSF to its receptor (a c-fms
proto-oncogene product) on monocytes induces monocyte differ-
entiation, activation, and proliferation (Horiguchi et al., 1986).
Furthermore, cells of the monocyte series are the only cell popu-
lation in the phagocyte series to express both major histocompat-
ibility complex (MHC) class I and class II antigens (Ia antigens).
Antigens are taken up by the monocyte/macrophage series and
processed via biochemical and physical reactions. Dendritic cells
derived from monocytes or other lineage cells are particularly ef-
fective on the antigen presentation to T cells (Facchetti et al.,
2002; Doni et al., 2003). They are termed professional antigen-
presenting cells (Cao et al., 2000). The antigens are presented as
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peptides associated with MHC molecules that lymphocyte anti-
gen receptors recognize. Cells of the monocyte series bearing
antigen/MHC class I complexes can be recognized and killed by
cytotoxic T cells, whereas those bearing antigen/MHC class II
molecules interact with helper T cells, resulting in clonal expan-
sion of lymphocytes. Cytokines such as IL-2, IL-4, IL-5, IL-10,
and IFN-y produced by lymphocytes may act in an autocrine
or paracrine fashion to amplify or suppress proliferation of
lymphocyte subpopulations. Eicosanoids such as prostaglandin
E2 (PGE2), cytokines (e.g., IL-12, TNF-o,, TGF-B), and f,-
macroglobulin from the monocyte series also have immunomod-
ulating functions (van de Winkel et al., 1990; Chu et al., 1991;
Hayes et al., 1995; Raab et al., 1995). Dysregulation in the
antigen-presenting process may cause immunodeficiency and
autoimmune diseases. Abnormal regulation of osteoclast differ-
entiation and activation in the bone marrow by osteoprotegrin
(Simonet et al., 1997), TNF-related activation-induced cytokine
(TRANCE) (Wang et al., 1999), receptor activator of NFkB
ligand (RANKL) (Koga et al., 2004), and osteopodin (Ishijima
et al.,, 2001) have been implicated in osteopetrosis and osteo-
porosis.

Intfegration and Interaction of
Phagocytes in Host Defense

There are two major pathways involved in host defense by leuko-
cytes against exogenous microorganisms and endogenous debris
or transformed tissues and cells (Fig. 8.4). In response to micro-
bial invasion or tissue damage, granulocytes are attracted into ar-
eas by bacterial peptides, complement fragments such as C5a, or
platelet-derived chemoattractants such as PAF and LTB4. Infil-
tration of granulocytes may result in clearance of microbes and
tissue debris. If granulocytes fail to clear the infection or the tis-
sue debris, activated granulocytes release monocyte chemotactic
factors including fibronectin (Kreis et al., 1989) and monocyte
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Figure 8.4. In the blood and interstitial tissues, neutrophils (N) act as
the first line of host defense in clearance of exogenous organisms and en-
dogenous debris through phagocytosis (via Fc receptors [FcR] and com-
plement receptors [CR], etc.) and degranulation (elastase and defensin,
etc.), and release monocyte chemotactic factors such as fibronectin (Fn)
and CC chemokine ligands (CCLs) through which lymphocytes and
antigen-presenting cells (APC) are attracted. The APC present antigen(s)
to T cells, resulting in appropriate cellular (Th1), humoral (Th2), and reg-
ulatory T (T reg) cell reactions. Th1, Th2, and T reg cells can regulate one
another through a cytokine network in which Thl cytokines IFNy and

chemoattractant proteinl (MCP-1) (Wuyts et al., 1994), also
called CC chemokine ligand-2 (CCL2), to attract monocytes
(Doherty et al., 1990). Monocytes recruited into the area are able
to release monokines such as IL-1, IL-10, IL-12, TGF-B and
TNF-a to enhance lymphocyte infiltration and present antigens
to lymphocytes for specific lymphocyte transformation (Chehimi
and Trinchieri, 1994; Hayes et al., 1995; Matsumoto, 1995).
Monocytes and their derived dendritic cells bearing toll-like re-
ceptors (TLRs) are responsible for bacterial and viral recognition
and signal transduction for a link between innate and adaptive
lymphocyte differentiation and activation (Coccia et al., 2004;
Kim et al., 2004; Netea et al., 2004). Lymphocyte differentiation
and activation may result in a cell-mediated immune reaction
(Th1 reaction) and/or T-dependent humoral reactions (Th2 reac-
tion). Thl, Th2, and regulatory T cells (Treg) can regulate one
another through a cytokine network in which Thl cytokines
IFNY and TNFf promote cell-mediated immunity and suppress
humoral immunity, Th2 cytokines IL-4 and IL-13 promote hu-
moral immunity and suppress Thl reaction, and Treg cytokines
IL-10 and TGFp regulate and terminate Th1 and Th2 reactions.
Chemokines, including CC chemokine ligands (CCLs) and CXC
chemokine ligand (CXCLs), from these specific immune reac-
tions regulate phagocyte and lymphocyte functions (Fig. 8.4).
The other phagocyte-mediated defense pathway is primarily me-
diated by resident macrophages in certain organs or in peri-
toneal and pleural spaces in which macrophages reside and
circulate. In response to microbial invasion or endogenous and
exogenous insults, resident macrophages release chemotactic
factors such as CXCLs and CCLs to attract granulocytes and
lymphocytes, respectively. Resident macrophages together with
granulocytes act as scavengers to clear microbes or tissue debris;
in addition, resident macrophages interact with lymphocytes to
mediate specific lymphocyte transformation by which specific
cell-mediated and humoral immune reactions are elicited and
regulated (Fig. 8.4).

IL-8

TNFp can promote cellular immunity and suppress humoral immunity.
Th2 cytokines IL-4 and IL-13 can promote humoral immunity and sup-
press Th1 reaction, and Treg cytokines IL-10 and TGFp can regulate and
terminate Thl and Th2 reactions. In tissues or in the pleural and peri-
toneal spaces, dendritic cells, monocytes, resident macrophages (M®),
and APC play a central role in promotion of immune reaction via recog-
nition of microorganisms and altered tissue antigens via receptors such as
toll-like receptors (TLRs), and release chemoattractants such as CXC
chemokine ligands (CXCLs) and CCLs to attract granulocytes and lym-
phocytes for both innate and adaptive immune responses.
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Granulocyte Function Disorders

Historical Background

Kostmann (1956) first identified an autosomal recessive quantita-
tive phagocyte disorder, congenital granulocytopenia. Patients
with Kostmann disease (also called infantile agranulocytosis)
usually develop severe, chronic, and eventually fatal bacterial in-
fections early in life (see Chapter 39). Some cases may either be
transmitted by an autosomal dominant trait or be sporadic. The
first qualitative defect in phagocytes was identified later than
Kostmann disease. This disorder, now called chronic granuloma-
tous disease (CGD), frequently caused fatal infections in child-
hood (Bridges et al., 1959). It most frequently occurred in boys,
suggesting an X-linked mode of inheritance (Carson et al., 1965;
see Chapter 37). Quie and coworkers (1967) provided the first ev-
idence of an inborn error of qualitative phagocyte function that
resulted in CGD. These investigators discovered that granulocytes
obtained from patients with CGD were able to ingest bacteria
normally but unable to kill the ingested organisms. Of additional
interest was the observation that granulocytes from the affected
boys’ mothers, presumed carriers in an X-linked disorder, were
intermediate in their bactericidal capacity. Not only did these

observations establish the first intrinsic defect of phagocyte func-
tion, but the intermediate bactericidal defect in maternal granulo-
cytes was consistent with the Lyon hypothesis. These results
indicated that phagocyte bactericidal activity could be controlled
by a specific gene, which is different from other phagocyte func-
tions such as adhesion, movement, and ingestion. This suggested
that other phagocyte defects might also be individually controlled
by specific genes, contributing to recurrent infections.

Over the past 30 years, this hypothesis has been proven true.
As shown in Table 8.1, an entire spectrum of phagocyte disorders
involving adhesion, mobilization, respiratory burst activity, and
degranulation defects has been recognized, and most are gene-
tically determined. Serious phagocyte function defects such as
the leukocyte adhesion disorders and CGD occur in approxi-
mately 2 in 100,000 people and represent one-fifth of the total
congenital immunodeficiency patients. Other minor phagocyte
defects such as myeloperoxidase (MPO) deficiency have a
higher incidence of approximately 1 in 4000 to 1 in 2000 (Lehrer
and Cline, 1969). As shown in Table 8.1, prenatal diagnoses, im-
munopharmacological correction, bone marrow or stem cell
transplantation, and gene therapy may be available for certain
phagocyte disorders, based on recent progress in the genetics,
biochemistry, and physiology of phagocytes.

Table 8.1. Pathogenesis and Therapeutic Approaches of Phagocyte Function Disorders

Disease Inheritance (Chromosome No.)

Defect Therapy

Congenital granulocytopenia

Cyclic granulocytopenia
Isoimmune granulocytopenia
Leukocyte adhesion defect (LADI)

LAD2

X-linked CGD

Autosomal CGD

Myeloperoxidase deficiency
Glutathione synthetase deficiency

GOPD deficiency

Job syndrome (4q?)
Hyper IgE syndrome

Specific granule deficiency
Actin dysfunction
Chediak-Higashi syndrome
Griscelli syndrome

IFN-y receptors, type 1; type 2

AR, AD or XL

AD (19p13.3)
AR (1q13.4)
AR (21q22.3)

AR (11q14.3-1saQ921)

XL (Xp22.1)

AR (1q25; 7q11.23; 16q24)

AR (1723.1)
AR (20q11.2)

XL (Xq28)

Sporadic or AD (4q?)

AR

AR

AR (1q42-43)

AR (159211 both genes)

AR (6q23-24)
AR (21q21-22)

Differentiation arrest
Mutation in G-CSF receptor;
neutrophil elastase; WASP
Mutation of neutrophil elastase
Maternal antibody to CD16
Deficiency of surface adhesion molecule
(CD18) with delayed separation of
umbilical cord, lack of pus formation
Selecting binding ligands (SLx)
defect in fucosylation

Cytochrome bssg heavy-chain
gp91phox defect

Cytosolic p67phox, p47phox and
membrane p22phox defects

Peroxidase deficiency

NADPH regeneration defect,
hemolysis and infections

NADPH production defect in affected
leukocytes

Staph abscesses, fungal infections,
elevated IgE; defective PMN chemotaxis

Recurrent infection with defects in
chemotaxis and phagocytosis

Recurrent infections with defects in
chemotaxis and phagocytosis

Mutation of LYST, partial albinism, giant
granules in phagocytes and neurons

Myosin S5A deficiency

RAB27A deficiency

Infections with BCG, atypical TB,
salmonellosis

G-CSF, GM-CSF/IL-3.
BMT

G-CSF

IVIG

BMT

Antibiotics

Hygienic precautions

BMT

Antibiotics

Fucose (oral)

Iconazole

IFN-y, BMT

Trimethoprim Sulfamethroxazole
Trimethoprim Sulfamethroxazole
IFN-v, Iconazole, BMT
Fluconazole for candidiasis
Vitamin E

Symptomatic T,

IFN-y, prophylactic antibiotics,
antifungal

Vitamin C

Symptomatic T

Symptomatic T

BMT

BMT (for RAB27 deficiency)

Antibiotics (anti-TB)

AD, autosomal dominant; AR, autosomal recessive; BCG, bacille Calmette-Guérin; BMT, bone marrow transplantation; CGD, chronic granulomatous disease; G6PD,
glucose-6-phosphate dehydrogenase; gp 91, glycoprotein 91; IVIG, intravenous immunoglobulin; TB, tubucerlosis; WASP, Wiskott-Aldrich syndrome protein; XL,

X-chromosome linked.
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Quantitative Phagocyte Defects

A blood granulocyte level of less than 1500/mm? is defined as
granulocytopenia. Granulocytopenia may result from a decrease
in bone marrow production or an increase in peripheral destruc-
tion of granulocytes by autoantibodies or the reticuloendothelial
system. Congenital granulocytopenias are due to a decrease in
bone marrow production resulting from defects in growth and
differentiation of granulocytes (Weetman and Boxer, 1980). Sev-
eral kinds of primary quantitative phagocyte deficiencies have
been identified. Genetic agranulocytosis (Kostmann syndrome)
was first identified as an autosomal recessive disease by Kost-
mann (1956). A mutation of the G-CSF receptor has been pro-
posed (Deshpande et al., 1999) or, more recently, mutations of
neutrophil elastase (Dale et al., 2000; see Chapter 39). Reticular
dysgenesis is due to failure of bone marrow production of blood
stem cells, resulting in pancytopenia (De Vaal and Seynhaeve,
1959; Church and Schlegel, 1985). Shwachman syndrome is
characterized by granulocytopenia, pancreatic insufficiency, and
failure to thrive (Shwachman et al., 1964). This syndrome ap-
pears to be an autosomal recessive trait; its gene may be located
on the long arm of chromosome 6 or 12, as patients with this
syndrome may demonstrate t(6; 12) translocations (Masuno
et al., 1995). Cyclic granulocytopenia occurs in cycles with peri-
ods of normal granulocyte counts of approximately 3 weeks fol-
lowed by granulocytopenia, secondary to a failure of maturation,
which lasts approximately 1 week (Weetman and Boxer, 1980).
The disease can be transmitted in an autosomal dominant fashion
with mutations of a gene that has been mapped to chromosome
19p13.3 and identified as neutrophil elastase (Dale et al., 2000;
see Chapter 39). Other forms of neutropenia in infancy are due to
autoantibody (Bux et al., 1998) or maternal isoantibodies directed
against CD16 (De Haas et al., 1995). A point mutation within the
Cdc42 binding domain of WASP (L270P) that interferes with the
self-inhibition of WASP and results in constant activation of
Arp2/3 and actin polymerization has recently been shown to
cause X-linked congenital neutropenia (Devriendt et al., 2001,
see Chapter 31). It appears that a variety of genes that regulate
granulocyte growth and differentiation at different levels can af-
fect production of mature granulocytes, although specific gene
defects have not always been identified. Patients with congenital
granulocytopenia frequently get recurrent infections including
omphalitis, septicemia, and abscess formation early in life. Bone
marrow transplantation from matched or a T cell-depleted hap-
loidentical donor may be able to rescue these patients if the diag-
nosis is established early in life. Patients living into childhood
with progressive periodontitis and recurrent infections may be
given colony growth factors such as GM-CSF, G-CSF, or a

chimeric protein conjugating IL-3 with GM-CSF, which may
benefit some patients. Transfusion of irradiated granulocytes
may aid patients with overwhelming infections. In addition,
early intervention with antibacterial and antifungal treatment and
prophylaxis are important because patients with granulocytope-
nia are more susceptible to extracellular bacteria and fungi. To
differentiate congenital granulocytopenia from acquired periph-
eral granulocyte destruction, bone marrow examination and anti-
neutrophil antibody assessment is required (Yang and Hill, 1996).

Qualitative Phagocyte Defects

Qualitative phagocyte function defects may be divided into defects
involving adhesion, movement, respiratory burst-dependent bacte-
ricidal activity, and degranulation. Many intrinsic and extrinsic fac-
tors contribute to defects in phagocyte function at different stages,
resulting in recurrent infections and delayed wound healing.

Phagocyte adhesion deficiency

Three leukocyte adhesion disorders (LAD1, LAD2, and LAD3)
have been identified (see Chapter 38). Most of the affected pa-
tients have LAD1 with deficiency of a family of surface glyco-
proteins, CD11/CD18. The CD11/CD18 family of glycoproteins
share an identical B chain (CD18, gp 95Kda) and separate o
chains—CD11a (gp 180Kda), CD11b (gp 165 Kda), and CD11c
(gp 150 Kda)—which contribute to promotion of leukocyte adhe-
sion, cell migration, phagocytosis, antigen presentation, and
ADCC (Crowley et al., 1980; Anderson et al., 1985; Schmalstieg,
1988). Patients with LADI1 frequently show delayed separation of
the umbilical cord, perirectal cellulitis, and staphylococcal and
gram-negative bacterial infections. Patients surviving infancy of-
ten have progressive periodontitis and gingivitis. The gene re-
sponsible for LAD1 codes for the synthesis of CD18 and has
been mapped to 21g22.3 (Marlin et al., 1986). The clinical mani-
festations of LAD2 are similar to those seen in LADI, except
that LAD?2 patients are severely mentally retarded and deficient
in expression of sialyl Lewis X, a carbohydrate ligand for E-se-
lectin on endothelial cells (Etzioni et al., 1993; Phillips et al.,
1995). The molecular defect of LAD3 is presently unknown; af-
fected patients have symptoms similar to those observed in
LADI; in addition, they have a bleeding tendency. CD18 is nor-
mal but activation of integrins is defective (Kinashi et al., 2004).

Phagocyte movement (Chemotaxis) defects

Phagocyte mobilization involves an integated ligand-receptor sig-
nal coupling response. Defects at different levels of the response
can affect granulocyte locomotion and migration (Table 8.2),

Table 8.2. Categories of Granulocyte Chemotaxis Disorders

Category

Disease

Defect (Inheritance)

Ligand deficiencies C5 dysfunction
CS5 degradation
LADI

LAD2

Adhesion molecule defect

Localized periodontitis
Actin dysfunction
Chediak-Higashi syndrome
Griscelli syndrome
Oculocutaneous albinism
Hyper-IgE syndrome

IgA paraproteins

Cytoskeleton assembly deficiency
Membrane transportation defects

Extrinsic suppressing factors

Congenital or developmental group A
or B streptococcal infections

CD18 deficiency (AR)

Selectin binding ligand (AR)

Adhesion molecule gp 108 (AD?)

Retarded actin assembly (AR)

CHS protein (LYST) defect (AR)

Myosin 5A defect (AR)

Granule transportation defect

Defective chemotaxis (AD, sporadic)

Myeloma protein

AD, autosomal dominant; AR, autosomal recessive; CHS protein; Chediack-Higashi syndrome protein; LAD: leukocyte adhesion defect.
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which explains the extensive heterogeneity existing among these
disorders. No single clinical or laboratory finding is consistently
abnormal within this group of disorders. Patients with phagocyte
chemotactic deficiency can be classified into five different cate-
gories based on defects at different levels.

Defects at the ligand level. Patients with congenital deficiency
of complement components—C1, C4, C2, properdin, C3, and
C5—may be unable to produce adequate amounts of C5a, re-
sulting in a defect of chemotaxis (see Chapter 42). C5 func-
tional deficiency has been reported in Leiner disease, which is
characterized by seborrheic dermatitis, recurrent gram-negative
bacterial infections, intractable diarrhea, and failure to thrive
(Leiner, 1908). Patients with this syndrome are reported to
have normal C5 levels, but C5 dysfunction associated with a hu-
moral chemotactic and opsonic defect (Miller et al., 1970). The
disease was described in two sequential infants in a family, and
each died after an illness of several weeks, thus a genetic mecha-
nism was proposed by Miller and Koblenzer (1972). The validity
of these observations of C5 functional deficiency in patients with
Leiner disease was challenged by the lack of a similar opsonic
defect in patients with total absence of CS.

Defects at the receptor level. Granulocytes with adhesive-
glycoprotein deficiencies as in CD18 (LADI1) or sialyl Lewis X
(LAD?2) deficiency are unable to adhere to endothelium or inter-
stitial tissue (see Chapter 38) and as a consequence show poor
chemotaxis in vivo and in vitro. Juvenile periodontitis usually oc-
curs in adolescents who have impaired chemotaxis and localized
periodontitis (Van Dyke et al., 1981; Van Dyke, 1985). Limited
evidence suggests that this syndrome is due to a missing cell sur-
face glycoprotein (gp110) (Van Dyke et al., 1987).

Defects in mechanic organization. Granulocyte cytoskeleton or-
ganization defect has been observed in patients with actin dys-
function syndrome (Boxer et al., 1974). One of the initial cases
reported was subsequently diagnosed as leukocyte adhesion defi-
ciency on the basis of intermediate levels of CD11b on neu-
trophils from surviving family members. Southwick et al. (1988)
have shown that actin dysfunction is not usually present in
leukocyte adhesion deficiency, but, in rare patients with this dis-
order, actin polymerization may be abnormal. This may reflect a
link between cell surface integrins and the actin cytoskeleton
(Southwick et al., 1989a, 1989b).

Defects in receptor recycling. Granulocytes with specific gran-
ule deficiency have been reported to have a chemotactic receptor
recycling defect (Gallin et al., 1982). Granulocytes from patients
with the Chediak-Higashi syndrome (see Chapter 40) have a
chemotactic defect due to altered microtubular assembly and ab-
normal signal transduction (Oliver, 1978). This disease is trans-
mitted by autosomal recessive inheritance; the defective gene is
likely located on chromosome 1q42—q41 (Fukai et al., 1996).
Another granule transport defect called Griscelli syndrome
(Chapter 41), which includes albinism and granulocytopenia, is
due to a myosin defect, encoded in chromosome 15q21, resulting
in an abnormality of granule transport (Pastural et al., 2000).

Defects due to extrinsic suppressive or lack of enhancing factors.
Many extrinsic suppressive factors such as immune complexes
(Hanlon et al., 1980), steroids, and IgA paraproteins (Miller,
1975) can interfere with phagocyte chemotaxis. The hyper-IgE
syndrome (Job syndrome, see Chapter 34), which has been asso-

ciated with a granulocyte chemotaxis defect, is characterized by
high levels of IgE, altered T cell activity (Geha et al., 1981), or
release of allergic mediators (Hill, 1980). Alternatively, the in-
creased concentration of IgE and defective neutrophil chemo-
taxis may result from abnormal IFN-y production in response to
patients’ main pathogens, Staphylococcus aureus and Candida
albicans (Borges et al., 2000). This disorder has been shown to
be an autosomal dominant trait in certain families with incom-
plete penetrance (van Scoy et al., 1975; Hill et al., 1997), al-
though most of the patients showed sporadic occurrence (Jacobs
and Norman, 1977). In a subgroup of patients with hyper-IgE
syndrome, the gene was mapped to chromosome 4q (Grimbacher
et al., 1999). The disease has also been reported in association
with osteogenesis imperfecta (Brestel et al., 1982; Hill, 1982).

Treatment of chemotactic disorders. Patients with chemotactic
disorders, like those with other phagocyte defects, frequently
suffer recurrent cutaneous abscesses, mucocutaneous candidia-
sis, pneumonia, and otitis media. These disorders could be as-
sessed with an in vivo Rebuck skin window test (Rebuck and
Crowley, 1955) or by in vitro Boyden chamber chemotaxis (Hill,
1980). Although complete correction of granulocyte chemotactic
defects is not possible, partial correction for certain patients has
been achieved, as shown in Table 8.1. C5 dysfunction may be
corrected by replacement with fresh plasma that contains normal
C5. Vitamin C has been shown to enhance chemotaxis of granu-
locytes obtained from patients with Chediak-Higashi syndrome
(Boxer et al., 1976). Studies from our laboratory have shown that
IFN-y can enhance in vitro chemotaxis of granulocytes obtained
from patients with hyper-IgE syndrome (Jeppson et al., 1991;
Petrak et al., 1994). For palliative treatment, histamine (H,) an-
tagonists have been reported to reduce the frequency of infec-
tion in patients with hyper-IgE syndrome (Thompson, 1988).
High doses of vitamin C or E have also been reported to be bene-
ficial in some patients. Prophylactic antimicrobial therapy with
trimethoprim sulfamethoxazole or dicloxacillin is also often use-
ful in decreasing the incidence of infections in many of these
patients.

