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PREFACE
There have been remarkable advances in our understanding of the mo-

lecular pathogenesis of autoimmunity over the last decade. It is becoming
increasingly clear that different autoimmune diseases share common fea-
tures, some of which may indeed be critical for the very initiation of the
autoimmune process.

The Human Genome Project is generating an amount of data unprec-
edented in biology. Science has never before had the tools to characterize the
pathophysiological nuances and inherited variations that interact over time
and lead to common diseases such as autoimmune diseases. It is thus, ex-
pected that our knowledge about biology will increase sharply over the next
decade.

In almost all autoimmune diseases the most important genetic factor
is the MHC locus, and in some cases it is the only locus for which statisti-
cally significant association has yet been found. The only other ‘major’ player
identified in several autoimmune diseases is the CTLA-4 (cytotoxic
T-lymphocyte associated antigen 4) locus—a molecule involved in the
costimulatory signaling regulating T-cell function. Evidence for CTLA-4
comes from both functional and genetic studies.

In this book, the intention has been to provide the reader, in a single
volume, with an up-to-date summary of the data indicating a role of CTLA-4
in autoimmunity. Authoritative international investigators have written the
chapters.

Although it was attempted to cover all aspects of autoimmunity in
which CTLA-4 have been implicated, it is realized that some areas may not
be detailed in this volume. Nevertheless, this volume is one of the first
wide-ranging attempts to conceive the role of molecules outside the MHC
region as a common denominator for autoimmune diseases.

The perspectives of this field are immense, not only for understanding
the pathology of the diseases but also for providing new treatment modali-
ties. Notably, interferon β for multiple sclerosis and tumor necrosis factor α
antagonists for rheumatoid arthritis and Crohn’s disease are the first new
treatments for autoimmunity approved by the Food and Drug Administra-
tion in 20 years. CTLA4-immunoglobulins or other molecules manipulat-
ing the costimulatory signals regulating T-cell function may well be next on
this list.

Last but not least, I am indebted to the many authors around the world
who have so generously devoted their knowledge, energy and time to the
creation of this book.

Flemming Pociot
Steno Diabetes Center



CHAPTER 1

CTLA-4 in Autoimmune Disease, edited by Flemming Pociot. ©2004 Eurekah.com.

Autoimune Disorders—A Common Link?
Flemming Pociot

The immune system has evolved to protect multicellular organisms from pathogens. It
is therefore perplexing that this system turns on the individual, in some cases
precipitating catastrophic autoimmune disease. The capability of the immune sys-

tem to destroy a variety of cell types is evident, both from the human diseases themselves
and their excellent animal models. The tissue attacked varies from the beta cells of the
endocrine pancreas in Type 1 (insulin-dependent) diabetes mellitus (T1DM), joint com-
ponents in rheumatoid arthritis (RA), the myelin of the central nervous system in mul-
tiple sclerosis (MS) and major structures of the cell nucleus in systemic lupus erythematosis
(SLE). In addition, it seems likely that a substantial amount of human pathology will
ultimately be explained by damage that is mediated by the immune system in common
diseases such as atherosclerosis. Thus, the understanding of the underlying mechanisms of
autoimmunity is a key goal for the improvement of human health.

Autoimmune diseases affect some 5-7% of adults in North America and Europe,
Table 1. They have major socio-economic impact, as they are associated with debilitation
during the most productive years of life.

Despite the avalanche of molecular and immunogenetic data and improvements in
seriologic diagnosis, the specific etiologies of virtually all human autoimmune diseases are
unknown. For some autoimmune diseases, there may be a very long latency period be-
tween disease onset and clinical presentation. Existing therapies tend only to be partially
successful and often associated with a variety of serious side effects. However, even in the
absence of a complete understanding of the underlying mechanisms that confer suscepti-
bility to autoimmune diseases, it may be possible to devise successful therapies by interfer-
ing with one or more of the specific pathways characteristic of tissue destruction.

The Immune System in Autoimmunity
Autoimmune diseases occur when an immune response is directed against a specific

organ or a number of organs and systems within the individual. For an autoimmune
disease to occur, a repertoire of self-reactive lymphocytes must exist. This repertoire must
become activated and effector cells must deliver pathologic damage to a given self-tissue.
Since autoimmune diseases only occur in a small subset of the total population, it is be-
lieved that regulatory mechanisms prevent this in the majority of cases. Thus, these regu-
latory mechanisms must fail in those with autoimmune disease.

The major mechanism of T-cell tolerance is the deletion of self-reactive T cells in the
thymus. This induction of central tolerance requires the presence of autoantigens in the
thymus.1-4 Not all self-antigens occur in the thymus, which necessitates the existence of
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peripheral mechanisms to participate in T-cell tolerance. Attenuation of peripheral mecha-
nisms of self-tolerance may result in the development of autoimmune diseases.5

The peripheral mechanisms involved in the induction of tolerance include immuno-
logic ignorance, deletion, anergy, inhibition and suppression6 (Fig. 1).

The immune response to foreign antigens is of a dynamic nature and a series of dis-
crete events are involved in peripheral tolerance.7,8 In this dynamic process, there is obvi-
ously a potential for multiple costimulatory signals that may be delivered by different cell
types at distinct stages of the immune response. The engagement of the T-cell receptor
with peptide presented in the context of major histocompatibility complex (MHC) class
II molecules is the first step. CD28 engagement by B7-1 (CD80) and B7-2 (CD86) on
resting T helper cells provides a critical signal for initial cell cycle progression, interleukin-2
production and clonal expansion. Cytotoxic T lymphocyte antigen 4 (CTLA-4, CD152)
belongs to the same family of costimulatory molecules as CD28. In contrast to CD28,
CTLA-4 is induced upon activation and delivers a negative signal to the activated T cell,
opposing CD28-mediated costimulation9-11 (for details see chapter 2).

Autoimmune Diseases
Autoimmune diseases are divided broadly into two types: organ specific and non-organ

specific or systemic (Table 2). In practice, a continuum of the diseases exists. The classifi-
cation is based not so much on the location of the disease, as the target site for the immune
response. Thus, in organ specific diseases the response is targeted against a single organ or
tissue while in non-organ specific diseases the target antigen is found systematically through-
out the body.

It seems almost certain that many (most?) individuals with an autoimmune repertoire
never develop autoimmune disease. Stochastic environmental factors thus play an impor-
tant role in the precipitation of these diseases, and it has been suggested that the status of
this repertoire can be depicted as a phase of dynamic instability.12 Further elaboration of

Table 1. Population frequencies and familial clustering of most common
autoimmune diseases

Disease Population Sibling λλλλλs HLA λλλλλs HLA Contribution
Frequency (%) Risk (%) to Familial Clustering*

Psoriasis  2.5  17  7  ND
Rheumatoid arthritis 1.0 8 8 1.6 22%
Grave’s disease 0.5 7.5 15 ND
Type 1 diabetes 0.4 6 15 2.5 34%
Multiple sclerosis 0.1 2 20 2.4 29%
Ulcerative colitis 0.1 1.2 12 8.3 85%
Systemic lupus 0.1 2 20 ND
erythematosus
Celiac disease 0.05 3 60 5.2 40%

Population prevalences and sibling risk values are averaged values based on published data and mainly
adapted from Vyse and Todd.23 The values are gross estimates since they have wide confidence
intervals.
*: The calculation of these values is assuming a simple multiplicative model of inheritance. ND: not
determined.
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this concept allows mathematical formulation of the pathogenetic models for autoim-
mune diseases, which eventually may lead to better characterization of the autoimmune
processes and provide the rationale for the design of new intervention modalities.

Otherwise, very little is known about environmental factors precipitating autoim-
mune diseases. It has been hypothesized that infections with acute or persistent DNA or
RNA viruses induce, accelerate or enhance autoimmune responses and cause autoimmune
disease.13-15

The understanding of selection and activation processes of autoreactive T cells is of
utmost importance for the understanding of the nature of the autoantigen. In some cases
the key antigens have been identified (Table 3). Self-antigens have been reported in most
autoimmune diseases including Type 1 diabetes, multiple sclerosis, autoimmune thyroid
disease, and rheumatoid arthritis. Interestingly, not all key antigens have to be encoded by
the human genome. It has been shown that antigens playing an important role in animal
models of human inflammatory bowel diseases include antigens derived from gut bacteria.16-18

When autoantibodies or autoreactive cells are found in an individual with detectable
pathology, there may be several possible explanations for this observation. Firstly, the au-
toantibodies or autoreactive cells may have caused the lesion; secondly, some other event
may have caused the lesion, which then led to an autoimmune response, or, finally, one
particular factor may have caused both the lesions and the autoimmune response. It is

Figure 1. Peripheral mechanisms involved in induction of tolerance. The molecular components involved in
normal activation of T cells are outlined in the left panel. T cells which are separated – e.g., by the blood-brain
barrier – from their specific antigen cannot become activated, a situation referred to as immunological ignorance.
CTLA-4 (CD152) inhibits the activation of T cells by binding to CD80 (B7-1) with higher affinity than the
costimulatory receptor CD28. T cells that express FAS (CD95) can be induced to undergo apoptosis by interacting
with cells expressing FAS ligand (FASL). This process is known as deletion. Regulatory T cells can also suppress
other T cells through the production of inhibitory cytokines such as transforming growth factor β (TGFβ) and
interleukin 10 (IL-10). APC: antigen presenting cell; MHC: major histocompatibility complex; TCR: T-cell
receptor. (Adapted from ref. 6).
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likely that different pathogenetic processes will lead to inseparable phenotypes for most of
the autoimmune diseases. Thus, autoimmune diseases may be a result of an aberrant im-
mune response and/or of increased vulnerability of the target organ/cells. Which comes
first in each case may be impossible to distinguish.

Genetics of Autoimmune Diseases
There is little doubt that genetic factors play a critical role in predisposition to au-

toimmune diseases. Autoimmune diseases do not follow a simple Mendelian pattern of
inheritance. Multiple genes that act in concert to cause disease may influence the pheno-
type. Such a genetic etiology is called polygenic, or complex inheritance. Multifactorial
inheritance is an extension of polygenic inheritance, where additional, nongenetic (envi-
ronmental) factors may also be involved. Hence, autoimmune diseases are classified as
multifactorial diseases although it is not precisely known how many genetic loci are in-
volved or how they interact with environmental factors. These polygenes are referred to as
susceptibility genes, which only act to modify the risk for disease. As individual suscepti-
bility genes they are neither necessary nor sufficient for development of the disease, i.e.,
some gene variant carriers may never develop the disease while some non-carriers may
have the disease. This lack of definite correlation between genotype and phenotype is a
major complicating factor in mapping and cloning genes for autoimmune diseases and
other common diseases.

Genetic factors, environmental factors or both cause clustering of disease in families.
The degree of familial clustering can be estimated by the increased risks in siblings over
population prevalence (λs).19 If this ratio, λs, is close to 1.0, then there is no evidence for
familial clustering. The λs-value for some autoimmune diseases is listed in Table 1. Note
that for all the listed diseases the λs value greatly exceeds 1.0. Although, the λs-values are
sufficiently high to support a role for genetic factors, they are, however, lower than λs-values
of monogenic disorders caused by rare highly penetrant gene mutations. In general, the
lower the λs, the more difficult it will be to identify, i.e., clone, the genes involved. It will
also be difficult to prove which of the possibly many polymorphisms in a disease-associated
chromosomal segment are of etiological importance. Familial clustering of autoimmune

Table 2. Classification of autoimmune diseases

Organ-specific autoimmune diseases
Type 1 diabetes mellitus
Thyroid autoimmune disorders (Grave’s and Hashimoto’s diseases)
Celiac disease
Addison’s disease
Multiple sclerosis
Myastenia gravis

Non-organ specific (systemic) autoimmune diseases
Rheumatoid arthritis
Psoriasis
Inflammatory bowel diseases
Systemic lupus erythematosus

The spectrum of autoimmune diseases ranges from organ-specific diseases to non-organ specific
diseases. Some of the diseases like multiple sclerosis, myasthenia gravis and rheumatoid arthritis
display features of both types.
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diseases may also be due to shared environmental factors, e.g., viral infections and certain
nutritional factors.

Two main approaches have been used to dissect the genetics of autoimmune dis-
eases—candidate-gene analysis, and whole-genome screening approaches. Candidate genes
have been derived either from obvious physiological/biochemical information or from the
fact that the gene is expressed in affected tissue, e.g., pancreatic islets, synovial compo-
nents, thyroid cells, or has a function known to be affected in the disorder. After pioneering
work in Type 1 diabetes,20,21 it seems likely that most autoimmune diseases are polygenic.22

The occurrence of common features of autoimmune diseases and the co-occurrence
of multiple autoimmune diseases in the same individual or family support the notion that
there may be common genetic factors that predispose to autoimmunity. This is indeed the
case also for autoimmune diseases in mouse.23 Recently, the existence of overlapping sus-
ceptibility loci between different human autoimmune diseases has been demonstrated.24-27

This clustering of autoimmune susceptibility loci suggests that there may be related
genetic factors contributing to susceptibility of clinically distinct diseases, and that the
genes to be identified in these clusters are most likely involved in primary or secondary
regulation of the immune system.

Do We Know the Genes?
Genes located within the HLA region are by far the most important in conferring

susceptibility to most autoimmune diseases, but several other susceptibility regions have
been implicated.

The Human Leukocyte Antigen (HLA) System
HLA class II molecules are assembled in the endoplasmatic reticulum and are trans-

ported through the Golgi apparatus to the cytosol where they take up degraded antigen.
They are then transported to the cell surface to present antigen to CD4+ T cells. This
interaction between HLA class II molecules and T cells makes the HLA class II region a
strong candidate region for diseases, which develop as a result T-cell mediated autoimmunity.

Table 3. Identified key antigens in autoimmune diseases

Disease Antigen(s)

SLE Histones
RA Collagen II, aggrecan
Graves’ disease TSHr (stimulating)
Hashimoto’s disease Thyroid peroxidase, thyroglobulin, TSHr (blocking)
Myastenia gravis Nicotine acetylcholine receptor
Multiple sclerosis Myelin basic protein (MBP)
Addison’s disease 21-OH
T1DM Insulin, GAD, IA-2
Celiac disease Antigliadin, antiendomysial, transglutaminase
Vitiligo Tyrosinase/tyrosinase-related proteins

Some key antigens recognized in different autoimmune diseases. For most of the diseases several
additional antigens have been identified. For more details see the disease-specific chapter of this
volume.
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Genes of the HLA region on chromosome 6p21 have been implicated in most au-
toimmune diseases. The HLA class II region accounts for 20-85% of familial clustering of
different autoimmune diseases (Table 1). In some cases aberrant expression of HLA class
II molecules has been demonstrated on target cells and/or on activated lymphocytes in
patients with autoimmune disease. However, in most cases the specifically pathogenetic
mechanism(s) underlying the observed HLA-disease association is not fully understood.

Other Genes
One locus at chromosome 2q33 has been associated with multiple autoimmune dis-

eases, which suggests that it encodes a general susceptibility gene for autoimmunity.26

Candidate genes at this locus include those that encode the T-cell costimulatory receptors,
CD28 and CTLA-4. Although the evidence linking either of these molecules is inconclu-
sive, CTLA-4 is the leading candidate molecule. This is partly due to the fact that markers
used in linkage and association studies map within the gene encoding CTLA-4 as detailed
in the other chapters of this volume. In addition, knowledge of the functional properties
of CTLA-4 supports this (detailed in chapter 2). However, recent data from the comple-
tion of the human genome sequence and from a series of functional studies using genetic
knockouts suggest that an additional costimulatory receptor, structurally and functionally
related to CD28 and CTLA-4, the inducible costimulator (ICOS),28-29 may be an addi-
tional candidate for this region on chromosome 2q33. Sequence data closely link ICOS to
CD28 and CTLA-4. The gene encoding ICOS is separated only by approximately 100.000
bases from that encoding CTLA-4 (www.genome.ucsc.edu) indicating that both genes are
well within the limits of resolution of current genetic studies. Studies using ICOS knock-
outs30-32 have demonstrated that ICOS is essential for development of normal T cell help
and plays a protective role during induction of experimental autoimmune disease.30 This
suggests that there may be more autoimmune disease genes at chromosome 2q33 and that
the immune response is a dynamic process where there is obviously a potential for mul-
tiple costimulatory signals.

A long list of other genes has been evaluated for the different autoimmune diseases.
Some of these are mentioned in the following chapters, but except for HLA-region genes
and CTLA-4, no other genes have convincingly been shown to influence susceptibility to
several autoimmune diseases.

Immunomodulation as Treatment of Autoimmune Diseases
Manipulation of the interaction between the B7 family of molecules and their ligands

has been envisioned as a potential strategy for achieving therapeutically useful immuno-
suppression or tolerance. CTLA4-Ig binds B7 molecules with higher affinity than does
CD28 and therefore acts as a potent competitive inhibitor of B7-CD28-mediated T-cell
costimulation. Blockade of the CD28 pathway by CTLA4-Ig may permit the develop-
ment of immunological tolerance by exploiting normal mechanisms of tolerance to
self-antigens. Manipulation of costimulatory signals does not require identification of the
antigen or of the individual polymorphic HLA and T-cell receptor genes/molecules. This
is particularly advantageous for therapy of autoimmune diseases, where the precise anti-
gen eliciting T-cell activation may not be known.

Recently, CTLA4-Ig has entered Phase I clinical trails for the treatment of psoria-
sis,33-34 a T-cell mediated skin diseases, and treatment of graft-versus-host disease in allo-
genic bone marrow transplantation.35 Large clinical randomized trials on the use of
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CTLA4-Ig are missing. Nevertheless, its immunosuppressive effect coupled with features,
such as specificity of interaction and low toxicity, make CTLA4-Ig a promising new thera-
peutic agent for induction of donor-specific immunological tolerance, the ultimate goal of
clinical immunosuppression.

Very interestingly, effects of CTLA4-Ig treatment have been demonstrated in mouse
models of systemic lupus erythematosus (SLE), even when the treatment was delayed
until the most advanced stage of the diseases36 (see chapter 3 for more details). The effec-
tiveness of CTLA4-Ig on established disease is particularly interesting, since most autoim-
mune diseases are diagnosed after initial responses to autoantigens. Also the effect of
CTLA4-Ig in experimental models of RA is promising (see chapter 4 for details).

Consistent with rodent studies, CTLA4-Ig is well-tolerated in non-human primate mod-
els.37 In man, in Phase I clinical trials of psoriasis, a four-dose i.v. regimen of CTLA4-Ig, up to
50 mg/kg, was well tolerated and did not cause any immediate hypersensitivity reactions, or
decrease serum Ig levels and did not lead to anti-CTLA4-Ig antibody production.33-34

Thus, manipulation of the costimulatory signals regulating T-cell function, e.g., by
CTLA4-Ig, seems to be a very promising treatment modality in autoimmunity.
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CTLA-4: Its Role
in the Immune Response
Maria-Luisa Alegre and Thomas F. Gajewski

Introduction

T lymphocytes are essential for host defense against many viral or parasitic infections,
and also contribute to defense against tumors. In addition, T cells mediate rejection
of transplanted organs, and, if inappropriately activated to recognize self-anti-

gens, can cause autoimmune diseases. Under normal conditions, the magnitude of a T cell
response rises and falls in a predictable fashion and the processes of both activation and
quiescence of T lymphocytes are carefully regulated. T cell activation depends on recogni-
tion by the T cell receptor (TCR) of specific antigenic peptide in the context of major
histocompatibility complex (MHC) molecules expressed by antigen presenting cells (APCs)
such as dendritic cells, B cells, or macrophages. Additional signals delivered by costimulatory
receptors such as CD28 or tumor necrosis factor receptor (TNFR) family members are
also required for complete T cell activation and differentiation to occur. Following T cell
activation, inhibitory receptors such as CTLA-4 or the more recently described PD-11

become expressed, and can promote the termination of an adaptive immune response.
This chapter will focus on the regulation and function of CTLA-4.

CTLA-4 Characteristics and Properties
CTLA-4 (CD152) is a 30-40 kDa heavily glycosylated protein identified in 1987 by

Brunet and colleagues as a result of a search for cDNAs preferentially expressed by cyto-
toxic T lymphocytes (CTL).2 The CTLA-4 gene has been mapped to mouse chromosome
1 and human chromosome 2.3,4 CTLA-4, like CD28, belongs to the immunoglobulin
superfamily, and shares around 50% homology with CD28. It is composed of a V-like
extracellular domain, an intracellular domain, and a short cytoplasmic tail of 36 amino
acids, with no predicted intrinsic enzymatic activity. Similar to CD28, CTLA-4 can bind
B7-family members on APCs, namely B7-1 (CD80) and B7-2 (CD86), although the
affinity for these ligands is approximately 20-fold higher than that of CD28.5 Flow
cytometry analysis performed with a soluble form of CTLA-4 on APCs from mice defi-
cient in both CD80 and CD86 has suggested that these are the only ligands existing for
CTLA-4.6 CTLA-4 is expressed as a disulfide-linked homodimer on activated T cells and
dimerization appears required for the formation of high-avidity complexes with B7 ligands
and for transmission of signals.7,8 Recently, the crystal structure of CTLA-4 has been
solved. CTLA-4 has an unusual mode of dimerization that places the B7 binding sites
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distal to the dimerization interface.9 This organization allows each CTLA-4 dimer to bind
two bivalent B7 molecules. The extracellular binding sites for CD80 and CD86 also have
been mapped.10-12

CD80 is expressed on activated B cells and monocytes, as well as on dendritic cells
and Langerhans cells. CD80 is upregulated on B cells upon MHC class II engagement,
and its expression is further enhanced by IL-2 and IL-4.13,14 CD86 is 25% homologous
with CD80, and is expressed on resting monocytes, dendritic cells and T cells, and on
activated NK cells, B cells, and other APCs. Both CD80 and CD86 can be expressed on
activated T cells, but the role of these molecules on T cells has remained elusive. Data
obtained with human T cells indicate that CD86 is expressed as a hypoglycosylated form,
has marked reduced affinity for CTLA-4, and does not bind CD28, suggesting that B7
family members expressed on T cells have minimal functional activity.15 Whether CTLA-
4 preferentially binds to CD80 or CD86 in vivo has been a matter of debate. It has been
suggested that because CD86 is either constitutively expressed or rapidly induced it may
preferentially bind CD28 whereas later kinetic expression of CTLA-4 and CD80 may
favor this association. Although some experiments are consistent with this hypothesis,16, 17

no definitive evidence is yet available.
In addition to T lymphocytes, expression of CTLA-4 at the protein level has also

been reported on activated B cells, either in the presence or absence of T cells.18,19. It
appears that crosslinking of CTLA-4 during B cell receptor stimulation can result in re-
duced IL-4-driven isotype switching, with decreased levels of IgG1 and IgE, a result that
has relevance for allergy and autoimmune diseases.

In addition to the membrane-bound form of CTLA-4, a soluble secreted form has
recently been described.20,21 Messenger RNA (mRNA) for this shorter form occurs through
alternative splicing, is found preferentially in resting T and B cells, and its transcription is
reduced upon T cell activation. A low concentration of soluble CTLA-4 molecules can be
found in the serum of some healthy volunteers but higher levels have been observed in
patients with autoimmune thyroid disease22 The overall significance of these observations
is not yet clear.

Regulation and Localization of CTLA-4 Expression
Unlike CD28, CTLA-4 is not constitutively expressed on resting T cells. Upon TCR

stimulation, CTLA-4 expression is induced, peaks 48-72h following stimulation, and pro-
gressively decreases to very low levels23 (Fig. 1). Expression of CTLA-4 is further upregulated
by signals delivered by the CD28 and IL-2 receptors .24 In particular, CD28 ligation has
been shown to increase both CTLA-4 transcription and mRNA stabilization (25, 26). In
addition, expression of CTLA-4 requires cell division, as drugs that induce cell-cycle arrest
can effectively prevent its upregulation. Surprisingly, most of CTLA-4 molecules are found
in intracytoplasmic pools with only about 10% being expressed at the cell surface at any
given time. The intracellular organelles containing CTLA-4 molecules include the Golgi
apparatus, endocytic vesicles, and lysosomes. CTLA-4 molecules traffic very actively from
intracellular localizations to the cell surface before being rapidly endocytosed into clathrin-
coated vesicles .27 It is hypothesized that limiting the amount of CTLA-4 expressed on the
surface regulates its function in the T cell by restricting ligation to B7 molecules and
therefore also regulates the outcome of immune responses.

The targeting of CTLA-4 to clathrin-coated vesicles is mediated by binding of the
cytoplasmic tail of CTLA-4 to AP50, the medium chain subunit of the clathrin-associated
adaptor complex AP-2.28-31 The interaction requires the presence of the unphosphorylated
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peptide sequence 199-GVYVKM-204 in the cytoplasmic tail of CTLA-4. Mutation or
phosphorylation of amino acid residue Y201 abrogates the interaction with AP50, result-
ing in the accumulation of CTLA-4 at the cell surface. A current model proposes that,
upon receptor ligation to B7, the cytoplasmic tail of CTLA-4 becomes phosphorylated,
thus decreasing binding to AP-50 and preventing endocytosis while promoting interac-
tions with signaling enzymes that mediate its inhibitory effect. A recent report indicated
that internalized CTLA-4 is rapidly degraded within lysosomes, and that the degradation
process may also serve as one of the mechanisms regulating CTLA-4 expression.32 Upon
TCR stimulation, some lysosomes containing internalized CTLA-4 molecules become
secreted, in parallel with upregulation of surface CTLA-4, suggesting that a fraction of
CTLA-4 is recycled to the plasma membrane following endocytosis.

Function of CTLA-4 in vitro
Because of the homology with CD28, and because soluble anti-CTLA-4 mAbs in-

duced augmentation of T cell responses in vitro in the presence of APCs, it was initially
hypothesized that CTLA-4 was a costimulatory molecule for T cell activation. However, it
was soon clear that the anti-CTLA-4 antibodies used were all blocking ligation of CTLA-
4 rather than mimicking binding by B7 ligands. Therefore, the augmentation of T cell
responses appeared to be the consequence of interfering with the delivery of a negative
signal. Indeed, the vast majority of reports to date indicate that the predominant function
of CTLA-4 is inhibitory to activated T cells.23,33-35 Although it has been suggested that,
under particular circumstances, CTLA-4 cross-linking may promote T cell death,36,37 this
is controversial and may be secondary to the reduced production of growth factors. In-
deed, multiple studies have indicated that cross-linking of CTLA-4 leads to reduced pro-
duction of IL-2 via transcriptional inhibition, decreased expression of IL-2R, and cell-cycle

Figure1. CTLA-4 is induced to be expressed on T cells upon ligation of the TCR and of costimulatory receptors.
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arrest. The latter correlates with inhibition of expression of cyclin D3 and of the cyclin-
dependent kinases cdk4 and cdk6.38

In order to exert its inhibitory effects, ligation of CTLA-4 needs to be provided by the
same cell that presents antigen to the TCR.39 Thus, following interaction with cells trans-
fected with single chain mAbs specific for CD3 or for CTLA-4, proliferation of activated
T cells was inhibited only when anti-CTLA-4 was expressed by the same cells expressing
anti-CD3. Consistent with this requirement, surface CTLA-4 has been shown by confo-
cal microscopy to co-localize with the TCR upon TCR cross-linking.40

CTLA-4-Deficient Mice
Consistent with CTLA-4 having a negative regulatory effect on T cells, CTLA-4-

deficient mice display a major lymphoproliferative disorder. This is characterized by T cell
accumulation in peripheral lymphoid tissues as well as T cell infiltration of most main
organs, resulting in animal wasting and death by 3-5 weeks of age.41,42 Similarly, chronic
blockade of CTLA-4 from birth has recently been shown to result in an autoimmune
syndrome in wildtype mice.43 In CTLA-4-deficient mice, CD4+ and to a lesser extent
CD8+ T cells express high levels of activation markers, contain multiple phosphorylated
proteins consistent with chronic activation, and secrete high levels of effector cytokines.
The autoimmune syndrome in these animals is T cell-dependent, as interbreeding of CTLA-
4-deficient mice with TCRa-/- or RAG2-/- mice prevents the disease. In addition, intro-
duction of a TCR transgene onto this background does not restore immunity, suggesting
that the T cells mediating the lymphoproliferation must be specific for particular anti-
gens.44-46 Two other manipulations have also been successful at preventing
lymphoproliferation in CTLA-4-deficient mice. Depletion of CD4+ but not CD8+ T cells
from birth prevented the onset of disease, indicating the primary importance of CD4+ T cells
in initiating this autoimmune process.47 Similarly, interference with CD28-dependent
costimulation prevented lymphoproliferation in CTLA4-/- mice. This was accomplished
either by treatment of the mice with CTLA-4-Ig (a soluble form of CTLA-4 that binds B7
family members with high affinity and prevents CD80 and CD86 from ligating CD28) or
by interbreeding CTLA-4-deficient mice with CD80/CD86 double-deficient animals.48,49

Taken together, these experiments indicate that specific TCR and CD28 signals are essential
to trigger the initial activation of CD4+ and, secondarily, of CD8+ T cells, and that the
normal function of CTLA-4 is to prevent this proliferation at some level.