Disorders of phagocytic uptake

Primary defects in phagocytic uptake are rare; most are second-
ary to infections, drugs, or systemic disease. Patients with leuko-
cyte adhesion deficiency show defects in particulate-mediated
phagocytosis (Anderson et al., 1985). Another disorder resulting
in phagocytic uptake deficiency is actin dysfunction syndrome.
Granulocytes from a patient with actin dysfunction failed to
polymerize actin, resulting in phagocytic defects (Boxer et al.,
1974; Southwick et al., 1988). To differentiate an intrinsic phago-
cytic defect from secondary defects, one should cross over autol-
ogous and heterologous serum with the patient’s and a control’s
granulocytes in a phagocytosis assay. Employing fluorescein
(FITC)-labeled techniques, phagocytosis can be simply assessed
with a flow cytometer (Yang and Hill, 1996). Studies of normal
granulocytes demonstrated that several cytokines and glycopro-
teins enhance motility and phagocytic uptake (Gresham et al.,
1986; Yang et al., 1988; Salyer et al., 1990). Such cytokines and
glycoproteins may be candidates for the treatment of these
phagocytic disorders. Patients with phagocytic defects due to op-
sonic deficiencies in antibody, complement, or fibronectin may
be treated by infusion with the deficient component. For those
with transient cytokine (e.g., IFN-y) deficiency, treatment with a
recombinant cytokine may reverse the immune dysfunction
(Jeppson et al., 1991; Petrak et al., 1994; Wallis and Ellner, 1994).
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Disorders of granulocyte respiratory burst activity

Granulocytes with defects in respiratory burst activity usually
have normal or increased adhesion, chemotaxis, and phagocytic
uptake but abnormal intracellular microbicidal activity. These dis-
orders include CGD, glucose-6-phosphate dehydrogenase (G6PD)
deficiency, MPO deficiency, and glutathione synthetase defi-
ciency. Defects involving any component of the oxidase system
seen in patients with CGD as well as defects associated with the
generation of the cofactor for NADPH activation, seen in severe
leukocyte G6PD deficiency, or impaired NADPH regeneration,
seen in glutathione synthetase deficiency, may result in a defi-
ciency in oxygen-dependent microbicidal activity. Chapter 37 of
this text is devoted to chronic granulomatous disease. The gene
coding for cytochrome bssg heavy-chain gp9lphox (CYBB) is
located on the short arm of the X chromosome whereas the gene
coding for cytochrome bssg light-chain gp22phox (CYBA) is lo-
cated on chromosome 16. Studies indicate that superoxide pro-
duction requires the participation of both membrane-bound
NADPH oxidase and cytosolic factors (Borregaard and Tauber,
1984). The genes coding for the cytosolic factors p47phox
(NFCI) and p67phox (NFC2) are located on chromosomes
7 and 1, respectively (Smith and Curnutte, 1991). Severe forms
of G6PD deficiency may present with a CGD-like clinical pic-
ture. Cooper et al. (1972) described a 52-year-old Caucasian fe-
male with hemolytic anemia, a leukemoid reaction, and fatal
Escherichia coli sepsis whose leukocytes could not kill Staphy-
lococcus aureus, E. coli, or Serratia marcesens but could kill
H,O0,-producing Streptococcus faecalis. Intraleukocyte reduc-
tion of nitroblue tetrazolium (NBT) dye did not occur, nor was
H,O, generated and the hexose monophosphate shunt stimu-
lated. There was complete absence of leukocyte G6PD in the
patient. Subsequently, Gray and colleagues (1973) reported three
male siblings with a syndrome of chronic nonspherocytic he-
molytic anemia and neutrophil dysfunction. Each had strikingly
elevated reticulocyte counts, less than 1% NBT dye reduction
under conditions in which 90% of control neutrophils reduced
the dye, and undetectable concentrations of erythrocyte and leuko-
cyte GOPD activity. The oldest boy had 13 episodes of right- or
left-sided cervical lymphadenitis associated with mild anemia,
slight jaundice, and low-grade fever before 10 years of age. Cul-
tures were either negative or revealed coagulase-positive S. au-
reus. The second male sibling had neonatal jaundice for 6 weeks
and several episodes of anemia and jaundice associated with up-
per respiratory tract infections; he also suffered two episodes of
erythema nodosum and one episode of cervical lymphadenitis.
The third sibling had neonatal jaundice but had no hemolytic
episodes or increased susceptibility to infection. The parents
were both healthy, but the mother had persistently elevated retic-
ulocyte counts and 60%-70% of control values for erythrocyte
and leukocyte G6PD. Profound deficiency of G6PD leads to a
defect in NADPH production, causing impaired respiratory burst
activity. The gene coding for G6PD is located on the X chromo-
some and has a widely variant polymorphism in different popu-
lations in the world. Studies in blacks and Caucasians have
shown that Caucasians with G6PD deficiency more frequently
have affected leukocytes (Ramot et al., 1959; Cooper et al.,
1972; Gray et al., 1973; Owusu, 1973). The G6PD enzyme in
leukocytes is encoded by the same gene as those in erythrocyte
precursors and other tissues. GO6PD activity in leukocytes is
usually higher than in erythrocytes, so patients with G6PD de-
ficiency—mediated hemolytic anemia usually have normal leuko-
cyte function. Only when leukocytes have less than 5% of

normal G6PD activity does abnormal bactericidal activity appear
(Baehner et al., 1972). There may be other unknown factors in
leukocytes from different races, which could affect G6PD activi-
ties, since patients with G6PD deficiency associated with CGD-
like syndrome have been reported in Caucasians but not in
blacks or Asians.

Glutathione levels are modulated by NADPH, glutathione re-
ductase, and glutathione synthetase (Fig. 8.3). Granulocytes with
glutathione reductase or glutathione synthetase deficiency show
normal early respiratory burst activity. However, the continuous
production of toxic oxygen products, which are normally han-
dled by glutathione, results in auto-oxidative damage and defec-
tive microbicidal activity (Mohler et al., 1970; Jain et al., 1994).
Both glutathione reductase and glutathione synthetase deficien-
cies are transmitted by autosomal recessive inheritance. Patients
with glutathione reductase deficiency may have hemolytic crises
but have normal phagocyte bactericidal activity, although the
granulocyte respiratory burst activity stops abruptly within a few
minutes of phagocytosis of bacteria. In contrast, patients with
glutathione synthetase deficiency show abnormal bactericidal ac-
tivity in addition to hemolysis of erythrocytes. Granulocytes with
MPO deficiency have normal production of superoxide but de-
fective generation of hypochlorite ion. Patients with this disorder
are not uncommon (1 in 2000 to 1 in 4000 of the general popula-
tion) but are frequently asymptomatic or at most have delayed
granulocyte killing activity and recurrent candida infections
(Parry et al., 1981). The MPO gene has been cloned and located
on chromosome 17 (Weil et al., 1987).

The cellular and molecular bases of disorders related to ox-
idative microbicidal activity have been extensively explored and
pharmacological approaches to treat such patients have been
tried for three decades. Most of these therapies have been unsuc-
cessful or controversial (Gonzalez and Hill, 1988). Recent stud-
ies have shown, however, that recombinant IFN-y in a low dose
(50 ng/m?) given subcutaneously three times a week significantly
reduces serious infections in patients with CGD (Ezekowitz et al.,
1988; Sechler et al., 1988; International Chronic Granulomatous
Disease Cooperative Study Group, 1991; Weening et al., 1995).
Bone marrow transplantation in CGD patients has been reported
to result in long-term chimeric engraftment with improvement in
infectious complication (Kamani et al., 1988; Horwitz et al.,
2001; Seger et al., 2002; Del Giudice et al., 2003). Identification
of the genes responsible for both X-linked and autosomal reces-
sive forms of CGD (Dinauer et al., 1987; Teahan et al., 1987)
makes gene therapy for patients with CGD a future possibility
(Zentilin et al., 1996). Indeed, during the 2004 European Society
for Immunodeficiencies meeting in Versailles, successful gene
therapy of two CGD patients with mutations of gp91phox was
reported by a German—Swiss consortium. (Ott, et al., 2004). Glu-
tathione synthetase deficiency can be partially corrected by ad-
ministration of vitamin E (Boxer et al., 1979). Patients with
MPO deficiency are usually asymptomatic; however, for those
developing chronic candidiasis, ketaconazole or fluconazole are
indicated (Table 8.1). Some very preliminary in vitro and in vivo
studies suggest that IFN-y may have some benefit in the treat-
ment of hyper-IgE syndrome (Jeppson et al., 1991; Petrak et al.,
1994).

Disorders of granulocyte degranulatfion

Specific granule deficiency. Oxygen-independent microbicidal
defects can arise from absence of granules or from defective
degranulation. Several patients lacking specific granules have
been described. Studies of granule-deficient granulocytes show
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impaired bactericidal activity in addition to impaired chemotaxis
(Gallin et al., 1982). The reason for granulocyte dysfunction in
these patients is the failure of granule constituents to fuse into
the phagosome, resulting in a decrease in oxygen-independent
bactericidal activity and a decrease in expression of adhesion
molecules and chemotactic receptors on the cell surface. Although
it appears that patients with specific granule deficiency have an
autosomal recessive inheritance, the gene responsible for the dis-
order has not yet been identified. Heterozygous siblings or par-
ents are usually healthy and have normal phagocyte function.
The diagnosis of granule deficiency is primarily based on the
family history and clinical manifestations as well as the granulo-
cyte morphology with an absence of specific granules (Gallin
et al., 1982). Furthermore, granulocytes from patients with spe-
cific granule deficiency do not release certain constituents from
specific granules and show a defect in membrane recycling of
adhesion molecules and chemotactic receptors. The constituents
inside specific granules such as transferrin and vitamin B12
binding protein can be detected by enzyme-linked immunosor-
bent assay (ELISA) and radioimmunoussay (RIA), respectively
(Yang and Hill, 1996).

Granule-transporting  defect. Chediak-Higashi syndrome, a
granule-releasing deficiency disorder and its murine equivalent,
the beige mouse, have in common a defect affecting all granule-
containing cells such as melanocytes, neurons, and granulocytes
(Blume and Wolff, 1972; Fukai et al., 1996). This syndrome,
transmitted by autosomal recessive inheritance, is characterized
by partial albinism, granulocytopenia, neurologic deficits, recur-
rent infections, and neoplastic transformation, especially lym-
phomas (see Chapter 40). The gene for the Chediak-Higashi
syndrome (LYST or CHSI) has been identified and relevant mu-
tations have been recognized (Barbosa et al., 1996; Nagle et al.,
1996; Introne et al., 1999). The diagnosis of Chediak-Higashi is
based on the characteristic clinical features and the laboratory
findings of altered membrane fusion associated with giant
azurophilic granules, defective chemotaxis, degranulation, and
bactericidal activity of granulocytes (Boxer et al., 1976). Bacteri-
cidal defects in Chediak-Higashi syndrome have been reported
to improve after administration of large doses of vitamin C. This
may reduce the intracellular cyclic adenosine monophosphate
(cAMP) level, resulting in improvement of chemotaxis and
bactericidal activity (Boxer et al., 1976). Administration of
G-CSF can partially correct Chediak-Higashi syndrome—associ-
ated granulocytopenia, chemotaxis, and phagocytosis in an ani-
mal model (Colgan et al., 1992). Bone marrow transplantation is
the only option for curing patients with this syndrome (Vossen,
1988). Another form of granule transportation defect, Griscelli
syndrome, characterized by albinism, granulocytopenia (see
Chapter 41), and infections, is due to Myosin SA or RAB27A
deficiency (Pastural et al., 2000; Sanal et al., 2002).

Monocyte and macrophage function disorders

Monocytes and macrophages share the same ancestors with
granulocytes, so most of the defects present in granulocyte func-
tion disorders occur in monocytes and macrophages, including
the leukocyte adhesion disorders, phagocyte actin dysfunction,
respiratory burst defects such as CGD, degranulation defects
such as Chediak-Higashi syndrome, and specific granule defi-
ciency. Primary macrophage function defects are relatively rare,
as most of the macrophage function defects are secondary.
Monocyte and macrophage function can be compromised by en-
vironmental agents, drugs, infections, and metabolic disorders,

resulting in immunodeficiency. For instance, smoke particles, as-
bestos, silica, hyperbaric oxygen, and air pollution can impair
monocyte and macrophage function. In addition, monocytes and
macrophages can be seriously impaired in patients with AIDS.
Differential induction of cytokine profiles may contribute to re-
sistance or susceptibility of macrophages to infection with
intracellular organisms (Wallis and Eliner, 1994). Monokine en-
hancement of HIV infections and compromise of the antigen
presentation by monocytes have been implicated in patients with
both AIDS and tuberculosis. Monocytes obtained from patients
with chronic mucocutaneous candidiasis may have impaired
chemotactic activity (Snyderman et al., 1973), and monocytes
obtained from a patient with common variable immunodefi-
ciency were shown to have impaired antigen presentation to T
cells (Eibl et al., 1982). Currently, four primary macrophage
function defects have been identified: osteopetrosis, toll-like re-
ceptor signaling deficiency, IFN-y receptor deficiency, and famil-
ial lysosomal storage diseases.

Osteopetrosis.  This heterogenious hereditary disorder, due to
dysfunction of osteoclasts (specialized macrophages), is the re-
sult of enhanced resorption of mineralized cartilage and bony re-
modeling (Reeves et al., 1979). This syndrome is commonly seen
in offspring from consanguineous parents, which suggests an au-
tosomal recessive trait (Sobacci et al., 2001). Some cases are re-
ported to be mediated by an autosomal dominant trait, especially
those found in the adult type of osteopetrosis (Grodum et al.,
1995; Felix et al., 1996; Frattini et al., 2003). Some of the genes
responsible for osteopetrosis have been identified (Sobacchi
et al., 2001; Frattini et al., 2003). Heterozygous carriers have
completely normal immune function, so carrier detection is not
currently available, except for those with a known gene defect.
Abnormal encroachment of sclerotic bone can compromise
nerve foramen and bone marrow spaces, resulting in neurologic
and hematopoietic defects. Prenatal diagnosis by fetal sonogra-
phy may be made through recognition of sclerotic, dense, and ra-
diopaque bones (Sen et al., 1995). Patients with osteopetrosis are
usually characterized by a generalized increase in bone density,
failure to thrive, hypocalcemia with low serum phosphate due
to impaired bony resorption, and a variable degree of anemia,
thrombocytopenia, and leukopenia. Although monocytes from
osteopetrosis patients show normal or minimally impaired phago-
cyte function, bone marrow transplantation can rapidly reverse
abnormal osteosclerotic changes and reconstitute immune func-
tion. This finding suggests that a selective macrophage (osteo-
clast) defect may be present in this disease (Reeves et al., 1979;
Taylor et al., 1995; Felix et al., 1996; Sobacchi et al., 2001; Frat-
tini et al., 2003).

Toll-like receptor signaling deficiency. There are at least 10 TLRs
identified on monocytes and dendritic cells (Hornung et al., 2002;
Doni et al., 2003; Coccia et al., 2004). Different TLRs can recog-
nize different microorganisms and mediate signals for innate host
defenses and adaptive T cell differentiation (Doni et al., 2003;
Coccia et al., 2004; Netea et al., 2004). As a result, patients with
defects in different TLRs may be susceptible to certain infections.
Recently, a primary defect in TLR signaling has been reported that
results in recurrent pneumococcal infections (Currie et al., 2004).
Mutations in the interleukin receptor—associated kinase (IRAK-4)
have been associated with pyogenic gram-positive bacterial infec-
tions and failure to sustain antibody responses (Picard et al., 2003;
Day et al., 2004). The infections began early in life but became
less frequent and milder with age.
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Interferon gamma receptor deficiency. Two components of the
IFN-v receptor have been identified; they map to C6q23—q24 and
C21q21-q22, respectively (Newport et al., 1996; Dorman et al.,
1998). IFN-y receptor deficiencies are autosomal recessive dis-
eases that result in a defect in TNF-y production and defective in-
tracellular bactericidal activity. As a consequence, patients suffer
disseminated atypical mycobacterial infections and salmonel-
losis (Jouanguy et al., 1999; Casanova and Abel, 2002). The dis-
orders cannot be differentiated clinically from those with 1L-12
or IL-12 receptor deficiencies (Altare et al., 1998), since 1L-12
and IFN-y are the major cytokines mediating intracellular bacte-
ricidal activity in macrophages (see Chapter 28).

Lysosomal storage diseases. ~Although macrophages may not be
the only cell involved, accumulation of lipids or polysaccharides
in macrophages may lead to the formation of foam cells and result
in defective catabolic function. The fact that several storage dis-
eases such as Gaucher disease, Fabry disease, and Hurler syndrome
have been successfully treated by bone marrow transplantation
(O’Reilly et al., 1984; Imaizumi, 1995; Kirivit et al., 1995) further
supports the concept that macrophage catabolic defects play a criti-
cal role in the pathogenesis of these diseases. The diagnosis of
patients with lysosomal enzyme deficiency—associated lipidoses
and mucopolysaccharidoses is usually based on clinical features
showing characteristic dysmorphisms including those of the
face, chest, and extremities as well as mental retardation and he-
patosplenomegaly. The presence of urinary mucopolysaccharides is
sometimes characteristic. A definitive diagnosis should be based on
specific enzyme assays employing cultured fibroblasts or leuko-
cytes. Heterozygous carriers in some of these storage diseases can
be detected by showing one-half the amount of the normal lysoso-
mal enzyme activity in cultured fibroblasts or leukocytes.

Most of the primary macrophage function defects can be ef-
fectively treated by bone marrow transplantation, which pro-
vides normally functioning macrophages. In some diseases,
exogenous replacement with the normal enzyme may be useful.
For instance, Hurler syndrome is associated with deficiency of
iduronidase and can be partially corrected by replacement with
the enzyme. In an animal study, Takahashi et al. (1994) showed
that mutant mice with osteopetrosis lacked functional M-CSF ac-
tivity; exogenous M-CSF could partially correct the defect. The
M-CSF gene is mapped to C1p21 in human beings, but is appar-
ently not the disease-causing gene in patients with osteopetrosis
(Van Hul et al., 1997). Whether correction of cytokine or stromal
cell factor defects in the bone marrow can reverse specific
macrophage function defects remains to be determined.

Prevention and Treatment of Phagocyte
Function Disorders

Primary Prevention

As demonstrated in Table 8.1, most of the phagocyte function dis-
orders exhibit X-linked or autosomal recessive inheritance. Pri-
mary prevention for X-linked and autosomal recessive disorders
is based on carrier detection (McCabe et al., 1989). Phagocyte
disorders for which carrier detection is currently available include
CGD (Newburger et al., 1979; Chapter 37), IL-12 receptor 1
deficiency (Chapter 28), leukocyte adhesion dysfunction (Chapter
38), and Wiskott-Aldrich syndrome (Chapter 31). Heterozygotes
that carry a defective lysosomal enzyme gene encoding for
macrophage storage disease can be detected by quantitating en-
zyme activity in cultured fibroblasts and leukocytes.

Prenatal Diagnosis

Early diagnosis of phagocyte function disorders can be made
employing prenatal chromosome analysis, restriction fragment
length polymorphism (RFLP), biochemical analysis, gene prod-
uct determination, and phagocyte function assays. Chorionic vil-
lIus sampling at 9-10 weeks of gestational age and fetal blood
sampling at 16-20 weeks of gestational age (Perignon et al.,
1987; Lau and Levinsky, 1988; Villa et al., 2000) can be carried
out. Employing the NBT dye reduction test, CGD can be diag-
nosed prenatally at approximately 16-20 weeks of gestational
age (Newburger et al.,, 1979). The polymerase chain reaction
(PCR) may require only a tiny skin sample or amniotic fluid con-
taining 10 to 100 cells and may replace chorion or fetal cord
blood sampling for prenatal diagnosis, thereby resulting in
lower risk to the pregnancy. Prenatal diagnosis of X-linked
CGD by identification of the polymorphism (CA/GT)n repeats
in gp91phox gene can be achieved in hours (Gorlin, 1998). If the
mutation in a given CGD family is known, the analysis of fetal
DNA can identify the status of the fetus. Patients with Chediak-
Higashi syndrome have giant lysosomal granules in phagocytes
and skin melanocytes. The characteristic morphology of these
granules can be used to detect the syndrome in fetal cord blood
samples at 18—20 weeks of gestational age. Similarly, fetal cord
blood sampling may provide the diagnosis of disease or carrier
detection in the leukocyte adhesion deficiency disorders as well
as the IL-12 receptor B1 deficiency. Cord blood leukocytes or
amniotic cells can be cultured to detect metabolic storage dis-
eases by measuring suspected lysosomal enzyme activity. Prena-
tally detected phagocyte function disorders may be managed by
termination of pregnancy or by early bone marrow or stem cell
transplantation (see Chapter 47).

Management of Disease Complications

Patients with phagocyte function disorders should receive psy-
chosocial and rehabilitative support. Appropriate administration of
antibiotic prophylaxis, chest physiotherapy, and surgical drainage
may decrease sequelae. Regular visits to a dentist familiar with the
problems suffered by patients with phagocyte function disorders
are essential, especially for leukocyte adhesion deficiency. Patients
with phagocyte abnormalities who suffer from recurrent infections
starting in infancy usually develop psychologic problems second-
ary to physical changes (skin scarring, coarse face, hearing loss,
dental decay, and/or pulmonary dysfunction), loss of schooling, or
the recurring need for hospitalization or intravenous antimicrobial
therapy. Progress in bone marrow and stem cell transplantation
and gene therapy will have a major impact on the long-term prog-
nosis in these patients by providing techniques to permanently
correct these disorders in the future.
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X-Linked Severe
Combined Immunodeficiency

JENNIFER M. PUCK

Severe combined immunodeficiency (SCID) comprises a collec-
tion of genetic defects that involve both humoral and cellular im-
munity. A profound lack of immune function leads to infections
that are generally fatal in infancy unless the immune system
can be reconstituted. X-linked SCID (XSCID, SCIDX1, MIM
#300400) is caused by defects in IL2RG (MIM *308380), the
gene encoding the interleukin-2 (IL-2) receptor y chain (Online
Mendelian Inheritance in Man [OMIM], 2000), also known as
the common 7y chain. XSCID is the most frequent genetic form of
SCID. Its incidence is unknown, although it has been estimated
to occur in at least 1 per 100,000 births. Males, who have a sin-
gle X chromosome, are affected with XSCID. Female carriers,
who have a mutated copy of the gene on one of their two X chro-
mosomes and a normal copy on the other, remain healthy. How-
ever, carrier females can pass on the disease to their male
offspring and the carrier state to their female offspring. XSCID
appears to occur equally in all ethnic groups.

Both a striking male predominance of SCID in all published
series and recognition of pedigrees with multiple affected males
related through maternal lineages first suggested that XSCID
would turn out to be the major form of SCID. When the XSCID
genetic locus in Xq13.1 was identified so that mutation diagnosis
could be performed, this prediction was directly confirmed
(Buckley et al., 1997; Puck et al., 1997b). XSCID accounts for
approximately half of all cases of SCID, although there is per-
haps a larger proportion in the United States than in European
populations (Buckley et al., 1997; Antoine et al., 2003; Buckley,
2004).

History and Variety of Genetic Forms

The first descriptions of a fatal congenital deficiency of lympho-
cytes date from the 1950s in Switzerland. Glanzmann and Riniker

(1950) described an idiopathic lymphocyte wasting syndrome
with fatal Candida albicans infection. Following the discovery
of agammaglobulinemia by Bruton (1952), Hitzig and Willi
(1961) reported familial alymphocytosis combined with agam-
maglobulinemia that had a fatal outcome in infancy. No distinc-
tion between recessive and X-linked inheritance patterns was
made in these early reports. The term “Swiss-type agamma-
globulinemia,” originally used to distinguish infants with fungal
infections, lymphopenia, and early death, from less severely af-
fected children with agammaglobulinemia alone, has been a
source of confusion, in part because the “Swiss-type” label was
subsequently applied to patients in kindreds in which SCID was
X-linked. With improved immunological tools to characterize
immune defects plus the ongoing identification of additional
genes associated with specific forms of many immunodeficien-
cies, disease designations have become more precise.

Failure to recognize immunodeficiency as the underlying cause
of recurrent diarrhea, pneumonia, septicemia, fungal infections,
or failure to thrive is evident in family histories of many large
kindreds in which several generations of male infants have died.
Often in the past, these patients were mistakenly diagnosed as
having dietary intolerances or cystic fibrosis because of diarrhea,
poor weight gain, and pulmonary infections. Some were given
diagnoses such as scarlet fever (from the rash of spontaneous
graft vs. host disease [GVHD] from maternally derived lympho-
cytes) or diphtheria (when thrush extending down the throat was
thought to represent a diphtheritic membrane). Even today, SCID
is frequently not suspected upon presentation to primary physi-
cians or even referral centers. In countries where newborns are
routinely vaccinated against tuberculosis with the live attenuated
mycobacterial organism bacillus Calmette-Guérin (BCG), in-
fants with SCID may develop fatal, disseminated BCG infection.
For these reasons, pediatric immunologists believe that the true
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incidence of SCID is greater than the 1 per 100,000 estimate
based on diagnosed cases.

Prior to 1968, patients with XSCID almost always died within
the first year of life. However, the achievement of immune recon-
stitution following bone marrow transplantation (BMT) from a
human leukocyte antigen (HLA)-identical sibling marked the be-
ginning of successful treatment (Gatti et al., 1968). The unavail-
ability of histocompatible donors for the majority of XSCID
patients led to the use of isolation in a germ-free environment for
David, the Bubble Boy, a famous Texas patient who came to rep-
resent SCID to the general public. Although David succumbed to
complications of Epstein-Barr virus (EBV) lymphoproliferation
after a BMT at age 12 from a sibling (Shearer et al., 1985), the
technique of T cell-depleted haploidentical BMT has now been
successfully adopted for treatment of infants with XSCID (see
Chapter 47). Early diagnosis, better antibiotics, and intensive sup-
portive care have also contributed to the evolution of XSCID from
a fatal to a treatable disease. Currently it is estimated that over
80%—-90% of infants with XSCID can be saved by transplantation
treatment (Antoine et al., 2003; Buckley, 2004).

Table 9.1 summarizes currently known SCID genotypes and
cellular phenotypes and gives a rough breakdown of the relative
percentage of cases caused by defects in each gene. Enumeration
of T and B lymphocytes and, more recently, natural killer (NK)
cells has provided useful correlations of lymphocyte phenotype
with genotype. While all patients with SCID have very few
T cells, over half have detectable or even increased numbers of B
cells that are nonfunctional (T~B* SCID) (Stephan et al., 1993;
Buckley et al., 1997). Most of these patients are males, but from

Table 9.1. Genotypes Associated with Severe Combined Immunodeficiency

Syndromes

the existence of females with T"B* SCID it is clear that both au-
tosomal recessive and X-linked gene defects can produce this
phenotype. T-B* SCID is now associated with defects in any of
several genes, including JAK3, encoding the signaling kinase
that interacts intracellularly with the common 7 chain; /L7R, en-
coding the o chain of the receptor for IL-7 (both discussed in
Chapter 10); CD45, encoding the cell surface coreceptor CD45
(Chapter 13); the p51 tyrosine kinase Ick gene (Chapter 14); and
TCRD, encoding the & chain of the CD3 complex (Chapter 16).
In addition, humans with defects in the FOXN/ transcription fac-
tor that is defective in athymic nude mice have autosomal reces-
sive T"B* SCID in addition to alopecia totalis (Frank et al.,
1999). While most patients with T-B* SCID lack NK cells, those
with /L7R mutations and other defects specifically related to sig-
naling through the T cell receptor generally have intact NK cell
development (Table 9.1).

Patients with no T or B cells (T-B~ SCID) have a more even
ratio of males to females, a pattern suggesting autosomal reces-
sive inheritance. Autosomal recessive T-B~ SCID can be caused
by complete deficiency of adenosine deaminase (Chapter 12) and
also by defects in the proteins involved in the DNA rearrange-
ment of T cell and B cell receptor genes (Chapter 11). Despite
rapid progress in new SCID gene discovery in the past decade,
documented in Table 9.1, there are still SCID patients whose mo-
lecular diagnosis remains unknown, and many additional SCID
gene defects are likely to be found.

The discovery of the XSCID disease gene, IL2RG (Noguchi
et al., 1993b; Puck et al., 1993b), has led to increased apprecia-
tion of the immunologic characteristics of this form of SCID,

Characteristic Lymphoctye

Subpopulations
Percent of Natural Killer

Gene Defect Molecular Pathogenesis SCID Cases* T Cells? B Cells Cells
IL2RG Failure of signaling through common 7y chain receptors for cytokines 46% Low/absent Present Absent
(X-linked) 1L-2, -4, -7, -9, -15, -21 (Chapter 9)
ADA Adenosine deaminase deficiency (Chapter 12) 16% Low/absent Absent Absent
IL7R Failure of signaling through IL-7 receptor (Chapter 10) 9% Low/absent Present Present
JAK3 Failure of Janus kinase 3 activation by common 7y chain (Chapter 10) 6% Low/absent Present Absent
RAGI1 Failure of T and B cell antigen receptor rearrangement (Chapter 11) <2% Absent Absent Present
RAG2 Failure of T and B cell antigen receptor rearrangement (Chapter 11) <2% Absent Absent Present
DCLREIC Failure of T and B cell antigen receptor rearrangement (Chapter 11) <5% Absent Absent Present
CD45 Lack of cell surface protein tyrosine phosphatase receptor, PTPRC, Rare Low/absent Present Low, maybe

required for T and B cell activation by antigen (Chapter 13) variable
TCRD CD33 deficiency with lack of T cell development (Chapter 16) Very rare Low/absent Present Present
LCK Lack of lymphocyte tyrosine kinase p56lck, required for T cell Very rare Low/absent Present Present

development and activation (Chapter 14)
FOXNI Lack of forkhead box N1 transcription factor, required for thymus Very rare Low/absent Present Present

and hair follicle development (ortholog of nude mouse) (Frank

etal., 1999)
RMRP Lack of RNA component of mitochondrial RNA—processing Very rare Low/very low  Present Maybe low

endoribonuclease, causing cartilage-hair hypoplasia (CHH);

variable immunodeficiency, in some cases severe (Chapter 36)
Complete DiGeorge  Aplasia of the thymus, most often with chromosome 22q11 deletion Rare Absent Variable Present

syndrome (Chapter 33)

Currently unknown  Unknown, including reticular dysgenesis and congenital anomaly Each one rare  Low/absent Variable Variable

syndromes with SCID#

*Based on Buckley (2004), Antoine et al. (2003), and unpublished estimates (J. Puck).

“Some patients have substantial numbers of maternally derived T cells at time of diagnosis.

For example, SCID with multiple intestinal atresia (Gilroy et al., 2004), SCID with musculoskeletal abnormalities (Tangsinmankong et al., 1999).
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elucidation of molecular responses of lymphocytes to cytokines,
and availability of carrier and prenatal diagnosis by direct de-
tection of mutations. Furthermore, XSCID has become the first
disease in humans to be successfully treated by gene therapy
(Chapter 48).

Clinical and Pathologic Manifestations

Male infants with XSCID appear normal at birth. Presenting
complaints are highly variable, as summarized in Table 9.2, and
are generally not distinguishable from those of patients with au-
tosomal forms of SCID except that female patients are assumed
to have autosomal SCID. Although a family history can lead to
laboratory confirmation of XSCID before or at the time of birth,
over 50% of patients have no maternal male relatives with diag-
nosed immunodeficiency or early death consistent with XSCID.
Whether due to chance and small sibship sizes or to newly aris-
ing mutations (see Strategies for Diagnosis of XSCID, below),
the most common presentation of XSCID—and also the most
common presentation of SCID of any genotype—is a sporadic
affected male (Conley et al., 1990; Buckley et al., 1997). As
transplacentally transferred maternal IgG wanes, infants with
XSCID develop infections that bring them to medical attention
generally by 3 to 6 months of age. Thrush or respiratory and gas-
trointestinal infections may at first seem routine, but they do not
respond to the usual medical management. For example, otitis
may not resolve despite several courses of oral antibiotics; respi-
ratory syncytial virus (RSV) may be continuously present in pul-
monary secretions for several months; and diarrhea leads to
failure to gain weight, or even weight loss. Rashes, either erythe-
matous or maculopapular, have been associated with GVHD, ei-
ther from maternal cells transferred to the infant during birth or
from transfusion of nonirradiated blood products prior to recog-
nition of the immunodeficiency.

Table 9.2. Clinical Features of X-linked Severe Combined
Immunodeficiency (XSCID)

Universal Features

Male gender

Presentation in first year, usually by age 6 months
Failure to thrive

Oral thrush, candida diaper rash

Absent tonsils

Persistence of infections despite conventional treatment

Common Features

Family history of similarly affected maternal male relatives

Chronic diarrhea

Respiratory congestion, cough

Fevers

Pneumonia, especially with Pneumocystis jiroveci

Sepsis, severe bacterial infections

Viral infections, including cytomegalovirus, adenovirus, Epstein-Barr virus,
enteric viruses, varicella, herpes, and respiratory syncitial virus

Infections with opportunistic pathogens

Less Common Features

Erythematous skin rash (often with hepatomegaly and even
lymphadenopathy) from spontaneous or transfusion-related graft vs.
host disease
Recurrent bacterial meningitis
Disseminated infections (salmonella, varicella, Bacillus Calmette-Guérin;
rarely, vaccine strain [live] poliovirus)

Table 9.3. Pathologic Findings in X-linked Severe Combined
Immunodeficiency

Primary Absence of T Cell Precursors

Markedly small thymus gland
Vestigial thymic stroma present
Absence of lymphocytes in thymus
No Hassall’s corpuscules in thymus
No corticomedullary distinction

Evidence of Infections Secondary to Immunodeficiency
Candida pharyngitis, esophagitis
Pneumonia or pulmonary infiltration with
Candida, other fungi
Pseudomonas, other gram-negative bacteria
Pneumocystis carinii
Cytomegalovirus

Evidence of Graft vs. Host Disease

Lymphocytic infiltration of skin, liver, other organs

Eventually, a clinical decompensation, diagnosis of an oppor-
tunistic pathogen, such as Pneumocystis jiroveci (formerly P.
carinii), or a high index of suspicion leads to consideration of an
immune disorder. Decompensating events include bacterial sep-
sis, meningitis, or deep-seated infections, as well as bacterial,
fungal, or viral pneumonias. Three series of SCID patients in
France (Stephan et al., 1993) and the United States (Bortin and
Rimm, 1977; Buckley et al., 1997) reported a similar large range
of infectious agents at presentation, primarily Candida albicans;
P. jiroveci; Pseudomonas, Salmonella, and other gram-negative
bacteria; gram-positive bacteria; respiratory viruses and viruses
of the herpes family; and fungi. Infants with SCID who have re-
ceived BCG vaccination may develop disseminated infection
with this organism. Live polio vaccination has uncommonly
caused poliomyelitis and carditis, but most infants have protec-
tive transplacentally acquired maternal antipoliovirus antibodies.

The hallmark of XSCID immunopathology (Table 9.3) is an ex-
tremely small thymus gland almost devoid of lymphocytes. Thymic
stroma is present, but not well differentiated. There are no Hassall’s
corpuscles and no corticomedullary distinction. Thymic dendritic
and epithelial cells are abnormal (Hale et al., 2004). Analysis of
T cell receptor B chain rearrangement in thymic tissue from infants
with XSCID has shown that the initial DB-to-JP recombination can
occur, but subsequent VDJ rearrangement is blocked (Sleasman
et al., 1994). Similarly, in extrathymic lymphoid organs, lymph
nodes are small and poorly developed, and T lymphocytes can-
not be found. Tonsils are absent. Other pathological findings in
infants with XSCID who do not survive include manifestations
of their terminal infections and, in some patients, lymphocytic
infiltration of skin, liver, and other organs as a result of GVHD.

Unless treated by BMT, infants with XSCID generally suc-
cumb to infections before 1 year of age, but in rare cases the di-
agnosis of XSCID has been made in infants beyond their second
birthday. A sheltered home environment may be a factor in late
presentation. A mild clinical course has also been associated
with particular mutational profiles of IL2RG, as discussed below.

Laboratory Findings

Laboratory values that are useful to diagnose all types of SCID
are summarized in Table 9.4. A helpful clue from a simple labo-
ratory test is a low absolute lymphocyte count, compared to val-
ues for age-matched normal infants. While not universal, this
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Table 9.4. Laboratory Abnormalities in Infants with X-linked Severe Combined Immunodeficiency*

XSCID Proportion with Control Value
Patients Low Numbers Range, First Year™
Lymphocyte Counts
Total lymphocytes/pl <2000 90% 3400-9000
T cells/pl 200 (0-800) 100% 2500-5600
B cells/ul 1300 (0-3000) 5% 300-3000
NK cells/ul <100 88% 170-1100
T Cell Receptor Excision Circles (TRECs)
Absent 100% 1 per 10 T cells

Antibody Concentrations™

IgA, IgM
1gG

Extremely low

Lymphocyte Function®

Maternal levels at birth,
low by age 3 months

Mitogen responses Very poor

Mixed lymphocyte response Very poor

NK cytotoxicity Usually very poor; occasionally
normal

Specific antibody Very poor production

Other Laboratory Tests
Absent thymic shadow

Universal on chest radiogram

*Adapted from Buckley et al. (1993, 1997); Chan and Puck (2005); Conley et al. (1990); Fischer (1992); Kalman et al. (2004); Schonland et
al. (2003); Shearer et al. (2003); Stephan et al. (1993); Stiechm et al. (2004).

TControl ranges are approximate and age-dependent, and they may vary between laboratories. One should consult the immunology labora-

tory performing the test for best interpretation.

indicator should raise the suspicion of a congenital immunodefi-
ciency in an infant with a significant infection. Because of ar-
rested development of T cells, infants with SCID lack T cell
receptor excision circles, or TRECs (Chan and Puck, 2005).
TRECsS are the episomal DNA circles formed by end-joining of
genomic DNA segments removed during T cell receptor gene re-
arrangement; a quantitative polymerase chain reaction (PCR)
across the joined ends is used to measure TREC number (Douek
et al., 2000; Schonland et al. 2003).

Typically, but not always, the small numbers of lymphocytes
found in patients with XSCID are predominantly or entirely B
cells, which may be present in normal or even elevated numbers.
Thus XSCID is the major disease accounting for T-B* SCID.
Mutation-proven XSCID patients reported by Buckley et al.
(1997, 1999) have a lymphocyte profile to similar to that of the
T-B* patients (not all genotyped, but predominantly males) re-
ported by Antoine et al., from Europe (2003).

The B cells found in infants with XSCID are immature and
resemble the naive B cell population of normal cord blood in
their expression of cell surface markers and in vitro antibody
production restricted to immunoglobulin (Ig)M (Small et al.,
1989). Sequence analysis of XSCID B cell immunoglobulin
heavy chains has demonstrated normal VDJ rearrangement
(Minegishi et al., 1994). However, there is overutilization of J;;3
segments, as seen in fetal and neonatal B cells, and a total lack of
somatic hypermutation. In XSCID infants whose maternally ac-
quired IgG antibodies have waned, specific responses to vaccines
or infectious agents are severely impaired or absent. Other distin-
guishing characteristics of XSCID are low numbers of cells that
bear NK cell markers and poor NK cell cytotoxicity.

Despite the utility of these generalizations, lymphocyte num-
bers and function are not uniform in all patients and may be sub-

ject to modification by genetic factors other than /L2RG mutation
and by environmental factors. For example, patients with IL2RG
mutations occasionally have low, rather than the typical normal
to high, numbers of B cells. Also, patients with proven IL2RG
defects have been reported who have NK cells and NK cytotoxi-
city (Pepper et al., 1995).

Spontaneous engraftment of maternal lymphocytes in males
with XSCID can be detected by finding XX karyotypes on
cytogenetic analysis, by HLA typing, or by using DNA poly-
morphic markers (Pollack et al., 1982; Conley et al., 1984; Puck
et al., 2001). Maternal cells can be found in almost all XSCID
patients if sensitive methods are used. Although there may be no
discernible consequences of maternal engraftment, the maternal
cells may elevate the lymphocyte counts of an infant with XSCID.
When sufficient numbers of maternal cells are activated to re-
spond to the infant’s paternally derived histocompatibility anti-
gens, an XSCID patient may have eosinophilia and circulating
maternal, activated, DR* T cells. In patients who have iatrogenic
GVHD from transfusion of nonirradiated blood products, these
abnormalities can become pronounced, and florid, acute GVHD
can occur, including gatroenteritis, hepatitis, and lymphocytic
infiltrates in skin, liver, and other organs.

Molecular Basis: The Disease Gene, IL2RG

X-linked SCID was mapped by linkage to the proximal long arm
of the X chromosome by De Saint Basile et al. (1987). Gene map-
ping studies were hampered by the early lethality of XSCID in
males and the lack of any clinical or immunologic abnormalities
to distinguish carrier females. However, Puck et al. (1987) noted
that in contrast to the expected random X chromosome inactiva-
tion in female tissues, obligate female carriers of XSCID had only
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Figure 9.1. Structure of IL2RG and mutations found in patients with X-linked SCID, both published and
reported to IL2RGbase (http://www.genome.gov/DIR/GMBB/SCID; Puck et al., 1996); Genbank acces-
sion number L19546. At sites where multiple mutation events have occurred, mutation symbols are en-
larged and number of unrelated subjects with mutation indicated.

the nonmutated X chromosome as the active X in their lympho-
cytes. This nonrandom X inactivation reflected a selective disad-
vantage in proliferation, differentiation, or survival of lymphocyte
progenitors lacking a normal gene product at the SCIDX1 locus.
Nonrandom X inactivation is found in T cells, B cells, and NK
cells of XSCID carriers. In contrast, random X inactivation pat-
terns are seen in their granulocytes, monocytes, and other tis-
sues (Puck et al., 1987; Conley et al., 1988; Wengler et al.,
1993). Thus the SCIDX1 gene product is necessary for the de-
velopment of lymphoid but not myeloid cells from bone marrow
stem cells.

Nonrandom X inactivation in lymphocytes was also used to
assign the carrier status of female relatives of XSCID patients,
increasing the number of informative individuals for genetic
linkage in XSCID pedigrees. Further narrowing of the SCIDX1
region was made possible by the study of males with choroi-
deremia and deafness, but not immunodeficiency, who had inter-
stitial deletions below Xq13, (Puck et al., 1993a). Until this time,
no genes related to the immune system were known to reside in
the region defined by mapping studies. However, in 1993, two
groups (Noguchi et al., 1993b; Puck et al., 1993b) realized that
the v chain of the receptor for IL-2, cloned the previous year
(Takeshita et al., 1992), was located in the region where SCIDX1
had been placed. Deleterious mutations in /L2RG, the gene en-
coding this receptor, were found in XSCID patients, proving that
IL2RG is the XSCID disease gene.

IL2RG encodes the 7y chain of the IL-2 receptor; the gene
product is now called the common 7y chain, yc. Two chains of the
IL-2 receptor were known to exist before the y chain was identi-
fied. The B chain, constituitively expressed on T cells, has inter-
mediate affinity for IL-2 by itself; and the o chain, expressed
after T cell activation, boosts the affinity for IL-2 of the receptor

complex 100-fold. The existence of a y chain was postulated
when transfection of the o and B chains of IL-2 receptor into ep-
ithelial cell lines failed to produce a receptor that could transmit
a signal. A third chain was co-immunoprecipitated with the 3
chain and subsequently purified by two-dimensional gel elec-
trophoresis (Takeshita et al., 1992). Determination of the amino-
terminal sequence led to isolation of full-length cDNA for
IL2RG. The gene, depicted in Figure 9.1, spans 4.5 kb of ge-
nomic DNA in Xql3.1. The coding sequence of 1124 nu-
cleotides is divided into eight exons. IL2RG, a type I protein, is a
member of the cytokine receptor gene family. It encodes a 5” sig-
nal sequence of 22 amino acids, which is cleaved off while tar-
geting the protein for cell surface expression. Four conserved
cysteine residues are found at the extracellular amino-terminal
end; the juxtamembrane extracellular motif encoded in exon 5,
the WSXWS box, is a hallmark of all cytokine receptors; the
highly hyrdophobic transmembrane domain of 29 amino acids
occupies most of exon 6; and the proximal intracellular domain
in exon 7 contains a Box1/Box2 signaling sequence homologous
to SH2 subdomains of Src-related tyrosine kinases.

The three-dimensional structure of the yc protein has been
characterized (Wang et al., 2005), and the exact spatial arran-
gement and interaction between 7yc and its extracellular contacts
explains how IL-2 signaling is initiated at the extracellular sur-
face (Stauber et al., 2006). The o chain binds IL-2 and delivers it
to the B chain, following which the y chain addition to the quater-
nary complex creates a highly stable signaling structure.

Function of yc, the IL2RG Gene Product

The first report of yc by Takeshita et al. (1992) established its
expression in lymphocytes and cell lines of both T and B cell


http://www.genome.gov/DIR/GMBB/SCID

128 Syndromes

B cell isotype  Early

Tcell switching, lymphoid
maturation, Thelpertype 2 lineage Mast NK and
activation differentiation  determination cells NK cells T cells
cHFL2R I
¥ p IL-21R
IL2Ry =
1 cell surface "
Il
I []
STAT 3 K3
JAK3

X

—
oo 51 QL)
STATS

lineages. It is not expressed in liver or epithelial cells. Subse-
quent studies have shown expression in EBV-transformed B cell
lines from normal individuals and and in mouse hematopoietic
progenitor cells, from the earliest stem cell-enriched populations
throughout development of myeloid and lymphoid lineages
(Orlic et al., 1997). Expression of yc on murine thymocytes
increases as they mature from CD4-/CDS8~ to double-positive
to single-positive T cells, and further up-regulation occurs after
lymphocyte activation (DiSanto et al., 1994a; Nakarai et al.,
1994; Sugamura et al., 1996).