Experiments using TCR transgenic/RAG2-/-/CTLA4-/- T cells have shown that re-
duced numbers of stimulator cells are necessary to promote proliferation and cytokine
production by CTLA-4-deficient compared to CTLA-4-expressing T cells. In addition,
the greater cytokine production observed by CTLA-4-/- T cells resulted from a greater
number of cells being activated rather than from an increased magnitude of cytokine pro-
duction per cell (Gajewski et al manuscript submitted). Taken together, these data indi-
cate that CTLA-4 ligation raises the threshold for TCR-mediated T cell activation. These
observations fit nicely with those made with CD28, ligation of which appears to lower
TCR signaling threshold.50

Effects of CTLA-4 in Different T Cell Subsets and Stages
of T Cell Differentiation

Both CD4+ and CD8+ T cells express high levels of CTLA-4 following activation.
However, in CTLA-4-/- mice, activation markers are predominantly expressed on CD4+ T
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cells. Moreover, depletion of CD4+ T cells from birth prevents the autoimmune disease
observed in these animals. Taken together, these results initially suggested that CTLA-4
may have a more critical inhibitory function for CD4+ than for CD8+ T cells. However,
other experiments have shown that CTLA-4 clearly can inhibit CD8+ T cells, as exempli-
fied by studies performed using CD8+ TCR-transgenic T cells in vitro, in the absence of
CD4+ cells.44,46,51 Engagement of CTLA-4 by CD80 in these CD8+ cells has been shown to
result in reduced antigen-mediated proliferation and cytokine production. Additionally, block-
ade of CTLA-4 in other models in vivo has been shown to result in increased proliferation
and cytolytic activity of CD8+ T cells, in a CD4-independent manner.52

One hypothesis that can reconcile these discrepancies is that, in the naive state, CD4+

but not CD8+ T cells might be susceptible to regulation by CTLA-4, whereas in the primed
effector state, both subsets might be affected. Indeed, evidence has indicated that primed
T cells are in general more effectively inhibited by CTLA-4 compared to naive T cells.45,46

However, some studies have shown that naive CD4+ T cells can be inhibited by CTLA-4
ligation, whereas other studies have found that this was not the case for naive CD8+ T
cells. A hypothetical model suggesting the differential regulation of CD4+ and CD8+ T
cells by CTLA-4 is diagramed in Figure 2. Confirmation of this model will require direct
comparison of naive versus primed CD4+ and CD8+ T in the same experiments.

Following initial activation in response to specific antigen, naive T cells can prolifer-
ate and differentiate into one of at least two distinct functional phenotypes. T cells that
secrete IFN-γ and IL-2 upon restimulation are termed Th1 cells, whereas T cells that
secrete IL-4, IL-5, IL-6, and IL-10 are termed Th2 cells.53 Although expression of CTLA-4
appeared to be markedly higher in Th2 compared to Th1 CD4+ T cell clones, CTLA-4
cross-linking led to reduced production of cytokines by both subsets, including IFN-γ,
TNF-α, IL-3, IL-4, IL-5, and IL-10.54 In contrast to this inhibitory effect on most cytokines,
other studies have indicated that cross-linking of CTLA-4 may actually promote the pro-
duction of TGF-β by Th1 and Th2 clones at the same time as it inhibits IL-2 or IL-4
production, respectively .55 In fact, blockade of TGF-β reduced the inhibitory effect of
CTLA-4 cross-linking, suggesting that the effects of ligating CTLA-4 may partially be
mediated via the secondary action of TGF-β.

It has been suggested that CD28 costimulation is especially critical for Th2 differen-
tiation.56 Consistent with this notion, levels of IL-4 production were particularly elevated
in T cells from CTLA-4-/- mice, suggesting that lack of CTLA-4 may have allowed prefer-
ential differentiation into Th2 cells.57 Similar results were obtained using T cells from
TCR transgenic CD4+/CTLA-4-deficient mice.58 Consistent with these data, CTLA-4
ligation may preferentially skew towards Th1 differentiation of CD4+ T cells, perhaps in
part via the secretion of TGF-β.59 However, as reviewed above, ligation of CTLA-4 affects
cytokine production by both Th1 and Th2 cells. A balanced interpretation of these appar-
ently discrepant results is that during T cell differentiation, CTLA-4 may preferentially
favor the acquisition of a Th1 phenotype, whereas following differentiation, CTLA-4 may
regulate both Th1 and Th2 effector cells. This model has yet to be tested formally.

Signaling Properties of CTLA-4
Three major hypotheses have been proposed to explain the inhibitory mechanism of

CTLA-4 in T cells (Fig. 3). First, because of its high affinity for B7 family members, it has
been suggested that surface CTLA-4 may scavenge CD80 and CD86 ligands, thereby
preventing ligation of CD28 and blocking costimulation of T cells. Second, cross-linking
of CTLA-4 may actively deliver inhibitory signals that counter positive signals delivered
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by either CD28 or the TCR. Third, recent evidence has indicated that CTLA-4 is consti-
tutively expressed by a subset of T cells that co-expresses CD25 and CD4. This subset
contains so-called regulatory T cells capable of inhibiting the function of CD25- CD4+ T
cells. The presence of CTLA-4 on regulatory T cells has been shown to be crucial for their
suppressor function.43,60 This latter mechanism will be discussed in more detail below in
the context of T cell tolerance.

Several pieces of evidence indicate that both scavenging of B7 molecules and signaling by
CTLA4 do occur. Transgenic mice expressing a variant of CTLA-4 that lacks the cytoplas-
mic tail have been crossed onto a CTLA-4-deficient background.61 T cells from these
animals express CTLA-4 molecules that can bind to B7 and scavenge it from CD28 but
presumably cannot signal. These mice exhibit an attenuated form of the autoimmune
disease normally displayed by CTLA-4-deficient animals, indicating that scavenging B7
ligands provides a partial explanation for the inhibitory function of CTLA-4. In contrast,
mice transgenic for a full-length version of CTLA-4 were completely protected from the
autoimmune syndrome, attributing an important function to the cytoplasmic tail of
CTLA-4. Similarly, in vitro experiments using cell-lines transfected with human CTLA-4
have shown that under conditions of B7-independent costimulation, inhibition of IL-2
production following CTLA-4 engagement required the CTLA-4 cytoplasmic domain. In
contrast, under B7-dependent costimulation, inhibition of IL-2 production by CTLA-4
engagement was directly proportional to the levels of cell surface CTLA-4 and did not
require its cytoplasmic region.62

The cytoplasmic tail of CTLA-4 contains two tyrosine residues but lacks intrinsic
enzymatic activity, indicating that any signals mediated must occur indirectly via its

Figure 2. Model suggesting that CTLA-4 cross-linking inhibits naive and primed CD4+ T cells, but only primed
CD8+ T cells.
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association with intracellular enzymes. We have recently shown that TCR-mediated acti-
vation of normal T cells results in phosphorylation of endogenous CTLA-4 molecules
(Gajewski et al, manuscript submitted), suggesting that tyrosine phosphorylation may be
physiologically meaningful. Several tyrosine kinases have been shown capable of phospho-
rylating the cytoplasmic tyrosine residues of CTLA-4 in transfection experiments. These
include the resting lymphocyte kinase Rlk, the Janus kinase JAK-2, and the Src family
tyrosine kinases Fyn, Lyn, and Lck.63-65 These events are specific, as the Syk-family kinase
ZAP-70 was unable to promote CTLA-4 phosphorylation.

Because phosphorylation prevents CTLA-4 endocytosis, the subset of phosphorylated
CTLA-4 might be expected to be retained at the cell surface, potentially to be ligated by
B7 family members resulting in inhibition of T cell activation. Whether downstream sig-
naling events depend upon this initial tyrosine phosphorylation of CTLA-4 remains a
subject of investigation.

Several molecules have been found to associate with the cytoplasmic tail of CTLA-4
and have been proposed to mediate its downstream signaling. However, it is unclear whether
any of them are necessary for the inhibitory effects mediated by CTLA-4 in normal T
cells. The same YVKM motif that, in its unphosphorylated form, allows association with
AP-50 and facilitates CTLA-4 endocytosis has been shown to promote interaction with
several enzymes. The lipid kinase phosphatidylinositol 3-kinase (PI3K) is one such mol-
ecule.66 Based on competition by synthetic peptides of the CTLA-4 tail, most investiga-
tors have found PI3K binding to CTLA-4 when the YVKM motif of CTLA-4 is phospho-
rylated on the tyrosine. However, one report has revealed association of endogenous PI3K
with transfected full length CTLA-4 even in the absence of tyrosine phosphorylation.65 Nev-
ertheless, because inhibitors of PI3K activation do not appear to counter the inhibitory func-
tion of CTLA-4, it is unclear that this association is functionally relevant.

On the basis that a number of enzymes known to be important in TCR-mediated
signaling are hyperphosphorylated in T cells from CTLA-4-deficient mice (including CD3z,
ZAP70, SHC, Fyn, and Lck),67 it has been proposed that CTLA-4 may recruit tyrosine
phosphatases to the TCR. The tyrosine phosphatase SHP-1 has been found to bind
phospho-polypeptides of the cytoplasmic tail of CTLA-4.68 However, the inhibitory

Figure 3. Mechanisms of T cell inhibition by CTLA-4. 1. CTLA-4 may scavenge B7 family members away from
the costimulatory receptor CD28. 2. Ligation of CTLA-4 may deliver inhibitory signals to the T cell. 3. Inhibition
of T cell function by CTLA-4 may depend on CTLA-4 conferring suppressor capacity to regulatory CD4+ T cells.
These mechanisms are not mutually exclusive.
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effects of CTLA-4 are intact in T cells from mice expressing reduced levels of SHP-1. The
related tyrosine phosphatase SHP-2 has also been shown to associate with the PI3K-bind-
ing motif of CTLA-4,67 although this interaction may be indirect as CTLA-4 lacks the
typical sequence that can interact with SHP-2 SH2 domains.69 However, recent evidence
has shown that CTLA-4 can co-immunoprecipitate with CD3z and SHP-2 in a transfec-
tion/overexpression model, supporting the hypothesis that CTLA-4 may affect TCR sig-
nals directly by bringing SHP-2 to the TCR complex and facilitating dephosphorylation
of proximal signaling molecules.70 Although initial reports using phosphopeptides had
suggested that the interaction of CTLA-4 with SHP-2 required phosphorylation of the
tyrosine residue within the YVKM motif, more recent data have indicated that mutations
of the 2 tyrosine residues in the cytoplasmic tail of CTLA-4 do not prevent CTLA-4
inhibitory effects71-73 and do not abolish the interaction with SHP-2.70 It is important to
point out that most data available on CTLA-4 signaling have been obtained using trans-
fected tumor cell-lines, and it is unclear whether results are going to hold true in normal T
cells. For example, one report demonstrated that CTLA-4 cross-linking on normal
preactivated T cells had no effect on phosphorylation of CD3z or ZAP-70.74 Further-
more, although CTLA-4 cannot inhibit T cell function of naive CD8+ T cells, endog-
enous SHP-2 is still found to co-immunoprecipitate with CTLA-4 in these cells, suggest-
ing that association with SHP-2 may not be sufficient for the inhibitory effect of CTLA-4
(Gajewski et al, manuscript submitted).

Finally, results from a yeast-2 hybrid screening of a T cell library using the cytoplasmic
tail of CTLA-4 as a bait have pointed to a new family of molecules, the PP2a family of
serine/threonine phosphatases as potential candidates that may associate with CTLA-4.75

Future studies may reveal whether these interactions play a role in CTLA-4 function.
Therefore, the mechanism by which the cytoplasmic tail of CTLA-4 exerts its inhibitory

function is not fully understood. Nevertheless, CTLA-4 cross-linking has been show to
inhibit activation of the MAP kinases JNK and ERK,74 and to result in reduced activation
of several transcription factors including NF-kB, NF-AT, and AP-1.76,77

Whether CTLA-4 antagonizes CD28 or TCR signals has been addressed by investi-
gating the function of CTLA-4 in CD28-deficient T cells. Clear evidence has been gener-
ated demonstrating that CTLA-4 can inhibit T cell responses in the absence of CD28
both in vitro and in vivo.51,78 In fact, blockade of CTLA-4 in vivo results in acceleration of
cardiac allograft rejection in CD28-deficient mice. Finally, under conditions in which
ligation of CTLA-4 in human T cells inhibits IL-2 production, no effect is observed on
upregulation of BclxL, a member of the Bcl-2 family of anti-apoptotic genes that is in-
duced by CD28-mediated signals.79 Therefore, CTLA-4 engagement can inhibit signals
delivered by the TCR and does not affect all signals triggered by CD28 ligation.

Inhibitory Effects of CTLA-4 in Experimental Models of Disease
Hints regarding the importance of CTLA-4 in immune responses in vivo, as well as

its identification as a potential target for treatment of immunopathologic conditions, has
come from studies of CTLA-4 blockade in experimental models of disease. Early studies
showed that treatment of mice with anti-CTLA-4 mAb could promote rejection of trans-
plantable tumors in vivo.80 These experiments indicated that CTLA-4 blockade could
enhance in vivo immune responses. In fact, this treatment was effective even when tumors
were pre-established, a situation that more closely mimics the stage at which cancer pa-
tients would be treated. In other models, anti-CTLA-4 mAb has shown synergistic
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therapeutic effects when combined with immunization with GM-CSF-secreting tumor
cells,81 low doses of chemotherapeutic agents,82 or with surgical resection of tumors83 The
mechanism by which anti-CTLA-4 mAbs promote tumor rejection may vary with each
model system, as different tumors may utilize distinct mechanisms to evade immune re-
sponses. Interestingly, one report suggested that blockade of CTLA-4 reversed a tumor-
induced non-responsive state of CD8+ T cells in a CD4- and IL-2-dependent manner.84

In contrast to the beneficial outcome resulting from potentiation of anti-tumor im-
mune responses with anti-CTLA-4 mAb, other systems have shown exacerbation of T
cell-mediated autoimmune diseases and other settings worsened by increased T cell func-
tion. Thus, treatment with anti-CTLA-4 mAb has been shown to aggravate clinical dis-
ease in a model of experimental autoimmune encephalomyelitis,85 as well as to worsen
cutaneous leishmaniasis in susceptible mice probably due to a marked increase in IL-4
production.86 In addition, anti-CTLA-4 mAb treatment was reported to increase the inci-
dence and severity of diabetes in a TCR transgenic model in which T cells are specific for
a pancreatic islet antigen.87 This model has also allowed confirmation in vivo of the fact
that the predominant effect of CTLA-4 occurs in primed T cells. Exacerbation of diabetes
induced by adoptive transfer of diabetogenic TCR transgenic T cells was not observed
when CTLA-4 was blocked during initial T cell activation in draining pancreatic lymph
nodes, but rather when CTLA-4 was blocked during re-encounter with antigen after infil-
tration of the pancreas.88

Furthermore, CTLA-4 blockade has been reported to protect mice from infectious
agents such as nematodes or cryptococcus,89,90 suggesting that immune potentiation by
anti-CTLA-4 mAb may have clinical utility in the treatment of certain infections.

Role of CTLA-4 in Central and Peripheral Tolerance
In addition to the process of negative selection by which autoreactive T cells are de-

leted in the thymus, several peripheral mechanisms appear to operate to prevent T cell
reactivity against self-antigens. These include anergy, clonal deletion, immune deviation,
and active suppression. Evidence has accumulated suggesting that CTLA-4 may play a
role in regulating each of these mechanisms of T cell tolerance.

CTLA-4-deficient mice have normal thymocyte development indicating that CTLA-
4 is not absolutely required for negative selection.91 However, CTLA-4 is expressed in
thymocytes upon TCR stimulation, and direct injection of anti-CTLA-4 mAb in the thy-
mus has been reported to block thymocyte deletion induced by systemic injection of anti-
CD3 mAb.92 This result suggests that CTLA-4 may favor negative selection in the thy-
mus. Furthermore, intrathymic injection of antigens can also result in peripheral tolerance
to those antigens, both by deletion of thymocytes and induction of anergy. CTLA-4 block-
ade was recently shown to abrogate the induction tolerance induced by intrathymic injec-
tion of myelin antigens in a model of autoimmune encephalomyelitis.93 Interestingly,
anti-CTLA-4 treatment was not effective at breaking tolerance once established and had,
therefore, a restricted window of action after priming with antigen. This indicates that
CTLA-4 may be required for the induction but not the maintenance of thymic tolerance.

Several reports have indicated that CTLA-4 is necessary for the induction of peripheral
tolerance in different models involving CD4+ T cells. For instance, blockade of CTLA-4
in vivo has been shown to prevent tolerance induced by systemic injection of ovalbumin
peptide in mice transfused with ovalbumin-specific CD4+ TCR transgenic T cells, sug-
gesting that CTLA-4 signals are necessary to achieve a tolerant state.94 Similar results have
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been obtained in models of oral tolerance in which feeding of high doses of antigen results
in peripheral T cells with reduced proliferative capacity to that antigen.95 Tolerance in this
case is thought to result both from depletion of antigen-specific T cells as well as anergy of
residual cells. The exact pathway controlled by CTLA-4 remains to be investigated in this
model. CTLA-4 was also necessary for anergy induction of ovalbumin-specific CD4+ T
cells in vitro, in a manner depending on ligation to CD80 (17). These results confirm the
importance of CTLA-4 for induction of anergy in CD4+ transgenic T cells, and further
suggest that CD80 is the primary ligand for tolerance induction by CTLA-4. In a tumor
model in CD4+ TCR transgenic mice, however, blockade of CTLA-4 was shown to en-
hance the priming of responsive T cells but fail to prevent the induction of tumor antigen-
specific tolerance.96

In contrast to most of the above results obtained with CD4+ T cells, CTLA-4-/- CD8+

TCR transgenic T cells have been shown to remain susceptible to anergy-induction by
anti-CD3 mAb in vitro, suggesting that CTLA-4 is not required for this type of tolerance
in this model97 Whether the differences between these systems depend on the T cell sub-
set, the stage of T cell differentiation, the specific TCR transgene expressed, or on the
APCs present in the system, remain to be investigated.

Blockade of CTLA-4 can also prevent prolongation of skin graft survival induced by
the combination of anti-CD80 and anti-CD86 mAbs, or by treatment with anti-CD154
mAb combined with donor splenocyte transfusion (98). In the latter case, CTLA-4 block-
ade has been shown to prevent deletion of alloreactive CD8+ T cells.

Anti-CTLA-4 mAb has also been shown to increase the expansion and reduce the
subsequent unresponsiveness of T cells following injection of staphylococcal enterotoxin
B (SEB).99 In addition, T cells isolated from these mice produced increased IL-4 upon
restimulation in vitro, supporting a role for CTLA-4 in promoting immune deviation and
type-2 T cell differentiation.

Finally, CTLA-4 may play a major role in the function of suppressor cells. The first
evidence that a subset of cells could control CTLA-4-deficient T cells and prevent the
disease normally observed in CTLA-4-deficient animals came from mixed bone marrow
chimera studies.100 Transfusion of bone marrow from CTLA-4-deficient mice into
RAG1-deficient mice resulted in T cell infiltration of different organs, similar to that
found in CTLA-4-deficient mice. However, if normal bone marrow was mixed with
CTLA-4-deficient bone marrow, the disease did not occur, indicating a suppressive func-
tion of the wildtype bone marrow. Significant attention has been given the past few years
to a subset of CD4+ T cells that express high CD25 or low CD45RB and that appear to
exert inhibitory activity for normal resting T cells. This subpopulation is also positive for
CTLA-4 and, when sorted, can inhibit the proliferation and IL-2 production of CD25-

CD4+ T cells in a CTLA-4-dependent manner.43,60 The mechanism of this inhibition is
not fully understood, but may include secretion of TGF-β and modification of APCs that
in turn induce tolerance to fresh T cells. This suppressor population appears to play a
crucial role in prevention of autoimmune diseases. For example, CD28-deficient NOD
mice that have markedly reduced numbers of CD25+ CD4+ T cells develop an accelerated
form of diabetes, when compared with CD28-expressing NOD mice. Disease can be pre-
vented by injection of CD25+ CD4+ T cells, supporting a regulatory activity within this
subset of cells.101 Similarly, adoptive transfer of CD25+ T cells has been shown to prevent
the onset of inflammatory bowel disease induced by transfer of CD45RBhigh CD4+ T cells
to RAG1-deficient mice.60 This protection was prevented by CTLA-4 blockade in vivo,
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indicating a major function of CTLA-4 in the inhibitory function of the CD25+ CD4+ T
cell subset.

Role of CTLA-4 in Autoimmune Diseases in Humans
The importance of CTLA-4 in regulating autoimmune diseases in humans has come

from the observation that expression of specific CTLA-4 polymorphisms correlates with a
higher incidence of certain autoimmune diseases.102-105 Polymorphisms have been identified
in 3 regions of the CTLA-4 gene. These include the promoter region of the gene at posi-
tion 318 from the ATG start codon, another at position 49 in the first exon encoding for
CTLA-4, and a third in an (AT)n repeat within the 3'-untranslated region of exon 3.
Expression of distinct forms of each of these has been associated with specific autoimmune
disorders. However, the mechanism by which CTLA-4 polymorphisms contribute to the
pathogenesis of each disease remains unclear. Recently, the first evidence that a specific
polymorphism correlates with reduced inhibitory function of CTLA-4 in human T cells
has been reported.106 Patients with autoimmune Graves’ disease had a higher frequency of
G/G alleles and lower frequency of A/A alleles at position 49 compared to control patients.
The presence of G/G alleles correlated with increased T cell proliferation following alloantigenic
stimulation in vitro when compared with that of T cells expressing A/A alleles. In addition,
CTLA-4 exerted less profound inhibitory effects on T cell proliferation in subjects bearing the
G/G rather than the A/A genotype. These results indicate a correlation between the CTLA-
4 genotype and the function of CTLA-4 protein in T cells, and suggest a possible mecha-
nism by which these T cells may display autoreactivity in vivo.

Conclusion
In the last several years, tremendous progress has been made in the understanding of

the functional properties of CTLA-4 and its potential role in regulating the immune re-
sponse as it impacts on the onset or progression of certain diseases. Further work will be
necessary to unveil fully the biochemical mechanisms by which CTLA-4 exerts its inhibitory
activity. However, sufficient information has been gathered to suggest that CTLA-4 could
be an important therapeutic target for the treatment of immunologically relevant diseases
in man. Anti-CTLA-4 mAbs may prove useful in the induction of anti-tumor immunity
or of improved defense against certain pathogens. In contrast, strategies to promote CTLA-4
ligation could be used to suppress unwanted autoimmunity or immune responses against
transplanted allografts. The first clinical trials of anti-human CTLA-4 mAbs in human
cancer patients are soon to be initiated. Alternative approaches to augment CTLA-4 liga-
tion are now being explored in pre-clinical models.
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Introducton

The recent characterization of several costimulatory interactions between antigen
presenting cells and T cells represents a major advance in our understanding of
both normal adaptive immune responses and pathologic autoimmune responses.

Furthermore, characterization of these costimulation pathways has suggested a number of
new approaches for directing more specific immunosuppressive therapy for chronic au-
toimmune diseases such as systemic lupus erythematosus (SLE). Many experiments have
now established the validity the two-signal hypothesis of Bretscher and Cohn.1 These
studies have established that the first signal, provided by antigen specific stimulation of
the T cell antigen receptor, is a necessary, but insufficient stimulus for maximal T cell
activation and subsequent effector function. T cell activation, as manifested by IL-2 pro-
duction and T cell proliferation, further requires a second, or costimulatory signal.2,3 A
variety of specific interactions between T cells and antigen presenting cells (APC), or other
accessory cells, can provide this second signal. However, the interaction between CD28
expressed on T cells and B7 molecules expressed on antigen presenting cells and activated
B cells appears to provide the major costimulatory signal to T cells in a wide variety of
adaptive immune responses.4 CD28 is constitutively expressed on the majority of T cells,5

while its ligands are expressed on the surface of activated, but not resting APC.6 Three B7
ligands have been described on activated human B lymphocytes; B7-1 (CD80), B7-2
(CD86) and B7-3, and two ligands, mB7-1 and mB7-2 have been identified of mouse B
cells. Studies of CD28-deficient mice suggest that CD28 is the predominant receptor
responsible for B7-dependent T cell activation.7 More recently, an inducible costimulatory
molecule called ICOS that is structurally related to CD28, along with its ligand B7h, that
is also homologous to other B7 molecules, have been described.8-10 These costimulatory
molecules may deliver both complementary and unique costimulatory signals to T cells.11,12

CTLA4 is a T cell surface receptor that also binds B7 molecules and that has 20%
sequence homology and significant structural homology to CD28.13 However, CTLA4
binds both CD80 and CD86 with much higher avidity than does CD28 and in contrast
to CD28, CTLA4 is only expressed on activated T cells. Although originally classified as a
costimulatory molecule, it has become clear that a major function of CTLA4 is to
negatively regulate T cell function.14,15 The kinetics of CTLA4 induction and the high
avidity of binding to B7 molecules imply that one role of CTLA4 is to limit T cell activation
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that results from CD28-mediated costimulation. CTLA4 can also mediate antigen-specific
apoptosis of T cells,16 and antitumor immunity is enhanced following CTLA4 blockade.17

Finally, in the complete absence of CTLA4, mice develop massive lymphoproliferation.18

CTLA4 therefore appears to be critical for the regulation of lymphocyte function and for
the limitation of immune responses, and can therefore be thought of as a coinhibitory
molecule. However, the effects of CTLA4 engagement can differ depending upon the
stage of an immune response at which it occurs. For example, a toleragenic stimulus can
be converted into an abortive immune response by blocking CTLA4 with anti-CTLA4.19

The importance of CTLA4 during the early phases of an immune response is emphasized
by a study in a transgenic mouse model of autoimmune diabetes in which anti-CTLA4
can result in the rapid development of islet infiltration and diabetes many months before
disease would normally develop. However, inflammation develops only when CTLA4 is
administered during a narrow window of time (20). These experiments have emphasized
that CTLA4 can also have an influence on the initial character of an immune response.