Recognition that yc was a component of the IL-2 receptor ex-
plained why mitogen responses are poor in infants with XSCID.
DiSanto et al. (1994b) showed absence of both binding and inter-
nalization of IL-2 in B cell lines from XSCID patients. However,
a mouse knockout of the gene for IL-2 did not have a SCID phe-
notype, but manifested immune dysregulation by developing au-
toimmune hemolytic anemia and inflammatory bowel disease
(Schorle et al., 1991; Schimpl et al., 1994). This apparent para-
dox could be explained if yc were to have additional roles. In-
deed, as shown in Figure 9.2, several groups subsequently
demonstrated that the XSCID gene product is part of the receptor
complexes for multiple cytokines: IL-4 (Kondo et al., 1993;
Russell et al., 1993), IL-7 (Noguchi et al., 1993a), IL-9 (Russell
et al., 1994), IL-15 (Giri et al., 1994a), and IL-21 (Habib et al.,
2002, 2003).

Data from additional mouse knockout experiments and cellu-
lar cytokine activation studies suggest that the interaction be-
tween IL-7 and the IL-7 receptor complex, which contains vyc, is
an important signal for development of lymphocyte progenitors
from undifferentiated hematopoietic stem cells. IL-7 receptor
mRNA expression is coordinated with hematopoietic cell com-
mitment to the lymphoid differentiation pathway (Orlic et al.,
1997). Mice lacking either IL-7 or the IL-7 receptor o chain have
a SCID phenotype with impaired lymphocyte development
(DiSanto et al., 1995a), and IL-7 can induce rearrangement of
the T cell receptor B locus in vitro by promoting expression of
the recombinase genes RAG/ and RAG2 (Muegge et al., 1993).

i
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Figure 9.2. Role of the XSCID gene product yc
in receptor complexes for multiple cytokines.

The importance of IL-4, particularly acting through yc, for
lymphocyte development and function is less clear. IL-4-
deficient mice have T and B cells, although T helper function,
particularly in induction of B cell isotype switching to IgE, is de-
fective (Kuhn et al., 1991; Seder and Paul, 1994). Although IL-4
receptor complexes containing yc mediate optimal signaling
from IL-4, yc-defective human XSCID B cell lines exhibit some
IL-4 activation through IL-4 receptors without yc (Matthews
et al., 1995; Taylor et al., 1997). Similarly, the physiologic sig-
nificance of yc within the receptor complex for IL-9 is not yet
clear. IL-15 activation of XSCID cell lines does not occur, and
IL-15 signals are required for NK cell development (Kumaki
et al., 1995; Matthews et al., 1995). IL-21 signaling is important
for both innate and adaptive immune responses, not only enhanc-
ing NK cell effector functions and interferon-gamma (IFN-y)
production, but also augmenting T and B cell responses to spe-
cific antigens (Habib et al., 2003).

After interaction with any one of the above cytokines on the
surface of a cell, yc trasmits an activation signal intracellularly
by means of its association with JAK3, a member of the cyto-
plasmic Janus family of tyrosine kinases (Johnston et al., 1994;
Miyazaki et al., 1994; Russell et al., 1994; Ihle, 1995). Specific
tyrosine residues of JAK3 becomes phosphorylated and in turn
relay the activation signal to one or more of the signal transduc-
ers and activators of transcription, or STAT proteins, which form
dimers and migrate into the cell nucleus to alter the cellular tran-
scription program (Fig. 9.2). There is a one-to-one correspon-
dence between cytokine binding to yc and phosphorylation of
JAK3: only yc appears to have the specificity to pass activation
signals through JAK3. This fact is demonstrated not only by the
lack of JAK3 phosphorylation, noted by several investigators to
be a property of XSCID patient B cell lines (Russel et al., 1994;
Candotti et al., 1996), but also by the recognition that lack of
JAK3 causes SCID that, other than its autosomal recessive inher-
itance pattern, is indistinguishable from XSCID (Macchi et al.,
1995; Russell et al., 1995). For a detailed discussion of JAK3
signaling and SCID, see Chapter 10.
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Mutation Analysis in XSCID

IL2RG mutations have been reported in patients with XSCID
from every racial group. A database of published and verified
mutations, IL2RGbase (Puck et al., 1996), can be accessed on
the World Wide Web at http://www.genome.gov/DIR/GMBB/
SCID. The first 344 unrelated patients had 198 distinct muta-
tions, of which all but 6 were changes in only one or a few nu-
cleotides (Fig. 9.1). The mutations are assigned to the exons and
surrounding splice sites in which they are located. XSCID-
causing IL2RG mutations are not evenly distributed. Exon 5 is
the site of 27% of all the mutations, followed by exon 3 with
21%, exon 4 with 14%, and exons 6 and 7 with 10% each. Only
three mutations have been found in exon 8.

Hot spots for mutation in IL2RG

Recurrent mutations have been noted at several positions, or “hot
spots” in IL2RG. In several instances, the new origin of a muta-
tion has been proven by finding only the normal gene sequence
in DNA from parents of female carriers or from mothers of
affected males. Five hot spots for mutation involve the well-
recognized mechanism of cytosine methylation and deamination
to thymidine within a CpG dinucleotide (Cooper and Krawczak,
1993). The region of cDNA 666-691 of IL2RG, just 5" to the
WSEWS motif in exon 5, contains six CpG dinucleotides, the
last of which has been the site of 29 independent missense muta-
tions (Pepper et al., 1995). These mutations are both 690C — T,
changing arginine 226 to cysteine (R226C), and 691G — A, re-
flecting a C-to-T mutation on the anticoding strand and changing
the same arginine to a histidine (R226H). Just six nucleotides
5" to this hot spot, the mutation 684C — T, causing a nonconserv-
ative missense mutation from arginine to tryptophan, R224W,
has been reported 14 times in unrelated patients.

Two other hot-spot mutation sites are 879C — T, causing
a premature termination, occurring 16 times (Pepper et al.,
1995); and 868G — A, producing a R285Q missense mutation in
the last nucleotide of exon 6, seen 14 times. A fifth CpG hot spot
at cDNA 717, producing premature termination, has been noted
six times, and interestingly was only recognized after collection
of the mutations of multiple investigators into the database (Puck
et al., 1996; see Chapter 45). Unfortunately, from the point of view
of ease of molecular diagnostic testing, the above hot-spot muta-
tions combined account for less than one-quarter of the XSCID-
causing mutations. Unique mutations continue to be found as
more patients are studied.

Point mutations in IL2RG

Single nucleotide changes, found in 57% of all XSCID
probands, have produced 35 different termination codons (non-
sense mutations, shown as filled circles in Fig. 9.1) and 62 differ-
ent amino acid substitutions (missense mutations, open circles).
It is important to assess the significance of missense mutations.
Some are predicted to disrupt known essential elements, such as
the first methionine that signals initiation of translation, the four
conserved extracellular cysteine residues, the WSEWS motif
conserved in all members of the cytokine receptor gene family,
or the hydrophobic transmembrane domain. Functional signifi-
cance is likely for mutations at sites that are conserved not only
among mammals, such as human, mouse, rat, and dog, but also
between human and more distant species, such as chicken or
trout, or between /IL2RG and other members of the cytokine gene
family (Pepper et al., 1995). Amino acid substitutions repeatedly
found to be the only change associated with XSCID in unrelated

kindreds are more likely to be pathogenic than to be incidental
polymorphisms. Direct proof that a missense mutation is harmful
requires testing a cell line from the affected patient for expres-
sion of IL2RG mRNA and determining whether yc protein is
expressed at the cell surface, whether expressed yc can bind IL-
2, and whether downstream targets such as JAK3 and STATS
become phosphorylated (Puck et al., 1997b). Rare or private
polymorphisms have been found in IL2RG, but none that are
common in control populations.

Insertion and deletion mutations and splice mutations

Insertions (square symbols in Fig. 9.1) and deletions (triangles)
account for 19% of XSCID mutations. The great majority of
them produce frame shifts, predicted to encode variable numbers
of missense amino acids before coming to a new termination
codon. Similarly, 19% of XSCID mutations alter the conserved
splice signals preceding and following each exon (pentagons,
Fig. 9.1). One particularly subtle splice mutation, which has
been found in six unrelated XSCID families, changes the attack-
ing, or branch, point, adenosine, at position —15 in front of exon
3 (Tassara et al., 1995). The resulting mRNA is unstable because
of the inability to form the lariat structure that is a necessary in-
termediate in mRNA processing. Because exons 2 through 7
of IL2RG contain numbers of nucleotides not divisible by 3, all
splice mutations that produce exon skipping are predicted to
cause frame shifts.

Expression of MRNA and mutated yc protein

B cells from XSCID patients can be transformed with EBV to
make permanent cell lines for functional study. B cell lines from
control individuals invariably express ILZRG mRNA and yc pro-
tein, detectable with a fluorescent-labeled anti-yc antibody (Ishii
et al., 1994; Puck et al., 1993b, 1997b). Absent mRNA, demon-
strable for all mutations that produce terminations throughout
the first five IL2RG exons, is sufficient to prove that a patient
with SCID has an /IL2RG defect. However, studies by Puck et al.
(1997b) showed that many /L2RG mutations are associated with
normal mRNA quantity and size. Because such mutations include
the frequently mutated hot-spot sites, as many as two-thirds
of all XSCID patients may express some mRNA and abnormal
Yc protein. Similarly, many XSCID patients have detectable cell
surface ‘yc protein, specifically those with mutations in the intra-
cellular domains encoded by /IL2RG exons 7 and 8, with certain
extracellular missense mutations or with in-frame insertions or
deletions (Puck et al., 1997b). Direct testing of yc expression and
function in peripheral blood from infants with SCID, as sug-
gested by Gilmour et al. (2001), can be combined with sequence-
based confirmation of molecular diagnosis but may be
inadequate because of small samples available from lym-
phopenic infants, and inaccurate because of nonmutated maternal
lympocytes that may be present in an affected infant’s peripheral
blood.

Genotype-phenotype correlation of XSCID mutations

The expression of functional yc is severely compromised by all
but a handful of the mutations reported; exceptional cases with
atypically mild disease, late presentation, or normal numbers of
T cells have revealed important aspects of the moleulcar biology
of yc. In affected males in a family from France, initially normal
T cell numbers declined with time and T cell receptor diversity
was limited by an /L2RG substitution of an A residue for the al-
most invariant G nucleotide at the end of exon 1 (129G — A).
While the missense mutation in yc encoded by this change, D39N,
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appeared not to impair IL-2 binding, the loss of a G-terminal nu-
cleotide in exon 1 caused most of the mRNA to be incorrectly
spliced (DiSanto et al., 1994c).

In another mildly affected kindred from Galveston, Texas,
many males with recurrent respiratory and viral infections had
reduced but not absent T cells; an intracellular /L2RG point mu-
tation 1.293Q within the Box-1/Box-2 intracellular portion of yc
caused decreased interaction with JAK3, helping to prove the
importance of JAK3 in the yc signaling pathway (Russell et al.,
1994; Schmalstieg et al., 1995; Goldman et al., 2001).

Another XSCID patient was inexplicably mildly affected de-
spite having inherited an /L2RG missense mutation that elimi-
nated the fourth conserved cysteine residue (C115R), required
for proper disulfide bond formation and normal configuration of
all members of the cytokine receptor family (Stephan et al.,
1996; Bousso et al., 2000). Investigations revealed reversion
to wild-type sequence, probably at the level of a T lymphocyte
progenitor, allowing production of functional T cells with nor-
mal yc. This case illustrated the powerful selective advantage of
gene-corrected cells in XSCID, an argument in favor of retrovi-
ral gene therapy for this disease (see below).

Two unrelated patients had XSCID with normal numbers of
poorly functioning T cells and shared the missense mutation
R222C; one of these had a thymus biopsy demonstrating relatively
normal histology with preservation of cortical and medullary re-
gions (Scharfe et al., 1997; Mella et al., 2000). However, four
other instances of this mutation have been associated with typi-
cal SCID (Clark et al., 1995; J. Puck, unpublished report), as
have 14 instances of the missense mutation R224W at the same
amino position. A patient with missense mutation L162R (Mella
et al., 2000) and one with a defect in the poly-A addition site of
IL2RG mRNA (Hsu et al., 2000) have also been reported. In ad-
dition to having more T cells than those of typical XSCID pa-
tients, these individuals survived for over a decade without
successful allogeneic transplantation, exhibited activated, DR* T
cells, and suffered from growth delay and chronic pulmonary
disease. Taken together, these natural experiments in mutagene-
sis indicate that low levels of normal yc or mutated yc with re-
sidual function can allow some T cell development to occur.
Additional male patients with combined immunodeficiency less
severe than typical SCID may have /L2RG mutations.

Strategies for Diagnosis

Once the clinical suspicion of a combined T and B cell immun-
odeficiency has been raised, whether by family history, low
lymphocyte count, or recurrent or opportunistic infections, the
diagnosis of SCID must be made by lymphocyte phenotyping
and functional tests. X-linked SCID due to IL2RG mutation
should then be considered in any male patient, although females
with Turner syndrome (45 X0 chromosome complement instead
of 46 XX) and rare females with constitutionally unbalanced X
chromosome inactivation patterns are theoretically also at risk. A
clear X-linked family history is sufficient to confirm XSCID
with presumed IL2RG mutation, but the lack of such a family
history does not rule out XSCID. New mutations in /L2RG are
frequent. Indeed, only 33 of 87 genotype-proven XSCID cases
(38%) in a large study had family pedigrees demonstrating
X-linked inheritance (Puck et al., 1997b).

Further clues as to the specific XSCID genotype can be
gleaned from immunological tests, but atypical values cannot
rule out X-linked disease. Males with very few T cells, high pro-
portions of B cells, and absent NK cells are quite likely to have

IL2RG defects, although autosomal recessive JAK3 mutations
have an identical clinical and immunologic profile. Lymphocyte
phenotyping can be misleading in the face of maternal T cell en-
graftment, transfusion of nonirradiated blood products, and/or
infectious agents. The availability of an anti-yc monoclonal anti-
body makes it possible to evaluate patient peripheral blood lym-
phocytes for yc expression (Ishii et al., 1994; Puck et al., 1997b).
If yc is clearly absent from patient cells as compared to controls,
XSCID can be diagnosed. However, presence of yc may indicate
that the patient’s JL2RG gene is encoding an expressed but non-
functional protein, or that maternal or other foreign cells in the
infant’s peripheral blood are positive for anti-yc staining.

Molecular testing for XSCID involves methods discussed
in more detail in Chapter 44. Two indirect methods, linkage and
maternal lymphocyte X chromosome inactivation, were used be-
fore identification of IL2RG as the XSCID disease gene. Linkage
analysis for diagnosis is a valuable aid, but can only be applied
in cases with a clear X-linked family history and available DNA
from affected or obligate carrier family members. X chromo-
some inactivation was originally assayed in mothers of SCID
patients by creating a large panel of independent human lympho-
cyte/hamster fibroblast hybrid cell lines grown in selective
medium to ensure retention of the active human X chromosome.
DNA from these hybrid clones was then genotyped with a poly-
morphic marker to identify which of the two X chromosomes
was retained in each hybrid cell line (Puck et al., 1992). With the
advent of PCR technology, a new assay was developed on the ba-
sis of digestion of a polymorphic segment of the androgen re-
ceptor gene, AR, with methylase-sensitive restriction enzymes.
Selective methylation of the inactive AR allele, detected as preser-
vation of only a single allele after digestion, suggested skewed X
inactivation (Allen et al., 1992). Indirect methods are complex,
expensive, time consuming, and not always interpretable, thus
they have generally been used only in research laboratories.
Although critically important for the gene hunt that identified
IL2RG, they are now largely replaced by DNA sequence—based
analysis.

Definition of the intron—exon boundaries of /L2RG and devel-
opment of primers for PCR amplification of each exon plus
flanking regulatory sequences has made mutation screening pos-
sible. Single-strand conformation polymorphism (SSCP), carried
out by electrophoresis of single exon segments in nondenaturing
conditions, was shown to have 83% sensitivity in identifying
mutations in /L2RG (Puck et al., 1995, 1997a). A modification of
this technique, dideoxy fingerprinting (ddF) (Sarkar al., 1992),
had much better sensitivity as a clinical test and detected all of
87 mutations in the series of Puck et al. (1997a, 1997b). Direct
sequence analysis of PCR-amplified DNA must be performed to
determine the specific mutation observed by a screening tech-
nique. A nonpathogenic polymorphism would otherwise not be
distinguishable from a deleterious mutation. DNA from females
at risk of carrying a mutation known from studying other family
members can be analyzed by a proven screening method for that
mutation, such as SSCP or ddF, by sequencing, or by digestion
with a restriction enzyme that can differentiate wild-type and
mutant alleles (Puck et al., 1997a).

Carrier Detection and Prenatal Diagnosis

Females who carry an /L2RG mutation on one of their X chro-
mosomes are immunologically indistinguishable from controls.
However, they can be identified by nonrandom X chromosome
inactivation, which is seen in their lymphocytes but not in their
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granulocytes or nonlymphoid cells (Conley et al., 1988; Puck
et al., 1992). This skewed X inactivation is a result of the selec-
tive disadvantage of lymphocyte precursors that have inactivated
the X chromosome with an intact IL2RG gene. When the identity
of the mutation in a male proband is known, direct detection of
the mutation in the heterozygous state in at-risk female relatives
is possible as described above. It is also possible to identify
IL2RG mutations in potential female carriers when no sample
from an affected male is available (Puck et al, 1997a). Females
carrying a pathogenic /L2RG mutation have a 50% risk of XSCID
for each male pregnancy and a 50% risk that each female preg-
nancy will also carry the mutation. However, as expected with
X-linked lethal disorders, new mutations are common and pre-
dictions based on testing maternal blood may be inaccurate. Fe-
male germ-line mosaicism has been documented in XSCID
(Puck et al., 1995), and women have been identified whose blood
lymphocytes had no mutation and random X inactivation but
who passed an /L2RG mutation on to multiple affected offspring
(Puck et al., 1995; O’Marcaigh et al., 1997). In 13% of 85 moth-
ers of sons with proven XSCID mutations, the mutations were
not present in maternal blood samples (Puck et al., 1997b).
Because the mutations in such cases may have existed in only a
single maternal oocyte or may represent extensive maternal mo-
saicism, the recurrence risk for these mothers must be given as
between 0 and 50% for a subsequent male pregnancy.

Prenatal diagnosis can be performed by several methods, de-
pending on the amount of information available about the geno-
type of the family requesting it. If a specific mutation is known,
or if the inheritance pattern of SCID is known to be X-linked,
analysis of linked polymorphic markers or specific mutation de-
tection can be performed using chorionic villus sample (CVS) or
amniocyte DNA prepared directly or obtained from cultured
cells (Puck et al., 1990, 1997a). When the genotype of a de-
ceased SCID proband is not known, fetal blood sampling has
also been used. Although this procedure must be done later in
pregnancy and entails more risk than CVS or amniocentesis,
lymphocytopenia, low numbers of T cells, and poor T cell blasto-
genic responses to mitogens can be definitively demonstrated in
affected fetuses by week 17 of gestation (Durandy et al., 1986).

No carrier or prenatal testing should take place without gene-
tic counseling. In considering prenatal diagnosis, the diagnostic
options should be weighed against testing at birth for families
who would not terminate an affected pregnancy. Regardless of
whether prenatal testing is undertaken, education and counseling
can clarify the potential benefit of early BMT for affected infants.
Many relatives of XSCID patients who did not survive in the past
are not aware of the medical advances in transplantation therapy.

Puck et al. (1997a) studied prenatal diagnosis for X-linked
SCID in clinical settings. The great majority of families at risk
for having an affected pregnancy desired prenatal testing, regard-
less of whether termination of pregnancy was a consideration. In
fact, in only 2 instances out of 13 predicted affected male fetuses
did families terminate a pregnancy. To prepare for optimal treat-
ment of an affected newborn, families and their medical providers
selected BMT centers, undertook HLA testing of family mem-
bers, and even began a search for a matched, unrelated bone mar-
row donor. One family chose an experimental in utero BMT,
which was successful (Flake et al., 1996; see below).

Treatment and Prognosis

XSCID is generally fatal unless an immune system can be recon-
stituted, either by allogeneic transplantation or correction of

autologous hematopoietic cells by gene therapy. Infants receiv-
ing allogeneic BMT soon after birth are less likely to have seri-
ous pretransplant infections or failure to thrive. They also appear
to have more rapid engraftment, fewer post-transplant infections,
less GVHD, and shorter hospitalizations than those whose trans-
plants are delayed (Stephan et al., 1993; Giri et al., 1994b; Mey-
ers et al., 2002; Antoine et al., 2003; Buckley, 2004). Supportive
care and management of infections from the time of diagnosis
through the transplantation period are essential. Intensive moni-
toring, parenteral nutrition, immunoglobulin replacement, and
antibiotics including antifungal and antiviral agents have dramat-
ically improved the survival of infants with XSCID. Patients
should be isolated from exposure to infectious agents in the envi-
ronment and should not receive live vaccinations. Attempts to
maintain a totally aseptic “bubble” environment are not indicated;
instead, prompt immune reconstitution should be the goal.

The best current treatment for XSCID is BMT from an HLA-
matched, related donor. Unfortunately, most patients lack a
matched sibling donor. Haploidentical, T cell-depleted BMT
has proven successful (see Chapter 47). Transplantation proto-
cols using matched unrelated bone marrow or cord blood stem
cells have also become available. The techniques for eliminating
mature T cells from the donor cell population and enriching for
stem cells vary between centers and are evolving over time. Sim-
ilarly, different centers have had different approaches regarding
pretransplant chemotherapy for XSCID patients. The potential
advantages of controlling GVHD from donor immunocompetent
cells and clearing out host bone marrow in the hope of improving
B cell engraftment must be weighed against the risks of cyto-
toxic treatment.

Previously, there were few useful data to compare the regi-
mens used. But now, increased numbers of treated patients and
specific mutation diagnosis for most infants with SCID allow
these questions to be addressed. Nevertheless, it is not possible
to predict which patients may develop GVHD, fail to make ade-
quate antibodies, and require long-term immunoglobulin replace-
ment, or eventually develop T cell dysregulation or decreased
T cell function. Some of the oldest surviving individuals with
XSCID received HLA-matched related BMT and are now in
their 30s and in excellent health. As larger numbers of children are
now growing up after transplantation for XSCID, long-term out-
come data are becoming available (Antoine et al., 2003; Buckley,
2004). While some subjects remain healthy with full immune
reconstitution, others continue to require immunoglobulin replace-
ment, and some eventually experience declines in thymic output,
decreased naive T cell numbers, and diminished T cell receptor
diversity (Patel et al., 2000; Antoine et al., 2003; Sarzotti et al.,
2003; Buckley et al., 2004).

The concept of prenatal treatment for XSCID has been con-
troversial because of the risk of invasive procedures during
pregnancy. Advantages of in utero treatment include early recon-
stitution, a protected intrauterine environment, and the possibility
of introducing normal bone marrow stem cells at the gestational
age when fetal hematopoiesis is shifting from fetal liver to bone
marrow. Early attempts at human in utero BMT were severely
compromised by technological limitations, septic complications,
and GVHD. In at least two patients with XSCID, these difficul-
ties have been overcome (Flake et al., 1996; Wengler et al.,
1996). Fetuses between 17 and 20 weeks of gestation shown by
molecular diagnosis to be affected with XSCID were infused in-
traperitoneally with haploidentical, T cell-depleted, CD34* posi-
tively selected paternal bone marrow cells. In each of these two
cases, infants were born with engrafted, functional T cells from
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Table 9.5. Advantages and Disadvantages of Gene Therapy for
XSCID

Advantages

Hematopoietic stem cells can be transduced ex vivo and then reinfused.