The high avidity of CTLA4 for B7 molecules suggested that a soluble form of CTLA4
would effectively block interactions between B7 molecules and CD28, thereby specifically
blocking CD28-mediated costimulation. This strategy was utilized to make a recombi-
nant CTLA4-Ig fusion protein, called CTLA4Ig. This molecule has been used in a variety
of in vitro and in vivo systems to define the role of B7-CD28 interactions in normal and
pathologic immune responses. In addition, studies using CTLA4Ig indicate that under
certain experimental conditions, blockade of CD28 signaling can result in long term
antigen-specific tolerance.21,22 For example, CTLA4Ig was used to successfully prolong
tissue allografts and xenografts in vivo.23,24 Similarly, CTLA4Ig was used to induce long
term unresponsiveness to induced autoantibody production in a Hepatitis B eAg transgenic
mouse model.25

CLTA-4 in the Pathogenesis of Lupus
CLTA4Ig has also been very useful in studying the role of CD28-mediated

costimulation in animal models of autoimmune disease, including SLE. Although there
are a number of murine models of lupus, the (NZB x NZW) F1 (B/W) mouse model most
closely resembles SLE in humans with respect to disease manifestations and the develop-
ment of more severe illness in females.26 Like humans with SLE, B/W mice develop anti-
bodies against native DNA (dsDNA) and immune-complex glomerulonephritis. Female
mice begin to develop kidney disease, as manifest by proteinuria, beginning around five to
six months of age. Autoantibodies against dsDNA and other nuclear components can be
detected beginning at this time as well. Advanced kidney failure is the cause of death in
most mice and mortality in this strain approaches 100% by one year of age. B/W mice also
have impaired T cell function,9-11 polyclonal B cell activation,27-29 and defective immune
clearance,30 as is seen in human SLE. These similarities suggest that SLE in humans and in
the B/W mouse share common pathogenic mechanisms. Additionally, a number of lines
of evidence indicate that in both human and murine lupus, T cells are driving autoanti-
body production by B cells.31 For example, CD4+ T cells are necessary for the develop-
ment dsDNA autoantibodies and disease in B/W mice.32 The importance of T cell
costimulation in SLE was suggested by studies in which CTLA4Ig administered to female
B/W mice prevented the development of autoantibody production and kidney disease,
resulting in prolonged survival.33 Thus, in this murine model of SLE, T cell activation via
CD28-B7 interactions is necessary for the progression of autoimmune disease and
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interruption of this pathway is protective. This conclusion has been strengthened by addi-
tional studies in which specific anti-B7 antibodies were administered to B/W mice. In this
case, anti-B72 mAb inhibited IgG1 and IgG2b anti-dsDNA antibody production in B/W
mice and reduced production of IL-2, IFNg, IL-4 and IL-6 by anti-CD3-stimulated
splenocytes. However, inhibition of IgG2a dsDNA antibody production and the develop-
ment of lupus nephritis required the presence of both anti-CD80 and anti-CD86 mAb.34

A similar result was obtained using specific anti-B7 mAb in the MRLlpr/lpr lupus mouse
model.35 Anti-CD86 mAb treatment alone prevented anti-dsDNA, but not anti-small
ribonucleoprotein antibodies. Both anti-CD80 and anti-CD86 were required to com-
pletely inhibit autoantibody production. Furthermore, MRL lpr/lpr mice genetically defi-
cient in either CD80 or CD86 developed the same autoantibodies as wild-type mice.
However, CD80-deficient mice developed more severe glomerulonephritis than
CD86-deficient mice. These studies suggest that while each B7 costimulatory signal may
have different effects on distinct immunopathological events in murine lupus, interaction
of CD28 with either B7 molecule is sufficient for the activation of autoreactive T cells and
the progression of autoimmune disease.

The importance the CD28-mediated T cell costimulation in murine lupus and the
negative regulatory effect of CTLA4 on this pathway suggests the possibility that abnor-
malities of CTLA4 expression or function might contribute to excessive autoreactivity in
SLE. Among patients with either active or inactive SLE there are generally fewer CD28+

and increased CD28- circulating T cells.36 In addition, some lupus patients may have a
defect in the upregulation of B7 molecules on APC.37 The significance of what would
appear to be a propensity towards a decrease in T cell costimulation implied by these
findings is not clear. However, since CD28+ T cells from SLE patients had accelerated
anti-CD3-induced apoptosis compared to controls, it was suggested that CD28-mediated
costimulation, followed by CTLA4-induced apoptosis, might be involved in the T cell
lymphopenia that is seen in SLE.36 CTLA4 expression can be detected on peripheral T
lymphocytes, but its expression level is low in both SLE patients and controls, although
SLE patients have a greater percentage of CTLA4-positive cells than controls.38 However,
in vitro stimulation of SLE lymphocytes results in expression of CTLA4 after five days
with the same kinetics as that observed in control cells.36 A number of investigators have
examined the CTLA4 gene locus to determine whether there are any associations between
SLE and polymorphisms within this region. However, no such association has been dem-
onstrated among cacausian, Mexican-American or Japanese cohorts.39-42 Thus, to date,
there is little evidence to suggest that abnormalities in coinhibition by CTLA4 underlie
the pathogenesis of lupus.

Blockage of Costimulatory Signals in Murine Models
of Human SLE

The opposing effects of CTLA4 and CD28 on T cell activation illustrate the general
phenomenon of multiple signal integration in the regulation of the immune system. In
the case of costimulatory interactions, not only are there self-limiting mechanisms, such as
that provided by the upregulation of CTLA4 expression, but a number of different spe-
cific interactions between T cells and APC can serve to provide a costimulatory function.
Furthermore, mutual regulatory interactions between these different costimulatory path-
ways occur. These complexities are illustrated by the costimulatory interaction between
CD40L (CD40 ligand, CD154) and CD40. This interaction provides an important
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costimulatory signal to B cells, resulting in B cell proliferation, B cell maturation, in-
creased Ig production and isotype switching.43,44 Just as surface expression of CTLA4 is
increased by T cell activation via CD28, CD40L expression on T cells is upregulated
following T cell activation. CD40 engagement by CD40L in turn results in increased
surface expression of B7 molecules on APC.45

Recent studies indicate that, as has been observed with agents such as CTLA4Ig that
selectively block B7-CD28 interactions, agents that interrupt CD40-CD40L binding can
suppress autoimmunity in murine models of lupus. For example, a short course of
anti-CD40L can produce prolonged benefit in lupus-prone SWR/NZB F1 (SNF1) mice.
Interestingly, treatment of SNF1 mice with anti-CD40L suppressed lupus nephritis with-
out eliminating pathogenic T cell clones, apparently by preventing autoantibody produc-
tion by B cells.46 Anti-CD40L was also effective in prolonging survival among SNF1 mice
with established nephritis, due to a decrease in renal inflammation.47 To evaluate the rela-
tive importance of both the CD28-B7 and the CD40-CD40L costimulatory pathways in
murine lupus, we have examined the effects of blocking both of these pathways simulta-
neously in B/W mice. When CTLA4Ig was combined with anti-CD40L, there was long
lasting inhibition of autoantibody production and renal disease after only a two week
course of treatment. This clinical benefit was significantly greater that that observed for
either agent alone.48 Taken together, these studies indicate that both of these costimulatory
pathways are important in the stimulation of autoimmune reponses in murine lupus and
that concomitant inhibition of these two pathways can produce synergistic benefit in block-
ing the progression of autoimmune pathology that lasts long after treatment has been
discontinued.

CTLA4Ig Treatment in Murine Lupus Nephritis
The value of such an approach to treating autoimmunity is further supported by the

observation that the therapeutic efficacy of interrupting T cell costimulation is compa-
rable to that of conventional immunosuppressive agents. Cyclophosphamide is the most
efficacious of the various available immunosuppressants and is standard therapy for active,
diffuse proliferative lupus nephritis in humans.49 In fact, its efficacy for lupus nephritis
was first demonstrated in the B/W mouse model.50,51 We have compared the efficacy of
CTLA4Ig with that of cyclophosphamide in B/W mice and found that the effects on
nephritis are similar.52 We treated six month old B/W females with mild renal disease
(proteinuria <100 mg/dl) with either CTX, CTLA4Ig, both agents concomitantly, or sa-
line. 16 weeks after initiation of therapy, 80% of control mice had developed severe pro-
teinuria, compared to 0% of mice treated with both CTX and CTLA4Ig (Fig. 1). Mice
that had received either CTX or CTLA4Ig had progression of renal disease that was slower
than that of controls. After treatment was stopped, there was progression of disease in all
groups, such that by 20 weeks, the percentage of CTX-treated mice with severe proteinuria
was similar to that in the CTLA4Ig group. However, the rate of progression of proteinuria
among mice that received both CTLA4Ig and CTX was significantly lower. This delay in
progression of proteinuria among mice that received either CTLA4Ig or CTX resulted in
a prolongation in survival; 18 weeks after cessation of treatment, 27% of CTLA4Ig-treated
mice and 36% of CTX-treated mice survived, compared with 8% of controls.

The beneficial effect of combining CTLA4Ig with CTX is even more apparent in
advanced murine lupus nephritis. We found that although either CTX or CTLA4Ig can
prolong survival of mice with advanced nephritis (proteinuria >300 mg/dl), the level of
proteinuria is maintained at the pretreatment level. However, mice treated simultaneously
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with both cyclophosphamide and CTLA4Ig exhibit a rapid and marked improvement in
proteinuria that is sustained throughout the course of treatment, and that results in im-
proved survival compared to mice treated with either agent alone (Fig. 2). Overall, we find
that CTLA4Ig is comparable in efficacy to cyclophosphamide for the treatment of murine
lupus, particularly lupus nephritis, in both early and advanced stages of disease. Thus, in
the same model in which the effectiveness of CTX for lupus nephritis was first demon-
strated, administration of an agent that blocks T cell costimulation has similar efficacy to
CTX, the agent currently most widely used to treat human lupus nephritis. Furthermore,
among animals with the most advanced disease, we find that the effects of these agents are
complementary when used together.

These studies make it clear that T cell costimulation via CD28 plays a very important
role in the activation of autoimmune responses in SLE and that interruption of this signal
can have an ameliorative effect on autoimmune pathology. Regulatory mechanisms that
impact the strength of this signal, such as that provided by CTLA4, are likely to also have
a role in the overall strength of such autoimmune responses. To this extent, this also sug-
gests that regulation of CTLA4 expression, or it’s function, might provide a useful thera-
peutic target for autoimmune diseases such as lupus.

Figure 1. Development of proteinuria among mice with mild renal disease during and after 16 weeks of treatment
with cyclophosphamide (half-solid boxes), CTLA4Ig (open boxes), combined cyclophosphamide and CTLA4Ig
(solid boxes), or saline (open circles). Reprinted with permission from reference 46: Daikh, D.I. and D. Wofsy,
Cutting edge: Reversal of murine lupus nephritis with CTLA4Ig and cyclophosphamide. J Immunology, 2001.
166: p. 2913-6. Copyright 2001. The American Association of Immunologists.
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Figure 2. A. Development of proteinuria among mice with advanced renal disease during treatment with cyclo-
phosphamide (half-solid boxes), CTLA4Ig (open boxes), or combined cyclophosphamide and CTLA4Ig (solid
boxes). B. Percent Survival among mice with advanced renal disease during treatment with cyclophosphamide
(half-solid boxes), CTLA4Ig (open boxes), or combined cyclophosphamide and CTLA4Ig (solid boxes). Re-
printed with permission from reference 46: Daikh, D.I. and D. Wofsy, Cutting edge: Reversal of murine lupus
nephritis with CTLA4Ig and cyclophosphamide. J Immunology, 2001. 166: p. 2913-6. Copyright 2001. The
American Association of Immunologists.
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CTLA-4 in Rheumatoid Arthritis
Peter P. Sfikakis and Stamatis-Nick Liossis

Introduction

Rheumatoid arthritis (RA) is a chronic, systemic inflammatory disease characterised
by symmetric polyarthritis of the small joints of the hands and feet and the larger
appendicular joints. The etiology of RA is still unknown. Although several

features of autoimmunity are prominent in these patients, the nature of the antigen(s)
driving joint inflammation remains unclear. While the initiation phase of RA might result
from an (auto)antigen-specific T cell response, the perpetuation of inflammation leading
to joint destruction in the late chronic phases of the disease is a consequence of complex
pathogenetic mechanisms involving aberrant interactions between T cells, macrophages,
and synovial fibroblasts. T cells are the most frequently observed inflammatory cell in the
rheumatoid joint (1-3). Not all authorities agree that RA is a purely T cell-mediated dis-
ease; however, an important pathogenetic role of the T cells has been clearly established.
Besides their frequency, the fact that the majority possess both a memory and an activated
T cell phenotype, as well as the association of RA with specific molecules of the major
histocompatibility complex (MHC) class II underscore the central role of T cells in the
pathogenesis of RA.3,4

Two signals are necessary for a productive T cell stimulation which is required for all
T cell-dependent immune processes. The first signal confers specificity and is transduced
via the T cell-surface antigen receptor (TCR) when antigen is properly presented to the T
cell by an antigen presenting cell (APC) in the context of MHC molecules. The very same
APC has to provide a second or co-stimulatory signal in order to sustain and enhance T
cell activity; otherwise a state of long-term specific unresponsiveness or anergy is reached.
While costimulation can be given by the interaction of several pairs of surface molecules
between the T cell and the APC, the most important costimulatory signal is produced by
the ligation of the CD28 molecule present on the surface of T cells to the B7 family of
molecules [B7-1 (CD80) and/or B7-2 (CD86)] found on the surface of the professional
APC.5,6

The CD28 molecule and the cytotoxic T lymphocyte-associated antigen 4 (CTLA-4
or CD152) have important similarities and perhaps more important differences. They are
homologous proteins (31% sequence homology) belonging to the immunoglobulin su-
perfamily. CTLA-4 shares the same counter-receptors with CD28 but has up to 100 times
higher affinity to CD80 and CD86 compared to CD28.6 While CD28 is expressed on the
surface of virtually all the resting CD4+ T cells and on the surface of 50% of the resting
CD8+ population, CTLA-4 can be found on the surface of activated T cells only. Al-
though some reports have suggested that CTLA-4 has a function similar to that of CD28
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as a secondary costimulator, most have argued for an opposing role of this molecule. In
fact, cross-linking of CTLA-4 during activation of either Th1 or Th2 cells reduces cytokine
production and arrests T cells in G1 phase.7 Therefore, CTLA-4 can function by deliver-
ing a negative signal to the activated T cell that is thought to play an essential role in both
the establishment of peripheral self-tolerence and the termination of a specific ongoing
immune response.8,9 These properties of CTLA-4 (presence on activated T cells only and
inhibiting of the immune response) made it a plausible candidate for investigations in the
context of autoimmune mediated diseases, including RA.10

This chapter will give an overview of the recently accumulating evidence implicating
CTLA-4 in the pathogenesis of RA. Genetic studies have recently suggested that CTLA-4
polymorhisms are present in patients with RA, thus conferring susceptibility to the dis-
ease. Also, several reports discussed herein have shown altered expression of CTLA-4 and
its counter-receptors, CD80 and CD86, in patients with RA contributing perhaps to the
ongoing immune-mediated joint damage. Finally, effective blockade of the CD80/
CD86:CD28/CTLA-4 pathway using the CTLA-4-immunoglobulin (CTLA4-Ig) con-
struct was shown to prevent and/or ameliorate established disease in animal models of RA,
indicating that this approach has the potential to lead to more effective strategies for the
treatment of RA in the near future.

CTLA-4 Polymorphism in Patients with RA
During its earliest days, CTLA-4 function was a matter of debate. Most authorities

however agreed, that CTLA-4 engagement delivers a negative, inhibitory signal to the
activated T cell. This was firmly established with the study of CTLA-4-knockout mice
that developed fatal massive lymphoproliferation.11 It was therefore hypothesized that
mutated or decreased-affinity polymorphs of CTLA-4, mapping at position 2q33, might
contribute to immune-mediated diseases such as RA where an ongoing (auto)immune
process is involved in the perpetuation of joint inflammation.

Within the past two years several genetic studies employing different methodologies
have been performed in patients with RA with different ethnic backgrounds, reporting
different results. Much attention has been drawn to the position +49 polymorphisms of
the first exon of CTLA-4 and practically all the reports investigate this interesting area. It
is further interesting because single nucleotide polymorphisms at position +49 of the
CTLA-4 gene have been associated with diverse yet chronic inflammatory autoimmune
conditions such as celiac disease, Grave’s disease, multiple sclerosis, and type I diabetes
(see Chapters 5, 6, 8, and 10, respectively). This polymorphism (49 A/G) results in codon
17 dimorphism producing an aminoacid exchange (Thr/Ala).

One study analyzed 258 Caucasian patients with RA and 456 controls. The authors
propose that patients with RA are less frequently homozygotes for the Thr-17 substitution
(32% versus 39% in the controls) but the Thr/Ala heterozygotes are more frequent com-
pared to the controls (54% versus 46%). Analysis with respect to HLA-DRB1*04 revealed
significantly more Ala in the homozygous or heterozygous state. Ala/Ala was particularly
increased in RA patients carrying the HLA-DRB1*0401 subtype (12). Another study
analyzed 138 patients with RA from Spain and 305 ethnically matched controls. The 49
A/G polymorphism of CTLA-4 exon 1 was analyzed along with position –318(C/T) of
the CTLA-4 promoter. While no association was found for the –318 site, A/G heterozy-
gosity at position +49 was over-represented among female patients with RA (48.5% vs.
33.8% in controls, odds ratio=2.0). It was the DR3+ patient group that demonstrated
significant association with the 49A/G heterozygosity.13
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However, the association between RA and CTLA-4 exon 1 polymorphism was not
found in a study analyzing Japanese patients with RA. A novel screening method, the
polymerase chain reaction-preferential homoduplex formation assay, was employed. Re-
sults showed that 44% of the Japanese patients with RA and systemic lupus erythematosus
carry the CTLA-4 49 A/G polymorphism compared to 37% in the control population, a
difference that was not significant. When analysis was performed with respect to
HLA-DRB1 alleles, a very weakly significant association between RA and the CTLA-4
49G allele in HLA-DRB1*0405-positive patients was revealed, suggesting that the contri-
bution of this CTLA-4 polymorphism was minor.14 In contrast to these findings, an addi-
tional study asking the same question in 85 Japanese patients and 200 controls employed
polymerase chain reaction-restriction fragment length polymorphism assay to study CTLA-4
exon 1 49A/G polymorphisms. The authors conclude that the AG genotype was found
more frequently in patients with RA (59%) than in controls (44%). The association with
RA was restricted to patients carrying the HLA-DRB1*0405 disease susceptibility allele.15

Using the same methodology however, a study of CTLA-4 exon 1 49A/G dimorphism in
patients from the UK (n=192) and from Spain (n=136) who were jointly analyzed, along
with their appropriate ethnic-matched controls (n=96 and 144, respectively)again reported
that no significant differences were found in the frequency of G allele or GG homozygos-
ity in either the UK or the Spanish RA patients concluding that there was no association
between RA and CTLA-4.16

A study analyzing RA families employed whole genome scan of 114 European sib
pairs using 304 microsatellites. Regions outside the MHC locus (known to confer at least
one-third of the genetic susceptibility to RA) were scanned with special emphasis. Addi-
tional loci were analyzed using additional families. Apart from the MHC locus, 14 other
regions had nominal but not significant linkage. Interestingly, the one additional locus
that had significant linkage with RA maps in chromosome 3 and although it is not CTLA-4,
there is a strong possibility that it involves the CD80 and CD86 counter-receptors (17).
Finally, the latest genetic study of them all further clarifies the issue of CTLA-4 exon 1 49
A/G polymorphism. Analyzing a genetically homogeneous Scandinavian population the
investigators suggest that the 49 A allele is only associated with celiac disease and not RA
or other chronic inflammatory autoimmune diseases. They suggest also that the +49A/G
dimorphic alleles of CTLA-4 are in linkage disequilibrium with two distinct disease pre-
disposing alleles with separate effects.18

The above studies present conflicting results regarding the association of CTLA-4
polymorphisms and RA. Moreover, none of these studies investigated whether CTLA-4
inhibitory function is impaired in T cells from RA patients carrying the CTLA-4 gene
polymorhisms, as was indeed recently shown in patients with Graves’ disease with CTLA-4
exon 1 polymorphisms.19 Most importantly, three studies do not support an association
between RA and such polymorphisms.14,16,18 It is clear that the genetic contribution to the
development of RA is far from simple; nevertheless it is also understood that if there was
such an association with one genetic locus, all studies should agree on that finding.20 Of
note, while the gene encoding CD28 molecule is also mapping at chromosome 2q33,
completion of the genomic sequence of this locus disclosed that a third costimulatory
receptor, the inducible costimulator (ICOS) discovered last year, is so close to CTLA-4
gene on the chromosome that both are well within the limits of current genetic studies.
Given that ICOS is necessary for normal antibody responses and may be protective against
autoimmunity, perhaps we do not really know yet which the autoimmune disease-related
candidate gene at chromosome 2q33 is.21
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Increased Expression of CTL-4 on RA Synovial T Cells
Upregulation of CTLA-4 mRNA and expression of CTLA-4 on the T cell surface

requires ligation of CD28 following a TCR-mediated signal. Although the regulation of
CTLA-4 expression in RA has not been examined so far, studies on peripheral CD28+ T
cells from patients with RA have found that in vitro proliferative responses to both
CD28-independent and CD28-dependent stimulation (using stable transfectants expressing
the CD80 molecule) are normal, suggesting that the CD28-mediated signaling pathway
in peripheral blood T cells is not intrinsically impaired in patients with either active or
inactive RA.22 Phenotypic analysis of healthy persons with HLA-DRB1*0401 and DR1
alleles, that are associated with increased risk of RA, revealed significantly higher numbers
of CD28- T cells in the peripheral blood, while individuals with HLA-DR2, which is
significantly under-represented in RA, have significantly fewer CD28- T cells than the
normal mean.23 Accordingly, patients with active, untreated RA have decreased numbers
of functionally intact peripheral blood CD28+CD8+ T cells, that are related to severe
disease.22 Decreased numbers of CD28+ T cells in the peripheral blood may result from
selective migration of these cells in the rheumatoid joint, since comparative study of both
peripheral blood and synovial fluid T cells from patients with active RA shows that virtu-
ally all synovial fluid T cells, versus 91% CD4+ and 46% CD8+ in the peripheral blood,
coexpress the CD28 molecule.22 Others have also confirmed that the vast majority of T
cells isolated from fresh rheumatoid synovial tissue and fluid express the CD28 mol-
ecule.24-26

Significant expression of CTLA-4 has not been demonstrated on the surface of circu-
lating T cells from healthy individuals or patients with autoimmune diseases, including RA.
Liu et al reported recently that only a small percentage (i.e.,less than 2%) of peripheral blood
T cells expressed detectable CTLA-4 levels in some RA patients. However, 5.44% of syn-
ovial fluid T cells and an impressive 28.76% of synovial membrane T cells were positive
for CTLA-4 (27). Verwilgen et al have also reported that a significant number of T cells
(mean of 15%) isolated from the synovial fluid of patients with RA, aspirated for thera-
peutic purposes, display increased CTLA-4 expression. CTLA-4-expressing synovial fluid
T cells are activated, larger than normal and belong to the CD4+ as well as to the CD8+ T
cell subsets. Interestingly, CTLA-4+ synovial fluid T cells stained in some cases also posi-
tive for CD80.24 This is a finding of potential importance, since ligation of CD80 ex-
pressed on the surface of T cells with CTLA-4 molecule found on the cell surface of the
same or neighboring T cells is required for the induction of unresponsiveness by
costimulation-deficient antigen presentation.28 Whether CTLA-4 upregulation in RA is a
primary or a secondary event has not been fully elucidated yet.

Altered Expression of the CTLA-4 Counter-Receptors, CD80,
and CD86, in Patients with RA

The mechanisms proposed to explain the inhibitory activity of CTLA-4 involve ei-
ther functional antagonism of CD28 or the delivery of an inhibitory signal that antago-
nizes the TCR-initiated signal. Although experimental evidence indicates that the latter
mechanism is sufficient to explain the inhibitory effects of CTLA-4,29 it is evident that
engagement of CTLA-4 depends on the availability of the CD80 and CD86 molecules.
CD80 and CD86 display a restricted expression pattern on APCs and depending on the type
of APC, their expression can be induced by various stimuli. CD86 is constitutively ex-
pressed on resting peripheral monocytes and dendritic cells; its expression is upregulated
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following activation. Expression of CD80 at substantial levels on these cells appears to be
primarily induced following activation. Unlike monocytes and dendritic cells, expression
of CD80 and CD86 on all other APCs, such as synovial cells or T cells which are also
capable to process and present antigens under certain conditions, requires stimulation.
Following APC stimulation, CD86 is expressed 24-48 hours earlier and at higher levels
than CD80. Moreover, the same stimulus can independently regulate CD80 and CD86
expression on APCs (reviewed in 30).

Expression of CD86 is clearly upregulated in the RA joint.25,31-33 In the study of Liu et al
CD86-expressing cells with macrophage-like morphology surrounded by lymphocyte aggre-
gates are observed in two thirds of patients with long-standing RA undergoing therapeutic
knee surgery, but in none of the osteoarthritic or normal synovia studied in parallel.
CD86-expressing cells are more abundant than CD80-expressing cells in RA synovium in
these patients.25 CD86 immunohistochemical expression was also detected in synovia
from patients with early-onset RA, predominantly in the lining layer, in a pattern that
corresponded to the presence of CD68-positive macrophages.33 A mean of 6% (range
2-15%) of mononuclear cells derived from synovial fluid from chronic RA patients express
CD86 by flow-cytometric analysis; 40% of this popupation co-express the monocyte marker
CD14.25 Another study showed that the percentage of synovial fluid dendritic cells and
monocytes that express CD86 is variable among patients with RA, depending on treat-
ment. All patients who were not taking disease-modifying drugs had at least 20%, whereas
5 out of 7 patients under treatment had 11% or fewer CD86+ dendritic cells in the syn-
ovial fluid.31 Therefore, numbers of CD86+ cells in the rheumatoid synovial fluid are
clearly influenced by disease status (early versus long-standing disease or active versus in-
active disease) and treatment, accounting for differences between studies reporting
higher25,31 or relatively lower numbers.32 Of note, sorted synovial fluid dendritic cells
lacking CD86 expression are able to spontaneously upregulate CD86 in vitro within 24
hours, suggesting that numbers of CD86 expressing cells in the inflammatory joint envi-
ronment may change depending on local conditions.31

Inadequate, probably, CD80 expression by non-B cell APCs in vivo has been re-
ported in patients with RA.31-35 Neither freshly isolated peripheral blood dendritic cells,
nor monocytes, from patients with RA expressed CD80, whereas both rheumatoid syn-
ovial fluid dendritic cells and monocytes expressed very low levels.32 Minimal CD80 ex-
pression on rheumatoid synovial fluid dendritic cells33 and synovial tissue34 may be an
additional factor contributing to a functional deficiency of, at least some, APCs demon-
strated previously in the rheumatoid joint.36 Moreover, expression of CD80 by
non-professional APCs such as the fibroblast-like synoviocytes is lacking.31,35 While
fibroblast-like synoviocytes are HLA-DR+ they do not express CD80 molecules. This may
result in T cell anergy within the RA joint, since the allogeneic response of T cells to
fibroblast-like synoviocytes could be restored by exogenously derived CD80 expressed on
the surface of other cells and could be completely inhibited by CTLA4-Ig.35 However,
according to another study the LeuM3+ synovial cells express functional CD80 and CD86
molecules that are able to induce CD28 responsive nuclear transcription factor in synovial
infiltrating CD28+ T cells. Such irradiated synovium-infiltrating T cells induced IL-1b,
IL-6 and MMP-3 production by synovial cells. The authors propose that the production
of the above cytokines and MMP-3 was mediated via CD80/CD86:CD28 interactions,
since the addition of CTLA-4-Ig, or anti-CD80, or anti-CD86 monoclonal antibodies
could abolish the production of the proinflammatory cytokines and MMP-3.26
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On the other hand increased CD80 molecule expression has been surprisingly found
on rheumatoid synovial T cells by both immunohistochemistry (24) and flow cytometry.24,31

Although highly variable between patients, a mean of 20% of synovial fluid pre-activated,
HLA-DR+ T cells coexpress CD80. Moreover, while only 1% of osteoarthritic or normal
synovial membrane T cells express CD80, up to 30% of T cells in synovial membrane
samples from patients with chronic RA are CD80+.24 Finally, patients with active, early-stage
RA not only have increased expression of CD80 on synovial fluid T cells, but also have
significant numbers (mean of 4 %) of T cells expressing CD80 in the peripheral blood.31

As previously noted, CTLA-4 ligation by CD80 on T cells is required for the induction of
unresponsiveness by costimulation-deficient antigen presentation.28 Taken together with
the significant CTLA-4 expression on synovial fluid T cells, these findings reflect the
increased activation state of T cells in patients with RA and may have important implications
for the pathogenesis of the disease.