Graft-vs.-host disease is unlikely because gene-corrected cells are
autologous.

Immune reaction against gene-corrected cells is unlikely in
immunodeficiency.

The XSCID gene product yc is normally widely expressed in blood lineages.

Overexpression of yc is apparently not harmful.

An in vivo selective advantage for yc* cells favors expansion of corrected
lymphocytes.

Gene therapy in XSCID animal models has been successful.

Human gene therapy trials have provided full reconstitution to
XSCID infants.

Disadvantages

It is impossible to predict or direct where retroviral genes integrate in host
DNA.

Retroviral insertion may inappropriately activate or inactivate host genes.

Leukemic proliferations of transduced cells have occurred in three of 10
gene therapy recipients in the French trial.

their donors, whereas the XSCID mutation could still be con-
firmed in the infants’ granulocytes. In follow-up both children
were reported to have fully reconstituted immunity without re-
quiring immunoglobulin supplementation (Bartolomé et al.,
2002; Beggs et al., 2003).

New Therapies for XSCID

XSCID has recently been successfully treated by gene transfer
therapy to hematopoietic stem cells, but serious adverse events
have also occurred. Advantages of XSCID as a pilot disease for
gene therapy as well as disadvantages that have come to light
since initial positive results are summarized in Table 9.5 and dis-
cussed in detail in Chapter 48.

Advantages of gene therapy for immunodeficiencies include
the safety of ex vivo transduction protocols; avoidance of GVHD
often seen in BMT treatment; and the fact that patients lacking
normal immunity will be unlikely to generate an immune re-
sponse against a newly expressed protein. Specific features that
favor XSCID as a pilot disease for gene therapy are ubiquitous
expression of /LZRG mRNA in hematopoeitic cells (Orlic et al.,
1997); apparent absence of toxicity of high levels of yc in
hematopoietic lineages, suggesting that expression directed by
strong retroviral promoters would not be harmful; and, most im-
portant, the natural selective advantage for survival and expan-
sion of lymphocytes expressing wild-type yc, as previously
demonstrated by the skewed X chromosome inactivation in lym-
phocyte lineages of female carriers (Puck et al., 1987, 1992) and
somatic reversion to normal of a SCID-causing /L2RG mutation
(Stephan et al., 1996). Substantial preclinical evidence of effec-
tiveness of IL2RG gene therapy was available. Transduction with
IL2RG retroviruses conferred new expression of normal yc upon
B cell lines from XSCID patients (Fig. 9.3). The same treatment
corrected the cytokine signaling defects in these cells, restoring
their ability to phosphorylate JAK3 in response to IL-2 and IL-4
(Fig. 9.4) (Candotti et al., 1996; Hacein-Bey et al., 1996; Taylor
et al., 1996). Isolated CD34" cells from XSCID patients devel-
oped into T and B cells in a chimeric sheep model only after
transduction with retroviruses encoding /L2RG (Tsai et al., 2002).

Control XSCID with no IL2ZRG mRNA

transduced with
¢ retrovirus

untreated

Number of Cells

Log Fluorescence

Figure 9.3. Expression of yc in B cell lines from a healthy control (left)
and from an XSCID patient with undetectable /L2ZRG mRNA, before
(middle) and after (right) transduction with a retrovirus containing
IL2RG cDNA under control of the Maloney leukemia virus LTR.

The first clinical trials of human XSCID gene therapy at the
Necker Hospital in Paris by Cavazzana-Calvo et al. (2000) en-
rolled infants with no available HLA-matched donor. Bone mar-
row from the affected patients was aspirated, enriched for stem
cells by positive selection with the cell surface marker CD34,
cultured in activating cytokines, exposed to a retrovirus encoding
a correct copy of IL2ZRG cDNA, and reinfused into the patients,
who received no myelosuppressive treatment (Cavazzana-Calvo
et al., 2000; Hacien-Bey-Abina et al., 2002). Of the first five pa-
tients treated, four became fully reconstituted with T cells and
also developed the ability to make antibody responses (Hacien-
Bey-Abina et al., 2002). The remaining infant suffered from
disseminated BCG infection and received less than 1 million cor-
rected cells per kg. He later received a successful haploidentical
BMT. Further clinical trials in France and England (Thrasher
et al., 2005) have proven that gene therapy for XSCID can be
successful (see Chapter 48).

An unanticipated adverse event, leukemic proliferations of
T cell clones bearing IL2RG retroviral insertion near a T cell
oncogene, developed in three of 10 treated infants in the French
trial, two of whom were the youngest at treatment, 1 and 3 months
of age (Hacien-Bey-Abina et al., 2003). Both of these patients
had experienced rapid and complete immune reconstitution, but
developed leukemia at around 30 months after gene therapy. In
each case, the leukemic cells had an insertion of the /L2RG retro-
viral vector near the 5' end of the LMO?2 gene, and one patient
died of his leukemia. The second and third leukemia cases have
entered continuous remission following treatment, and their im-
mune reconstitution was preserved.

As of this writing at least 18 patients with XSCID have un-
dergone attempts at gene therapy, including infants who have re-
ceived gene therapy as primary treatment and older children after
failure of attempted BMT (Hacien-Bey-Abina et al., 2003; Gas-
par et al., 2004; Chinen et al., 2004; and J. Puck, personal com-
munication). Further trials of gene therapy are proceeding with
caution in view of new information on risks and benefits (Chinen
and Puck, 2004). As part of the informed consent process, poten-
tial participants are warned about retroviral insertional mutagen-
esis, and methods for monitoring retroviral insertion sites have
been instituted so that clonal proliferations can be detected at an
early stage (see Chapter 48).

Animal Models

Mice rendered deficient in yc by gene targeting have been
created and studied by several investigators (Cao et al., 1995;
DiSanto el al., 1995b; Ohbo et al., 1996). Like humans with
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XSCID, vyc-deficient mice have low numbers of T cells and
NK cells. Unlike humans, however, yc knockout mice also lack
B cells, but develop peripheral T cells with CD4* surface pheno-
type over time. A mouse expressing a truncated, nonfunctional
form of yc also had increased numbers of monocytes and
hematopoietic progenitor cells bearing c-kit, Sca-1, and CD34
(Ohbo et al., 1996). Differences between the phenotypes of the
different yc-deficient mice may reflect variation in background
genes or environmental conditions, as humans with null muta-
tions vs. truncated yc protein are not clinically or immunologi-
cally distinguishable. In humans IL-2 can bind to yc complexed
with IL-2 receptor B chain, whereas IL-2 binding in the mouse
depends on those two chains plus the IL-2 receptor o. chain (Sug-
amura et al., 1996). The effect on XSCID phenotype of this and
other interspecies differences in cytokine pathways involving yc
remains to be clarified.

Another animal model for XSCID is the yc-deficient dog
(Henthorn et al., 1994; Somberg et al., 1994, 1996; Felsburg
et al., 2003). Originally diagnosed in a basset hound, the gene
defect was bred into a large colony. /L2RG null mutations were
identified in both this original model and in a second kindred of
corgi dogs. The phenotype of these animals is similar to human
XSCID in that affected dogs have growth failure, opportunistic
and invasive infections, hypogammaglobulinemia, elevated num-
bers of B cells, and absent T cell mitogen responses. Failure of
canine XSCID T cells to respond to IL-2 was noted even before
the identification of IL2RG as the disease gene. Most affected
dogs develop low numbers of peripheral blood T cells after sev-
eral weeks of age, but these cells are poorly functional. Success-
ful BMT has been performed in XSCID dogs, and gene transfer
studies are under way. This large animal model may assist the
development of new therapeutic approaches for human XSCID
patients, such as cytokine administration to accelerate immune
reconstitution after BMT.

Concluding Remarks

The dramatic turnaround in outlook for patients with XSCID and
their families over the past generation is one of the most striking
in modern medicine. A previously uniformly fatal disease is now
treatable, the cause and pathogenesis of the disease are known,
specific gene defects can be identified and traced in patients and

at-risk family members, and prenatal diagnosis opens up poten-
tial new avenues for effective treatment options. XSCID has be-
come the first human disease to be treated successfully by gene
therapy, although the tragic complication of leukemia in three
gene therapy recipients must be further studied and understood.
Defining which SCID-affected patients have /L2RG defects makes
possible further studies of genotype-specific management, both
in the process of immune reconstitution and in the late post-
transplant follow-up period. Families with SCID are communi-
cating with each other on the World Wide Web (for example, a
SCID homepage at http://scid.net) and becoming advocates for
newborn screening. Parents, physicians, and researchers have
thus formed alliances to educate physicians and the public and to
learn how to diagnose and manage XSCID even more effectively
in the future.
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Autosomal Recessive Severe Combined
Immunodeficiency Due to Defects
in Cytokine Signaling Pathways

FABIO CANDOITTI and LUIGI NOTARANGELO

Immunophenotypic and functional analysis of circulating lym-
phoid cells allows classification of severe combined immuno-
deficiency (SCID) into distinct subgroups (Fischer, 2001): (1)
reticular dysgenesis; (2) adenosine deaminase deficiency; (3)
SCID with a low number of circulating T and B cells and pres-
ence of natural killer (NK) cells (T-B~ NK* SCID); (4) SCID
with a low number of circulating T lymphocytes and NK cells,
but normal to increased number of B cells (T"B* NK~ SCID); (5)
SCID with a low number of circulating T lymphocytes, but nor-
mal to increased number of B lymphocytes and presence of NK
cells (T"B* NK* SCID); and (6) SCID characterized by severe
functional defects. The subgroups of SCID with B lymphocytes
(B* SCID) account for at least 50% of all cases of SCID (Fischer
et al., 1990; Stephan et al., 1993; Haddad et al., 1998; Bertrand
et al., 1999; Buckley, 2000b, 2004; Antoine et al., 2003). Many
are due to known molecular defects that interfere with signaling
of a series of critical hematopoietic cytokines. Most patients
with B* SCID are males, a pattern reflecting the occurrence of
X-linked SCID (see Chapter 9). This disorder is due to mutations
at the IL2RG locus (Noguchi et al., 1993; Puck et al., 1993),
which encodes the common 7y chain (yc) shared by cytokine re-
ceptors for interleukin-2 (IL-2), IL-4, IL-7, IL-9, IL-15, and IL-
21 (Leonard, 1996; Sugamura et al., 1996; Asao et al., 2001).
The existence of autosomal recessive (AR) B SCID is indicated
by the demonstration that B+ SCID may also occur in females,
and in infants born to consanguineous parents (Stephan et al.,
1993). Neither immunological nor clinical features can be used
to distinguish between X-linked and AR B* SCID (Stephan
et al., 1993).

The finding that cytokine receptors that use the yc always as-
sociate with the intracellular Janus-associated tyrosine kinase
(JAK) designated JAK3 (Fig. 10.1) and the discovery that the
major cytokine receptor transducing subunit binds to another

JAK kinase, JAK1 (Miyazaki et al., 1994; Russell et al., 1994),
provided clues to the molecular basis of AR B* SCID. A mild
form of X-linked SCID in humans was shown to result from a
point mutation in the cytoplasmic tail of yc, diminishing but not
completely abolishing its interaction with JAK3 (Russell et al.,
1994). On the basis this information, it was hypothesized that
AR BT SCID in humans could be caused by defects in JAK3.
This hypothesis was proved correct by two groups of investiga-
tors who reported markedly reduced expression of JAK3 protein
due to mutations in the JAK3 gene in unrelated infants with B+
SCID (MIM *600173,#600802) (Macchi et al., 1995; Russell
et al., 1995; Candotti et al., 1997; Online Mendelian Inheritance
in Man, 2000).

The critical role of JAK3 for lymphoid development and
function has been further illustrated by the generation of Jak3-
deficient mice, using homologous recombination and gene disrup-
tion (Nosaka et al., 1995; Park et al., 1995; Thomis et al., 1995).
The immunologic phenotype of Jak3 knockout mice is very simi-
lar to that of yc knockout mice (Cao et al., 1995; DiSanto et al.,
1995; Ohbo et al., 1996), thus substantiating the notion that the
ve and Jak3 proteins act together in the same signaling pathway.

Mice with targeted genetic disruption of the genes encoding
IL-7 or the IL-7 receptor o chain (IL-7Ro) also have profound
defects in T cell development that are similar to those of yc and
Jak3 knockout animals (Peschon et al., 1994; von Freeden-Jeffry
et al., 1995). This observation led to the additional hypothesis
that mutations specifically affecting IL-7 signaling could result
in SCID in humans. The search for such patients ultimately
demonstrated that /L7R mutations can cause AR B* SCID and
that such patients have residual development of NK cells (Puel
et al., 1998). Thus, AR B* SCID patients provide additional evi-
dence of the integral importance of cytokine signaling in the de-
velopment of the immune system.
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Figure 10.1. Schematic representa-
tion of the IL-2-mediated JAK-STAT
signaling pathway and its negative

Biology of the JAK-STAT Signaling Pathway

The biological effects of cytokines are mediated through interac-
tion with specific receptors; this leads to phosphorylation of in-
tracellular proteins. Members of the cytokine receptor superfamily
do not have intrinsic kinase activity, but recruit intracellular pro-
tein kinases following interaction with their ligands (Ihle, 1995;
Taniguchi, 1995; Leonard and O’Shea, 1998). The tyrosine ki-
nases that couple extracellular cytokine binding to intracellular
phosphorylation of protein substrates, and eventually to cell
growth and differentiation, are members of the Janus-associated
kinase (JAK) family. The JAK kinases were originally cloned
while searching for novel protein tyrosine kinases through a
polymerase chain reaction (PCR)-based approach (Wilks, 1989),
and their functional role was first demonstrated in response to in-
terferons (Muller et al., 1993; Watling et al., 1993). Thus far,
four distinct members of the JAK family are known in humans:
JAK1, JAK2, JAK3, and Tyk2.

The JAK family members share a similar structure (Ihle, 1995;
Taniguchi, 1995; Leonard and O’Shea, 1998), with a C-terminal
kinase domain (termed JAK homology 1, JH1), a more prox-
imal kinase-like domain (JH2) whose function is not completely
defined, and five other N-terminal regions of homology (JH3-
JH7). The JH2 domain lacks highly conserved critical residues
found in other typical kinase domains; when expressed in a
recombinant form, JH2 is in fact devoid of kinase activity, but
instead has important regulatory functions perhaps through bind-
ing to the kinase domain and sequestering substrates until the ki-
nase domain is activated by extracellular signals (Gurniak and
Berg, 1996). The N-terminus of the JAKs has homology to an-
other conserved domain defined in a superfamily of proteins
called the FERM proteins (named for band 4.1, ezrin, radixin,
and moesin). FERM domains were originally implicated in
cross-linking of the cytoplasmic tails of transmembrane proteins
to underlying structural and regulatory elements, but they may

regulation.

also mediate interactions with transmembrane receptor chains
independent of cytoskeletal binding (Zhou et al., 2001).

The JAK3 and TYK2 genes are located near each other on hu-
man chromosome 19p13.1. The JAK3 c¢DNA is composed of
4,064 nucleotides and contains an open reading frame that en-
codes 1,124 amino acids (Kawamura et al., 1994). Immunopre-
cipitation studies, using specific antisera, suggest a molecular
weight of approximately 125 kDa (Kawamura et al., 1994).
While JAK1, JAK2, and TYK2 are broadly expressed, JAK3 is
largely restricted to the hematopoietic system (Kawamura et al.,
1994). The cDNA of JAK3 (originally designated L-JAK) was
identified in NK cells and NK-like cell lines, but not in resting T
lymphocytes, although expression could be induced following in
vitro T cell activation (Johnston et al., 1994; Kawamura et al.,
1994). In B cells, JAK3 expression is increased following in
vitro activation and is high in B cell malignancies (Tortolani et al.,
1995). A splice variant, devoid of kinase activity, has also been
identified in epithelial cells (Lai et al., 1995). Studies of murine
Jak3 have revealed high levels of expression in fetal and adult
thymus and somewhat lower levels in fetal liver, adult bone mar-
row, lymph nodes, spleen, and CD4*CD8* thymocytes (Gurniak
and Berg, 1996). These data imply a crucial functional role of the
Jak3 protein in lymphoid differentiation.

The intracellular signaling mediated by JAKs has been exten-
sively investigated. Members of the IL-2R superfamily (i.e., IL-
2R, IL-4R, IL-7R, IL-9R, IL-15R, IL-21R) physically associate
with JAK1 and JAK3 (Miyazaki et al., 1994; Russell et al., 1994;
Foxwell et al., 1995; Johnston et al., 1995b; Malabarba et al.,
1995; Pernis et al., 1995; Yin et al., 1995b). The observation that
distinct cytokines signal through the same set of kinases indi-
cates that JAKSs are not directly involved in controlling the speci-
ficity of the signal. In the IL-2R, JAK1 interacts with the serine
region of IL-2Rf, whereas the 48 C-terminal residues of the yc
chain are required to bind JAK3 (Miyazaki et al., 1994). Both re-
gions of the IL-2R chains are critical for JAK activation and
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signal transduction (Johnston et al., 1994; Miyazaki et al., 1994;
Witthuhn et al., 1994). Following cytokine—cytokine receptor in-
teraction and dimerization of the cytoplasmic tails of the cy-
tokine receptor chains, the JAKs are brought into close proximity
and may cross-phosphorylate each other. Activation of JAK3 in
response to IL-2, IL-4, and IL-7 is more pronounced than that of
JAK1 (Witthuhn et al., 1994; Foxwell et al., 1995; Johnston
et al., 1995b; Malabarba et al., 1995; Sharfe et al., 1995). In addi-
tion, JAKs phosphorylate the intracellular portions of cytokine re-
ceptor chains, thus generating docking sites for SH2-containing
proteins (Ihle et al., 1994; Ivashkiv, 1995; Taniguchi, 1995).

Several signaling pathways are elicited by JAK1/JAK3 activa-
tion in members of the IL-2R cytokine receptors superfamily
(Fig. 10.1). First, the phosphorylated cytokine receptor may as-
sociate with the adaptor SHC (Egan et al., 1993; Karnitz and
Abraham, 1995), which is itself phosphorylated and binds to
Grb2. Grb2 may thus anchor to Sos, the Ras guanine nucleotide
exchanging factor (Li et al., 1993; Holsinger et al., 1995; Karnitz
and Abraham, 1995). Membrane translocation of the Grb2/Sos
complex catalyzes the conversion of inactive, GDP-bound Ras
to the active, GTP-bound state. This results in the activation of
raf-1, mitogen-activated protein kinase (MAPK), and eventually
in the induction of immediate-early genes (c-fos, c-jun) (Blumer
and Johnson, 1994). This signaling pathway, however, is appar-
ently not used by all yc receptor complexes, and in particular is
not triggered by IL-4 (Welham et al., 1994).

Second, JAKs may bind and phosphorylate insulin receptor
substrates (IRSs) (Johnston et al., 1995b; Keegan et al., 1995;
Sharfe et al., 1995; Yin et al., 1995a). JAK activation by IL-2, IL-4,
IL-7, IL-9, and IL-15 results in phosphorylation of IRS-1, whereas
evidence of JAK-dependent tyrosine phosphorylation of IRS-
2/4PS (which is strictly homologous to IRS-1) has so far been ob-
tained only for IL-2, IL-4, and IL-15 (Johnston et al., 1995b;
Keegan et al., 1995). The ability to phosphorylate IRS substrates is
restricted to proliferating cells, as IL-4-dependent proliferative re-
sponses are not obtained with IL-4R mutants that are unable to re-
cruit IRS-1 (Keegan et al., 1994). Once activated, IRS may bind
the SH2 domain of the p85 subunit of phosphatidylinositol-3-
kinase (PI3K) (Myers et al., 1992; Sun et al., 1995), and the cat-
alytic activity of the p110 subunit of PI3K is eventually elicited. In
addition to promoting PI3K activation, tyrosine phosphorylated
IRS may recruit Grb2 and thus amplify the Ras/raf-1 signaling
pathway (White and Kahn, 1994).

A third essential component of the JAK signaling pathway
is phosphorylation of the class of transcription factors known
as signal transducers and activators of transcription (STATS)
(Taniguchi, 1995; Ihle, 1996; Leonard and O’Shea, 1998). The
STATs contain a tyrosine residue that may undergo JAK-mediated
phosphorylation, and they also contain SH2 and SH3 domains.
Following cytokine interaction with receptor and triggering of
the JAK-mediated signaling pathway, STATSs may interact with
the cytokine receptor complex by binding via their SH2 domain
to the phosphotyrosine of the cytokine receptor chain. In addi-
tion, following STAT phosphorylation, STAT-STAT homo- or
heterodimerization occurs, with the SH2 domain of one STAT
molecule binding to the phosphotyrosine of the second STAT.
Six different classes of STATs have been reported; furthermore,
two different forms of STATS (STAT5a and STAT5b) have been
characterized at the molecular level (Lin et al., 1996). The speci-
ficity of the response to cytokines is largely dependent on the
particular combination of STATs recruited by the different
signal-transducing chains of the cytokine receptor (Fenghao
et al., 1995; Foxwell et al., 1995; Gilmour et al., 1995; Hou et al.,

1995; Johnston et al., 1995a; Taniguchi, 1995; Ihle, 1996). The
differences in the STAT binding residues of the various cytokine
receptors result in recruitment of specific STATs. However,
three crucial lymphocyte growth factors, IL-2, IL-7, and IL-15,
all activate STAT3 and STATS (Fenghao et al., 1995; Foxwell
et al., 1995; Gilmour et al., 1995; Hou et al., 1995). STATS is the
predominant protein induced by IL-2 in phytohemagglutinin
(PHA)-stimulated lymphocytes (Hou et al., 1995).

Following dimerization, STATs translocate to the nucleus,
where they bind to consensus sequences in the enhancer elements
of the promoter regions of target genes and favor gene transcrip-
tion (Ihle, 1996). Gene accessibility to STAT binding is another
mechanism through which specific responses to distinct cytokines
are obtained. It has been suggested that JAK-dependent STAT acti-
vation is more crucial to cell differentiation than to proliferation.
In fact, deletion of the C-terminal H domain of IL-2R abolishes
IL-2-induced STATS activation but not JAK1 and JAK?3 activation;
nor does it affect cell proliferation (Fujii et al., 1995). However,
IL-4-induced thymocyte proliferation is somewhat diminished in
STAT6 knockout mice, which suggests that STAT activation con-
tributes to cytokine-induced growth-promoting activity (Kaplan
et al., 1996; Shimoda et al., 1996; Takeda et al., 1996).

Additional possibly JAK-independent signaling pathways
elicited following cytokine—cytokine receptor interaction include
activation of src-related kinases (e.g., of Ick, lyn, and fyn in re-
sponse to IL-2) (Taniguchi and Minami, 1993), through their as-
sociation with the acidic domain of IL-2Rf. Deletion of this
domain abolishes IL-2-induced Ick activation yet does not affect
IL-2-regulated cell growth, implying that activation of src-related
kinases may not be crucial for cell proliferation. Finally, induc-
tion of Syk, c-myc and bcl-2 requires the S region of IL-2Rf3
(Minami and Taniguchi, 1995). JAK3 mutants devoid of the JH1
kinase domain cause markedly diminished induction of c-myc,
but intact induction of bcl-2. This finding indicates that these are
independent signaling pathways and that JAK3 may be involved
in c-myc transcription (Kawahara et al., 1995).

The need for JAK3 in IL-2-induced cell proliferation has been
illustrated by the observation that in the NIH3T30By cell line
(which expresses the o, B, and 7y chains of the IL-2 receptor, as
well as JAK1 and JAK?2, but not JAK3), IL-2 does not promote
cell proliferation; however, proliferative response to IL-2 is re-
stored after JAK3 is transfected into and expressed by these cells
(Miyazaki et al., 1994). Furthermore, the requirement for in-
tegrity of the structure of JAKs in regulating cell growth and dif-
ferentiation has been indicated by the fact that JAK3 mutants that
lack the JH3-JH7 domains, but not the JH1 protein tyrosine ki-
nase domain, are unable to interact with yc (Taniguchi, 1995),
whereas mutants that lack the JH1 kinase domain may bind to
Yc, but are unable to transduce activation signals (cell growth, in-
duction of c-fos and c-myc) in response to IL-2 (Taniguchi,
1995). Finally, overexpression of JAK3 mutants that lack the
JH1 kinase domain may inhibit the IL-2-induced phosphoryla-
tion of JAK1 and JAK3 (Kawahara et al., 1995). Similar experi-
ments with JAK2 mutants suggest that multiple JH domains are
required for functional interaction with the cytokine receptor and
target cytoplasmic substrates (Tanner et al., 1995).

A number of mechanisms serve to terminate the activity initi-
ated by cytokine signals (Fig. 10.1). SH2 domain—containing
protein tyrosine phosphateses SHP-1 and SHP-2 are important
inhibitors of signaling events and are thought to dephosphorylate
receptor chains and JAK molecules through SH2—phosphotyrosine
interaction (Migone et al., 1998; You et al., 1999). Other mecha-
nisms for attenuation of cytokine signaling involve the members



140 Syndromes

of the suppressor of cytokine signaling (SOCS) family of proteins.
These proteins are induced by cytokine stimulation following
a classic feedback mechanism. Eight members of this family are
known (CIS, SOCS1-7) (Yoshimura et al., 1995; Endo et al.,
1997; Naka et al., 1997, Starr et al., 1997; Hilton et al., 1998). Al-
though their function is incompletely understood, SOCS proteins
appear to inhibit cytokine signaling through a variety of mecha-
nisms, including competition with STATs for the phosphorylated
docking sites on receptor chains and inhibition of kinase activities.

Severe Combined Immunodeficiency
Due to Mutations of JAK3

Clinical Features

Mutations in the IL2RG gene encoding yc (see Chapter 9) are re-
sponsible for X-linked SCID in humans, who typically pres-
ent with T"B*NK~ SCID. The recognition of the crucial role of
JAK3 in signaling through yc-containing receptors led to the
hypothesis that JAK3 defects might account for autosomal forms
of SCID in humans (Russell et al., 1994). In the original reports,
three SCID patients with JAK3 mutations were described (Mac-
chi et al., 1995; Russell et al., 1995), and many other similar
patients have subsequently been observed (Candotti et al., 1997;
Bozzi et al., 1998; Buckley et al., 1999; Schumacher et al., 2000;
Frucht et al., 2001; Mella et al., 2001; Roberts et al., 2004).

The clinical features of the first series JAK3-deficient patients
who have been described in some detail are summarized in Table
10.1 and are indistinguishable from the features commonly ob-
served in infants with X-linked SCID. In two cases, the diagnosis
of SCID was established immediately after birth, either because
of family history of SCID or because of fortuitous recognition of
markedly reduced circulating T cells. Most patients, however,
were diagnosed following development of upper and lower respi-
ratory tract infections, variably associated with chronic diarrhea,
central nervous system involvement, and failure to thrive during
the first few months of life. In all cases, peripheral lymph nodes
were undetectable. Although splice variants of JAK3 mRNA
have been identified in nonhematopoietic human tissues (Lai
et al., 1995), no unique manifestations of primary organ dysfunc-
tion unrelated to immune deficiency have been detected in
JAK3-deficient infants. Parental consanguinity was documented
for 10 infants, 2 of whom were siblings.

Laboratory Findings

The immunologic phenotype of JAK3-deficient patients is very
consistent (Table 10.1) and similar to that observed in infants
with X-linked SCID. In the first series of 27 JAK3-deficient
SCID patients, the proportion of CD3 lymphocytes was most of-
ten markedly reduced (0.2%-2%), while that of CD19 B cells
was increased (74%-96%). Occasionally, as for patient 1 in
Table 10.1, the proportion of circulating T cells may appear nor-
mal or near normal, due to the presence of maternally derived
T lymphocytes. The augmented number of B lymphocytes often
results in normal absolute lymphocyte counts (Table 10.1) and
almost always in a less profound lymphopenia than that in pa-
tients with B~ SCID. An interesting feature of JAK3 deficiency,
also typically shared by X-linked SCID, is the severely reduced
number of NK cells; NK cytolytic activity is consequently ab-
sent or severely depressed (Macchi et al., 1995; Russell et al.,
1995; Bozzi et al., 1998; Candotti et al., 1997; Buckley et al., 1999;
Schumacher et al., 2000; Frucht et al., 2001; Mella et al., 2001).

Because JAK3 is constitutively expressed in NK cells (Kawa-
mura et al., 1994) and carrier females of X-linked SCID have
nonrandom inactivation of the mutated X chromosome in not
only T and B cells but also in NK cells (Wengler et al., 1993), it
appears that integrity of the yc/JAK3 signaling pathway is essen-
tial to development of NK cells.

In addition to being severely reduced in number, T cells
from JAK3-deficient infants are also functionally impaired. The
proliferative responses to mitogens, antigens, and alloantigens
are abolished or severely reduced. Despite the increased propor-
tion of circulating B cells, immunoglobulin serum levels are
markedly decreased (with the possible exceptions of IgG that is
maternally derived during the early months of life and IgM), and
no antibody responses are elicited following antigen stimulation.
Failure to generate antibody responses is partly due to lack of ef-
fective helper T cell activity, but it also reflects an intrinsic B cell
defect. In fact, defective induction of STAT activation has been
reported following cytokine stimulation in Epstein-Barr virus
(EBV)-transformed B cells from these patients (Russell et al.,
1995; Candotti et al., 1996; Oakes et al., 1996; Frucht et al.,
2001).

The recent report of the immunological phenotype of a series
of seven JAK3-deficient patients described by Roberts et al.
(2004) has confirmed earlier findings in these patients. Interest-
ingly, however, the typical immunologic phenotype, lack of cir-
culating T cells, and increased proportion of B cells may change
during the course of the disease. We observed a rapid appear-
ance of T cells (up to 41% of total circulating lymphocytes) in
the peripheral blood of patient 7, who had a typical T"B*NK~
phenotype during the first month of life (Table 10.1). The late-
developing T cells were phenotypically and functionally abnormal.
They were all CD4" and coexpressed the activation markers
CD45R0 and DR; in addition, they were found to be oligoclonal
(Brugnoni et al., 1998), and they failed to respond to PHA and to
CD3 stimulation alone, but showed some response to the combi-
nation of anti-CD3 and IL-2. At the same time that these T cells
were found, the patient developed markedly elevated levels of
serum IgE (1000 IU/ml, with normal levels being <100 IU/ml).
Interestingly, this phenotype of partial preservation of the re-
sponsiveness to IL-2 by activated T cells correlated with JAK3
gene mutations (A1537G and deletion exons 10-12) that permit-
ted residual protein expression and function (Candotti et al.,
1997). The contributory role of residual functional activity of
JAK3 is less clear, however, if one considers that Jak3 knockout
mice develop activated CD4 T cells (see below). It is therefore
possible that the T cell differentiation defect imposed by JAK3
deficiency allows changes of the immunologic phenotype with
time or that some degree of T cell development is possible inde-
pendent from JAK3. Our recent observation of patients 22a and
22b (Table 10.1) add complexity to these considerations. One
child of this kindred died of Pneumocystis pneumonia before any
laboratory analysis could be performed; a second child (patient
22a) developed severe lymphoproliferative disease and an addi-
tional sibling (patient 22b) was clinically nearly normal, but had
lymphopenia with oligoclonal T cell expansion and increased
numbers of activated and memory T cells. These cells also had
poor expression of the pro-apoptotic molecule, Fas ligand, which
is typically up-regulated by IL-2; thus these cells were reminis-
cent of the T cells that develop in mice that are deficient in either
yc or Jak3 (Frucht et al., 2001). These findings suggest that
all patients with immunodeficiency and residual T cell function
should probably be evaluated for possible JAK3 (and, if male,
Yc) mutations.



Table 10.1. Clinical and Immunological Features of 27 Patients with SCID due to JAK3 Deficiency

Age at

Diagnosis Lymphocytes/ CD3 CD4 CDS8 CDI19 CDI6  Response Failure Interstitial Chronic Other
Patient (months) ul (%) (%) (%) (%) (%) to PHA IgG (g/L)  1gA (g/L) IgM (g/L)  to Thrive  Pneumonia Diarrhea Features
1 5 4332 53* 53k 1.5 23 1 Absent 0.4 0.3 0.4 - - + Skin rash
2 10 2520 11 7 2 70 Absent ND 0.1 1.2 + - -
3 4 612 18 1 8 28 34 Absent 0.7 Undet. 0.1 - - -
4 1 <3 92 + + -
5 2 2304 <1 <1 <1 93 1 Absent 2.2 Undet. 0.4 - - - Skin rash
6 3 1364 <1 <1 <1 77 <1 Absent 1.3 Undet. 0.2 + + +
7 1.5 3000 2 1 2 74 13 Absent 8.6 Undet. 1.2 + + +
8 9 792 <1 86 Absent <0.5 Undet. Undet.
9 700 1 96 1 Absent
10
11a¥* 7 2074 1 1 0 94 1 Absent 0.5 Undet. 0.6 + - - Meningitis
11b* Birth 916 1 1 1 87 <1 Absent 1.6 Undet. 0.1 - - -
12 7 3104 0.5 0.5 0.5 92 0.5 Absent 1.5 0.2 0.5 - - + Skin rash
13 3 3210 0 0 0 97 0.5 Minimal 6.17 0.7 2.3
14 19 1630 8 4 5 91 0.3 Absent 16.77 2.6 1.7 - - +
15 4 3470 2 0 0 Minimal <0.1 Undet. 0.1
16 3 5640 48 18 35 45 1 0.2 0.9
17 5 1020 0 0 0 94 1 Absent 14 2.6 5.7
18 Birth 1020 1 26 Minimal Undet. 0.3
19 3 0 0 0 96 3 Absent
20 6 970 31 12 20 66 2 Undet.
21 3000 7 7 2 83 1 Minimal 0.5
22a% 72 770 60 21 44 24 42 Weak 11.5 6.8 0.9
22b# 7 820 17 5 9 73 9 Weak 29 0.3 1.5
23 6 1815 2 1 <1 93 1 Absent 0.1 Undet. 0.2 + + +
24 4 1095 17 6 7 75 2 Minimal 7.87 Undet. 0.6 + + +
25 4 3340 1 <1 <1 96 0 Absent 0.1 Undet. 0.6 + + +
Controls 1300-8500 6717 44+11 2349 12+5 10+3 2.2-84 0.1-0.6 0.2-0.7

ND, not determined; PHA, phytohemagglutinin; Undet., undetectable.

*Maternal T cell engraftment documented.

“On intravenous immunoglobulins.

#Patients 11a and 11b, as well as 22a and 22b, represent siblings.
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Figure 10.2. Schematic representation of orga-
JH7 JH6 |oms|  Ha JH3 JH2 JH1 nization of .the .human JAK3 protein and JAK3

gene organization. In the upper panel, the boxes
represent the JAK homology domains (JHI-JH7).

1 1124 Location and predicted protein effect of known
JAK3 mutations is indicated although not all mu-
tant alleles give rise to stable mRNA or protein.
The lower panel shows exons and introns of the

1 1 1 1 1 JAK3 gene (in scale) with the number of muta-
tions found in each exon (solid boxes) and intron
21 1 2 1 2 21 2 143 2 2 (connecting lines).

It is also well recognized that JAK3 is expressed in myelomono-
cytic cells, including human monocytes (Witthuhn et al., 1994;
Musso et al., 1995), in vitro stimulation with lipopolysaccharide
(LPS) and interferon increases JAK3 expression in monocytes
(Musso et al., 1995). Furthermore, IL-2 and IL-4 (i.e., two cy-
tokines that signal through yc-bearing receptors) have profound
effects on cells of the monocyte—macrophage lineage (Fenton
et al., 1992; Vannier et al., 1992; de Waal Malefyt et al., 1993)
and induce tyrosine phosphorylation and activation of JAK3 in
these cells (Witthuhn et al., 1994; Musso et al., 1995). The possi-
bility that mutations of the JAK3 gene might affect the differenti-
ation and/or function of the myelomonocytic lineage has been
considered. However, monocyte numbers are normal in JAK3-
deficient SCID infants (Villa et al., 1996; L. Notarangelo, unpub-
lished results) and monocytes from one JAK3-deficient patient
showed normal responses to IL-2 (measured as release of tumor
necrosis factor and IL-8) and to IL-4 (release of IL-1R antago-
nist) (Villa et al., 1996), indicating that JAK3 is dispensable for
monocyte differentiation and responsiveness to cytokines that in-
teract with yc receptors.

Molecular Basis of JAK3 Deficiency

JAK3 mutations identified in the published series of patients are
reported in Figure 10.2. A total of 34 unique mutations affecting
all seven structural JH domains have been identified. Many mu-
tations are clustered in the JH2 and JH3 domains.

While there are no obvious mutational hot spots, five muta-
tions (D169E, R445X, C565X, R651W, and V722I) have been
described in two unrelated families each. The types of the 34
unique mutations identified in unrelated families (Fig. 10.2), in-
clude 14 missense, 9 nonsense, 5 splice site (2 of which resulted
in deletion and frameshift at the mRNA level), 4 genomic dele-
tion, and 2 insertion.

Functional Aspects

Most JAK3 mutations drastically reduce the expression of the
protein; however, a number of missense or small in-frame dele-
tions have been identified that permit near-normal levels of protein

expression (Notarangelo et al., 2001; Roberts et al., 2004). The
analysis of the effect of these mutations has provided important
insights into the function of the different JAK3 domains.

Not unexpectedly, mutations of the kinase domain (JH1) can
affect phosphorylation of JAK3 and its substrates IL-2R[3 and
STATS, as demonstrated in patients with nonsense and frameshift
mutations (Notarangelo and Candotti, 2000; Schumacher et al.,
2000). More interesting have been the consequences of the fre-
quent mutations in the pseudokinase domain (JH2). Constitutive
phosphorylation of JAK3 was detectable in a patient with a
C759R missense mutation in the JH2 domain, yet IL-2 stimula-
tion did not result in up-regulation of JAK3 phosphorylation, nor
did it induce STATS phosphorylation. In other patients with mis-
sense or deletion mutations in the JH2 domain, no JAK3 or
STATS phosphorylation occurred in response to IL-2 (Candotti
et al., 1997). The functional effects of these mutations have also
been evaluated with heterologous systems. Mutant JAK3s were
normally expressed after cDNA transfection, but their kinase
activity was undetectable in vitro (Chen et al., 2000). Moreover,
JAK3 mutants were unresponsive to IL-2 stimulation, even though
they could normally bind to yc. Surprisingly, however, the mu-
tated JAK3 appeared in some cases to be hypertyrosine phospho-
rylated compared with wild-type JAK3. This finding suggests
that the physiological role of the JH2 pseudokinase domain is to
regulate kinase activity and therefore substrate phosphorylation
by directly interacting with the JH1 kinase domain. To confirm
this relationship, it was shown that, in contrast to the wild-
type JAK3 pseudokinase domain, which modestly inhibits the
JAK3-mediated signaling pathway, JAK3 with the mutated
JH2 pseudokinase domains from the two patients studied had an
increased capacity to inhibit kinase activity. Thus kinase dysreg-
ulation in these patients appeared to have contributed to their dis-
ease pathogenesis (Chen et al., 2000). Also in the JH2 domain,
the R582W substitution was found to result in two different
products: one had normal length but was not phosphorylated,
and the other, with a 71 amino acid deletion in the downstream
JH2 domain, was also expressed and could be phosphorylated,
but was insufficient for signal transduction (Bozzi et al., 1998).

Mutations in the JH3 domain are also compatible with JAK3
expression, as was the case of a patient who carried one missense
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mutation (E481G) and one deletion (K482-S596del) in this
domain. These are predicted to result in both a normal-sized
and a low-molecular weight mutant JAK3 product. In EBV
B cells from this patient, IL-2 induced some residual phosphory-
lation of the normal-sized mutant JAK3 product. Furthermore,
STATS phosphorylation was also detected (although at reduced
levels), indicating that the glutamic acid—to—glycine substitution
at codon 481 in the JH3 domain does not completely abrogate
JAK3 function. Interestingly, the immunological phenotype of
this patient was atypical; he developed a substantial number of
autologous T cells (although with abnormal phenotype and func-
tion) and NK lymphocytes (Candotti et al., 1997; Brugnoni et al.,
1998).

Mutations in the N terminus of JAK3 have indicated the im-
portant role that this portion of the protein plays for receptor in-
teraction. Cells from patients with single amino acid substitution
or deletion in the JH7 domain express JAK3 protein with se-
verely decreased interaction with yc. (Cacalano et al., 1999) and
with abrogated in vitro catalytic activity (Zhou et al., 2001).
Similar results can be observed in the presence of missense mu-
tations affecting the JH2 domain (Roberts et al., 2004). A detailed
molecular analysis with constructs carrying the SCID-associated
FERM mutation has shown that the JAK3 FERM and kinase do-
mains associate and reciprocally influence each other’s function
and structure (Zhou et al., 2001). Thus, in SCID patients with
FERM mutations, two mechanisms contribute to the disease
pathogenesis: impaired yc/JAK3 association and inactivation of
catalytic activity.

Strategies for Diagnosis: From Disease
Confirmation to Prenatal Diagnosis

From the published literature, JAK3 deficiency appears to ac-
count for ~6% of all cases of SCID in the United States, thus oc-
cupying a less prominent role than X-linked SCID and adenosine
deaminase (ADA) deficiency (Roberts et al., 2004). Until more
SCID patients are analyzed for JAK3 mutations, the prevalence
of this defect within the heterogeneous group of SCID disorders
cannot be firmly established.

In the single-center experience of the Department of Pedi-
atrics, University of Brescia, 14 cases of JAK3 deficiency were
identified in a cohort of 96 consecutive patients with SCID, giv-
ing an overall figure of 14.3%. However, because JAK3 defi-
ciency is usually characterized by a consistent B+ phenotype, the
proportion of JAK3 deficiency among infants with B+ SCID is
higher (37.8% in the Brescia series). It is possible that this rather
elevated figure reflects the high frequency of consanguineous
marriages in some parts of Italy. In any case, it appears that after
mutations at the /L2RG locus, mutations of the JAK3 gene are
the second-most frequently reported molecular cause of B+ SCID
in the Mediterranean region.

To date, the diagnostic identification of a JAK3 defect is
through Western blotting and functional assays, once yc defects
have been ruled out; in fact, all patients identified thus far had
undetectable or severely reduced levels of JAK3 protein. Fur-
thermore, EBV-transformed cell lines from these patients show
striking defects in JAK3 and STATS phosphorylation upon stim-
ulation with IL-2. The advent of fluorescence-activated cell
sorter (FACS) analysis of STAT phoshorylation provides the op-
portunity for early functional analysis after EBV immortaliza-
tion (Roberts et al., 2004). However, functional assays are
presently highly specialized research tests and require availability
of appropriate cell lines. Because of the low levels of expression

of the JAK3 protein in circulating B cells, generation of lym-
phoblastoid cell lines has been necessary for reproducible West-
ern blot analysis, although protein assays on peripheral blood
mononuclear cells (PBMCs) have also been successfully per-
formed (Gilmour et al., 2001a). Regardless, molecular testing,
based on identification of JAK3 mutations at the genomic level,
remains the most reliable assay for the diagnosis of JAK3 defi-
ciency. Analysis of JAK3 mutations has been facilitated by eluci-
dation of the genomic structure (Riedy et al., 1996; Villa et al.,
1996; Schumacher et al., 2000). From these data it is now known
that the human JAK3 gene is organized into 23 exons and 22 in-
trons. The complete definition of the intron—exon boundaries has
allowed development of screening assays based on single-strand
conformation polymorphisms (SSCP) techniques. This is partic-
ularly important for the evaluation of historical deceased cases of
SCID when only DNA is available, as well as for patients fully
reconstituted following bone marrow transplantation, in whom
JAK3 mutations can be determined only by analyzing DNA
from nonhematopoietic tissues. The characterization of the JAK3
genomic structure, for example, has allowed demonstration of
splice-site mutations (Villa et al., 1996) and made possible the
first prenatal diagnosis through SSCP-analysis on chorionic villi
DNA (Schumacher et al., 1999). Because the JAK3 gene is not
expressed in chorionic villi, prenatal diagnosis was based on ge-
nomic analysis.

Treatment and Prognosis

The prognosis for JAK3-deficient SCID patients is the same
as for all cases of B* SCID; unless treated by successful bone
marrow transplantation, SCID due to JAK3 deficiency is a lethal
disorder. Optimal results (up to 95% survival rate) have been ob-
tained with bone marrow transplantation (BMT) from human
leukocyte antigen (HLA)-matched siblings, whereas the survival
rate is lower (~70%) when HLA-mismatched related donors are
used. Furthermore, particularly when no conditioning regimen is
given, engraftment of donor-derived T cells is associated with
persistence of autologous B cells (Buckley, 2000a; Antoine et al.,
2003), making post-transplantation treatment with infusion of
immunoglobulins necessary on a chronic basis. Use of pretrans-
plant conditioning has been claimed to favor the engraftment of
donor-derived B cells (Wijnaendts et al., 1989; Dror et al., 1993;
van Leeuwen et al., 1994; Haddad et al., 1998). However, it
will be important to validate this assumption through prospective
analysis of the outcome of bone marrow transplant in muta-
tion-proven JAK3-deficient infants. In the Brescia series, of
13 Jak3-deficient patients who were treated with BMT, 9 re-
ceived T-depleted marrow from haploidentical parents, 3 received
T-depleted marrow from a matched unrelated donor (MUD), and
only 1 had an HLA-identical sibling donor. In 12 of the 13
patients, engraftment of donor-derived T cells was achieved,
whereas engraftment of donor-derived B cells was observed
following HLA-matched and MUD transplantation, but less so
following haploidentical transplantation. One patient who under-
went haploidentical BMT died from infectious complications
early after transplant, and one additional patient has severe neu-
rological impairment due to pretransplant encephalitis. All of the
four patients who received HLA-matched transplantation (three
from a matched unrelated donor, and one from an HLA-identical
sibling) are alive and well with full engraftment of both T and B
lymphocytes of donor origin.