Potential Pathogenetic Role of CTLA-4 in T Cell-Mediated
Interactions in RA

The possible role of CTLA-4 in the initiation phase of rheumatoid inflammation has
not been addressed so far. Whether polymorphic CTLA-4 alleles are associated with im-
paired CTLA-4 molecule inhibitory function remains to be elucidated. However, several
data presented above implicate CTLA-4 in the aberrant T-cell dependent mechanisms
operating in the perpetuation of joint inflammation in patients with RA.

What is the functional significance of increased CTLA-4 expression in the RA joint?
Is it just a normal T cell activation marker? As previously reported, the activation status of
synovial T cells in RA is paradoxical. RA synovial fluid T cells express the activation mark-
ers CD69, HLA-DR and VLA-1 but just a few express the activation marker CD25 that
represents the IL-2 receptor. This unusual set of activation T cell surface markers cannot
be explained by single or even multiple rounds of activation in situ. It has been proposed
that their phenotype may be explained either by the recruitment of pre-activated T cells in
the synovium, or by the acquisition of activation markers during their migration to the
joint and their contact with the endothelium.37 Is CTLA-4 found in RA T cells per se
defective? The functional capacity of CTLA-4 in RA has been explored rather indirectly
using in vitro synovial mononuclear cell culture experiments. Blocking of CTLA-4 with
an anti-CTLA-4 monoclonal antibody resulted in a dose-dependent increase in the pro-
duction of the proinflammatory cytokines TNF-α and IL-1β suggesting that it is func-
tionally intact.27 This observation would further suggest that upregulation of CTLA-4 on
RA synovial T cells might have a protective role in joint inflammation in these patients.
On the other hand, addition of anti-CTLA-4 antibodies in a primary allogeneic mixed
lymphocyte culture using synovial fluid T cells from patients with RA as stimulator cells
did not enhance T cell stimulating capacity but resulted in a 33% inhibition of prolifera-
tion.24 Therefore, if CTLA-4 inhibitory function is intact, the question remains as to why
blockade of increased CTLA-4 expression on synovial T cells do not enhance their activa-
tion status.

As recently reported, the CTLA4-initiated T cell inhibitory signal is delivered via the
TCRζ chain. When CTLA-4 associates with TCRζ the TCR-triggered tyrosine phospho-
rylation cascade and hence the TCR-initiated signaling is inhibited.38 In contrast to sys-
temic lupus erythematosus where TCRζ chain is lacking from the peripheral blood T cells
in the majority of patients,39 it is the synovial T cells but not the circulating ones that
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display ζ chain deficiency in RA.40 It can be thus assumed that CTLA-4 is present in
increased amounts on the surface of synovial T cells in patients with RA, yet it cannot
deliver its inhibitory signal because an important mediator of this pathway (TCRζ) is
decreased or even missing from the synovial T cell population. Clearly, further studies are
needed to clarify the particular biochemical basis for the abnormal functional outcome of
CTLA-4 ligation, if any, in RA.

Blocking autoantibodies may also contribute to a decreased CTLA-4 function in RA.
Indeed, a recent study reported that in the sera of 18.8% of patients with RA, autoanti-
bodies to CTLA-4 were detected. Such autoantibodies were not disease-specific since they
were also found in significant percentages of patients with other autoimmune rheumatic
diseases such as systemic lupus erythematosus and, in particular, Behçet’s disease where
their presence protected from the development of uveitis.41 Anti-CTLA-4 antibodies may
thus bind on CTLA-4 molecule expressed on the surface of T cells and may modulate the
in vivo immune response.

One might also speculate that it is the function of the CTLA-4 counter-receptors,
CD80 and CD86 that is deficient. Nevertheless, there are several reports using the
CTLA4-Ig construct as a probe to explore CD80/CD86 functional status which appears
to be intact.4,26,32,33,35 It is thus reasonable to assume that the functional integrity of CTLA-4
when viewed solely as a counter-receptor for CD80/CD86 molecules is not affected in the
RA joint environment. But the expansion of CD28- T cells encountered in RA and the
CD28-independent costimulation these T cells need in order to expand, may propose a
relatively secondary role of pathways mediated by CD80/CD86:CD28/CTLA-4
intreractions in the pathogenesis of RA.42 As discussed earlier though, CTLA-4 may have
a T cell inhibitory role for the same T cell that bears CTLA-4 on its cell surface.

RA as a Potential Target of CTLA-4-Related Therapeutic
Interventions—Future Directions

As the two-signal model predicts, blocking costimulatory signals leads to defective T
cell responses and development of T cell anergy or tolerance. Taking advantage of the very
high affinity of CTLA-4 to the B7 molecules, the CTLA4-Ig construct has been used
extensively to block the CD80/CD86:CD28/CTLA-4 interactions in vivo. The CTLA4-Ig
chimeric protein construct consists of the extracellular domain of CTLA-4 and the
hinge-CH2-CH3 region of IgG1. In vitro studies have previously shown that CTLA4-Ig is
a potent inhibitor of T cell activation, inducing also T cell hyporesponsiveness or anergy
to subsequent antigen challenge.30

In an experimental model of RA, the collagen-induced arthritis in the BB rat, the use
of CTLA4-Ig construct prevented the onset of arthritis. Treatment with CTLA4-Ig had to
begin before the immunizations with the bovine type II collagen, resulting in decreased
production of antibodies to bovine collagen and in normal joint histology. However, sev-
eral days after the treatment with CTLA4-Ig was terminated, delayed type reactions to
bovine collagen were not avoided and resulted in a similarly aggressive and destructive
joint disease irrespective of weather the animal had been pre-treated or not with CTLA4-Ig.
Nevertheless, this molecule was not used following the onset and establishment of the
disease.43 When CTLA4-Ig was given at the same time the immunizations took place, the
development of arthritis was prevented. When treatment was delayed until after the onset
of clinical arthritis, it resulted in amelioration of the disease.44 To bypass the need for
repeated injections and at the same time to ensure that enough quantities of CTLA4-Ig
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are constantly delivered to the joints, adenovirus-mediated gene transfer of CTLA4-Ig in
established murine collagen-induced arthritis has been also employed. The recombinant
adenovirus encoding CTLA4-Ig was injected intravenously once in DBA/1 mice at the
onset of arthritis, while other groups of arthritic mice were given CTLA4-Ig or an
anti-CTLA-4 monoclonal antibody. CTLA4-Ig, given either as the recombinant protein
or as the adenovirally encoded protein were equally successful in ameliorating the disease,
while the group of mice receiving anti-CTLA-4 monoclonal antibody did not show any
disease improvement. Clinical parameters as well as both cellular and humoral immunity
markers of the disease and IFN-γ production were significantly suppressed by CTLA4-Ig
treatment.45 Moreover, using CTLA4-Ig in another systemic lupus-like autoimmunity
animal model, the production of the commonest autoantibody of RA, rheumatoid factor,
was blocked.46

Abrams and colleagues have recently studied the in vivo effects of CD80/CD86:CD28/
CTLA-4 blockade in patients with psoriasis vulgaris, a T cell-mediated disease which is
often accompanied by inflammatory arthritis. Infusions of soluble chimeric protein
CTLA4-Ig were well tolerated and resulted in a 50% or greater sustained improvement in
clinical disease activity in half of the patients.47 Administration of CTLA4-Ig caused a
marked reduction of cellular activation of lesional T cells, keratinocytes, dendritic cells
and vascular endothelium that was associated with the clinical improvement in these pa-
tients.48 Taken together with the proven beneficial effects of CTLA4-Ig treatment in the
animal models of RA, it is reasonable to predict that human RA would be the next target
of such a therapeutic approach.49

Finally, a novel strategy to enhance CTLA-4-mediated inhibition of TCR signaling
employing a surface-linked single-chain antibody to CTLA-4 was recently reported. When
a specific, membrane bound, single chain, anti-CTLA-4 monoclonal antibody was ex-
pressed on the surface of an APC, together with the TCR ligand, the corresponding T cell
response was markedly attenuated. This may be explained because under this in vitro
setting, CTLA-4 molecules were efficiently co-crosslinked to TCR without being bound
to its normal costimulatory counter-receptors.50 Such an approach would also represent a
way to carefully manipulate CTLA-4 function and may have an important impact in the
future treatment of human autoimmune diseases, including patients with RA.
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CTLA-4 in Autoimmune
Thyroid Disease and Vitiligo
E. Helen Kemp, Elizabeth A. Waterman and Anthony P. Weetman

Abbreviations: A, adenine; C, cytosine; CTLA-4, cytotoxic T lymphocyte antigen 4; G,
guanine; HLA, human leukocyte antigen; ICAM-1, intracellular adhesion molecule 1;
kDa, kilodalton; MHC, major histocompatibility complex; PPT, postpartum thyroiditis;
T, thymine; TAO, thyroid-associated ophthalmopathy; TSH, thyroid-stimulating hormone;
UTR, untranslated region.

Introduction

Autoimmune thyroid disease is frequent, affecting around 2% of the female popula
tion and approximately 0.2% of men. The two main forms are Graves’ disease, the
hallmark of which is hyperthyroidism caused by antibodies that stimulate the TSH

receptor, and autoimmune hypothyroidism in which there is a destruction of thyroid tis-
sue by cytotoxic T cells, cytokines and antibody-dependent mechanisms. Autoimmune
thyroid disorders are often associated with other organ-specific autoimmune diseases, es-
pecially the endocrinopathies type 1 diabetes mellitus and Addison’s disease, and with
vitiligo. This latter skin disorder is therefore included in this chapter, the other conditions
being dealt with elsewhere.

Like almost all autoimmune diseases, those affecting the thyroid have a multifactorial
etiology comprising several known (and most likely more unknown) genetic determinants
which interact with environmental factors including stress, iodide-intake and agents that
disturb immunoregulatory pathways. The genetic component in autoimmune thyroid
disease is demonstrated by the frequent appearance of similar disease in relatives, the con-
cordance rate of around 20-30% in monozygotic twins, and the well-established associa-
tion with HLA alleles, particularly the DR3 specificity in Caucasians.1 Nontheless, the
effect of genes appears to be relatively modest, and that of HLA even more so, indicating the
influence of non-MHC-encoded genetic factors. Of the numerous candidates proposed in
this regard, polymorphisms of the CTLA-4 gene are now the best established.

Many recent studies have been conducted to determine if associations exist between
autoimmune thyroid disease and a number of different CTLA-4 polymorphic markers,
including: an exon 1 A/G polymorphism at position 49; a promoter C/T polymorphism
at position -318; a microsatellite (AT)n repeat polymorphism in the 3’ untranslated region
(UTR) of exon 4 at position 642. Below, the main autoimmune disorders of the thyroid
and their associations with the various polymorphisms of the CTLA-4 gene will be
considered.
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Graves’ Disease
Graves’ disease is characterised by hyperthyroidism, a diffuse goiter and signs of oph-

thalmopathy and/or dermopathy.2 The condition is caused by thyroid-stimulating anti-
bodies which bind to and activate the thyrotropin receptor on thyroid cells.2 Patients may
also have high serum concentrations of antibodies against thyroglobulin and thyroid per-
oxidase.2 Susceptibility to Graves’ disease is influenced by a mixture of genetic factors,
including certain HLA specificies,1,2 and environmental determinants, the female sex be-
ing a particular risk element.2

Many reports have documented the analysis of the three known polymorphisms of
CTLA-4, with respect to Graves’ disease. The first description of an association was by
Yanagawa et al in 1995,3 and this concerned the exon 4 microsatellite (AT)n repeat poly-
morphism in Graves’ disease patients. In most, but not all, subsequent studies, which are
summarised in Table 1, this result has been confirmed, in both Caucasian and Asian popu-
lations. The linkage disequilibrium between the three main polymorphisms analysed has
ensured that significant associations have been apparent whichever is chosen.

As well as case-control studies, family studies have been conducted but with less clear
results. One family-based linkage analysis did report the CTLA-4 gene as a major risk
factor for the development of Graves’ disease.4 However, in 48 multiplex families with 142
affected subjects, negative lod scores were obtained for CTLA-4 as a candidate gene in
classical linkage analysis.5 However, the family-based transmission disequilibrium test gave
confirmatory results, with increased transmission of the position 49 G allele from het-
erozygous parents to the affected offspring compared with unaffected offspring.6 This
study also found a relationship between the severity of hyperthyroidism at diagnosis and
the presence of the G allele. The differences between these two sets of results reflects the
ability of the transmission disequilibrium test to pick up smaller genetic effects than clas-
sical linkage analysis, a property shared with case-control studies. No additional effect of
CTLA-4 polymorphisms was found in patients who had both type 1 diabetes mellitus and
Graves’ disease compared with those with either disease alone.7

Thyroid-Associated Ophthalmopathy
Thyroid-associated ophthalmopathy (TAO) is an autoimmune disorder affecting the

orbit. The disease has a close association with Graves’ hyperthyroidism, being clinically
evident in 25-50% of patients.8 Major manifestions include periorbital edema, extraocu-
lar muscle dysfunction, exophthalmos and optic nerve compression which lead to visual
impairment. Although the earliest pathological feature of Graves’ ophthalmopathy is the
appearance of T and B lymphocytes in the extraocular muscles, the target antigen of these
immune cells in the orbit remains to be clearly identified. Age and gender can influence
the severity of TAO with both advancing years and the male sex known to be risk factors.8

In addition, the presence and severity of eye disease in Graves’ disease patients appears to
be associated with smoking ,10 but no consistent association with HLA specificities has yet
been demonstrated.

With respect to CTLA-4, a recent study examined the association of the biallelic
polymorphism (A/G) at codon 17 of the CTLA-4 gene in 94 patients with TAO which
were defined, according to the American Thyroid Association, as class 3 or above When
the frequency of the G-carrying genotype in the TAO patient group was compared with.11

either control subjects or with Graves’ disease patients without ophthalmopthy, an



47CTLA-4 in Autoimmune Thyroid Disease and Vitiligo

association was evident between the presence of the G allele and eye disease (Table 2).11

Furthermore, the strength of the association of the G allele with ophthalmopathy was
reported to increase with the severity of the disease.11 Thus, the association of ophthalm-
opathy with the G-carrying genotype had an odds ratio of 1.5, 1.7 and 3.1 for mild,
intermediate and severe grades of eye disease, respectively, when compared to Graves’ dis-
ease patients with no eye signs. However, at least three other studies have found either no
increase in the G allele or no difference in the distribution of the microsatellite (AT)n

repeat alleles in TAO patients when compared with individuals with Graves’ disease who
do not have ophthalmopathy.12-14 Further work is needed in this area to determine whether
there is an additional risk of eye disease in Graves’ disease patients with particular CTLA-4
polymorphisms. At present, it is our view that even if such a contribution does exist, it is
modest, especially in comparison to the risk conferred by smoking.

Autoimmune Hypothyroidism
Autoimmune hypothyroidism is common with a prevalence of at least 1% in the

female population.15 The disease can be characterised by the presence of a goiter, as in
Hashimoto’s thyroiditis, or not, as in primary myxedema. Thyroid tissue injury in au-
toimmune hypothyroidism is likely to result from a combination of humoral and
cell-mediated effector mechanisms. Thyroid peroxidase antibodies,15 which are found in a
majority of patients, can fix complement and participate in antibody-dependent
cell-mediated cytotoxicity. Thyrocyte-specific cytotoxic T cells are probably also involved.

Table 1. Case-control studies of CTLA-4 gene polymorphisms in Graves’ disease

CTLA-4 Polymorphism Population Results1 Reference

Microsatellite (AT)n repeat USA P = 0.002 for the 106 3
polymorphism in the 3’UTR base pair allele
of exon 4 UK P = 0.006 for the 106 13

base pair allele
Japanese P < 0.01 for the 102 and 20

106 base pair alleles

Polymorphism A/G at German/ P < 0.00005 for the G allele 57
position 49 of exon 1   Canadian

Japanese P < 0.01 for the G allele 58
UK P < 0.0002 for the G allele 6
Korean P = 0.04 for the G allele 21
Japanese P = 0.049 for the G allele 19

Polymorphism C/T at German/ P = 0.006 for the C allele 23
position -318 of the   Canadian
CTLA-4 promoter Korean P = 0.02 for the C allele 21

UK P = 0.29 for the C allele 22
Hong Kong P = 0.02 for the C allele 22
  Chinese

1P value calculated from comparison of patients with control subjects. P < 0.05 are considered
significant.
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In addtion to female sex, certain HLA specificities are associated with Hashimoto’s thy-
roiditis and primary myxedma.17

Associations between autoimmune hypothyroidism and the microsatellite (AT)n re-
peat and exon 1 A/G polymorphisms of the CTLA-4 gene were initially reported in
case-control studies using Caucasian subjects (Table 3).13-18  This was later confirmed for
a Japanese population.19 In contrast to these studies, microsatellite allele frequencies were
found not to significantly differ between Hashimoto’s thyroiditis patients and controls in
Japanese subjects (Table 3),20 and no association was evident between the A/G polymor-
phism and Hashimoto’s thyroiditis in Koreans (Table 3).21 It is possible that the different
genetic backgrounds of the patient groups might contribute to the different results ob-
tained in these studies, as might variations in the number of subjects analysed. With re-
spect to the C/T promoter polymorphism of CTLA-4, no significant association with
autoimmune hypothyroidism has been reported for several distinct populations.21-23

Postpartum Thyroiditis
Postpartum thyroiditis (PPT) is a well defined autoimmune disorder affecting 4-6%

of women during the year after delivery.24 The condition is due to an unexplained exacer-
bation of pre-existing subclinical thyroid autoimmunity during the postpartum period.
The disease is characterised by transient thyroid dysfunction comprising thyrotoxicosis
and/or hypothyroidism although, in around 25% of women, permanent hypothyroidism
can follow for several years after the apparent resolution of PPT.25 The immunological
features of PPT are similar to other forms of autoimmune thyroid disease including the
presence of thyroid peroxidase autoantibodies,26 abnormalities in the circulating T cell
population27 and a goiter with lymphocytic infiltration.27 There are differences in preva-
lence of PPT in certain ethnic groups,28 suggesting that the development of the disorder may
be influenced by genetic and/or environmental factors. So far, however, only weak and
inconsistent associations with various HLA specificities have been reported.29

A recent case-control study of the CTLA-4 microsatellite (AT)n repeat polymorphism
in 122 postpartum women found no significant association of the 106 base pair allele and
the incidence of PPT (Table 4).30 This may reflect the heterogeneous nature of the disease
itself and the numerous genetic susceptibility factors that probably contribute to the wide

Table 2. Frequency of the CTLA-4 G allele of the A/G polymorphism in TAO
patients and controls1,2

Genotype TAO Controls Graves’ Odds P Value4 Odds P Value5

Disease3 Ratio4 Ratio5

 (n = 94) (n = 90) (n = 94)

G allele 73 (78%) 45 (50%) 56 (60%) 3.48 0.00011 2.36 0.012

1n, number of individuals.
2Data from Vaidya et al [11].
3Graves’ disease patients without ophthalmopathy.
4Results calculated from comparison with controls.
5Results calculated from comparison with Graves’ disease patient group without ophthalmopathy.
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clinical spectrum of PPT, making the effect of an individual locus difficult to ascertain.
However, it is of interest to note that the group of women developing permanent hy-
pothyroidism had the highest frequency of the 106 base pair (AT)n repeat allele, suggest-
ing that these most resemble typical autoimmune hypothyroidism.

Vitiligo
In contrast to autoimmune thyroid disorders, there is a dearth of information con-

cerning CTLA-4 polymorphisms in relation to vitiligo. Only two studies have been un-
dertaken which have examined the association of vitiligo with the microsatellite (AT)n

repeat alleles and the A/G polymorphism at position 49 of exon 1.
Vitiligo is an acquired idiopathic hypomelanotic disorder characterised by circum-

scribed depigmented macules resulting from the loss of cutaneous melanocytes. The cause
of the disorder remains obscure, but an autoimmune aetiology has been suggested. The
frequent association of vitiligo with autoimmune diseases31,32 and studies demonstrating
that most vitiligo patients have antibodies against melanocytes33,34 support this hypoth-
esis. Although the exact role played by these antibodies in the pathogenesis of vitiligo has
not been determined, there is a correlation between their presence and level and the ex-
tent35 and activity of the disease.36 In addition, the sera from vitiligo patients can induce
damage to human melanocytes in vitro by antibody-dependent cellular cytotoxicity,37 and
in vivo following passive immunisation of nude mice grafted with human skin.38

Autoantibodies detected in vitiligo patients are most commonly directed against pig-
ment cell antigens with molecular weights of 35 kDa, 40-45 kDa, 75 kDa, 90 kDa and
150 kDa which are located on the surface of the cell39,40 Although the proteins have not
been specifically identified, some appear to be common tissue antigens while others are
preferentially expressed on pigment cells.39 In addition, antibodies to the melanocyte-specific
proteins tyrosinase,41-43 tyrosinase-related protein-1,44 tyrosinase-related protein-245,46 and
Pmel1747 have been detected in the sera of patients with vitiligo.

Table 3. Case-control studies of CTLA-4 gene polymorphisms in autoimmune
hypothyroidism

CTLA-4 Polymorphism Population Result1 Reference

Microsatellite (AT)n repeat UK P = 0.02 for the 106 13
polymorphism in the 3’UTR base pair allele
of exon 4

Japanese P < 0.10 (but not 20
significant) for the 102
and 106 base pair alleles

Polymorphism A/G at German/ P = 0.02 for the G allele 18
position 49 of exon 1 Canadian

Japanese P = 0.029 for the G allele 19

Korean P = 0.37 for the G allele 21

1P value calculated from comparison of patients with control subjects. P < 0.05 are considered
significant.
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Evidence for the involvement of cellular immunity in the etiopathogenesis of vitiligo
is provided by the presence of activated CD4+ and CD8+ cells at the margins of vitiligo
lesions.48 In addition, perilesional melanocytes consistently express MHC class II antigens
and ICAM-1 which have a role in the activation of helper T lymphocytes.49 Specific cellu-
lar immune responses to melanocyte antigens have recently been demonstrated: the pres-
ence of circulating melan-A-specific and tyrosinase-specific cytotoxic T lymphocytes has
been shown in a significant number of vitiligo patients when compared to control sub-
jects.50 The T cells expressed high levels of the skin-homing receptor cutaneous
lymphocyte-associated antigen and their frequency correlated with the extent of depig-
mentation.50 These findings are consistent with a role for skin-homing melanocyte-specific
T lymphocytes in the pathogenesis of vitiligo, and the study was the first to identify spe-
cific T cell reactivities to melanocytes in this depigmenting disease.

With regard to genetic factors that may predispose to the development of vitiligo,
there is a family history in over 20% of patients.51 However, although the pattern of rela-
tionship between relative risk and degree of kinship indicates the involvement of genetic
factors, this is not consistent with a simple mendelian mode of inheritance and it is there-
fore likely that the disorder is due to the action of genes at multiple loci.51 Several studies
have reported associations of vitiligo with certain HLA specificities, but there is no consis-
tent association with any of the MHC class I or class II alleles.52

The results of a recent case-control study revealed no association between the 106
base pair allele of the CTLA-4 microsatellite (AT)n repeat polymorphism and vitiligo in
patients without an autoimmune disorder (Table 5).53 In contrast, the frequency of the
106 base pair allele was significantly increased in the group of vitiligo patients with an
autoimmune disease (Table 5). The fact that 81% of patients in this subgroup had other
disorders previously associated with the 106 base pair allele (e.g., Graves’ disease, autoimmune
hypothyroidism and autoimmune Addison’s disease), probably accounts for the apparent
association of vitiligo and this particular CTLA-4 polymorphic allele. However, the rela-
tive risk of 3.9, conferred by the 106 base pair allele in this patient group, was greater than
that found for patients with only Graves’ disease,13 autoimmune hypothyroidism13 and
autoimmune Addison’s disease54 with relative risk values of 2.1, 2.2 and 2.2, respectively. This
suggests that autoimmune endocrinopathy patients with the 106 base pair allele may have

Table 4. Frequency of the CTLA-4 106 base pair (AT)n microsatellite allele in
postpartum women and in controls1

Group Number Allele P Value2 Odds Ratio2

of Patients Frequency

Postpartum women 122 57 (23.4%) 0.30 1.25
PPT+3 64 33(25.8%) 0.16 1.43
PPT-4 58 23 (19.8%) 1.00 1.02
Permanent hypothyroidism5 24 7 (29.1%) 0.13 1.70
Controls 161 63 (19.6%)

1Data from Waterman et al [30].
2Compared to controls.
3PPT+, women with postpartum thyroid dysfunction.
4PPT-, women without postpartum thyroid dysfunction.
5Women who develop permanent hypothyroidism.
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a greater susceptibility to the development of vitiligo. Examination of the clinical subclass
of vitiligo (e.g., symmetrical, segmental) revealed no association of vitiligo type and the
106 base pair allele.53 In addition, no association was found between the age of onset of
the disease and the 106 base pair genotype.53 The results reported in this initial study have
been confirmed with respect to the microsatellite marker using a larger cohort of vitiligo
patients, but an association between the A/G polymorphism and vitiligo was not evident.55

Conclusion
There now seems little doubt that polymorphisms of the CTLA-4 gene are associated

with both Graves’ disease and autoimmune hypothyroidism, and are second only to HLA
polymorphisms in the strength of their assocations. The evidence is less clear for vitiligo
which frequently occurs in patients with autoimmune thyroid disease and other endo-
crinopathies. More work is required in this area, but it seems likely that vitiligo with a
strong autoimmune component etiologically does have a positive association with CTLA-4
polymorphisms. As these polymorphisms have also been associated with type 1 diabetes
mellitus and Addison’s disease, there seems to be a similar relationship to polyendocrine
autoimmunity as exists with the HLA-DR3 specificity which is found in association with
a broad range of conditions.