In a series of 10 JAK3-deficient patients who underwent BMT
at Duke University Medical Center in North Carolina, 2 received



144 Syndromes

HLA-identical sibling marrow and 8 received maternal hap-
loidentical transplantation without pretransplant cytoreductive
chemotherapy. Among the latter patients, one died and a subse-
quent transplantation of cord blood (preceded by chemoablation)
was necessary in one patient (Roberts et al., 2004). The nine sur-
viving patients showed development of normal T cell immunity.
Donor B cells, however, were detected only in the patient who
received chemoablation, and six patients continued to require in-
travenous immunoglobulin (IVIG) therapy. Natural killer cell ac-
tivity was not reconstituted in seven of the nine survivors
(Roberts et al., 2004).

Because of the phenotypic and biological similarities between
JAK3 deficiency and yc deficiency, and in light of the early suc-
cess of gene therapy in the latter condition (Cavazzana-Calvo
et al., 2000; Hacein-Bey-Abina et al., 2002), genetic correction
of JAK3 deficiency may also result in clinical benefit. Preclinical
experiments in vitro (Candotti et al., 1996; Oakes et al., 1996)
and in vivo in a murine model (Bunting et al., 1998, 1999, 2000)
have illustrated the potential benefit of gene therapy for JAK3
deficiency. Retroviral-mediated JAK3 gene transfer was able to
correct the biological abnormalities of JAK3-deficient human B
cell lines, leading to reconstitution of IL-2 signaling as assessed
by IL-2-induced phosphorylation of IL-2Rf, JAK1, JAK3, and
STATS, as well as IL-2-mediated cell proliferation (Candotti
et al., 1996; Oakes et al., 1996).

A compelling series of in vivo mouse experiments has also
shown that ex vivo retroviral-mediated JAK3 gene transfer into
hematopoietic progenitors from JAK3 knockout mice was able to
restore specific T and B cell functions in Jak3 knockout mice
transplanted with gene-corrected cells. Treated mice developed
T lymphocytes able to respond to mitogens and make specific
cytotoxic responses. In addition, good reconstitution of humoral
immunity was achieved following the procedure; experimental
animals developed increased numbers of B lymphocytes and an-
tibody production. More important, the same mice generated
specific antibody responses upon immunization, and survived
exposure to influenza virus (Bunting et al., 1998, 1999). Another
crucial finding of these experiments was that myeloablation was
not necessary to achieve these significant improvements (Bunting
et al., 2000). The strong selective advantage of JAK3-corrected
lymphoid cells over unmodified autologous counterparts, illus-
trated by these results, seems to indicate that preparative condi-
tioning may not be needed for JAK3 gene therapy in humans.

One potential concern of using current “gene addition” ap-
proaches is that the expression of the transferred gene is liberated
from the physiologic cellular mechanisms of regulation, being
constitutively expressed under the influence of strong viral pro-
moters. Because of the important role of JAK3 in cell prolifera-
tion (Miyazaki et al., 1994; Oakes et al., 1996), deregulated
JAK3 expression could potentially result in uncontrolled cell di-
vision and cause malignancy.

In the animal experiments above, however, adverse events
were not observed, supporting development of a clinical trial that
recently enrolled a single JAK3-deficient patient who had failed
BMT treatment. The results of this human trial have not been
published. However, the occurrence of leukemia in two children
treated with gene therapy for X-linked SCID has caused this trial
to be placed on clinical hold and prevented the accrual of addi-
tional patients. Analysis of the monoclonal leukemic cell popula-
tions in the X-linked SCID trial has shown that the retroviral
vector was integrated in or near the LM O?2 gene locus, resulting in
aberrant expression of this transcript (Hacein-Bey-Abina et al.,
2003) (see Chapters 9 and 48).

Activation of LMO2 by translocation is found in some forms
of childhood acute T lymphoblastic leukemias. The proliferation
advantage given by the expression of yc to the cells containing the
LMO?2 integrants seems to explain the development of leukemia
and it is reasonable to assume that expression of JAK3 could
have similar consequences. For these reasons, in February 2005,
the FDA Biological Response Modifiers Advisory Committee
made the recommendation that, until more information is ac-
quired, gene therapy for X-linked SCID and JAK3-SCID in the
United States should be performed only in patients for whom al-
ternative therapies are not available or have already failed.

Murine Models of JAK3 Deficiency

The crucial role of JAK3 in lymphoid differentiation and func-
tion has been assessed through animal models. In 1995, three
groups reported studies of mice with targeted disruptions of Jak3
(Nosaka et al., 1995; Park et al., 1995; Thomis et al., 1995). Vi-
able homozygous Jak3 knockout mice of normal growth and size
were generated in the expected proportion indicating that Jak3 is
not crucial to fetal development and survival.

Pathologic examination of the thymus in Jak3 knockout mice
revealed markedly reduced cellularity with a very low number
of early lymphoid precursors (lin~/c-kit"), indicating abnormal
seeding of lymphoid precursors into the thymus (Park et al., 1995).
However, thymocyte differentiation stages were discernible, and
CD4+ and CDS8* single-positive thymocyte subsets were identified.
An excess of CD4* over CD8" single-positive cells developed with
time, suggesting that cytokine signaling through yc/Jak3 is more
crucial for the maturation and/or survival of the murine CDS line-
age than of CD4 thymocytes. The proliferative response of thymo-
cytes to various combinations of mitogens was severely reduced
and was not increased by addition of exogenous IL-2. Interest-
ingly, intermediate responses to phorbol myristate acetate (PMA)
or concanavalin A (Con A) and cytokines have been recorded
with thymocytes from heterozygous mice (Park et al., 1995).

Although the spleen in Jak3-deficient mice was generally
smaller than that in controls, its cellularity was less severely
affected than that of the thymus. However, a sharp reduction
of mature B220*slgM* B cells (around 1% of normal) was ob-
served, associated with a profound defect of B cell differentiation
in the bone marrow, where a reduced transition from pro-B
(B220~CD43%) to pre-B (B220tCD43*) cells was documented
(Park et al., 1995; Thomis et al., 1995). In the T cell compartment
of the spleen, a progressive appearance of CD4* T cells was ob-
served; furthermore, these cells expressed activation antigens
CD44 and CD69, but showed greatly diminished in vitro prolifer-
ation and little IL-2 production in response to mitogen stimula-
tion (Thomis et al., 1995; Thomis and Berg, 1997). These
abnormalities, also observed in yc knockout mice, may reflect an-
ergy of splenic T cells, possibly as a result of prior stimulation
through the T cell antigen receptor in the absence of Jak3. This
would be consistent with the observation that activation of Jak3 is
associated with prevention of anergy (Boussiotis et al., 1994). In-
deed, peripheral expression of Jak3 is required to maintain T lym-
phocyte function. In transgenic mice that express Jak3 in the
thymus but not in the periphery, T cell development in the thymus
is restored, but progressive accumulation of activated and anergic
T cells is observed in the spleen (Thomis and Berg, 1997).

In Jak3 knockout mice, self-reactive T cells are not deleted in
the thymus and periphery; furthermore, the activated, anergic
T cells that accumulate in the spleen contain self-reactive lympho-
cytes (Saijo et al., 1997). These data indicate that Jak3 expression
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is essential to the process of negative selection. Peripheral lymph
nodes are nearly undetectable in Jak3 knockout mice. These mice
also lack NK cells, T lymphocytes, dendritic epidermal T cells,
and intestinal intraepithelial lymphocytes (Park et al., 1995).

The proportion of early hematopoietic precursors (lin~/c- kit*/
Sca-1%) in the bone marrow is normal, as are the numbers of
monocytes, macrophages, and myeloid and erythroid lineage
cells. However, myeloid lineages in these mice are also affected
by the loss of Jak3. Splenomegaly is common in these mice by
4 months of age and increased numbers of neutrophils and cells
of the monocytic lineage are present in the peripheral blood. If Jak3
knockout mice are crossed with a transgenic mouse expressing
Jak3 in the T and NK cell compartments, the splenomegaly and
myeloid expansion are accentuated, while no splenomegaly or
myeloid expansion is apparent when Jak3 knockout mice are
crossed with Ragl-deficient animals that lack T lymphocytes.
These findings suggest that the absence of Jak3 in the T cell
compartment is responsible for the dysregulated myelopoiesis in
Jak3 knockout mice (Grossman et al., 1999). As mentioned
above, no overt anomalies of the myeloid compartment are de-
tectable in JAK3-deficient humans.

On the whole, the immunological abnormalities in Jak3
knockout mice are similar to those of yc knockout mice (Cao
et al., 1995; DiSanto et al., 1995; Ohbo et al., 1996). Both knock-
outs share a profound defect in B cell differentiation but allow
some T cell maturation (particularly of CD4* T cells). Further-
more, a similar phenotype (with disturbed differentiation of
T and B lymphocytes) has been observed in IL-7R knockout
(Peschon et al., 1994) and IL-7 knockout (von Freeden-Jeffry
et al., 1995) mice, consistent with the notion that IL-7/IL-7R in-
teraction and signaling through the yc/Jak3 axis is a nonredun-
dant function in lymphoid development.

In contrast to what has been observed in mice, JAK3 and yc
deficiencies in humans are not characterized by severe defects in
B cell differentiation. This finding suggests that IL-7 is an essen-
tial pre-B cell growth factor in mice but not in humans.

Severe Combined Immunodeficiency Due
to Mutations of IL-7 Receptor oo Chain

Clinical Features

Patients with IL-7Ra deficiency present with classical signs and
symptoms of SCID. The original report (Puel et al., 1998) de-
scribed two patients with T"B*NK* SCID characterized by failure
to thrive, recurrent otitis, viral infections, candidiasis, diarrhea,
and fever. A subsequent report described an additional family
with extensive consanguinity and three subjects affected with
T-B*NK* SCID having persistent oral thrush and failure to
thrive. Absence of palpable lymph nodes and thymus shadow on
chest radiograph were also described. Three infants from the
same family had died from failure to thrive, diarrhea, and fungal
and bacterial infections (Roifman et al., 2000). In a series of 169
SCID cases diagnosesd at Duke University Medical Center, 16
patients (9.5%) were found to have IL-7Ra deficiency, thus mak-
ing this disorder the third-most common case of SCID in that se-
ries, after X-linked SCID and ADA deficiency (Buckley, 2004).

Laboratory Findings

Lymphopenia with elevated numbers of B cells, greatly dimin-
ished CD3* T lymphocytes, and normal or elevated numbers of
CD16* NK cells have been described as characteristic signs of

IL-7Rao deficiency. Proliferation to mitogens and allogeneic cells
is defective, but NK cell killing of K562 target cells is normal.
Patients have defective production of immunoglobilins and fail
to respond to vaccinations (Puel et al., 1998; Roifman et al.,
2000).

Molecular Basis of IL-7Ra Deficiency

IL-7Ra (CD127) is a type 1 cytokine receptor chain devoid of
intrinsic tyrosine kinase activity. This 460 amino acid—long chain
can bind IL-7 with consequent dimerization with yc, which in
turn results in JAK3-mediated phosphorylation of IL-7Ra and
recruitment of JAK2 and STATS transcription factors. The IL7R
gene, located on chromosome 5p13 in humans, is organized into
eight exons and seven introns, with exons 1-5 encoding the ex-
tracellular portion of the receptor, and exon 6 and exons 7-8 en-
coding the transmembrane region and the intracellular tail,
respectively (MIM *146661,#608971) (Online Mendelian Inher-
itance in Man, 2000). The IL7R cDNA is 1,380 nucleotides long
and encodes a protein of the estimated molecular weight of ~90
kDa. The expression of /L7R mRNA can be detected in the earli-
est stages of lymphocyte differentiation (CD4-CD8~ double-
negative thymocytes and c-kit"B220* B cell progenitors) (Sudo
et al., 1993; Orlic et al., 1997).

Although the cases reported in the literature are still limited,
mutations of /L7R seem heterogeneous; missense, nonsense, and
splice mutations have all been found. These mutations resulted in
compound heterozygosity for two missense mutations (Thr66lle
in exon 2 and Ile138Val in exon 4) or for a nonsense (Trp217stop
in exon 5) and a splice mutation at the acceptor site of intron 4,
respectively, in the first two patients described (Puel et al., 1998),
and in homozygosity for a missense mutation (Prol32Ser in
exon 4) in a consanguineous family (Roifman et al., 2000).

Functional Aspects

The mechanism leading to SCID for the Thr66lle and Ile138Val
missense mutations remains unclear. When expressed in heterol-
ogous systems, these mutants are able to bind IL-7 and induce
STATS activation (Puel et al., 1998). However, these alleles
were not expressed by the heterozygous parents of the proband, a
finding suggesting that decreased mRNA expression or stabil-
ity could account for the SCID phenotype in this patient. The
Trp217stop and the —1 G>A mutations at the acceptor site of in-
tron 4 are predicted to prevent expression of functional IL-7Ra
(Puel et al., 1998). Interestingly, the Pro132Ser missense muta-
tion interfered with IL-7 binding and signal transduction and
thus caused disease in one family (Roifman et al., 2000).

Strategies for Diagnosis

It has been proposed that the T"B*NK* SCID immunophenotype
is characteristic of IL-7Ro deficiency, although patients affected
with other forms of B* SCID can also have considerable numbers
of NK cells (Candotti et al., 1997; Brugnoni et al., 1998). Studies
of IL-7Ro mRNA and/or protein expression (Western blot, flow
cytometry) can be informative and be performed on fresh PBMCs
(IL-7Rao is expressed on immature B and T cells, mature T and
NK cells, and macrophages) or EBV-transformed lymphoblastoid
B cells. The definitive diagnosis is provided by detection of path-
ogenic mutations in affected subjects and their parents. The avail-
able information about intron—exon boundaries of the IL-7Ra
gene facilitates genomic DNA analysis for this disease.
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Treatment and Prognosis

Allogeneic BMT can provide full immune reconstitution for IL-
7Ro deficiency (Buckley et al., 1999; Roifman et al., 2000) and
is the treatment of choice. Similar to other forms of B+ SCID,
early diagnosis and prevention of infections are associated with
better outcome of the transplantation procedure and ultimate
prognosis for affected patients. Because it affects the same sig-
naling pathway as that in XSCID and JAK3 deficiency, IL-7Ra
deficiency may be a good candidate for gene therapy, with simi-
lar prospects of risks and success.

Murine Models of IL-7Ra Deficiency

IL-7Ra participates with both the IL-7 and thymic stromal lym-
phopoietin (TSLP) cellular receptors, in association with yc and
TSLPR, respectively, a receptor chain with 24% homology to yc
(Pandey et al., 2000; Park et al., 2000). IL-7Ra. knockout mice,
therefore, lack both IL-7 and TSLP signaling. These mice are vi-
able and fertile and retain normal proportions of all major thy-
mocyte populations during fetal life (Crompton et al., 1998).
Adult IL-7Ra-deficient mice, however, present with ~20-fold re-
duction of thymic precursors and decreased peripheral lympho-
cyte numbers (Peschon et al., 1994). Thymocyte development is
arrested at the CD4-CD8~ double-negative stage, before the oc-
currence of T cell receptor (TCR) gene rearrangement (Maki
et al., 1996a; Candeias et al., 1997; Crompton et al., 1997; Peru-
mal et al., 1997). The reduced numbers of T cells that populate
the periphery are dysfunctional and characterized by impaired
survival and reduced proliferation to mitogens and alloantigens
(Maraskovsky et al., 1996). Development of y8 T cells is also
blocked in IL-7Ra-deficient mice, whereas NK cells develop
normally (He and Malek, 1996; Maki et al., 1996b; Kang et al.,
1999). Interestingly, thymocyte development can be restored by
introduction of a transgenic TCR, which suggests that IL-7Ra is
needed to initiate TCR gene rearrangement (Crompton et al.,
1997). T lymphopoiesis is also restored in IL-7Ra-deficient mice
by the transgenic expression of the anti-apoptotic molecule bcl-2
and ameliorated by the concomitant absence of the pro-apoptotic
protein Bax. These data indicate that the critical consequence of
engagement of IL-7Ra in T cell development may be the inte-
gration of cell survival signals (Akashi et al., 1997; Maraskovsky
et al., 1997; Khaled et al., 2002).

IL-7Ro-deficient mice also show an incomplete block of B
cell development at the transition from the pro-B to pre-B cell
stage, which results in a 10-fold reduction in precursor B cells
and severely decreased numbers of mature, peripheral B lympho-
cytes expressing surface immunoglobulin (Peschon et al., 1994).
This defect is not corrected by transgenic expression of Bcl-2
(Maraskovsky et al., 1998) and is characterized by normal D-J
segment joining but impaired recombination of antibody heavy-
chain V segments (Corcoran et al., 1998). The reduction of B
lymphocyte numbers in IL-7Ro-deficient mice does not parallel
the human phenotype, perhaps because the essential role of
TSLP in maturation of pre-B cells in mice (Friend et al., 1994;
Levin et al., 1999) is not conserved in humans (Reche et al.,
2001; Soumelis et al., 2002).

IL-2 Receptorp and IL-15
Receptorp Chain Deficiency

IL-2 and IL-15 signal through cellular receptors that share both yc
(CD132) and IL-2RB/IL-15RP chain (CD122), the latter encoded

by the IL2R[3 gene (MIM *146710) on chromosome 22q11.2-
q13 in humans (Online Mendelian Inheritance in Man, 2000).
Their receptors are distinguished by their ligand-specific sub-
units, IL-2Ro (CD25) and IL-15Ra., respectively. IL-2 is pre-
dominantly produced by activated T cells and plays an essential
role in control of peripheral self-tolerance (Nelson, 2002) through
activation-induced cell death (Frucht et al., 2001), thymic selec-
tion (Bassiri and Carding, 2001), and maintenance of regulatory
T cells (Shevach, 2000; McHugh et al., 2001; Shevach et al.,
2001). After binding to its receptor, IL-2 activates JAK1, JAK3,
and STATS.

Despite shared receptor usage with IL-2, IL-15 has a quite
distinct function. This cytokine is essential for the maintenance
of CD8*" memory T cells that gradually decline after viral infec-
tions in the absence of IL-15 (Becker et al., 2002; Goldrath
et al., 2002; Schluns et al., 2002). IL-15 is also important for
the development of NK cells, as illustrated by the lack of NK
cells in IL-15 knockout and IL-15Ro knockout mice (Mo-
hamadzadeh et al., 2001; Becker et al., 2002; Goldrath et al.,
2002). Thus, the NK cell deficiency observed in X-linked SCID
and JAK3-deficient patients is thought to be due to lack of IL-15
signaling.

One recently described patient with T°YB*NK~ SCID pre-
sented with undetectable expression of the § chain of the cellular
receptor used by both IL-2 and IL-15 (Gilmour et al., 2001b).
The infant, born to nonconsanguineous parents, had a history
of severe infections including respiratory syncytial virus bron-
chiolitis, Candida enteritis, and meningoencephalitis. He had
failure to thrive, hepatomegaly, and moderate lymphopenia. Im-
munophenotype analysis showed markedly reduced T cell num-
bers and absent NK cells, with B lymphocytes within normal
range values. Serum immunoglobulin levels were normal, al-
though the patient failed to produce specific antibodies following
immunization with tetanus toxoid and Hemophilus influenzae
vaccines. The patient underwent allogeneic BMT from an unre-
lated donor and had good immune reconstitution and resolution
of clinical symptom:s.

Flow cytometry and Western blot analyses showed significant
decrease of IL-2R[B/IL-15RP chain expression in the patient’s
PBMCs. Similarly, Northern blot analysis showed a marked re-
duction of ILI5R mRNA expression in the proband’s cells. No
abnormalities of /L15R were demonstrated; whether this clinical
presentation was due to undetected mutations of /L/5R or a de-
fect that prevented transcription of /L/5R remains unclear.

It is interesting to note that mice lacking IL-2RB/IL-15Rp
show defective NK cell development, a phenotype observed in
this patient. In contrast, T cells of IL-2RB/IL-15RB-deficient mice
are abnormally activated, resulting in dysregulated differentia-
tion of B cells into plasma cells and consequent high levels of
serum immunoglobulins. Autoantibodies are also produced that
cause hemolytic anemia (Suzuki et al., 1995).

Lck Deficiency

Lck (p56lIck) is an intracellular protein tyrosine kinase that is
critically involved in TCR-mediated signaling. Its N-terminal re-
gion associates with the cytoplasmic tail of the CD4 and CD8
coreceptors (Chow and Veillette, 1995), thus bringing Lck into
close proximity with the TCR. Lck is known to contribute to ty-
rosine phosphorylation of the immunoreceptor tyrosine-based
activation motifs (ITAMs) of the TCR complex (Iwashima et al.,
1994; van Oers et al., 1996). In keeping with the role played by
Lck in early steps of TCR-mediated signaling, targeting of the
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Lck gene (Molina et al., 1992) or expression of a dominant
negative Lck transgene (Levin et al., 1993) results in a severe
T cell developmental defect, with profound thymic atrophy, a
dramatic reduction in the number of double-positive thymocytes,
and only few circulating mature T cells.

One infant with a putative Lck defect has been reported to
date (Goldman et al., 1998). The patient presented with chronic
diarrhea and failure to thrive at 1 month of age, and developed
Enterobacter cloacae sepsis, cytomegalovirus infection, and per-
sistent oral candidiasis. Laboratory investigation disclosed pan-
hypogammaglobulinemia, lymphopenia with a low proportion
(9%—22%) of CD4+ T cells, and a progressive decline in T cell
proliferation to mitogens and anti-CD3 monoclonal antibody.
CD8* T cells, if activated with anti-CD3, failed to express the ac-
tivation marker CD69, whereas activation with phorbol esthers
and ionomycin resulted in normal CD69 expression, indicating a
TCR signaling defect proximal to protein kinase C activation. A
marked reduction in the level of Lck protein and an improperly
spliced mRNA transcript of the LCK gene on chromosome 1p35-
34.3 (MIM *153390) lacking the exon 7 coding domain were
demonstrated (Online Mendelian Inheritance in Man, 2000).
The molecular basis for this abnormal finding remains unclear.
The milder immunologic phenotype observed in the patient com-
pared with gene-targeted Lck knockout mice could be explained
by residual, although low, expression of Lck or species differ-
ences in redundancy of related signaling kinases. The clinical
course of the infant was typical for SCID; he ultimately required
BMT, which was reportedly curative.

Short Stature and Immunodeficiency
Due to Mutations of STAT5b

Clinical Features

A single patient has recently been reported who had STAT5b de-
ficiency resulting in postnatal growth failure, facial dysmor-
phism, and immunodeficiency (Kofoed et al., 2003; Rosenfeld
et al., 2004). This daughter of consanguineous healthy parents of
normal stature had severe growth failure with growth hormone
insensitivity. By the age of 16.5 years she was the height of an
average 6.5-year-old. She also suffered from chronic diarrhea,
generalized eczema, and respiratory ailments, periodically re-
quiring oxygen supplementation. A lung biopsy indicated lym-
phoid interstitial pneumonia for which the patient was treated
with oral steroids. At age 8 she developed severe hemorrhagic
varicella, followed by multiple episodes of herpes zoster. At age
10, progressive worsening of her pulmonary function occasioned
a repeat lung biopsy in which Pneumocystis jiroveci and Rodococ-
cus equis were isolated. Institution of appropriate treatment and
chronic management of combined immunodeficiency have re-
sulted in an improved quality of life.