What is less clear at present is the reason for the association; the essential question is
whether the polymorphisms in the CTLA-4 gene confer a property on the expressed pro-
tein which predispose to autoimmunity, or whether the associations reflect nothing more
than linkage disequilibrium with CD28 or with a close and unidentified gene. The last
possibility is counter-intuitive, and a direct relationship with CTLA-4 itself is the more
likely explanation by recent in vitro studies: peripheral blood T cells from individuals with the
position 49 G/G alleles showed reduced augmentation of their proliferative response to
allogenic B cells in the presence of blocking antibodies to CTLA-4, compared with those
from A/A individuals [56]. Thus, the CTLA-4 encoded by G/G alleles appears to cause

Table 5. CTLA-4 106 base pair (AT)n repeat allele frequency in vitiligo patients1,2

Controls Vitiligo3 Vitiligo4 Vitiligo5

(n = 173) (n = 74) (n = 53) (n = 21)

Number of alleles investigated 346 148 106 42

Number of 106 base pair alleles 47 33 17 16

Frequency of the 13.6% 22.3% 16.0% 38.1%
  106 base pair allele

P value6 - 0.017 0.633 0.0001

Odds ratio6 1.83 1.22 3.92

1n, number of individuals.
2Data from Kemp et al [53].
3All patients with vitiligo.
4Patients with vitiligo and no other autoimmune disease.
5Patients with vitiligo and at least one other autoimmune disease.
6Compared with control group.
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less suppression of T cells, and, in vivo, this may lead to the expansion of autoreactive T
cells. In this way, an appropriate CTLA-4 polymorphism would act as a non-specific en-
hancer of the autoimmune response.
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CTLA-4 in Myasthenia Gravis
Ann Kari Lefvert

Introduction

Myasthenia gravis (MG) is commonly regarded as the prototype for an organ
specific antibody-mediated autoimmune disease. The disease is characterized
by an immune response against the nicotinic acetylcholine receptor on the neu-

romuscular junction. The symptoms, weakness and increased fatigability, are considered
to be caused by direct blockade and a reduction in the number of functional receptors at
the neuromuscular junction by the autoantibodies.1

The poor correlation between the autoantibody concentration and the disease severity
challenges the concept of a simple cause and effect relationship between these antibodies
and the disease. Moreover, acetylcholine receptor antibodies are found in several condi-
tions not accompanied by neuromuscular symptoms, including some thymomas,2 healthy
first-degree relatives3 and in the healthy twin in a monozygotic pair of twins discordant for
MG,4 in monoclonal gammopathies5 and in primary biliary cirrhosis.6

Recent reports suggest that proinflammatory cytokines, such as IL-1 and tumor ne-
crosis factor TNF, may play a more direct role in the development of the disease and its
symptoms. Transgenic mice that express IFN-γ at the neuromuscular junction, develop a
myasthenia-like disease.7 Patients with MG, especially those with no HLA-B8 association,
have a rather strong genetic association to high-secretory genotype A2 of IL-1β,8 and to
the high-secretory genotype A2 of TNF-α.9 Animal experiments have supported the im-
portant role of IL-1β. Mice deficient of IL-1β have a much-reduced incidence and
disease-severity of experimental myasthenia gravis induced by acetylcholine receptor. In
these mice, both T- and B- cell responses to the receptor are reduced.10

Further evidence supporting the importance of a proinflammatory mechanism in
MG is the inflammatory reaction at the endplate and mononuclear cell infiltration in the
skeletal muscles in some patients, especially those with thymic tumors.11 Treatment of
patients with anti-CD4+ antibodies resulted in long-lasting remission and abolished T cell
reactivity to the autoantigen, without any decrease of concentration of the autoantibodies.12

In all, these results suggest that mechanisms facilitating a pro-inflammatory reaction
might be of importance in MG. CTLA-4 is an essential component of the immune system
and serves as a negative regulator for T cell activation. Animals deficient for CTLA-4 show
a massive T-cell lymphoproliferative disorder with increased numbers of activated T-cells
and elevated basal levels of serum immunoglobulins, resulting in autoimmune-like tissue
destruction.13,14 Defect expression/function of CTLA-4 should thus result in abnormal
T-cell activation and an exaggerated inflammatory/immune response.
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We have analyzed the distribution of Ctla-4 polymorphisms in Swedish MG patients
compared to healthy individuals, the relation of these polymorphisms to thymic histo-
pathology and to other genetic markers and the functional consequences of certain genotypes.

Distribution of Ctla-4 (AT)n Polymorphism in Patients
with MG

The gene for CTLA-4 (CTLA4) is located on the human chromosome 2q33 and is
closely linked to the CD28 gene. The CTLA4 includes an (AT)n microsatellite within the
3´- untranslated region of exon 3.

In the Swedish Caucasian population, we observed totally 16 alleles, with sizes rang-
ing from 86 to 128 bp.15 There was no difference in the allelic distribution between healthy
controls and MG patients as a whole. The most common genotype in patients was 86/86
bp, present in 56.1 %, followed by 104/104 bp, present in 14.6%. The frequencies of
these genotypes in healthy individuals were the same, 52% and 18%, respectively. Some of
the rare genotypes were presented in either inpatients or in healthy controls. These differ-
ences were significant (p < 0.0001).15

Thus, the shortest and the most common CTLA4 allele in the Swedish Caucasian
population was 86 bp. This is in accordance with the results from previous studies in
which the most common allele is also the shortest allele.16

Ctla-4 (AT)n Is Associated with Thymoma
Table 1 presents the allelic frequencies in patients with normal thymic histology, thy-

moma and thymic hyperplasia. The frequency of the shortest allele, 86 bp, in patients with
thymoma was decreased compared to patients with hyperplasia and normal thymic histol-
ogy. The prevalence of allele 104 in patients with thymoma had a tendency to be increased
(p = 0.088) as compared to patients with hyperplasia. There was no difference between
unthymectomized patients and healthy individuals.

A few reports have described associations of MHC genes in patients with thymoma
to be different from that in patients with hyperplasia or normal thymic histology.17,18

Patients with thymomas constitute a distinct clinical entity in which the disease usually is
severe, starts in middle age and is as common in men as in women. These patients fre-
quently have autoantibodies against muscle proteins and mononuclear cell infiltrations in
the skeletal muscles.19 In this regard, it is of special interest to note that mice deficient for
the CTLA4 have a massive lymphocyte infiltration in skeletal muscles.

CD28 and CTLA-4 and their ligands are expressed in the thymus and may have a
role in the induction of T-cell tolerance.20,21 Mice deficient for CTLA4 exhibit abnormal
composition of thymocytes, consisting of higher percentages of single positive cells (CD4+

CD8- or CD4- CD8+) and lower percentages of double positive cells (CD4+ CD8+).14,22

Insufficient expression of CTLA-4 in thymus due to genetic variation in the CTLA4 re-
gion may decrease the avidity in the interactions between immature thymocytes and
antigen-presenting cells, resulting in maturation of self-reactive T cells.23 Higher percentages
of longer alleles of CTLA4 in persons who develop MG and thymoma could affect thymic
selection, thus triggering an autoimmune response. Recent studies indeed suggest that
abnormal thymic selection exists in the thymus from MG patients.24,25 This association
between CTLA4 and MG with thymoma further confirms the hypothesis that the patho-
genesis of MG in patients with thymoma appears to be different from that in other sub-
groups.
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Different Distribution of Ctla-4 (AT)n in MG Patients
Stratified by Genetic Markers on Chromosomes 2 and 6

To uncover the possible contribution of CTLA4 in different subgroups of MG pa-
tients, the patients were divided into subgroups according to TNF-α -308 NcoI RFLP A2
and IL-1β TaqI A2. Table 2 shows the frequencies of the CTLA4 alleles in patients strati-
fied by those two genetic markers. The percentage of allele 104 was increased in patients
with the IL-1β A2+ phenotype compared to the patients negative for this allele. The preva-
lence of allele 86 showed a tendency to be decreased in patients with the IL-1β A2+ pa-
tients (p = 0.0822). The percentage of allele 104 was somewhat lower in patients positive
for TNFα -308 A2, while higher in patients negative for TNFα -308 A2, in which the
majority of patients are positive for IL-1β TaqI A2.

We have earlier shown that IL-1β TaqI RFLP A2 is associated with myasthenia gravis,8

especially in patients negative for HLA-B8. IL-1β TaqI RFLP A2 is in strong linkage with
IL-1β NcoI RFLP A2, which is associated with patients with normal thymus and without
serum acetylcholine receptor antibodies. The percentage of CTLA4 allele 104 is higher in
patients positive for IL-1β TaqI RFLP A2, an IL-1β “high-secretor” phenotype. The dis-
tance between IL-1β TaqI RFLP, 2q13, and CTLA4, 2q33 is more than 10 cM,26 and the
association of CTLA4 should not be due to variation at the IL-1β/IL-1α locus. Thus,
variations in CTLA4 may confer susceptibility to the disease without the contribution
from IL-1 genes. Alternatively, CTLA4 and IL-1 genes may act synergistically. The
pathogenic mechanism of the disease associated with IL-1 gene, but not MHC gene

Table 1. CTLA-4 (AT)n in healthy individuals and in myasthenia gravis patients with
different thymic histopathology. The numbers are given as percentages.

MG Healthy Thymic Histopathology
Allele Thymoma Hyperplasia Normal No tx

86 61.5 58.5 42.5* 69 73.1 58.5
90 0.8 NP NP NP NP 2.1
94 0.4 0.5 NP 1.0 NP NP
102 2.7 1.0 5.0 1.0 NP 4.3
104 25.0 26.5 37.5 22.0 26.9 22.3
106 1.5 2.5 2.5 NP NP 3.2
108 1.9 1.5 2.5 2.0 NP 2.1
110 1.9 1.5 5.0 1.0 NP 2.1
112 1.1 2.0 NP NP NP 2.1
116 0.4 2.5 2.5 NP NP NP
118 0.8 0.5 2.5 1.0 NP NP
120 0.4 0.5 NP 1.0 NP NP
122 0.4 NP NP 1.0 NP NP
124 NP 0.5 NP NP NP NP
126 0.4 1.5 NP 1.0 NP NP
128 0.8 0.5 NP NP NP 2.1

*p < 0.05, OR = 0.272, 95% confidence intervall=0.093-0.794, as compared to patients with
normal thymic histopathology
*p < 0.01, OR = 0.332, 95% confidence intervall=0.156-0.708, as compared to patients with
thymic hyperplasia.
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(e.g., TNF-α -308 A2) associated mechanism, can be potentiated by the presence of CTLA4
disease associated alleles. In this regard, it is of interest to note that mice expressing either
TNFα or CD80 in the pancreatic Β cells do not develop diabetes, but littermates
coexpressing TNFα and CD80 do develop a severe disease.27 The fact that CTLA4 -/-
mice have lymphocyte infiltration in the skeletal muscle22 provides further evidence that
patients who have longer CTLA4 genes may have an additional pathogenic mechanism in
addition to antibody mediated immune response against the acetylcholine receptor, such
as destruction of neuromuscular junction directly by macrophages, T lymphocytes and/or
their products (e.g., IL-1). Alternatively, variations in CTLA4 microsatellite can serve as
markers for other sinful mutation(s) in the coding or regulatory regions of CTLA4, CD28
gene, or unknown genes in linkage disequilibrium with CTLA4.

Ctla-4 (AT)n Is Associated to ADCC
A possible additional mechanism for pathogenic action of the acetylcholine receptor

antibodies might be antibody-dependent cell-mediated cytotoxicity (ADCC). Using a cell
line expressing nicotinic acetylcholine receptor as target cells, we could demonstrate in-
creased ADCC mediated by sera from MG patients compared to sera from healthy indi-
viduals (p<0.0001).28 Sera with autoantibodies induced a higher cytotoxicity than sera
from patients without. Sera from MG patients with thymomas induced a higher cytotoxic
effect than sera from other patients. Sera from thymoma patients who had extended di-
nucleotide repeats, (AT)n repeats, in the CTLA-4 gene mediated especially high cytotox-
icity (p<0.05). Sera from thymoma patients with both (AT)n in the CTLA-4 gene longer

Table 2. CTLA-4 polymorphisms in myasthenia gravis patients stratified by genetic
markers of IL-1βββββ TacI and TNF-ααααα Ncol RFLP A2. Numbers are expressed as
percentages.

 IL-1βββββ RFLP    TNF-ααααα RFLP
Allele A2+ A2- A2+ A2-

86 59.8 72.4 74.5 56.0
90 NP NP NP NP
94 1.0 NP NP 1.0
102 NP 3.0 1.0 2.0
104 30.4* 14.3 17.3 28.0
106 2.9 NP 2.2 1.0
108 1.0 3.1 1.0 3.0
110 2.0 2.0 1.0 3.0
112 1.0 NP 1.0 NP
116 NP 1.0 NP 1.0
118 NP 2.0 1.0 1.0
120 NP 1.0 NP 1.0
122 NP 1.0 NP 1.0
126 NP 1.0 1.0 NP
128 2.0 NP NP 2.0

RFLP denotes restriction fragment length polymorphism.
*: p<0.05, OR = 2.619, 95% confidence intervall = 1.293-5.307, as compared to MG patients not
having IL-1β TacI RFLP allel A2.
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than 86 bp had significantly higher cytotoxic effects when compared with patients ho-
mozygous for 86/86 or heterozygous for 86 and an allele >86 (p<0.02). Antibody-dependent
cell-mediated cytotoxicity mediated by acetylcholine receptor antibodies may thus be an-
other possible pathogenic mechanism that could operate in MG patients, especially in
patients with thymomas.

Hence, our results suggested that ADCC via acetylcholine receptor antibodies might
be another possible way of causing a loss of the receptor at the endplate, especially in
patients with thymomas. Of interest is our result that sera from patients with longer (AT)n
repeats in the CTLA-4 gene had a significantly higher cytotoxicity when compared with
thymoma patients with shorter (AT)n repeats. Thymoma patients generally have higher
levels of acetylcholine receptor autoantibodies.29 They have a high prevalence of infiltration of
mononuclear cells in skeletal muscles and often other autoantibodies against skeletal muscle
components.19,30 Patients with longer (AT)n repeats in the gene have an increased T cell
activation by the CD28 pathway compared to patients having CTLA-4 allele with a length
of 86 bp, and may thus display a more active cell mediated immunity, including ADCC.31

The Th1 type cytokines TNF-α and IL-1 are cytotoxic and may be involved directly in the
lytic machinery,32 IL-8 can trigger superoxide anion release33 and IFN-γ, IL-4, IL-10 and
IL-13 modulate the expression of Fc receptors.34 These mechanisms might be of impor-
tance for the increase in ADCC in patients having long (AT)n repeats in the CTLA-4 gene
and thus an increased T cell activation and secretion of cytokines.

Functional Correlates to the Ctla-4 (AT)n
In order to determine the functional consequences of different (AT)n genotypes, we

performed a study of T-cell activation in patients with myasthenia gravis not treated with
immunosuppressive drugs.31Three parameters of T-cell activation are presented in Table
3. One parameter of T-cell activation is the concentration of IL-2 sRα in serum. This
increased in parallel to the length of (AT)n in CTLA4 . Patients with CTLA4 >86/>86
had higher levels of IL-2 sRα than patients with CTLA4 86/86, while patients with CTLA4
86/>86 had an intermediate level of serum IL-2 sRα. Another parameter for T cell activa-
tion is the activity of telomerase. Patients with (AT)n >86/>86 bp had higher levels of
telomerase activity in their PBMC than patients with CTLA4 86/86 bp. Stimulation by
the acetylcholine receptor in vitro slightly increased the activity of telomerase expressed by
PBMC When the CTLA-4 activity in PBMC was blocked using anti-CTLA-4 antibodies,
the autoantigen-induced stimulation was significantly augmented. There was no differ-
ence in the spontaneous lymphocyte proliferation among patients with different CTLA4
genotypes. However, addition of anti-CD28 antibodies to anti-CD3-containing cultures
resulted in significantly higher proliferation than in cultures with anti-CD3 alone. Of
particular interest was that cells from patients with CTLA4 >86/>86 had a significantly
higher increase of T cell proliferation with the addition of anti-CD28 to the anti-CD3
culture system than cells from patients with CTLA4 86/86. Cells from patients with CTLA4
86/>86 showed an intermediate increase (Table 3).

Conclusions
In myasthenia gravis, there is a genetic correlation to polymorphisms of the

proinflammatory cytokines IL-1β and TNF-α, as well as a correlation of certain geno-
types of IL-10.35 There is, however, no relation to polymorphisms of the genes for IL-4
and IL-6.36,37 This suggests that proinflammatory mechanisms might be of importance



CTLA-4 in Autoimmune Disease60

for MG. This is further suggested by results from animal experiments.10 The function of
CTLA-4 is to oppose CD28, and thus to prevent an over-activation of T cells. The longer
(AT)n in the gene is clearly related to increased T cell activation in MG.31 Generally, AT
rich regions in the 3´untranslated regions have influence on mRNA stability, especially in
cytokine genes.38 When a nucleotide AT sequence is inserted into the 3´-untranslated
region of rabbit β-globin gene, stable wild-type mRNA becomes highly unstable. No stable
transcript with long AU sequence expressed from coding or noncoding regions of genes
has been found. The lethal phenotype of animal homozygous for null mutation in CTLA4
strongly supports a critical role for CTLA-4 in down regulating T cell activation and
maintaining immunological homeostasis.

It is reasonable to speculate that mRNA from the shorter alleles of CTLA4 might be
more stable than that from longer alleles.16 This has also now recently been shown in our
laboratory.39 The shorter alleles could thus be regarded as disease-protective, the longer
alleles as disease-associated alleles. Thus, decreased percentage of disease-protective and
increased prevalence of disease-associated alleles in patients with thymomas might lead to
an unstability of CTLA4 mRNA, a defect of CTLA4 expression and thus an imbalance
between the positive (CD28) and the negative (CTLA-4) co-stimulation. The insuffi-
ciently opposed CD28 signal pathway triggers T- and B- cell activation and autoantibody
secretion in vivo, resulting in propagation of the disease.
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CTLA-4 in Multiple Sclerosis
Rebecca J. Greenwald, Yvette Latchman and Arlene H. Sharpe

Introduction

The B7:CD28/CTLA-4 pathway has a pivotal role in regulating T cell immune
responses and manipulation of this key immunoregulatory pathway may lead to
the development of therapeutic interventions to control autoimmunity. This path-

way is complex because the B7-1 and CD86 costimulatory molecules have dual specifici-
ties for CD28 and CTLA-4. B7-1 and CD86, provide the major costimulatory signal for
augmenting and sustaining T cell immune responses via interaction with CD28.1 In con-
trast, engagement of B7 on antigen presenting cells (APCs) by CTLA-4 on T cells delivers
signals that inhibit T cell responses.2,3 Thus, ligation of CTLA-4 has the opposite effect on
T cells as ligation of CD28, although both receptors bind the same B7 molecules on
APCs. The important immunoregulatory roles of the B7:CD28/CTLA-4 pathway
prompted studies investigating how this pathway influences the initiation and progression
of autoimmune diseases. As key regulators of T cell activation, B7:CD28 and B7:CTLA-4
interactions play important roles during the pathogenesis of autoimmune diseases.

This chapter summarizes recent advances in our understanding of the role of the
CD80/CD86:CD28/CTLA-4 pathway in the pathogenesis of autoimmune disease with
emphasis on the role of CTLA-4 in regulating experimental autoimmune encephalomy-
elitis (EAE). EAE is a chronic inflammatory demyelinating disease of the central nervous
system (CNS) and has been used as an animal model for human multiple sclerosis (MS).
Disease susceptibility to EAE, diabetes, lupus, and autoimmune ovarian dysgenesis has
been linked to the CD28/CTLA-4 locus.4-8 Genetic studies indicate that these pathways
may contribute to the pathogenesis of human autoimmune diseases. We will focus on
studies in EAE models which provide insights into how CTLA-4 may regulate the patho-
genesis of EAE and have relevance to understanding the role of CTLA-4 in MS. The field
is complicated by the multiple models of EAE in which different genetic strains of mice
are immunized with various myelin antigens. However, we will emphasize common themes
that have emerged from these studies.

Receptors and Ligands in the B7:CD28/CTLA-4
Costimulatory Pathway

B7-1 and CD86 are expressed on the surface of B cells, dendritic cells, macrophages,
and T cells.9 Studies have shown distinct patterns of expression for B7-1 and CD86: CD86
is constitutively expressed at low levels on dendritic cells, macrophages, and B cells, and is
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rapidly upregulated in response to numerous activation stimuli, including cytokines, acti-
vation signals and infection.1 B7-1 is upregulated later than CD86, suggesting that CD86
may be more important for initiating an immune response, whereas B7-1 may function to
amplify and/or regulate an immune response. Both B7-1 and CD86 bind to CTLA-4
with at least a 10-fold higher affinity than they bind to CD28.10 Their dissociation kinet-
ics are also different. B7-1 has a slower “off ” rate than CD86 which may account for the
distinct functional roles of these molecules in different types of immune responses.11

Whether B7-1 and CD86 have identical, overlapping, or distinct functions in vivo is an
active area of research.

CD28 and CTLA-4 share a hexamer motif (MYPPPY) which contains the critical
residues for binding to B7-1 and CD86.11 They are closely linked on mouse chromosome
1. The expression patterns of CD28 and CTLA-4 on T cells are distinct. Whereas CD28
is expressed constitutively on T cells, CTLA-4 is upregulated upon activation with peak
expression 24 to 48 hours after activation.12

B7:CD28/CTLA-4 Pathway and the Induction of EAE
The importance of the B7:CD28/CTLA-4 pathway in the induction of autoimmunity,

and EAE, in particular was highlighted by studies with CTLA-4Ig, a fusion protein that
blocks B7-1 and CD86 interactions with CD28 and CTLA-4.13,14 When CTLA-4Ig is
given at the time of immunization, the development of EAE can be prevented or amelio-
rated.15-17 Likewise, treatment of myelin basic protein (MBP)-reactive lymph node cells
with CTLA-4Ig in vitro prior to adoptive transfer in vivo reduced the severity of EAE in
the recipients.17 These findings demonstrated a key role for the B7:CD28/CTLA-4
costimulatory pathway in the generation of encephalitogenic T cells. However, no inhibitory
effect on disease was observed after activated MBP-specific T cells were transferred into
naive recipients and CTLA-4Ig was given to the recipients. Thus, these results suggested
that B7-mediated costimulation is required for the induction, but not for the mainte-
nance of T cell effector responses. Interestingly, administration of CTLA-4Ig prior to
immunization resulted in the exacerbation of EAE.16 The varied disease outcomes following
CTLA-4Ig administration may depend on whether B7:CD28 or B7:CTLA-4 interactions
were predominately blocked. Further insight into the role of the B7:CD28/CTLA-4 path-
way has come from studies using antibodies and gene knockout mice.

B7:CD28 interactions in EAE have been addressed in several models of EAE using
anti-B7 monoclonal antibodies (mAbs) and B7 gene deficient (-/-) mice. Similar to treat-
ment with CTLA-4Ig, studies using anti-B7-1 and/or anti-CD86 mAbs have resulted in
varying disease outcomes depending on the model system. However, these findings have
indicated a distinct role for B7-1 and CD86 during the course of disease development in
EAE. For instance, treatment with anti-B7-1 mAbs prevented EAE, while anti-CD86
mAbs either increased or had no effect on the severity of disease.16,18,19 One possible
explanation for these distinct effects on EAE induction is that B7-1 and CD86 exert
distinct effects on Th1 versus Th2 differentiation.18 Given the differences the kinetics of
CD80 and CD86 ligand expression, CD86:CD28 interactions may predominate at the
induction of the autoimmune response, whereas B7-1:CTLA-4 interactions may be more
pronounced during the effector phase. In addition, potential differences in the intensity of
signal via these receptors may also influence Th1 versus Th2 differentiation. Interestingly,
CD80 is expressed highly in the CNS which may offer an explanation for its effectiveness
in ameliorating EAE.19, 20
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Although studies using CTLA-4Ig and anti-B7 mAbs have elucidated distinct roles
for CD80 and CD86 during the course of EAE, potential pitfalls of using these reagents
include: 1) Fc-receptor crosslinking, 2) anti-B7 mAbs may induce stimulatory signals
through B7 expressed on T cells versus interactions of B7 on APCs with CD28 and CTLA-4
on T cells, 3) differences in affinity of CTLA-4Ig and anti-B7-1 or anti-CD86 for their
respective targets, 4) differences in half-life and penetration of the fusion protein and
antibody in vivo, and 5) antibody responses to the reagents.

In an attempt to clarify the antibody and CTLA-4Ig studies, mice deficient in CD80
and/or CD86 were generated. Distinct roles for B7-1 and CD86 were not observed in
B7-deficient C57Bl/6 mice following immunization with myelin oligodendrocyte protein
(MOG).21 In fact, MOG-immunized B7-1-/- or CD86-/- C57Bl/6 mice developed EAE
comparably to wild-type controls. On the SJL background, however, anti-B7-1 mAbs
ameliorated disease, while anti-CD86 mAbs had no effect or increased disease severity.16,18,19

The inconsistent disease phenotypes between anti-B7 mAbs and the B7 gene deficient
mice may be due to variations in genetic background or distinct requirements for B7-1 or
CD86 in different models of EAE. Although the gene-deficient studies support overlap-
ping roles for B7-1 and CD86 in EAE, these studies have demonstrated that B7-1 and
CD86-mediated costimulation are critical in the induction phase of EAE.

Similar to B7-1/CD86-/- mice, CD28-/- C57BL/6 mice are resistant to EAE induc-
tion by MOG 35-55 immunization and inflammatory infiltrates in the CNS are limited
to the meninges.21,22 Likewise, the development of spontaneous EAE in RAG2-/- TCR
transgenic mice specific for MBP Ac1-11 was prevented in CD28-/- RAG2-/- MBP TCR
transgenic mice.23 Taken together, these studies demonstrate a critical role for B7:CD28
interactions in the induction of EAE.

B7:CD28 Costimulation in the Effector Phase
of Autoimmune Disease

While important for the induction, expansion, and differentiation of naïve T cells,
the role of B7:CD28 interactions in the activation of effector T cells and sustaining in-
flammatory immune responses in the target organ has been appreciated only recently. This
is a critical issue for clinical autoimmune disease with important therapeutic implications,
since at the time of clinical presentation, autoreactive T cells are already generated and
expanded.

A key role for B7 costimulation in the effector phase was demonstrated by adoptive
transfer experiments using B7-1/CD86-/- mice.21 When wild-type MOG-specific T cells
were transferred into B7-1/CD86-/- recipients, transient disease developed with markedly
reduced severity, and the mice recovered from disease. In these animals, inflammatory
Th1 cytokine production was elevated, however the number of inflammatory lesions in
the CNS was markedly reduced and restricted to the meninges. These findings suggest
that B7-mediated costimulation is critical for either entry into the CNS parenchyma or to
sustain T cell responses in the CNS parenchyma. Studies with blocking anti-CD28 mAbs
and CTLA-4Ig confirm a role for B7:CD28 interactions in sustaining inflammation
during the effector phase of EAE.

The Role of B7:CTLA-4 Interactions in EAE
The fatal lymphoproliferative disease that develops in CTLA-4-deficient mice pro-

vided direct evidence for a critical role for CTLA-4 in down-regulating T cell activation.2
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This phenotype also suggested that B7:CTLA-4 interactions may be required for inducing
and/or maintaining peripheral T cell tolerance and preventing autoimmunity. In several ani-
mal models, treatment with anti-CTLA-4 mAbs exacerbates EAE induced by adoptive
transfer of primed cells or active immunization with myelin antigens.24,25 The increase in
disease severity following CTLA-4 blockade suggests that CTLA-4 functions under nor-
mal conditions to control autoimmune responses. When anti-CTLA-4 mAbs are given at
the onset of clinical EAE, increased mortality is observed.26 Similarly, in a model of relaps-
ing-remitting EAE, when anti-CTLA-4 mAbs are given during remission, the severity of
the relapse is markedly increased.24 CTLA-4 also regulates epitope spreading, a process
that occurs when immune responses to autoantigens become more diverse as the response
progresses.27 Not only does CTLA-4 blockade augment responses to the specific encepha-
litogenic epitope, but also to other related epitopes. Thus, CTLA-4 appears to have a key
role in the down-regulation of the autoimmune response and the regulation of EAE.

Recent studies have demonstrated a role for CTLA-4 in the induction of peripheral T
cell tolerance using naive TCR transgenic T cells lacking CTLA-4.28 Following encounter
with a tolerogenic stimulus in vivo and restimulation in vitro, wild-type TCR trangenic T
cells exhibit defects in proliferation, cytokine production, and cell cycle progression. In
marked contrast, CTLA-4-deficient TCR transgenic T cells proliferate, secrete IL-2, and
progress through the cell cycle following administration of a tolerogenic stimulus. Inter-
estingly, this tolerance induction is not associated with a defect in activation-induced cell
death, but related to the role for CTLA-4 in regulating cell cycle progression. Further
studies are required to investigate the role of CTLA-4 in maintaining tolerance in EAE.