Laboratory Findings

High levels of endogenous growth hormone, low insulin-like
growth factor, normal growth hormone binding protein, and nor-
mal growth hormone receptor (GHR) coding sequence pointed to
an intracellular defect distal to the GHR, a member of the cy-
tokine receptor gene superfamily that acts through phosphoryla-
tion of STATSDb. Indeed, expression of STATSb was only poorly
detectable in patient fibroblasts, which failed to show phospho-
rylation of the protein in response to GH. STAT5a expression
and phosphorylation were normal. Details about the patient’s

lymphocyte profile and immune functional studies have not been
published in detail.

Molecular Basis of STATSb Deficiency

This patient was found to be homozygous for the missense muta-
tion in the STATSB (MIM *604260) gene, which is located adja-
cent to STAT3 and STATSA on human chromosome 17q11.2
(Online Mendelian Inheritance in Man, 2000). The mutation is
due to the substitution of C for the G nucleotide at cDNA 2057 in
the alanine 630 codon, changing alanine to proline (A630P). The
mutation lies in the highly conserved SH2 domain of STAT5b.
Although protein is produced (but poorly recognized by some
monoclonal antibodies), it is unable to be phosphorylated, pre-
venting dimerization, translation to the nucleus, and activation of
transcription.

Functional Aspects and Animal
Model of STATSb Deficiency

STATS5a and STATS5b are transcription factors that are 96% ho-
mologous to each other and are located adjacent to one another
in head-to-head orientation in both human and mouse, suggest-
ing that these genes arose by gene duplication. The precise role
of each of the two STAT5 genes is not completely worked out in
humans or in mice. Murine knockouts of STAT5a show impaired
prolactin-dependent mammary gland development (Liu et al.,
1997), while STAT5b knockout mice have a phenotype similar to
that observed in GHR-deficient mice (Udy et al., 1997). Deletion
of both STAT5a and STATSDb results in a phenotype closely re-
sembling that observed in prolactin receptor—deficient mice, in-
cluding decreased body size in males, anemia, and impaired
mammary gland development in females. These features reflect
the role of STATS proteins as intracellular transducers of signals
from growth hormone, erythropoietin, and prolactin receptors. In
addition, STAT5a and STATS5b double-knockout mice show a
profound T cell proliferation defect similar to that observed in
IL-2RB-deficient mice (Teglund et al., 1998). Partial T cell de-
fects can be observed in both STATS5a and STATS5b single-
knockout mice (Nakajima et al., 1997; Imada et al., 1998),
indicating that the two STATS proteins play critical, redundant
roles in mouse peripheral T cell activation and proliferation.

Diagnosis, Treatment, and Prognosis

The coexistence of extreme short stature and combined immun-
odeficiency may suggest STATS5b deficiency, particularly in a
consanguineous family. Because only a single patient has been
described to date, the clinical spectrum of disease severity is not
known. The multiple roles of STATSb in many tissues indicate
that bone marrow transplantation would not be expected to cor-
rect the entire phenotype.

Concluding Remarks

The recent identification of patients with JAK3 deficiency and
IL-7Rao deficiency has greatly contributed to our understanding
of biological and clinical aspects of B* SCID. In a series of 96
children with SCID in Europe, JAK3 deficiency was found to be
responsible for ~40% of the B* SCID patients, making JAK3
SCID nearly as common as X-linked SCID. This finding is in
contrast to recent reports from the United States, where fewer
than 10% of B* SCID patients with known genetic cause have
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defects in JAK3 (Buckley, 2000b). This discrepancy may reflect
a real variability in the incidence of the disease in different gene
pools, but it may also be due in part to an ascertainment bias. Au-
tosomal recessive SCID is less likely to have a positive family
history than X-linked SCID, and infants presenting with serious
infections may die before referral to immunology centers for di-
agnosis. In addition, we have shown that several patients with
JAK3 defects express substantial amounts of JAK3 protein, indi-
cating that specialized functional assays and DNA sequence
determination are the only reliable tools for unequivocal identifi-
cation of patients with SCID due to JAK3 mutations. On the
other hand, the development of molecular and biochemical as-
says to identify JAK3 (and yc) defects demonstrated that not all
T-B* SCID patients have abnormal JAK3 or yc and opened the
way to the identification of IL7R and IL2Rf3 defects (Puel et al.,
1998; Gilmour et al., 2001b).

Longitudinal observation of patients with mutations in genes
responsible for B* SCID has clearly established the gradual ap-
pearance of circulating T lymphocytes with abnormal activation
markers and low proliferative responses to mitogens (South et al.,
1977; Morelon et al., 1996; Mella et al., 2000; Frucht et al.,
2001). There is no clear explanation for these findings at present;
however, in light of the progressive appearance and accumula-
tion of activated and anergic T cells described in Jak3 knockout
mice, it is tempting to speculate that the occurrence of circulat-
ing T lymphocytes in these patients may reflect the natural his-
tory of JAK3 deficiency as well as other immunodeficiencies
caused by disorders of cytokine signaling. If this hypothesis
proves to be correct, the clinical and immunological spectrum of
these forms of combined immunodeficiencies may be broader
than currently appreciated. Patients now classified as having
combined immunodeficiency with residual T cell function could,
in fact, carry mutations in genes of cytokine signaling molecules.
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V(D)J Recombination Defects

JEAN-PIERRE DE VILLARTAY, KLAUS SCHWARZ, and ANNA VILLA

The vertebrate cognate immune system recognizes and responds
to a virtually infinite number of foreign antigens via antigen-
specific immunoglobulin (Ig) or T cell receptor (TCR) molecules
expressed on the cell surface of B and T lymphocytes, respec-
tively. While the Ig receptor of B cells binds to soluble antigens,
the TCR receptor recognizes peptide antigens presented by human
leukocyte antigen (HLA) molecules. In general, allelic exclusion
prevents expression by a single lymphocyte of two different recep-
tors encoded by homologous alleles. The expression of each dis-
tinct receptor is maintained in the clonal progeny of a lymphocyte.

V(D)J Recombination

Immunoglobulin and TCR chains consist of two structural do-
mains: the constant regions mediate effector functions, while the
variable part of the receptor chains forms the antigen-binding
pocket. A site-specific recombination event (VDJ recombination)
leads to generation of the variable domains of mature antigen re-
ceptor genes from a set of subgenic segments classified as vari-
able (V), diversity (D), and joining (J) elements (for review see
Schlissel and Stanhope-Baker, 1997; Nemazee 2000). In princi-
ple, each of the V elements can join to any of the D and J mod-
ules, thus a finite number of subgenes can establish the enormous
antigen receptor diversity.

Seven gene loci encoding the Ig heavy (IgH) and light chains
as well as the TCR «, B, 7y, and 0 chains can potentially undergo
somatic DNA recombination during lymphocyte development.
The loci share a similar conserved overall organization (Color
Plate 11.IA); however, the precise number of subgenic segments
and their organization vary between different loci and species
(Litman et al., 1993).

The principle of V(D)J recombination is a simple cut-and-paste
mechanism, fusing in each step two subgenic DNA segments

(Color Plate 11.IB) (Lewis, 1994). This reaction is based on a
universal tag for all V, (D), and J modules. These gene segments
are flanked by recombination signal sequences (RSS) (Color
Plate 11.IA), which consist of a conserved heptamer and an
AT-rich nonamer nucleotide motif, separated by a 12+ 1 bp or
23 + 1 bp spacer (Ramsden et al., 1994). Spacer length, there-
fore, defines two types of RSSs, termed 12-RSS and 23-RSS,
and efficient recombination occurs only between a 12-RSS and a
23-RSS, arestriction called the 712/23 rule. Additional regulatory
effects of RSS sequence on recombination have been recently
described (Bassing et al., 2000).

The V(D)J recombination reaction can be divided into two
main steps involving several different subreactions (Table 11.1).
The first part of the recombination process is lymphocyte-specific
and results through an endonucleolytic cut in DNA double-strand
breaks (DSB) at the border between the RSS heptamer and
the flanking coding segment. In vivo, in a single V(D)J recombi-
nation reaction, four DNA ends are generated simultaneously
through the synchronous cut at two distinct gene segments: two
blunt, phosphorylated signal ends and two hairpin-sealed coding
ends. The second part of the V(D)J rearrangement involves the
processing of the signal and coding ends, in which, ultimately,
factors of a ubiquitous DNA double-strand repair pathway are
recruited to link the signal and coding ends.

The standard products of V(D)J recombination result from
ligation of the two coding elements (coding joints) and of the
two heptamers of the RSS (signal joints). Depending on the ori-
entation of the two RSSs to each other, the rearrangement pro-
cess leads to a DNA deletion or inversion (Color Plate 11.IC).
Most rearrangement events stem from a deletion of the DNA
connecting the recombined V(D)J elements and produce an ex-
trachromosomal DNA circle with a signal joint (Fujimoto and
Yamagishi, 1987; Okazaki et al., 1987). At the TCRJ3, TCRS, and
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Table 11.1. Mechanistic Steps in V(D)J Recombination and Proteins
Involved*

Steps Proteins
Lymphocytes-Specific Steps

1. Locus accessibility ?

2. RSS recognition and nicking RAGI+RAG2

3. Synapsis of RSS RAGI+RAG2+7?

4. Hairpin formation RAGI+RAG2

General DNA Double-Strand Break Repair Steps

5. Hairpin opening RAGI +RAG2 and Artemis
6. Modification of coding ends TdT +exonuclease(s)?

7. Recognition of DNA double strand
Disassembly of synaptic complex
8. Ligation

DNA-PKcs + Artemis
XRCC4 +ligase IV

RSS, recombination signal sequence; TdT, terminal deoxynucleotidyl transferase.

*Alternative models suggest that steps 2 and 3 are interchangeable and that step 7
may precede steps 5 and 6.

Iga loci, inversions have been noticed (Feddersen and van Ness,
1985; Malissen et al., 1986; Korman et al., 1989), with a slight
preference of deletions over inversions (Hesse et al., 1987).

V(D)J recombination can result in alternative products such
as “hybrid” or “open-and-shut” junctions (Plate 11.IC). Hybrid
Jjoints arise through the ligation of one coding end to the signal
end of the other. In an open-and-shut joint, which is less com-
mon, the signal and coding ends created by site-specific cleavage
are modified prior to their religation (Lewis, 1994). These alter-
native products are rare events, but they obey the rules of V(D)J
recombination and are indicative of the notion that four open
DNA ends are intermediates in the rearrangement process.

The signal ends are usually ligated without modification of
the DNA (Lieber et al., 1988). In contrast, joining of coding ends
is generally imprecise, with base losses and/or additions (N and
P nucleotides) of approximately 10 to 15 nucleotides. This pro-
cess helps to diversify the receptor repertoire but includes the
risk of creating nonfunctional genes because of out-of-frame
joining and/or introduction of premature stop codons. The en-
zyme terminal deoxynucleotidyl transferase (TdT) adds random,
GC-enriched nucleotides (N nucleotides) to coding ends by a
template-independent polymerization. P nucleotides represent
short, palindromic repeats of coding end DNA. They are thought
to be generated when the “hairpin,” a coding end intermediate of
the V(D)J recombination reaction (Color Plate 11.11), is resolved
through an endonucleolytic attack, not at the tip of the covalently
closed termini but within the coding element. Other mechanisms
contributing to junctional diversity are erosion of a small and
variable number of bases at coding ends by exo- or endonucle-
ases, and homology joining through short-sequence homologies
at free DNA ends (for review see Fugmann et al., 2000).

The “recombinase” machinery, a multiprotein complex, is re-
sponsible for the V(D)J recombination. At present, it is unclear if
all of the recombinase constituents interact physically at a single
time point or if single functions of the machinery follow each
other in an ordered fashion. Nine proteins have been identified
thus far as participating in the various phases of the V(D)J re-
combination reaction (Table 11.1). The recombination activating
genes 1 and 2 (RAG! and RAG?2) are necessary and sufficient to
initiate V(D)J recombination on an accessible antigen receptor
gene locus (McBlane et al., 1996). The second phase of this reac-
tion requires Artemis in addition to RAGI/RAG2 for the process

Table 11.2. Constinents of the Recombinase Machinery

Human
Gene Human Animal
Locus Disease Model Cell Lines
RAGI 11p13 SCID KO mouse ~ AMuLV-
transformed
pre-B cells
RAG2 11p13 SCID KO mouse ~ AMuLV-
transformed
pre-B cells
TdT 10q23-24 — KO mouse ~ —
Ku80 2q33-35 — KO mouse ~ XRCCS cells
(xrs5, 6, XR-VI9B,
XR-V15B, sxi-1,
-2, -3, etc.)
Ku70 22ql13 — KO mouse ~ XRCC6
DNA-PKces  8qll — Murine scid  XRCC7
Equine scid
XRCC4 5q13 — KO mouse ~ XRCC4
Ligase IV 13q33-34  Leaky KO mouse  Human fibroblast
SCID
Artemis 10p13 RS-SCID KO mouse  Human fibroblast

AMuLV, Abelson murine leukemia virus; DNA-PKcs, DNA-protein kinase—
dependent catalytic subunit; KO, knockout.

of the coding end intermediates. The template-independent DNA
polymerase TdT adds N nucleotides and contributes substan-
tially to receptor diversity. The DNA-dependent protein kinase
(DNA-PK), with its DNA binding constituents KU70 and KU80
and its catalytic subunit DNA-PKcs, recognizes open DNA ends.
XRCC4 (the gene responsible for the defect present in cells of
group 4 of X-ray cross-complementing cell lines) seems to inter-
act with ligase IV in the ligation step of DNA DSB repair. De-
spite the recent cloning of Artemis, many different factors of the
recombinase machinery (frans-acting factors for locus accessibil-
ity and exo- and endonucleases) are still unknown. Of the identi-
fied factors, only the RAGI, RAG2, ligase IV, and Artemis genes
have been implicated in an inborn immunodeficiency (Table 11.2)
(Schwarz et al., 1996; Villa et al., 1998; Corneo et al., 2000;
Moshous et al., 2001; O’Driscoll et al., 2001). Lastly, a human se-
vere combined immunodeficiency (SCID) condition with V(D)J
recombination deficiency caused by an undescribed gene has re-
cently been reported (Dai et al., 2003).

Complete RAGT and RAG2
Deficieny (B-T- SCID)

History

Siblings with diarrhea, candidiasis, lymphopenia, and dimin-
ished lymphoid tissue were first described by Glanzman and
Riniker (1950). Thymic dysplasia and hypogammaglobulinemia
were subsequently analyzed in new cases (Cottier, 1958; Hitzig
et al., 1958). Knowledge of the antigen receptor gene structures
and their processing allowed the definition of recombinase de-
fective patients (Schwarz et al., 1991; Abe et al., 1994). A sub-
group of patients with defective V(D)J recombination exhibited
RAG1/2 mutations (Schwarz et al., 1996).

Definition
The functional failure of one of the constituents of the V(D)J
recombinase machinery, such as RAGI or RAG2, results in
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a SCID without B and T cells (B~T~ SCID), MIM (Mendelian
Inheritance in Man) numbers 179615 and 179616, respectively.

Clinical Manifestation

Severe combined immunodeficiency has an estimated incidence
of approximately 1 per 100,000 live births (Stephan et al., 1993).
In the original report, six patients of 30 SCID cases analyzed ex-
hibited a RAG1/2 defect, thus the RAG deficiency may account
for a substantial proportion of human SCID cases (Schwarz
et al., 1996). In a recent large series about 20% of SCID cases
were RAG-dependent (Villa et al., 2001).

The clinical presentation is relatively uniform. As a rule, no
symptoms are detected during pregnancy or birth or within the
first few weeks of life. In most cases, the symptoms start within
the second or third month after birth. Infectious complications
are the hallmark of the disease, with a high preponderance of
opportunistic infections (e.g., Pneumocystis carinii infection).
The clinical signs are characterized by chronic, persistent disease
of the airways, recurrent acute pneumonia, therapy-resistant mu-
cocutaneous candidiasis, eczematous dermatitis, and local as
well as systemic bacterial infections (otitis, mastoiditis, purulent
rhinitis and conjunctivitis, septic disease, meningitis, arthritis,
and local abscesses). The recurrent infections in addition to
chronic enteritis lead to therapy-resistant growth failure. Further-
more, intracellular parasites (Listeria, Legionella) as well as
viruses (Epstein-Barr virus [EBV] and cytomegalovirus [CMV])
may cause lethal complications.

Noninfectious clinical manifestations may result from graft-
vs.-host disease (GVHD). Because of the immunodeficiency,
patients cannot reject allogeneic cells. Allogeneic cells are intro-
duced into patients either through maternofetal transfusion or as
supportive, nonirradiated blood products. While GVHD due to
maternal lymphocytes is usually relatively mild with erythroder-
mia, eosinophila, enteritis, and hepatitis, GVHD following trans-
fusion is frequently lethal. Vaccination with living organisms
such as application of the bacillus Calmette-Guerin (BCG) strain
may cause fatal consequences. All SCID children die within
a few months if they are not provided with hematopoietic stem
cells.

Physical examination of completely RAG-deficient patients
reveals unusual infections and a characteristic absence of lym-
phatic organs. In most cases cervical lymph nodes and tonsils are
undetectable.

Laboratory Findings

Patients exhibit no B and T cells of their own in the peripheral
blood (B~T~ SCID) (Table 11.3). Maternal T lymphocytes have
been detectable in more than 50 cases and functional natural
killer (NK) cells are present. After loss of the initially present
maternally transfused immunoglobulins, no antibodies circulate
in the peripheral blood of RAG-deficient patients. In vivo and
in vitro functional lymphocyte tests are not informative because
of the lack of the respective cells.

The RAG1 and RAG2 deficiency is an autosomal recessive
disease. Both genes are located on chromosome 11p13 (Oet-
tinger et al., 1992; Schwarz et al., 1994). Carriers of the mutant
genes are healthy without any immunologic disturbances and are
therefore only detected through molecular identification of the
mutation in question. A B-T~ SCID immunophenotype in umbil-
ical cord blood may suggest, among others, a RAG defect that
must be confirmed by molecular analysis.

Table 11.3. Laboratory Findings in Peripheral Blood of
Recombination-Deficient Patients

RAG-SCID  Omenn Syndrome  Artemis RS-SCID

B cells - - -
T cells —ak + (oligoclonal)

NK cells + +

Immunoglobulin — — (or low) -
Function (in vivo and in vitro)

B cells NA — very low NA
T cells NA — (or low) NA
NK cells + + +
Radiosensitivity - - +

NA, not applicable; NK, natural killer.

*After exclusion of maternally transfused T cells, which can be detected in more
than 50% of the cases.

RAG Gene Structure and Function

The murine Ragl and Rag2 genes were initially identified and
cloned on the basis of their ability to rearrange an integrated arti-
ficial recombination substrate in a cell line (Schatz et al., 1989;
Oettinger et al., 1990). The two complementing genes show a
unique organization. Their 3" ends face each other and are sepa-
rated in human DNA by 15-18 kb. The coding sequences and the
3’ untranslated region (UTR) of both genes are located on one
exon (Ichihara et al., 1992). RAGI possesses one extra 5* UTR
exon, whereas in the RAG2 locus at least two 5" UTR exons have
been identified (Lauring and Schlissel, 1985). The amino acid
sequence and the overall genomic organization are highly con-
served throughout evolution from zebrafish to humans (Bern-
stein et al., 1994; Wienholds et al., 2002). No homologues have
been found in lower organisms. The human RAGI gene codes for
1403 amino acids; the RAG2 gene, for 527 amino acids.

RAGI1 and RAG?2 protein sequences are not related to each
other. A sequence comparison of RAG1 with other proteins shows
that RAG1 possesses five basic regions that are necessary for nu-
clear localization (binding sites for nuclear protein SRP1 and
RCH1), a region with homology to bacterial invertases and
homeodomain proteins, zinc finger domains, and a zinc binding
dimerization motif (Color Plate 11.III) (Silver et al., 1993; Difil-
ippantonio et al., 1996; Rodgers et al., 1996; Spanopoulou et al.,
1996). More recently, extensive mutagenesis of acidic amino
acids in RAG] identified three catalytic residues (D600, D708,
and E962, DDE motif) critical for both nicking and hairpin for-
mation (Landree et al., 1999); two of these (D600 and D708) co-
ordinate catalytic divalent metal ions (Kim et al., 1999; Landree
et al., 1999; Fugmann et al., 2000b). These residues are located
in a region that displays marked conservation in predicted sec-
ondary structure with the catalytic cores of other transposases
(Fugmann et al., 2000b). Further insight into RAG1 activities has
been derived from mutants blocking the hairpin formation,
which are all in the vicinity of D600 (Kale et al., 2001). Recent
studies have demonstrated that two regions of RAGI, the non-
amer binding domain and the carboxy-terminal domain, contact
DNA containing the coding flank at the cleavage site (Mo et al.,
2001).

The molecular roles of RAG2 in V(D)J recombination are
less known. The presence of RAG2 is required for all catalytic
steps and helps to form the RAGRSS complex. Secondary struc-
ture prediction and mutagenesis studies have suggested that
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Figure 11.1. (A) Beta-propeller structure of RAG2. Each blade of the propeller consists of a four-
stranded beta sheet. (B) Beta-propeller structure viewed along the perpendicular axis. Mutated amino

acids are indicated.

RAG?2 adopts a six-bladed B-propeller fold (Fig. 11.1) (Callebaut
and Mornon, 1998; Corneo et al., 2000; Gomez et al., 2000), a
structural motif found in many proteins of diverse function
(Adams et al., 2000). Biochemical analysis of the recombinant
RAG?2 proteins has allowed the identification of a number of ba-
sic residues mutants defective in catalysis in vitro and V(D)J re-
combination in vivo, supporting the direct involvement of RAG2
in DNA binding during all steps of the cleavage reaction. Ac-
cording to these experiments, Schatz proposed a model for the
interaction of RAG2 with DNA in which two amino acids (K119
and K283) directly contact DNA (Fugmann and Schatz, 2001).
The C-terminal region of RAG2 (from aa 417 to 484) shows ho-
mology with the plant homology domain (PHD), a motif that has
been identified in chromatin remodeling proteins. In line with a
potential role in chromatin remodeling, this region has been im-
plicated in facilitating the ordered rearrangement of IgH chains
(Kirch et al., 1998) and in binding to the core histone proteins
(West et al., 2005).

Another role of RAG genes is the ability to catalyze in vitro
transpositional insertion which suggests that this process could
be a source of genomic instability in vivo (Agrawal et al., 1998;
Hiom et al., 1998). Recent work has shown that RAG trans-
posase forms productive complexes with target DNA both before
and after RSS cleavage and, these show a preference for transpo-
sition into nearby targets, such as Ig and TCR loci. This could
bias transposition toward relatively safe regions in the genome
(Neiditch et al., 2001). In addition, the transposition events are
stimulated and targeted by the presence of distorted DNA struc-
tures such as hairpins (Lee et al., 2002). Because there are no ev-
idence that RAG-mediated transposition occurs in vivo, it is

likely that regulatory mechanisms could limit the frequency of
transposition events in lymphocytes. During lymphocyte devel-
opment in adults, the RAG genes are convergently transcribed in
thymic and bone marrow 