The role for CTLA-4 in activation and tolerance has lead to important insights into
how CTLA-4 may regulate T cell responses to self-antigens. CTLA-4 may raise the thresh-
old for activation and reduce the potential for activation by weak signals, including to self-
antigens. As T cells become activated, CTLA-4 limits the immune response, thereby main-
taining immunologic homeostasis. Thus, CTLA-4 is likely to prevent stimulation of T
cells by weakly reactive self-antigens.

Some studies have suggested that CTLA-4 may alter T cell function by regulating the
production of soluble immunoregulatory cytokines such as transforming growth factor β
(TGF-β).29 Both TGF-β and CTLA-4 down-regulate immune responses, and the pheno-
type of the TGFβ-/- and CTLA-4-/- mouse strains are similar. Further support for a role for
CTLA-4 in controlling production of soluble regulatory cytokines comes from a recent
study which suggests that the defect in CTLA-4-/- mice was not cell autonomous.30 Re-
constitution of RAG2-/- mice with a mixture of wild-type and CTLA-4-/- bone marrow
did not result in disease, whereas RAG2-/- recipients of CTLA-4-/- bone marrow developed
lymphoproliferative infiltration into the heart and liver, but not the lymphoproliferative
disorder observed in the CTLA-4-/- animals. In these studies, however, a role for TGF-β
was not supported, but other soluble factors may be involved.

In contrast, other studies suggest that the defect exhibited in CTLA-4-/- T cells is cell
intrinsic. CTLA-4 may directly influence TCR-mediated signals. Studies of CTLA-4 sig-
naling have indicated that following T cell activation CTLA-4 may block tyrosine phos-
phorylation by directly interacting with the TCR complex  z chain.31 B7-1:CTLA-4 inter-
actions also have been linked with antagonism of TCR-mediated signals in a
CD28-independent system.32 In addition, B7:CTLA-4 interactions also may interfere
with CD28-mediated signals. Since CTLA-4 has a higher affinity for the B7 ligands, as
expression of CTLA-4 increases during the progression of the immune response, CTLA-4
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may outcompete CD28 for binding to the B7 ligands and/or shared downstream signaling
molecules. Indirect evidence for CTLA-4 directly antagonizing CD28 signaling is pro-
vided by the finding that both CD28 and CTLA-4 can associate with the
phosphatidylinositol 3-kinase33 and serine-threonine phosphatase PP2A.34 A competition
mechanism also is supported by the crystal structures of B735 and CTLA-4.36 CTLA-4
dimerization is necessary for the formation of high avidity complexes with its B7 ligands
and transmission of downregulatory signals. The dimerization properties of CTLA-4 are
unusual in that each CTLA-4 dimer can bind two independent B7 bivalent B7 molecules.
These structural properties suggest that there is a periodic arrangement of B7 ligands and
CTLA-4 within the immunological synapse, and this may promote the recruitment of
inhibitory signaling molecules through interaction with either the cytoplasmic or extracellular
domains in CTLA-4 and B7.

Recent reports have demonstrated constitutive expression of CTLA-4 on CD4+ CD25+

T regulatory cells and suggest that CTLA-4 may be critical for their function.37,38 The
function of CTLA-4 on T regulatory cells in still unclear. Similar to the role for CTLA-4
in T cell activation and differentiation, studies have indicated that CTLA-4 on T regulatory
cells may produce immunoregulatory cytokines such as IL-10, TGF-β, or other immuno-
suppressive cytokines. Understanding the molecular mechanisms of CTLA-4 function is
an active area of investigation and further studies are required to clarify the role of CTLA-4
in autoimmunity.

The outcome of an immune response involves a balance between CD28-mediated T
cell activation and CTLA-4-mediated inhibition. How signals through CD28 and CTLA-4
are coordinated is not clear and is an area of current investigation. CTLA-4 may inhibit T
cell responses by outcompeting CD28 for binding to B7, by antagonizing CD28-mediated
signaling and/or antagonizing TCR-mediated signaling directly. These mechanisms are
not mutually exclusive. As discussed above, there are data to support all three of these
mechanisms.

New Pathways within the B7:CD28 Superfamily and EAE
The emergence of two novel pathways within the B7:CD28/CTLA-4 superfamily

gives impetus to analyzing their role in EAE. The first pathway involves the interac-
tion of the CD28 homolog inducible co-stimulator (ICOS) and its ligand
(B7h,B7RP-1,GL50).39-42 ICOS is expressed on T cells after activation. ICOS appears to
be important for the augmentation and differentiation of Th2 cells.43,44 Mice deficient in
ICOS have impaired immunoglobulin class switching and germinal centre formation,
and T helper cell differentiation.45-47 Furthermore, ICOS-/- mice on the C57BL/6 x129F2

background immunized with MOG peptide exhibit enhanced susceptibility to EAE with
massive infiltration in the brain and spinal cord.47 Wild-type mice on the same back-
ground exhibited mild disease. Splenocytes from ICOS+/+ activated with MOG peptide
produced substantial levels of IL-13, while ICOS-/- mice produced no detectable IL-13.
This study suggests a role for ICOS in regulating the development/or progression of EAE.
The ICOS gene is closely linked to the CD28 and CTLA-4 genes. Therefore, genetic
studies linking the CD28/CTLA-4 locus to autoimmune diseases also may involve ICOS.
This is particularly intriguing in light of the immunoregulatory role of ICOS in EAE.
Further studies are needed to understand the role of ICOS during the induction and
effector phases of EAE.
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The second pathway involves the interaction of the programmed death-1 (PD-1)
molecule with its newly discovered ligands PD-L1 and PD-L2.48-51 PD-1 is a CD28 ho-
mologue which contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) in
its cytoplasmic tail. PD-1 is expressed on a subset of thymocytes and is upregulated on T
cells, B cells and myeloid cells after their activation.52,53 The mRNA for PD-1 ligands is
found in a variety of normal tissues and in activated antigen presenting cells.49,51 C57BL/
6 mice that lack PD-1 developed a lupus-like arthritis and glomerulonephritis and showed
increased levels of serum IgG3 in vivo and augmented B cell proliferative responses to
anti-IgM in vitro.54 Furthermore, PD-1-/- mice crossed with the H-2Ld-specific 2C-TCR
transgenic mice in the H-2b/d background developed a chronic graft–versus host-like dis-
ease. In contrast PD-1+/+ crossed on the same background with 2C-TCR showed no evi-
dence of disease.49 Balb/c PD-1-/- mice also have been shown to develop a fatal dilated
cardiomyopathy with massive thrombosis.55 The expression of PD-1 ligands in non-lym-
phoid tissues suggests suggests a previously unknown means by which self reactive T cells
that escape into the periphery may be prevented from causing tissue injury, and suggests
that the PD-L:PD-1 pathway may be critical for the induction and/or maintenance of
peripheral T cell tolerance to self antigens. Further studies will have to be undertaken to
evaluate the role of this inhibitory pathway in regulating EAE. In addition, studies of the
interaction of the B7:CTLA-4 and PD-L:PD-1 pathways may clarify whether these path-
ways have complementary roles in the induction and/or maintenance of tolerance.

Concluding Remarks
The B7:CD28/CTLA-4 pathway has critical roles in regulating T cell activation and

tolerance. Blocking B7 costimulation in vivo can prevent or delay the initiation and pro-
gression of autoimmune diseases. As a result, this pathway represents an important thera-
peutic target for controlling human autoimmune diseases. CD28 and CTLA-4 have op-
posing effects on T cell activation. CD28 lowers the threshold for effective TCR activation,
and may enhance lower avidity interactions during autoreactive T cell responses. In con-
trast, CTLA-4 downregulates T cell activation, and may prevent T cell activation by low
strength TCR signals and protect against autoimmune responses. Especially encouraging for
therapeutic intervention involving the B7:CD28/CTLA-4 pathway is the recent demon-
stration that B7-CD28 interactions are required during the effector phases of EAE. How-
ever, because B7 blockade can also result in increased T cell proliferation by inhibiting CTLA-
4 signaling, further studies are needed to understand how to most effectively manipulate
this pathway to control human autoimmune diseases. The recent discovery of two new
pathways within the B7:CD28 superfamily has revealed new means by which the activa-
tion of T cells is regulated. These new pathways appear particularly important for regulat-
ing the responses of activated T cells and may provide novel therapeutic targets for ma-
nipulating effector T cell responses.
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CTLA-4 in Addison’s Disease
Klaus Badenhoop

Introduction

Addison’s disease is a rare autoimmune disorder of adrenal destruction leading to
death if unrecognised and untreated. Usually non-surgical adrenal insufficiency is
caused by either tuberculous granuloma, other infectious agents such as observed

in AIDS or has no clear etiology in about 70-80% that is considered to be idiopathic. In
this form of adrenal dysfunction the adrenal glands are atrophic and contain only few
cortical cells. The adrenal medulla is usually spared from the destruction. In contrast the
tuberculous adrenal disease leads to granuloma and caseation with subsequent calcification.

Idiopathic adrenal insufficiency is in most cases due to autoimmune destruction of
adrenocortical cells: antibodies against adrenal cells and the adrenal autoantigen
steroid-21-hydroxylase are detected in the majority (80%) of newly manifested patients.1

A recently developed radiobinding assay has been reported to be highly sensitive and spe-
cific for Addison’s disease.2

As in other autoimmune endocrinopathies, there is a genetic susceptibility conferred
by several gene loci. Immune destruction of adrenal cells is marked by an infiltration of
autoreactive T-cells and the appearance of antibodies directed against intracellular en-
zymes such as 21- and 17-α-hydroxylases. Patients may present with mild weakness and
malaise that—if underestimated—would become a problem of medical neglicence that
may even happen in precomatous patients. Once the diagnosis is confirmed by low corti-
sol levels after ACTH stimulation, patients are treated with life-long glucocorticoid and
mineralocorticoid substitution therapy. Since this disease is still underrecognised, exact
figures of incidence and prevalence are lacking. However in Italy and in the UK such
calculations have been performed: Laureti et al  have calculated the prevalence of Addison’s
disease to be in the order of 117 per million in Umbria,3 whereas Kong and Jeffcoate had
previously reported 110 per million in Nottingham UK with an incidence of 5.6 per
million.4 Through affected patients one can identify antibody positive relatives with still
normal adrenal function that are presymptomatic individuals at high risk for Addison’s
disease.

Addison’s Disease as Part of a Polyglandular Syndrome
Addison’s disease may occur as an isolated adrenal disorder or in concomittant or

subsequent dysfunction of other hormone secreting glands or autoimmune syndromes
named as polyglandular deficiency. Polyglandular deficiency type 1 is an autosomal reces-
sive condition with adrenocortical failure, hypoparathyroidism, mucocutaneous candidiasis
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and other conditions that affects usually children. The synonymous autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) is rare and occurs more
frequently in genetically isolated populations such as the Finnish (1/25000), the Sardic
(1/14500) or the Iranian Jews (1/9000). The gene defect causing this disorder has been
identified using the positional cloning approach and resides on chromosome 21q22.3.
The gene has been named AIRE-1 for autoimmune regulator and several mutations have
been detected in patients. Although the gene structure has been characterised, its exact
function needs to be determined. However such AIRE-1 mutations—at least the common
ones—are not found among patients with isolated Addison’s disease.5

The adrenal insufficiency of polyglandular deficiency type 2 is not linked to the AIRE-1
gene but occcurs predominantly with thyroid autoimmnity, vitiligo, primary hypogonadism
or type 1 diabetes. This syndrome is associated with the HLA-DR3 specificity, similar to
isolated Addison’s disease. Besides the shared genetic susceptibility of HLA-DR3 there is
also the allele HLA-DQA1*0501 that is common to all endocrine autoimmune diseases:
Graves´ disease, Hashimoto´s and post-partum thyroiditis, type 1 diabetes and Addison’s
disease.6 Some of these patients may also have detectable antibodies to 21-hydroxylase and
about a third of these individuals will develop Addison’s disease.

Thus individuals at risk to contract an endocrine autoimmune disorder such as
Addison’s disease can be detected by both antibody testing and genetic risk markers of the
HLA DR and DQ genes. Amongst other genes that confer susceptibility to type 1 diabetes,
Graves´ disease and also Addison’s disease is the cytotoxic T-lymphocyte associated anti-
gen-4 (CTLA-4). This gene codes for a protein that is known as a negative regulator of T
cell activation and cytokine production. The immunobiology of CTLA-4 has been dis-
cussed in detail in this book.

The CTLA4 Gene and Addison’s Disease
On chromosome 2q33 in man a susceptibility gene has been mapped for type 1

diabetes (IDDM) and named IDDM12.7 This region contains the CTLA4 gene (cyto-
toxic T lymphocyte antigen 4) that codes for a receptor structure on T cells interacting
with the B7 accessory molecules thus forming a costimulatory complex. The B7:CD28/
CTLA4 costimulatory pathway consists of two costimulatory ligands on antigen-presenting
cells. CTLA4 is only expressed on activated T-cells. B7-1 (CD80) and B7-2 (CD86) have
a higher affinity to CTLA4 than to CD28, which is also expressed by resting T-cells.
CTLA4 may thus be regarded as the predominant B7 receptor on activated T-cells and a
key regulatory element in the interaction with antigen presenting cells (rev. in ref. 8). Also,
CTLA4 has been shown to mediate antigen specific apoptosis and therefore it represents a
negative regulator for T cell function.9 In a murine model of autoimmune encephalomyeli-
tis CTLA4 mediates the downregulation of the immune response.10 Since it is generally
believed that T cells are the main effector cells in endocrine autoimmunity,11,12 CTLA4 is
a prime candidate locus for susceptibility. Whether CTLA4 may serve as an additional,
complementary risk marker in Addison’s disease was addressed in two studies in recent
years.

Subjects
Patients with Addison’s disease (n=76) were analysed and compared with 466 con-

trols. We also analysed 73 patients with Hashimoto´s thyroiditis, which was diagnosed by
the presence of goitre, hypothyroidism, and elevated microsomal or thyroid peroxidase
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autoantibodies. Thyroid ultrasound showed typically a reduced echogenicity compatible
with thyroid autoimmunity. The group of patients included patients from our previous
report6 from Frankfurt, Germany, and Toronto, Canada (n=18). This patient group was
included since Hashimoto´s thyroiditis comprises the most common autoimmune condition
that is present in patients with other immune-mediated diseases affecting the endocrine
but also other organs systems.

Addison’s disease was diagnosed by primary adrenocortical insufficiency. There was
no evidence for tuberculosis or adrenoleucodystrophy. The age of disease onset varied
from 16 to 42 years and no neurological deficits could be detected. In 26 patients thyroid
(Graves’ disease or Hashimoto’s thyroiditis) or β-cell (IDDM) autoimmune disease was
also present. Patients were from Frankfurt/Main, Mannheim or Berlin, Germany.

Healthy controls were randomly collected from Frankfurt/Main, Mannheim or Ber-
lin, Germany, (n=383) and Toronto, Canada (n=83). There was no family history of type
1 diabetes, Graves’ disease, Hashimoto’s thyroiditis, or Addison’s disease. The distribution
of CTLA4 alleles did not differ between controls from Canada or from Germany.

Methods
The CTLA4 exon 1 position 49 (codon 17) polymorphism was studied by a combi-

nation of methods (PCR and SSCP) as described previously.13 Briefly, PCR was performed
with oligonucleotides forward 5'-GCTCTACTTCCTGAAGACCT-3' and reverse
5'-AGTCTCACTCACCTTTGCAG-3', designed according to the published human
CTLA4-cDNA sequence (14) using 0.2µg genomic DNA, 1U Taq Polymerase (Gibco
BRL), 20pmol each primer and 8mmol dNTP’s under the following conditions: initial
denaturation for 4 min at 94°C, annealing for 45 sec at 58°C, extension for 45 sec at
72°C, denaturation for 45 sec at 94°C (30 cycles) and a final extension for 4 min at 72°C.

Single Strand Conformation Polymorphism (SSCP) Analysis
of CTLA4 Polymorphisms

PCR products were analysed for variants by SSCP. Aliquots of the PCR product (2µl)
were mixed with 2.3µl deionized formamide, incubated for 5 min at 95°C and loaded
onto an 8% polyacrylamide gel. Gel electrophoresis was carried out at 10mA (10W, max.
1000V) for 2.5hrs keeping constantly 8°C on a Multiphor II apparatus and a Multitemp
cooling system (LKB Pharmacia, Freiburg, Germany). Silverstaining of the gels was used
to detect variant conformational fragments. These conformational variants corresponded
to nucleotide substitutions which was confirmed by restriction enzyme analysis using BbvI:
it defined a G at position 49 (88/74 bp fragments) or an A (no digestion of the 162 bp
fragment). DNA fragments were resolved in 2.0% agarose gels stained with SYBR Green
I (Molecular Probes, Leiden, Netherlands).

Typing for HLA DQA1 and DQB1 Alleles
Patients with Hashimoto’s thyroiditis (n=66), Addison’s disease (n=56) and controls

(n=230) were typed for HLA DQA1 and DQB1 alleles as previously described.6

Statistical Methods
Patients and controls that were defined positive for an allele (phenotypic allele fre-

quencies) were compared by the chi square test with Yates’ correction and Fisher’s exact



CTLA-4 in Autoimmune Disease74

test where appropriate (one number < 5). P-values had to be multiplied by the numbers of
alleles tested (pcorr). Statistical significance was defined at p<0.05. Relative risks (RR) were
calculated with Woolf ’s formula.

CTLA4 Exon 1 Polymorphisms in Patients
with Addison’s Disease

Eighteen percent of patients with Addison’s disease were homozygous for Ala, 52%
were heterozygous (Ala/Thr) and 30% were homozygous for Thr. The patients with
Addison’s disease and other autoimmune endocrine disorders did not differ from the con-
trols or the whole group.

Patients with Addison’s disease selected for the presence of HLA DQA1*0501 (n=53,
71% of all HLA DQA1 typed patients) were significantly more positive for the Ala allele:
40 (75%) patients compared with 59 (58%) DQA1*0501+ controls, p<0.05. Also the
gene frequencies of Ala were borderline significantly higher in DQA1*0501+ patients
compared with controls selected for the same DQA1 allele (p=0.05), Table 2.

CTLA4 Exon 1 Polymorphisms in Patients with Autoimmune
Hypothyroidism (Hashimoto’s Thyroiditis)

Significantly more patients were homozygous for Ala (22% vs. 15%) or heterozygous
for Ala/Thr (53% vs. 46%) and less patients homozygous for Thr (25% vs. 39%), (p<0.04,
Table 1). The gene frequency of Ala was higher in patients (49%) than in controls (38%,
p<0.02). Furthermore, the Ala phenotype was more frequent in patients (75%) than in
controls (61%, p<0.03, Table 1).

Patients positive for the risk marker HLA DQA1*0501 or negative did not differ
from controls carrying the same HLA DQ alleles for the CTLA4 dimorphism (data not
shown). Canadian patients did not differ from Germans for CTLA4 or HLA DQA1 alleles.

The distribution of CTLA4 alleles in all studied groups were in Hardy-Weinberg
equilibrium, i.e., observed and expected figures did not differ.

Discussion
The CTLA4 gene has been implicated in several endocrine autoimmune disorders.

The CTLA4 Ala17 is associated with IDDM and Graves’disease, whereas linkage was ob-
served for IDDM (7,13). Since this CTLA codon 17 polymorphism is only diallelic it is
less sensitive in association or linkage studies. A closely linked microsatellite polymor-
phism of the CTLA4 gene has a variability of 21 alleles and is situated in the 3'-untranslated
region as a (AT)n repeat. The 106 bp allele of this microsatellite shows a particular association
with Graves’ disease both in Japan15 and in Great Britain.16 The latter report also finds this
allele increased in patients with autoimmune hypothyroidism due to Hashimoto’s thy-
roiditis.

We extend our recent report of the CTLA4 codon 17 dimorphism13 to Hashimoto’s
thyroiditis, where 75% of patients have at least one Ala containing allele. The presence of
particular HLA DQ alleles does not affect this association. In contrast, patients with
Addison’s disease and the predisposing HLA DQA1*0501 carry significantly more often
at least one CTLA4 Ala17 allele.

This suggests that susceptibility to Addison’s disease may, at least in a subgroup de-
fined by HLA DQ risk alleles, be influenced by CTLA4 genotypes. A similar interaction
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between HLA DRB1*04 genotype and the CTLA4 Ala17 allele has been observed by us in
patients with rheumatoid arthritis.24

Our genetic findings may reflect differences between individuals who carry either the
alanine or threonine CTLA4 codon 17 allele with respect to their macrophage activation
or T-cell stimulation capabilities. This may relate to current concepts of the immune patho-
genesis of those disorders.

Macrophage activation subsequent to a T-helper 1 response is thought to mediate
organ specific autoimmunity in IDDM, whereas the antibody formation in Graves’ dis-
ease is believed to result from a T-helper 2 action, rev. in.12 Cytokine profiles of thyroid
tissue derived from Graves’ disease patients have been reported to show a pattern consistent
with a T helper type 2 response, i.e., an increase of interleukin 4 and interleukin 10 levels.17

Since T-lymphocytes are thought to be the prime mediators of thyroid and also adre-
nal autoimmunity, the CTLA4 phenotype may affect T-cell function in the pathogenesis
of both thyroid autoimmunity and Addison’s disease. B7, the natural ligand of the CTLA4
molecule, is not expressed by thyrocytes, but by antigen presenting cells within the thy-
roid. Intrathyroidal macrophages have a higher density of CD86 on their surfaces com-
pared with peripheral monocytes.18 This makes it likely, that thyroidal cofactors lead to a
higher expression level of CD86.

Although the exon 1 alanine/threonine substitution of the CTLA4 gene is not known
to be of functional relevance, this polymorphism may be linked to the (AT)n microsatellite,
that is situated in the 3' untranslated region and could affect RNA stability.15

Further studying the expression of this gene will provide more evidence how antigen
polymorphism and immune dysregulation contribute to endocrine autoimmunity.

In our study we observed no overall significant difference between patients with
Addison’s disease and controls, although both gene and phenotype frequencies of the CTLA4
ala 17 allele were higher among the patients. However we did observe a significantly higher
gene and phenotype frequency in patients stratified for the high risk HLA DQA1*0501

Table 1. CTLA4 exon 1 polymorphism in patients with Hashimoto’s thyroiditis (HT),
Addison’s disease (AD) and in controls (Con)

Nucleotides at Position 49 HT AD Con
(Aminoacids at Position 17) n=73(%) n=76(%) n=466(%)

GG (Ala/Ala) 16(22)a 14(18) 68(15)
AG (Thr/Ala) 39(53)a 39(52) 215(46)
AA (Thr/Thr) 18(25)a 23(30) 183(39)

ap<0.04
Gene frequencies:
G(Ala) 71(49)b 67(44) 351(38)
A(Thr) 75(51)b 85(56) 581(62)

bp<0.02
Phenotype frequencies:
G(Ala)+ 55(75)c 53(70) 283(61)

cp<0.03

P-values are given for the chi-square tests calculated on the 3x2 or 2x2 tables, comparing patients with
HT (indicated under the columns) or Ad with controls, respectively.
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allele when compared with matched controls.21 Whereas this HLA allele does not affect
the CTLA4 association in Hashimoto´s thyroiditis, we found in families with type 1 dia-
betes, that the protective HLA DQB1*0602 allele was no longer reduced in frequency
among patients with the risk enhancing CTLA4 genotype as defined by the CTLA4
microsatellite variant (see below).

CTLA4 Polymorphisms in Addison’s Disease from Other
European Countries

The CTLA4 association with Addison’s disease has been studied by Kemp et al  who
observed a significant increase of the 106 bp CTLA4 microsatellite allele in only English
patients with Addison’s disease, whereas the comparison between Norwegian, Finnish and
Estonian patients with the respective controls did not yield significant differences.19 How-
ever, this lack of statistical significance was due to the observation, that the 106 bp CTLA4
microsatellite allele was more frequent in Norwegian (25%), Finnish (31.6%) or Estonian
(35.5%) controls, in contrast to English controls (13.6%). Whereas the English control
group was large (n=173), the other groups of controls were somewhat smaller (n=100/71/
45). The frequency of the same allele was similar in Addison’s groups: ranging from 21%

Table 2. CTLA4 exon 1 polymorphism in patients with Addison’s disease (AD) and
controls (Con) analysed with respect to the presence of HLA DQA1*0301
and DQA1*0501

AD Con
GG AG AA GG AG AA
Ala/ Thr/ Thr/ Ala/ Thr/ Thr/
Ala Ala Thr Ala Ala Thr
n n n n n n

(%) (%) (%) (%) (%) (%)

HLA DQA1*0301+ 7 9 15 12 31 30
(23) (29) (48) (16) (43) (41)

HLA DQA1*0301- 7 29 8 20 78 59
(16) (66) (18) (13) (50) (37)

HLA DQA1*0501+ 9 31 13 11 48 43
(17) (59) (25) (11) (47) (42)

HLA DQA1*0501- 5 7 10 22 61 55
(23) (32) (46) (16) (44) (49)

Total individuals typed 14 38 23 32 109 89
for HLA DQA1 (19) (51) (31) (14) (47) (39)

Gene frequencies in HLA DQA1*0501+ individuals:
G(Ala) 49(46)a 70(34)
A(Thr) 57(54) 134(66)

ap=0.05

Phenotypic frequency HLA DQA1*0501/CTLA4 Ala17 positivity:
40(76%)b 59(58%)

bp<0.05
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of isolated Addison’s in Norway to 75% in Estonian patients with poliglandular syndrome
type 2.19 The same group found an association of the same CTLA4 microsatellite allele
with vitiligo, especially when vitiligo was accompanied with other autoimmune disorders
such as Addison.20

Thus the strength of the CTLA4 association with Addison’s disease will depend on
the distribution of the alleles in the background population. It is not known whether
Addison’s disease has a higher incidence in these Scandinavian countries, where type 1
diabetes occurs more frequently.

Findings of CTLA4 Variants in Type 1 Diabetes
and Ramifications for Addison’s Disease and Type 2 Diabetes

 The CTLA4 microsatellite 102-106bp allele has been found to be both linked to and
associated with type 1 diabetes.22 This allele is in linkage with the exon 1 polymorphism
(49 A->G, thr->ala) so that both serve as markers for the disease susceptibility. Thus the
CTLA4 allele found to be associated with Addison’s disease in British patients corresponds
to the ala17 exon 1 variant studied by us. Investigating the transmission from parents to
diabetic patients we observed a significant excess of expected transmission of the CTLA4
G49, 102 bp and promoter C-318 haplotype, indicating a susceptibility factor in German
families. The combination of CTLA4 A49 and 84 bp microsatellite was less often trans-
mitted pointing to a protective haplotype. A combined analysis of all microsatellite alleles
showed them to be more informative than the exon variants. Thus the CTLA4 microsatellite
allele appears to be the primary susceptibility factor. When compared with the HLA DQ
alleles we found that protection by CTLA4 could not be conferred in the presence of high
risk HLA DQ2 or DQ8. Thus the risk alleles of HLA DQ appear dominant over protec-
tive CTLA4 genes.

Furthermore the reduced transmission of CTLA4 A49, 84 bp microsatellite and pro-
moter cytosine -318 was significant in mothers pointing to a parent-of-origin or imprint-
ing effect.22

Recently the CTLA4 gene has also been implicated in the susceptibility to type 2
diabetes where an ala/ala 17 genotype correlated with lower body mass index.23 Although
the distribution of the CTLA4 variants was similar in patients and controls, patients with
the thr/thr 17 genotype tended to develop less frequently microangiopathic lesions.23 These
findings need to be confirmed in a larger series of patients but indicate a wider application
of susceptibility screening in diabetes mellitus and other endocrine disorders.
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CTLA-4 in Type 1 Diabetes Mellitus
Lorenza Nisticò, Isabella Cascino, Raffaella Buzzetti and Paolo Pozzilli

Introduction

The current etiological classification defines type 1 diabetes as a chronic
hyperglycemia due to a cellular mediated immune destruction of the
insulin-secreting pancreatic beta-cells. This disease is characterized by the

presence at the onset of antibodies against insular molecules (islet cell antibodies (ICA),
anti-insulin (IAA), anti-glutamic acid decarboxylase (GADA) and anti-tyrosine phosphatase
(IA-2) and by a susceptible genotype at the HLA class II DRB1 and DQB1 genes. There
is no cure and diabetic subjects require lifetime daily multiple injections of insulin to
maintain glucose homeostasis.

Type 1 diabetes occurs in both sexes, but a slight male excess has been found in some
populations.1 Incidence data are available for children up to 14 years of age in 50 countries
of the five continents and show a striking variation among populations and within the
population of the same country. The age-adjusted incidence rates range from 0.1/100,000
per year in China and Venezuela to ~37/100,000 per year in Sardinia and Finland.1

It is widely accepted that type 1 diabetes results from interaction of a polygenic trait
with environmental risk factors. This hypothesis has received support from different ob-
servations. Approximately one-tenth of the cases occurs in families and identical twins
(that share the same genome, except for mitochondrial DNA, post-zygotic and epigenetic
DNA changes) are more often concordant for the disease than dizygotic twins (that share
half genome) thus suggesting the existence of inherited factors.2-4 On the other hand,
concordance is below 100% in identical twins indicating that a susceptible genome is not
sufficient to develop the disease. Moreover, it is also likely that identical twins share more
of their environment than non-identical twins. The contribution of genetic susceptibility
has been underlined by assessment of the incidence of type 1 diabetes in children of mi-
grants from high incidence to low incidence regions. Two studies have demonstrated that
children of Sardinian heritage born and resident in Lazio and Lombardy (two Italian re-
gions with incidence ~8/100,000 per year) have the same fourfold higher incidence as the
population of origin. Moreover, children born in continental Italy of mixed couples with
one Sardinian partner have an intermediate rate between those of Sardinia and of conti-
nental Italy.5,6

It is known that the major genes responsible for approximately 40% of genetic sus-
ceptibility are within the HLA region on chromosome 6p21 (insulin-dependent diabetes
mellitus 1, IDDM1). This region includes highly polymorphic genes in tight linkage dis-
equilibrium that encode proteins processing and presenting antigens to T lymphocytes.
Initially, by case-control studies, it was shown that HLA class I alleles were increased in
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type 1 diabetic subjects.7 Subsequently, the primary role of HLA class II loci has been
assessed.8 Alleles associated with type 1 diabetes are different among populations and eth-
nic groups. Typically, most Caucasian type 1 diabetics have DRB1*03-DQB1*0201 and/
or DRB1*04-DQB1*0302 haplotypes. Trans-racial comparison of disease associated alle-
les and haplotypes helps to dissect the complexity of HLA-diabetes association: a suscep-
tible HLA genotype requires predisposing alleles at DRB1, DQB1 and DQA1 loci, there
is a scale of allelic association from susceptibility through neutrality up to protection and
the population frequencies of susceptible and protective haplotypes may explain the
population-specific patterns of incidence and of HLA association.9,10 Moreover, other loci
within classes II and III of HLA seem to increase type 1 diabetes risk.11-14

The existence of non HLA-genes was suspected by genetic analysis of animal models
of type 1 diabetes. The search was encouraged by technological advances, availability of a
dense map of polymorphic genetic markers and of a large numbers of families with mul-
tiple affected siblings. Some whole genome linkage analyses have been conducted in the
past decade that have led to the localization of several chromosome regions linked to type
1 diabetes.15-18 Some researchers have instead adopted a more selective approach or have
directly tested genes theoretically implicated in the pathogenesis of the disease. A list of
loci so far mapped is reported in Table 1. In this chapter we will describe in detail the
discovery of the IDDM12 (CTLA-4) locus. Results obtained in the different studies are
not always overlapping and not every linkage or association has been independently repli-
cated. The reasons for inconsistent results are discussed below. A likely explanation is the
genetic heterogeneity of the disease: combinations of different genes may result in an
identical phenotype. Efforts to identify the etiologic gene variations mapping in the
non-HLA IDDM loci are currently ongoing.43-45

Exposure to environmental agents as factors initiating or precipitating beta-cell de-
struction has also been considered. The average daily energy intake of food items of animal
origin (especially meat and diary products)46 and the consumption in childhood47 or by
the mother during pregnancy48 of foods with nitrosamine additives, that are toxic for
beta-cells, are positively correlated with the disease incidence. Also the early introduction of
cow’s milk, due to short duration of breast feeding, increases the risk for childhood type 1
diabetes.49 The underlying hypothesis is that the bovine beta-casein, whose sequence dif-
fers from the human protein, may pass through the immature mucosa of the gut and
trigger a cellular and humoral immune response cross-reacting with a beta-cell antigen.50

Viral infections (rubella, coxsackie, and cytomegalovirus), contracted during fetal life,
have been associated with increased risk of type 1 diabetes.51-53 The discovery of similarities in
aminoacid sequences of viral proteins and beta-cell components (insulin, glutamic acid
decarboxilase and other unidentified proteins) has supported the hypothesis of molecular
mimicry.54 A mechanism of direct cytotoxicity may also involved.

The Discovery of the CTLA-4 Association with Type 1 Diabetes
It all began in the early ’90s when we joined Roberto Tosi at the CNR in Rome who

was planning to perform an identical-by-descent linkage analysis of type 1 diabetes in
Italian affected sib-pair families. We chose to study a dozen chromosome regions that
either contained genes involved in autoimmune response or were orthologous to murine
or rat genome regions where susceptibility loci to autoimmune diabetes had been mapped.
One region was the long arm of human chromosome 2 that corresponds to murine chro-
mosome 1, where a locus for periinsulitis in non-obese diabetic (NOD) mouse, named
Idd5, had been reported.55,56
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Initially, we tested microsatellite markers mapping in 2q12-q22 and in 2q33-35. The
latter region gave evidence of increased allele sharing in our Italian sib-pair families and we
presented these preliminary results in scientific meetings from 1994.57-60 Detection of
linkage indicates that a disease gene should lie in a rather extended region (several
centiMorgans) around the positive markers. We were lucky because microsatellites linked
in our data set included an (AT) repeat in the 3' untranslated (UTR) sequence of the
CTLA-4 gene. CTLA-4 had been identified in 1987 by Brunet et al61 as a transcript of
cytotoxic T cells and at the time of our observation its role in regulating T cell activation
was still controversial. It was also known that CD28, another T cell co-stimulatory mol-
ecule structurally homologous to CTLA-4, mapped close to CTLA-4 on chromosome
2.62,63 Thus, it was clear to us that CTLA-4 and CD28 deserved to be considered type 1
diabetes candidate genes.

Following a suggestion by John A. Todd, we tested the CTLA-4 microsatellite for
association in the presence of linkage with the disease by the transmission disequilibrium
test (TDT). The second most frequent allele, that we named 104 mobility units (mu),
showed increased transmission, albeit not significant, to diabetic offspring in Italian mul-
tiplex families (20 transmissions versus 10 non transmissions, p=0.07). We felt encour-
aged and undertook the collection of Italian “simplex” families (one diabetic child, his/her
parents and a non-affected child, if available), a more abundant source suitable for TDT.

Searching the Genbank we found that a CTLA-4 sequence submission (accession
number L15006) reported three “conflicts”, i.e., potential single base polymorphisms, at
positions 49, 272 and 439. Only the A49G variation, that codes for a threonine to alanine

Table 1. Loci and genes linked to or associated with type 1 diabetes

Locus/Gene Chromosome References

IDDM1 6p21 7-10
IDDM2 11p15 19-22
IDDM3 15q26 23-24
IDDM4 11q13 15-16, 24
IDDM5 6q23-q24 15, 24-26
IDDM6 18q21 15, 27-28
IDDM7 2q31 24, 29-31
IDDM8 6q27 15, 24-26, 32
IDDM9 3q22-q25 18
IDDM10 10p13-q11 18, 33
IDDM11 14q24.3-q31 34
IDDM12 2q33 see Tables 2 and 3
IDDM13 2q34 31, 35
IDDM15 6q21 26
IDDM17 10q25 36
IDDM18 5q33-34 37
Glucokinase 7 38
Vitamin D receptor 12q14 39-41
IDDMX Xp22-p11 42

1q 17
16q22-q24 18

For IDDM14 and IDDM16 no public information is available
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change in the signal peptide, turned out to be a true allelic difference (frequency of G
allele in Italian population is approximately 30%). Preliminary analysis on 104 Italian
type 1 diabetes families showed that the G49 allele, that is in tight linkage disequilibrium
(LD) with the 104 mu allele, was significantly more transmitted to affected children
(p<0.025).64 We continued collecting and typing Italian families and established collabo-
ration with foreign groups: 44 Spanish type 1 diabetic families were tested for the A49G
single nucleotide polymorphism (SNP). The results (40 transmissions versus 18
non-transmissions to all affected siblings, p=0.004, 21 transmissions and 25
non-transmissions to non-affected children) replicated the data obtained in Italian fami-
lies. In the meantime, an article came out that showed a significant increase of the second
most frequent allele of the CTLA-4 microsatellite (the Authors named this allele 106
base-pairs (bp)) in Caucasian patients affected by Graves’ disease.65 This independent ob-
servation strengthened the hypothesis that a gene controlling a step in an autoimmune
process was in LD with CTLA-4, if not CTLA-4 itself.

In collaboration with Todd’s group, the A49G SNP was typed in 284 UK, 180 US
and 123 Sardinian type 1 diabetic families and in a panel of Chinese patients affected by
Graves’ disease and controls. TDT of G49 allele in diabetic families was not statistically
significant, although a trend toward increased transmissions was observed in the US data
set (177 transmissions versus 145 non-transmissions, p=0.074). Instead, the Chinese
case-control study was significant and in agreement with Italian and Spanish data. We
typed 83 additional Italian families and TDT of the G49 allele in the whole Italian family
panel (n=187) was significant (114 transmissions and 75 non-transmissions to all affected
children, p=0.004). To obtain a valid test of association, we analyzed transmissions to
Italian and Spanish probands only (one affected child in multiplex families) and obtained
significant data (112 transmissions versus 65 non-transmissions, p=0.0004). Importantly,
no transmission distortion was observed to non-diabetic sibs. The overall TDT to affected
siblings of the five family data sets was significant (p=0.002).

The Belgian Diabetes Registry, which is a large population-based collection of type 1
diabetic patients, was also analyzed. Belgian patients (n=483) had significantly higher
frequencies of G allele, G phenotype and GG genotype compared to controls (n=529).
The overall data (three out of six diabetic panels studied were significant and consistent)
provided evidence for an association of the CTLA-4 region with type 1 diabetes and the
locus was named IDDM12. Results of this collaborative effort were joined and published
in 1996.66

Later on the UK, US, Italian and Sardinian family collections, previously typed for
the A49G variation, plus 185 additional families, were also analyzed for the CTLA-4
microsatellite. The two most frequent alleles showed percentage of transmission signifi-
cantly different from random expectation: alleles 262 and 280 (the latter corresponds to
allele 104 mu or 106 bp) showed decreased and increased transmissions, respectively, to all
diabetic children either in the overall data set (allele 262, p=0.009; allele 280, p=0.001) or
in the UK and US families combined (allele 262, p=0.001; allele 280, p=0.02).31 These
data indicate that the CTLA-4 microsatellite is a better disease risk marker than the A49G
variation.

Genetic Studies on CTLA-4 and Human Type 1 Diabetes
Since our first observations, many papers testing the hypothesis of CTLA-4 association

with different autoimmune diseases in diverse populations followed one another.67 To our
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knowledge, sixteen articles that studied the association with type 1 diabetes have been
published up to the year 2000 (Tables 1 and 2). Alternate conclusions have been drawn.
There are some explanations for inconsistent results among distinct populations and among
different data sets from the same population.

First, the study should have enough power (that is probability) to detect association at
a statistically significant level. Power depends on the relative risk and on the frequency in
the general population of the factor tested and on the size of the sample studied (either
families or case-controls). Type 1 diabetes genes, apart from HLA, are estimated to confer
low risk (i.e., 1.5), thus for an allele frequency ranging between 10% to 50%, 700 to 300
patients and controls should be analyzed (for an 80% power and a significance level of
0.05). Studying data set of inappropriate size reduces the chance of detecting true small
effects (false negative).

There may be also population specific factors such as pattern and level of LD between
the marker allele tested and the disease-predisposing allele. Population isolates have a higher
degree of LD than cosmopolitan populations.83

Finally, locus heterogeneity must be considered: a gene may account only for a frac-
tion of the cases depending on genetic background and on environmental factors. In this
respect, some researchers studied CTLA-4 association sub-grouping diabetic patients on
the basis of genetic, immune and clinical features. Some conflicting results have been
reported but these are probably due to the small number of cases included in the sub-classes
and to non-stringent statistic thresholds (p values not corrected for number of comparisons
performed). In the largest study of this type the Authors found no difference in the CTLA-4
G49 allele distribution with respect to age of disease onset, HLA-DR, -DQ and insulin
genotypes and the presence of islet or thyrogastric autoantibodies.73

Role of CTLA-4 in Human Type 1 Diabetes
There is no direct proof that CTLA-4 is a diabetes susceptibility gene. CTLA-4 gene

itself may be primarily involved in the disease pathogenesis if one or more of its polymor-
phisms determine an effect on the protein function that may be relevant to the disease
process. Alternatively, it is possible that CTLA-4 is in LD with the etiologic variation
residing somewhere in the region.

Genetic studies on CTLA-4 have focused on three polymorphisms, so far: a C-T
SNP in position -318 from the ATG start codon84, the A49G in exon 1 and the dinucle-
otide repeat in the 3'-UTR. Recently, Marron et al69 described another SNP in CTLA-4
intron 1 (C/T in position -819 from exon 2-start site) that showed more significant asso-
ciation with type 1 diabetes than the A49G and the microsatellite.

The biological significance of these polymorphisms is not known. The C-318T varia-
tion does not affect any known consensus sequence in the regulatory region of the pro-
moter.84

As far as the A49G variation is concerned, Kouki et al85 demonstrated that proliferative
response of T lymphocytes is increased in the presence of soluble blocking anti-human
CTLA-4 monoclonal antibody. The augmentation is significantly higher in individuals A/
A homozygous compared with G/G subjects regardless of the affection status. This is the
first report that shows that CTLA-4 effects can be modulated by its genotype, however the
phenotype observed cannot be directly related to exon 1 variation due to its strong LD
with the (AT)n polymorphism at 3'-UTR, the C/T SNP described by Marron et al69 and,
possibly, with others yet unknown.
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Table 2. CTLA-4 association with type 1 diabetes: family studies

TDT: Transmission disequilibrium test. Tsp is a modified TDT and in multiplex families only TSP is a valid test of association. T and NT: Transmissions and non
transmissions from heterozygous parents for the indicated allele to the affected children. a: Partial overlap with datasets in ref. 66. b: 8, 84 and 262 indicate the same
allele. c: 102, 280 and 148 indicate the same allele. NS: not significant (P>0.05).
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With regard to the microsatellite, it has been speculated that (AT)n length in 3'-UTR
can affect mRNA stability, but this has not been proven for CTLA-4.

We and others84,86 have searched CTLA-4 exons and part of introns for additional
polymorphisms: nothing has been found in coding regions. We have identified two new
C-T SNPs in 5' sequence and in intron 1, respectively, but they did not show significant
transmission distortion in 200 Italian diabetic families (unpublished).

Sequencing of cDNA from human and rodents T and B lymphocytes revealed a
CTLA-4 alternate transcript that lacks the transmembrane domain87,88 and results in a
soluble form (sCTLA-4) detectable in the sera. Oaks et al89 have also demonstrated that
serum levels of sCTLA-4 are higher in patients with autoimmune thyroid diseases com-
pared to healthy subjects. It is not clear whether this phenomenon is due to DNA differ-
ences or to an indirect effect related to the affection status.

Finally, it cannot be ruled out that additional polymorphisms map in flanking and
intron sequences of CTLA-4 locus and that these, taken singly or in combination, could
be the etiologic variation.

Genetic Studies in Animals
A great deal of information on CTLA-4 function and on its possible role in the patho-

genesis of autoimmune diabetes comes from genetic and functional studies in mice.
Animal models of human disorders constitute a powerful tool for investigation of the

mechanisms involved in complex diseases since confounders acting in research on human
populations are not present in strains. Being inbred, the genetic background is homogeneous
and fixed among generations and sibship. Also the environment, which probably plays an
important role in the unfolding of human diseases, is controlled and homogeneous for
laboratory animals. Moreover, information can be drawn by manipulating the genetic
background of the animal and producing extreme phenotypic consequences.

Non-obese diabetic (NOD) mouse is a strain that spontaneously develops autoimmune
diabetes with many similarities to the human disorder. The Ctla-4 gene possibly controls
insulitis and diabetes in NOD mouse since it maps within the Idd5 diabetes susceptibility
locus. Idd5 had been identified in genomic screens conducted on NOD mouse as a large
(34 cM) region on proximal chromosome 1 (orthologous to human chromosome 2q) that
was linked to insulitis.55,56 To identify the minimal region containing the susceptibility
gene, Hill et al90 have recently developed some congenic strains by backcrossing NOD
mice (diabetes prone) to a B10 (diabetes resistant) strain and selecting the progeny that
has NOD genetic background except for the region of interest on chromosome 1 that is
derived from the B10 resistant animals. NOD.B10 Idd5 mice have a lower frequency of
diabetes than NOD animals. Additional congenic strains with an even shorter segment of
the B10-derived chromosome 1 have then been generated. Comparing diabetes incidence
among different strains it was possible to narrow the region(s) containing the gene(s) of
resistance to the disease. They have determined that Idd5 is actually a two-gene locus.
Idd5.1 is a 1.5 cM region that includes four genes: Casp8, Cflar, Cd28 and Ctla-4 and
corresponds to IDDM12 region identified in humans. Idd5.2 contains Nramp1 and Il-8ra
(interleukin-8 receptor a). No coding variations have been found between NOD and B10
sequences of Cflar, Cd28 and Ctla-4. A conservative Ala-Val substitution has been found
in Casp8, but its role in disease has not been explored. Thus, similarly to what has been
seen in humans, it is possible that the etiologic variation resides in non-translated se-
quences around these genes.
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Functional Studies in Mice
The controversy concerning the role of Ctla-4 in the regulation of T cell activation

has been resolved by generating Ctla-4 knock-out mice, that are mice in which both cop-
ies of the Ctla-4 genes have been disrupted by homologous recombination. These animals
have an extensive accumulation of activated lymphocytes in several tissues and organs.
Infiltrating cells express activation markers and exhibit high proliferation rates in response
to stimuli or spontaneously thus implying that Ctla-4 acts as a negative regulator of T
cells.91

The NOD model of autoimmune diabetes has been exploited to understand how and
when Ctla-4 exert its immunoregulatory role.

Luhder et al92 demonstrated in a TCR transgenic model of autoimmune diabetes that
blockade with anti-Ctla-4 monoclonal antibody (mAb) accelerated the development of
diabetes. They also established that Ctla-4 does not act on naive cells, but in a narrow time
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window, when activated T cells migrate to the pancreatic islets and re-encounter the anti-
gen for a second time.93 This is consistent with the observation that maximal Ctla-4 pro-
tein expression is seen 48-72 hours later T cell activation. A sub-population of CD4+ T
lymphocytes, that is CD25+ and constitutively expresses Ctla-4, probably exerts the in-
hibitory role. This T cell subset is reduced in NOD mice compared to other mouse strains.
Moreover, if NOD splenocytes depleted of CD4+ CD25+ Ctla-4+ T cells are transferred
into NOD.SCID mice an increase in the frequency of diabetes is observed compared to
animals that received total splenocytes.94 Interestingly, presence of CD4+ CD25+ Ctla-4+

cells requires the integrity of the CD28/B7 system. Regulatory T cells positive for CD25,
CD4 and Ctla-4 suppressively control other T cells by two possible mechanisms: they may
compete, through Ctla-4, with other T cells for the costimulatory signal on antigen pre-
senting cells. Alternatively, regulatory T cells deliver to other T cells a negative signal of
proliferation or activation.95

Conclusion
Much detailed information has been gained in the last few years on CTLA-4, and its

function is compatible with a role in the pathogenesis of type 1 diabetes and other
immune-mediated diseases. However, genetic data neither show nor rule out in a definite
and conclusive manner that CTLA-4 and/or the flanking genes CD28 and ICOS are
primarily responsible for the observed disease association. Sequencing of the murine and
human CTLA-4 genes in a diabetes prone strain and in affected people has demonstrated
that the extracellular binding domain and the cytoplasmic tail that delivers the signal are
not modified in this disease, thus the explanation must be searched for elsewhere. Possibly,
every SNP in the region has to be looked for and genetically tested. In tight conjunction,
studies of functional genomics are needed to investigate the effect encoded by the se-
quence variations of the CTLA-4 locus that are found associated with the disease. Slight
modifications of the transcribed or translated product are possibly involved and such evi-
dence may be difficult to detect and discriminate from secondary effects. Thus very sensi-
tive methods and artificial systems may be required to demonstrate a direct relationship be-
tween the genotype and the biological effect at the expression/protein level. Correlation of
the protein phenotype with the disease outcome is a further step that should take into
account the contribution of the other disease genes and of the environmental factors.
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CTLA-4: Its Role in Transplant
Tolerance and Rejection
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Introduction

Transplantation is the treatment of choice for end-stage heart, kidney, liver, and pancre
atic islet disease. Current strategies require life-long immunosuppression in attempts
to inhibit the alloimmune response and prevent acute and chronic rejection.Tolerance

remains the holy grail for achieving permanent engraftment of transplanted organs while
avoiding the attendant risks of chronic immunosuppression such as infection and
malignancy.

Allograft rejection is a T cell dependent process. The realization that T cell activation
requires signaling through both the T cell receptor for antigen (TCR) and costimulatory
molecules, such as CD28, provided new insight into the T cell response. Moreover, the
realization that interference with such pathways could alter or block the immune response
altogether, provided new strategies for the induction of long-term engraftment through
the targeting of T cell signaling molecules. Specifically, interference with the interaction of
CD28 with its B7 ligand on antigen presenting cells (APCs) during TCR engagement can
induce anergy in T cell clones and prolong allograft survival in a number of animal mod-
els. The identification of CTLA-4 as a second ligand for B7 that has potent inhibitory
activity in T cells, provided new insight into the nature of tolerance and the balance be-
tween positive and negative regulatory signals that regulate T cell activation. Understand-
ing the role of CTLA-4 in allograft rejection and tolerance will assist in designing thera-
peutic strategies to manipulate positive and negative immunoregulatory pathways.

Negative signals through CTLA-4 are required for the induction and maintenance of
peripheral tolerance in a number of experimental models. Mice deficient for CTLA-4
develop a fatal autoimmune disorder that results from dysregulated T cell activation and
proliferation in response to environmental antigens.1,2 Moreover, monoclonal antibody
(mAb)-mediated blockade of CTLA-4 prevents development of tolerance to soluble anti-
gen,3 augments anti-tumor responses,4 exacerbates autoimmune disease,5,6 and can even
induce de novo autoimmunity in susceptible mouse strains.7 While crucial in regulating
autoimmunity, the role of CTLA-4 in allograft rejection and in the induction of tolerance
has been less clear. In regards to the role of CTLA-4 in transplantation, three main ques-
tions will be addressed in this chapter: First, what is the role of CTLA-4 in the unmodified
allogeneic immune response; second, does CTLA-4 play a critical role in the induction
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and maintenance of transplantation tolerance; and third, can the CTLA-4 pathway be
capitalized upon for therapeutic intervention to achieve tolerance to transplanted organs?

The Role of CTLA-4 in the Allogeneic Immune Response
The blockade of CTLA-4 with anti-CTLA-4 mAbs accelerates and worsen autoimmune

diseases including experimental autoimmune encephalomyelitis (EAE) and diabetes in
TCR-transgenic mice.5,6 Moreover, mAb-mediated interference with CTLA-4 can even
precipitate spontaneous autoimmune disease in “normal” strains of mice (e.g., BALB/c)
that lack apparent propensity towards autoimmunity. Combined with the fatal autoim-
mune disorder seen in CTLA-4 deficient mice mentioned above, these results provide very
strong evidence that CTLA-4 plays a major role in the maintenance of self-tolerance.

In contrast to autoimmune models, short-term treatment of mice with anti-CTLA-4
mAb (three doses) does not accelerate rejection in otherwise untreated murine islet trans-
plant recipients.8 Moreover, once tolerance is established, three doses of anti-CTLA-4 are
unable to induce rejection of cardiac allografts.9 The autoimmune disease and
lymphoproliferation in CTLA-4 deficient mice is driven by antigen-responsive CD4
cells.10,11 As CD4 cells also play a key role in initiating the alloresponse, it is not immediately
clear why CTLA-4 blockade would not hasten rejection and/or break tolerance. One pos-
sibility is that not all of the components required for the rejection response are accelerated by
CTLA-4 blockade. Thus, CTLA-4 blockade could dysregulate the immune system and
predispose to systemic autoimmunity, yet is unable to evoke a specific alloresponse. On
the other hand, the apparent inability of anti-CTLA-4 to hasten acute rejection may sim-
ply reflect basic differences between auto- and allo- immune responses. Autoimmunity is
the result of a chronic exposure to antigen by a relatively small number of autoreactive
clones which develop concurrently with host regulatory responses. However, in transplan-
tation, the recipient immune system is acutely exposed to antigen recognized by a large
number of alloreactive clones. While immunoregulatory responses may occur, the un-
modified allogeneic response is overwhelming and rapid destruction of the allograft en-
sues. Augmentation of this already aggressive response by anti-CTLA-4 may be difficult to
attain or observe. Recent studies support this view. Using a more intensive regimen of six
doses of anti-CTLA-4 mAbs to achieve more complete blockade of CTLA-4, the rejection of
otherwise untreated recipients of fully MHC mismatched cardiac allografts is indeed short-
ened in a statistically significant manner – from 7.6 to 5.7 days.12 However, when the
immunologic disparity is decreased, such as in transplantation between mice mismatched
at multiple minor histocompatibility loci (e.g., B10-D2 hearts into BALB/C recipients),
anti-CTLA-4 had a much more pronounced effect. Here, graft survival was shortened
from 96 to 10.6 days. Moreover, CTLA-4 acts on both Th1 and Th2 cells, and pn both
CD8 and CD4 cells (see ref.12 and unpublished results). Thus, CTLA-4 plays a role in
regulating the allo-immune response that becomes more obvious when the pace of rejec-
tion is slowed.

The Role of CTLA-4 Negative-Signaling in Long-Term
Engraftment Induced by Tolerogenic Treatment Strategies

Given the acute nature of the alloimmune response, all allograft recipients are treated
with immunomodulatory agents from the outset. Targeting T cell activation molecules
can alter the immune response and promote long-term graft survival. Specifically, agents
that interfere with either T cell activation signal one (through the T cell receptor) or signal
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two (costimulation), can induce tolerance in mice, even in the face of relatively strong
allogeneic barriers. A number of mechanisms including deviation of cytokine secretion,
anergy, and apoptosis of alloreactive clones have been shown to contribute to tolerance.

The identification of CTLA-4 as a second ligand for B7 that has potent inhibitory
activity provides new insight into the nature of tolerance and the balance between the
positive and negative pathways that regulate T cell activation. CTLA-4 plays a key role in
maintaining self-tolerance and dampening the immune response in unmodified hosts.
However, the role of CTLA-4 in the action of tolerogenic strategies that specifically target
T cell signaling pathways was not known until recently. While CTLA-4 might play a
global role in the generation of tolerance, it is also possible that agents targeting certain
molecules might rely more heavily on CTLA-4-mediated signals. In this regard, CTLA4-Ig
is a particularly interesting therapeutic agent. CTLA4-Ig is a fusion protein that combines
the B7-binding site of CTLA-4 with an Ig tail. This molecule was designed to take advantage
of the fact that CTLA-4 has 10-20 -fold higher affinity for B7 than does CD28.13 Thus
CTLA4-Ig effectively blocks positive signals through B7-CD28 interaction and promotes
long-term allograft survival and tolerance in various murine transplant models.14,15 How-
ever, by binding to B7, CTLA4-Ig also has the potential to interfere with CTLA-4-B7
signaling. Thus, the effectiveness of this agent raised the question as to whether blockade
of positive signals through CD28 was sufficient to ensure engraftment and what role if
any was being played by CTLA-4. To address this issue, we treated murine cardiac al-
lograft recipients with a tolerizing regimen of donor-specific transfusion (DST) and
CTLA4-Ig with or without three doses of anti-CTLA-4 mAb in the peri-operative pe-
riod.9 Whereas CTLA4-Ig and DST induced long-term engraftment of virtually all recipi-
ents, only one of eight mice that also received anti-CTLA-4 maintained their grafts past
100 days (median survival 40 days). Thus, while CTLA4-Ig binds to B7 and blocks its
interaction with CD28, preservation of B7/CTLA-4 signaling is required for long term
engraftment. Nonetheless, CTLA4-Ig may be somewhat of a double edged sword in that
it appears to at least partially interfere with CTLA-4 signaling. Evidence for this comes
from studies in CD28 deficient mice. In the absence of dominant positive signals through
CD28, CTLA4-Ig treatment actually augments rejection.16 Thus, CTLA-4 signals are
required for engraftment , but CTLA-4 must compete with CTLA4-Ig for B7 binding.

Given its direct interference with regulatory signals through B7, it is easy to compre-
hend how CTLA4-Ig-mediated graft survival might depend on CTLA-4 signaling. How
about the role of CTLA-4 in tolerogenic strategies that act through distinct signaling
pathways? In a study by Judge et al, the CTLA-4 dependence of graft survival in mice
treated with anti-CD40L mAb plus DST was examined.9 Although interaction of CD40L
with CD40 may upregulate B7 expression on APCs, anti-CD40L is effective in mice
lacking CD28,17 indicating that alternative mechanisms predominate. Interestingly,
anti-CTLA-4 did not prevent long-term engraftment induced by anti-CD40L plus DST.
In contrast, in a second study, where DST and anti-CD40L were administered in the week
prior to transplantation, concomitant administration of anti-CTLA-4 prevented perma-
nent engraftment.18 Based on these studies, it could be concluded that CTLA-4 signaling
has a potent influence on allograft survival, but is not absolutely essential for long-term
engraftment when other pathways, such as CD40/CD40L, are targeted.

Based on the premise that tolerogenic agents acting through unrelated pathways might
not require CTLA-4 signaling for tolerance induction, we performed studies to determine
the role of CTLA-4 in anti-CD45RB-mediated engraftment.8 Given the critical role of
CD45 in TCR-mediated signaling and mAb-mediated alteration in PLCg1 phosphorylation,
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anti-CD45RB mAbs are believed to act through alteration of signal one19-21 (Fig. 1).
Whereas anti-CD45RB alone was able to induce long-term islet allograft survival in ~50%
of recipients, concomitant treatment with anti-CTLA-4 resulted in acute rejection in all
animals by 26 days.8 The rapidity with which anti-CTLA-4 provoked acute rejection in
this model was unexpected and raised the question as to whether CTLA-4 signals might
be directly involved in anti-CD45RB-mediated engraftment (discussed further below).

Utilization of the CTLA-4 Pathway for Therapeutic
Intervention in Transplantation

CTLA-4 is primarily expressed as an intracellular molecule that cycles to the cell
surface where it can then interact with its B7 (CD80 and CD86) counter-ligands APC’s.22,23

CTLA-4 expression is upregulated by T cell activation, normally requiring signals through
both the TCR and the CD28 co-stimulatory pathway and entry into cell cycle.23,24 Unfor-
tunately, soluble agonist ligands for CTLA-4 have not yet been reported, frustrating at-
tempts to directly exploit this downregulatory pathway for therapeutic purposes in trans-
plantation and autoimmunity. As noted above, mAbs against CTLA-4 block its negative
signal and thereby augment the immune response-a characteristic useful in promoting
anti-tumor immunity but detrimental for allograft survival. Only in the past year have
potential approaches for harnessing CTLA-4 for downregulation of the immune response
emerged.

Figure 1. Upregulation of CTLA4 expression by anti-CD45RB. CD45 plays a critical role in T cell activation
through the TCR (signal 1). CD4 T cells can be divided into two subsets based upon predominant expression of
either high (CD45RBHi) or low (CD45RBLo) molecular weight (Mr) isoforms of CD45. Tolerogenic anti-CD45RB
mAbs induce a shift in CD45 isoforms expression from high to low Mr. This is not related to depletion or activation
of CD45RBHi cells. The shift in CD45 isoforms is associated with up-regulation of CTLA-4 expression through
previously unknown signaling pathways that appear to involve calcineurin (CN). CTLA-4 primarily resides in the
cytoplasm, but rapidly cycles to the cell surface upon cellular activation.
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Although soluble mAbs block CTLA-4 signaling, negative signals can be induced by
CTLA-4 crosslinking and co-localization with activation signals through the TCR. For
example, co-localization of anti-CTLA-4 with anti-CD3 and anti-CD28 on plastic plates
or latex beads, inhibits T cell proliferation and IL-2 production compared to anti-CD3
and anti-CD28 alone.25,26 One advantage of using antibodies rather than natural ligand is
that CTLA-4 and CD28 can be separately targeted. Although not yet practical, inhibition
of in vivo immune responses through Ab-mediated CTLA-4 ligation can be approached
through gene therapy. The basis for this resides in a recent study by Griffin et al who
expressed a CTLA-4-specific single chain Ab on the surface of APCs.27 When these APCs
were pulsed with peptide Ag, proliferation and cytokine secretion by Ag-specific (TCR-tg)
CD4 and CD8 T cells was inhibited. Such inhibition was dependent on co-ligation of
CTLA-4 and the TCR/CD3 complex by the same APC. CTLA-4/TCR ligation was in-
hibitory regardless of whether CD28 costimulation was provided in cis (on the same cell)
or trans (on a separate cell). These studies provide evidence that expression of a CTLA-4
ligand by host APCs could downregulate T cell activation and possibly promote tolerance
in vivo.

A second means to capitalize on CTLA-4 signaling was revealed in follow-up of stud-
ies, alluded to above.8 The demonstration that anti-CD45RB-mediated engraftment was
extremely sensitive to CTLA-4 blockade raised the question as to whether there was a link
between CD45 and CTLA-4. In previous studies Metz et al had noted that a subset of
“memory” CD4 cells expressing the lower molecular weight (Mr) CD45 isoforms
(CD45RBLo) constitutively expressed CTLA-4 (28). Interestingly, we had shown that
anti-CD45RB treatment was associated with a rapid shift in CD45 isoform expression
from CD45RBHi to CD45RBLo 29 (Fig. 1). Putting these data together, we asked whether
anti-CD45RB might directly upregulate CTLA-4 expression.8 Indeed, we found that
CTLA-4 was expressed by just 8% of CD4 cells-all expressing the lower Mr isoforms of
CD45 (CD45RBLo). Approximately 50% of freshly isolated CD4 cells are normally
CD45RBLo. However, treatment with anti-CD45RB results in a rapid shift in isoform
expression with >90% of CD4 cells expressing CD45RBLo isoforms within 1-2 days. This
shift in isoform expression was associated with an equally rapid almost two-fold increase
in CTLA-4 expression. A time course analysis revealed that CTLA-4 expression on CD4
cells continued to increase such that by day 10 some 25-30% of CD4 cells expressed
CTLA-4. Two trivial explanations for the increase in CTLA-4 expression and augmentation
of CD45RBLo cells were ruled out: Anti-CD45RB treatment did not induce overt T cell
activation or depletion of CD45RBHi cells. For example, activation marker expression
such as CD69, CD25, and CD44, were unchanged. Moreover, significant depletion of
the CD45RBHi cells did not occur, as there was no detectable decrease in the number of
CD4 cells in the spleen or lymph nodes. Furthermore, anti-CD45RB treatment did not
alter the bimodal distribution of CD44 (since CD45RBHi cells normally express low levels
of CD44, depletion of CD45RBHi cells would have been expected to reduce the CD44Lo

subset). Thus, mAb-mediated ligation of CD45RB and/or the upregulation of lower Mr
CD45 isoforms augments CTLA-4 expression. Moreover, this ensues without overt T cell
activation through previously unrecognized pathways.

The biochemical pathways between CTLA-4 and CD45 have not yet been delineated.
However this pathway appears to involve calcineurin since treatment with CsA blocks
anti-CD45RB mediated upregulation of CTLA-4 and interferes with anti-CD45RB me-
diated engraftment.8 These findings have led to the hypothesis that anti-CD45RB may
act by rapidly upregulating CTLA-4 expression such that by the time APCs express their
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costimulatory B7 ligands, potentially alloreactive T cells already express, or have the ca-
pacity to rapidly express, CTLA-4 and are subjected to downregulation.

The Role of CTLA-4 and Regulatory Cells in Induction
and Maintenance of Engraftment

At present, upregulation of CTLA-4 through anti-CD45RB appears to be the most
practical means of harnessing this downregulatory signaling pathway. The degree and length
of time that CTLA-4 expression and signaling must be augmented to promote long-term
engraftment is not clear. In this regard, the upregulation of CTLA-4 by anti-CD45RB
treatment only appears to last several weeks, suggesting that CTLA-4 plays its primary role
early, during the induction of tolerance (D.R., unpublished data). Similarly, studies in a
cardiac transplant model, suggest that anti-CTLA-4 cannot break tolerance once it has
already been established. Whereas, concomitant administration anti-CTLA-4 to allograft
recipients treated with CTLA4-Ig plus DST prevented long-term engraftment in seven of
eight recipients, delay of anti-CTLA-4 administration by just 8 days results in >100 day
engraftment by four of five recipients.9 Concordant results were obtained in a
TCR-transgenic (TCR-tg) model of autoimmune diabetes.5 In this model, insulitis nor-
mally develops within two weeks but diabetes does ensue for five months. However, treat-
ment with three doses of anti-CTLA-4 prior to onset of insulitis induced rapid onset of
frank diabetes within two to three weeks. In contrast, when anti-CTLA-4 treatment was
delayed until insulitis was already established, anti-CTLA-4 had no effect on either the
tempo or penetrance of the disease. Several studies indicate that the mechanisms required
to establish tolerance may be distinct from those required to maintain tolerance.30,31 In
particular, maintenance of tolerance may require the presence of regulatory T cells. It is
possible that once such regulatory cells are established, or the immune system is skewed
towards downregulation, that CTLA-4 no longer plays a requisite role in maintaining
allograft survival.

These results are somewhat at odds with the finding anti-CTLA-4 can break
self-tolerance and induce spontaneous autoimmunity in otherwise non-autoimmune strains
of mice.7 In this report as well as studies in autoimmune inflammatory bowel disease and
diabetes, a regulatory subset of CD25+ CD4 cells was shown to constitutively expresses
CTLA-4.7,32,33 Importantly, the ability of these cells to downregulate autoimmunity may
depend on signals through CTLA-4, since anti-CTLA-4 blocked the inhibitory activity of
these cells in vitro and triggered autoimmunity in vivo.7,32 Thus, crucial regulatory subsets
of T cells may depend on CTLA-4 signaling for their downregulatory activity. Whether
such regulatory cells play a role in the induction of tolerance in transplantation is un-
known. It is conceivable that the inhibition of engraftment by anti-CTLA-4 is secondary to
inhibition of such regulatory cells rather than blockade of inhibitory signals in allo-responsive
T cells. It is also is unknown whether the regulatory CD4 cells that maintain and adoptively
transfer tolerance in transplant models either express or depend on CTLA-4.30,34-37 How-
ever, the inability of anti-CTLA-4 to break established allograft tolerance does not cur-
rently support a role for CTLA-4 bearing regulatory cells in the maintenance of toler-
ance.9 This may change once the identity and mechanism of action of these regulatory
cells is better understood. Further work in this area in both transplant and autoimmune
models may reveal new ways to manipulation CTLA-4 to our therapeutic advantage.



99CTLA-4: Its Role in Transplant Tolerance and Rejection

References
1. Tivol E, Borriello F, Schweitzer A et al. Loss of CTLA-4 leads to massive lymphoproliferation and

fatal multiorgan tissue destruction, revealing a critical negative regulatory role of CTLA-4. Immu-
nity 1995; 3:541.

2. Waterhouse P, Penninger M, Timms E et al. Lymphoproliferative disorders with early lethality in
mice deficient in Ctla-4. Science 1995; 270:985.

3. Perez VL, Van Parijs L, Biuckians A et al Induction of peripheral T cell tolerance in vivo requires
CTLA-4 engagement. Immunity. 1997; 6:411.

4. Leach DR, Krummel MF, Allison JP. Enhancement of antitumor immunity by CTLA-4 blockade.
Science 1996; 271:1734.

5. Luhder F, Hoglund P, Allison JP et al. Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)
regulates the unfolding of autoimmune diabetes. J Exp Med 1998; 187:427.

6. Karandikar NJ, Vanderlugt CL, Walunas TL et al. Bluestone CTLA-4: a negative regulator of
autoimmune disease. J Exp Med. 1996; 184:783.

7. Takahashi T, Tagami T,Yamazaki S et al. Immunologic self-tolerance maintained by CD25(+)CD4(+)
regulatory T cells constitutively expressing cytotoxic T lymphocyte-associated antigen 4. J Exp Med
2000; 192:303.

8. Fecteau S, Basadonna G, Freitas A et al. Upregulation of CTLA-4 expression mediates tolerance
induced through CD45. Nature Immunology, in press.

9. Judge TA, Wu Z, Zheng XG et al The role of CD80, CD86, and CTLA4 in alloimmune re-
sponses and the induction of long-term allograft survival. J Immunol. 1999; 162:1947.

10. Chambers CA, Sullivan TJ, Allison JP. Lymphoproliferation in CTLA-4-deficient mice is mediated
by costimulation-dependent activation of CD4+ T cells. Immunity 1997; 7:885.

11. Oosterwegel MA, Mandelbrot DA, Boyd SD et al. The role of CTLA-4 in regulating Th2 differ-
entiation. J Immunol 1999; 163:2634.

12. Najafian N, Sho M, Kishihara K et al. Regulatory Role Of CTLA-4 And Cytokines In Physiologic
Termination Of Alloimmune Responses in vivo. Amer J Transpl  2001;in Press, (Abstract).

13. Linsley PS, Greene JL, Brady W et al. Human B7-1 (CD80) and B7-2 (CD86) bind with similar
avidities but distinct kinetics to CD28 and CTLA-4 receptors. Immunity 1994; 1:793.

14. Lin H, Bolling SF, Linsley PS et al. Long-term acceptance of major histocompatibility complex
mismatched cardiac allografts induced by CTLA4Ig plus donor-specific transfusion. J Exp Med
1993; 178:1801.

15. Sayegh M, Akalin E, Hancock W et al. CD28-B7 blockade after alloantigenic challenge in vivo
inhibits Th1 cytokines but spares Th2. J Exp Med 1995; 181:1869.

16. Lin H, Rathmell JC, Gray GS et al. Cytotoxic T lymphocyte antigen 4 (CTLA4) blockade accel-
erates the acute rejection of cardiac allografts in CD28-deficient mice: CTLA4 can function inde-
pendently of CD28. J Exp Med 1998; 188:199.

17. Larsen C, Elwood E, Alexander D et al. Long term acceptance of skin and cardiac allografts after
blocking CD40 and CD28 pathways. Nature 1996; 381:434.

18. Zheng XX, Markees TG, Hancock WW et al. CTLA4 signals are required to optimally induce
allograft tolerance with combined donor-specific transfusion and anti-CD154 monoclonal antibody
treatment. J Immunol 1999; 162:4983.

19. Chan AC, Desai DM, Weiss A. The role of protein tyrosine kinases and protein tyrosine phos-
phatases in T cell antigen receptor signal transduction. Ann Rev Immunol 1994; 12:555.

20. Koretzky GA, Picus J, Thomas ML et al. Tyrosine phosphatase CD45 is essential for coupling
T-cell antigen receptor to the phosphatidyl inositol pathway. Nature 1990; 346:66.

21. Lazarovits A, Poppema S, Zhang Z et al. Prevention and reversal of renal allograft rejection by
antibody against CD45RB. Nature 1996; 380:717.

22. Linsley PS, Bradshaw J, Greene J et al. Intracellular trafficking of CTLA-4 and focal localization
towards sites of TCR engagement. Immunity 1996; 4:535.

23. Alegre ML, Noel PJ, Eisfelder BJ et al. Regulation of surface and intracellular expression of CTLA4
on mouse T cells. J Immunol 1996; 157:4762.

24. Finn PW, He H, Wang Y et al. Synergistic induction of CTLA-4 expression by costimulation with
TCR plus CD28 signals mediated by increased transcription and messenger ribonucleic acid stabil-
ity. J Immunol 1997; 158:4074.

25. WalunasF/TL, Lenschow DJ, Bakker CY et al. CTLA-4 can function as a negative regulator of T
cell activation. Immunity 1994; 1:405.



CTLA-4 in Autoimmune Disease100

26. Krummel MF, Allison JP CD28 and CTLA-4 have opposing effects on the response of T cells to
stimulation. J Exp Med. 1995; 182:459.

27. Lee KM, Chuang E, Griffin M et al. Molecular basis of T cell inactivation by CTLA-4. Science
1998; 282:2263.

28. Metz DP, Farber DL, Taylor T et al. Differential role of CTLA-4 in regulation of resting memory
versus naive CD4 T cell activation. J Immunol 1998; 161:5855.

29. Basadonna G, Auersvald L, Khuong C et al. Antibody mediated targeting of CD45 isoforms: A
novel immunotherapeutic strategy. Proc Nat Acad Sci USA 1998; 95:3821.

30. Tran H, Nickerson P, Restifo A et al. Distinct Mechanisms for the induction and maintenance of
allograft tolerance with CTL4-Fc Treatment. J Immunol 1997; 159:2232.

31. Lehnert AM, Yi S, Burgess JS et al. Pancreatic islet xenograft tolerance after short-term costimulation
blockade is associated with increased CD4+ T cell apoptosis but not immune deviation. Transplan-
tation 2000; 69:1176.

32. Read S, Malmstrom V, Powrie F. Cytotoxic T lymphocyte-associated antigen 4 plays an essential
role in the function of CD25(+)CD4(+) regulatory cells that control intestinal inflammation. J Exp
Med 2000; 192:295.

33. Salomon B, Lenschow DJ, Rhee L et al. B7/CD28 costimulation is essential for the homeostasis of
the CD4+CD25+ immunoregulatory T cells that control autoimmune diabetes. Immunity 2000;
12:431.

34. Qin S, Cobbold S, Pope H et al. “Infectious transplantation tolerance. Science 1993; 259:974.
35. Onodera K, Hancock WW, Graser E et al. Type 2 helper T cell cytokines and the development of

“infectious” tolerance in rat cardiac allograft recipients. J Immunol 1997; 158:1572.
36. Gao Z, Zhong R, Jiang J et al. Adoptively transferable tolerance induced by CD45RB monoclonal

antibody. J Am Soc Nephrol 1999; 10:374.
37. Bushell A, Niimi M, Morris PJ et al. Evidence for immune regulation in the induction of trans-

plantation tolerance: a conditional but limited role for IL-4. J Immunol 1999; 162:1359.



Index

A

17-α-hydroxylase  71, 72
21-α-hydroxylase  71, 72
Acetylcholine receptor  5, 55, 57-59
ACTH  71
Addison’s disease  4, 5, 45, 50, 51, 71-77
AIRE-1  72
Anti-CD45RB  95-98
Anti-glutamic acid decarboxylase (GADA)

79
Anti-insulin (IAA)  79
Anti-tyrosine phosphatase (IA-2)  5, 79
Antibody-dependent cell-mediated

cytotoxicity (ADCC)  47, 58, 59
Antigen presenting cell (APC)  3, 9-11,

18, 25, 27, 28, 35, 38, 39, 42, 63,
65, 68, 72, 75, 87, 93, 95, 97

AP-1  16
Apoptosis  3, 26, 27, 72, 95
(AT)n repeat  19, 45-50, 58, 59, 74
Autoimmune hypothyroidism  45, 47-51,

74
Autoimmune polyendocrinopathy-

candidiasis-ectodermal dystrophy
(APECED)  72

B

B cells  9, 10, 25, 26, 28, 39, 51, 58, 63,
68

B7 family  6, 10, 12, 13, 15, 35
B7-1  2, 3, 9, 25, 35, 63-66, 72
B7-2  2, 9, 25, 27, 35, 72
Base pair allele  46, 48-51

C

CD3z  15, 16
CD4+  5, 12-15, 17-19, 26, 35, 38, 50,

55, 56, 67, 87
CD8+  12-14, 16-18, 35, 38, 50, 56
CD28  2, 3, 6, 9-16, 18, 25-29, 35-39,

41, 42, 51, 56, 58-60, 63-68, 72, 81,

87, 93, 95-97
CD69  40, 97
CD80  2, 3, 9, 10, 12, 13, 18, 25, 27,

35-42, 58, 63-65, 72, 96
CD86  2, 9, 10, 12, 13, 18, 25, 27,

35-39, 41, 42, 63-65, 72, 75, 96
CD95  3
Clathrin-associated adaptor complex  10
Cyclophosphamide  28-30
Cytotoxic T lymphocyte antigen 4

(CTLA-4)  2, 3, 6, 7, 9-19, 25-29,
35-42, 45-52, 55, 56-60, 63-68,
72-77, 80-87, 93-98

CTLA-4, CD152  2
CTLA4-Ig  6, 7, 12, 26-30, 36, 39,

41, 42, 64, 65, 95, 98

D

Dendritic cell  9, 10, 38, 39, 42, 63

E

Endocytosis  11, 15
Experimental autoimmune encephalomy-

elitis (EAE)  17, 63-68, 94

F

FAS  3
FAS ligand (FASL)  3
Fc receptors  59

G

Graves’ disease  5, 19, 37, 45-48, 50, 51,
73-75, 82

H

Hashimoto’s thyroiditis  47, 48, 73, 74
HLA  2, 5, 6, 36-40, 45, 46, 48, 50, 51,

55, 57, 72-77, 79, 80, 83, 86
HLA class II  5, 6, 79, 80
Hyperthyroidism  45, 46



CTLA-4 in Autoimmune Disease102

I

IDDM  72-75, 80
IFN-γ  13, 27, 42, 55, 59
Immunoreceptor tyrosine-based inhibi-

tory motif (ITIM)  68
Inducible costimulator (ICOS)  6, 25, 37,

67, 87
Interleukins 

IL-1β  39, 40, 55, 57-59
IL-2  10, 11, 13, 14, 16-18, 25,

27, 40, 59, 66, 97
IL-4  10, 13, 17, 18, 27, 59, 75
IL-10  3, 13, 59, 75, 67
IL-13  59, 67

Islet cell antibodies (ICA)  79
Intracellular adhesion molecule (ICAM-1)

45, 50

L

Langerhans cells  10
Lupus nephritis  27-30

M

MAb  11, 12, 16-19, 27, 64-66, 86,
93-97

Macrophages  9, 35, 39, 58, 63, 75
Major histocompatibility complex

(MHC)  2, 3, 9, 10, 35, 37, 45, 50,
56, 57, 94

MAP kinases  16
Messenger RNA (mRNA)  10, 38, 60, 68,

85
Microsatellite  45-51, 56, 58, 74-77,

81-83, 85
Monoclonal antibody  39, 40, 42, 64, 83,

86, 93
Monoclonal gammopathies  55
Multiple sclerosis (MS)  1-5, 36, 63
Myasthenia gravis (MG)  55-60
Myelin basic protein (MBP)  5, 64, 65
Myelin oligodendrocyte protein (MOG)

65, 67

N

NF-AT  16
NF-κB  16
Non-obese diabetic (NOD) mouse  80, 85

P

Polyglandular deficiency type 1  71
Polymorphism  4, 19, 27, 36, 37, 45-52,

56, 58, 59, 73-77, 81-83, 85
Postpartum thyroiditis (PPT)  45, 48-50
Primary biliary cirrhosis  55
Programmed death-1 (PD-1)  68

R

Rheumatoid arthritis (RA)  1-5, 7, 35-42,
75

S

sCTLA-4  85
SHP-2  16
Single nucleotide polymorphism (SNP)

36, 82, 83, 87
Staphylococcal enterotoxin B (SEB)  18
Synovial T cells  38, 40, 41
Systemic lupus erythematosis (SLE)  1, 5,

7, 25-27, 29

T

T cells  1-3, 5-19, 25-29, 35-42, 45, 47,
48, 50-52, 55, 56, 59, 60, 63-68, 71,
72, 75, 81, 86, 87, 93-98

T cell activation  6, 9-12, 15, 17, 25-28,
40, 41, 55, 59, 60, 63, 65-68, 72, 81,
86, 87, 93-97

T cell receptor (TCR)  2, 3, 6, 9-18, 35,
38, 40, 42, 65-68, 86, 93-98

TaqI  57
TCRζ  40, 41
Thymic hyperplasia  56, 57
Thymoma  56, 57, 58, 59



Index 103

Thymus  1, 17, 56, 57
Thyroglobulin  5, 46
Thyroid peroxidase  5, 46, 47, 48, 72
Thyroid-associated ophthalmopathy

(TAO)  45-48
Thyroid-stimulating hormone (TSH)  45
Thyrotropin  46
TNF-α  13, 40, 55, 57-59
Tolerance  1-3, 6, 7, 14, 17, 18, 26, 41,

56, 66, 68, 93-95, 97, 98
Transforming growth factor β (TGFβ)  3,

66
Transmission disequilibrium test (TDT)

46, 81, 82, 84

Transplantation  6, 93-96, 98
Tumor necrosis factor receptor (TNFR)  9
Type 1 diabetes mellitus (T1DM)  1, 4, 5,

45, 46, 51
Tyrosine kinases  15

V

Vitiligo  5, 45, 49-51, 72, 77
VLA-1  40

Z

ZAP-70  15, 16



MEDICAL INTELLIGENCE UNIT

Flemming Pociot

C
T

L
A

-4 in A
utoim

m
une D

isease

CTLA-4 in Autoimmune
Disease

P
O

C
IO

T

MIU

MEDICAL INTELLIGENCE UNIT

INTELLIGENCE UNITS

Biotechnology Intelligence Unit
Medical Intelligence Unit

Molecular Biology Intelligence Unit
Neuroscience Intelligence Unit

Tissue Engineering Intelligence Unit

The chapters in this book, as well as the chapters
of all of the five Intelligence Unit series,

are available at our website.

Landes Bioscience, a bioscience publisher,
is making a transition to the internet as

Eurekah.com.

9 79 158 7 0 606 86


	Front Cover
	Inside Cover
	Copyright ©2004 Eurekah.com
	Table of Contents
	Contributors
	Preface
	1 Autoimune Disorders—A Common Link?
	2 CTLA-4: Its Role in the Immune Response
	3 CTLA-4 in Systemic Lupus Erythematosus
	4 CTLA-4 in Rheumatoid Arthritis
	5 CTLA-4 in Autoimmune Thyroid Disease and Vitiligo
	6 CTLA-4 in Myasthenia Gravis
	7 CTLA-4 in Multiple Sclerosis
	8 CTLA-4 in Addison’s Disease
	9 CTLA-4 in Type 1 Diabetes Mellitus
	10 CTLA-4: Its Role in Transplant Tolerance and Rejection
	Index
	Back Cover



