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Summary

Positive and negative costimulation by members of the CD28 family is critical for the
development of productive immune responses against foreign pathogens and their proper
termination to prevent inflammation-induced tissue damage. In addition, costimulatory signals are
critical for the establishment and maintenance of peripheral tolerance. This paradigm has been
established in many animal models and has led to the development of immunotherapies targeting
costimulation pathways for the treatment of cancer, autoimmune disease, and allograft rejection.
During the last decade, the complexity of the biology of costimulatory pathways has greatly
increased due to the realization that costimulation does not affect only effector T cells but also
influences regulatory T cells and antigen-presenting cells. Thus, costimulation controls T-cell
tolerance through both intrinsic and extrinsic pathways. In this review, we discuss the influence of
costimulation on intrinsic and extrinsic pathways of peripheral tolerance, with emphasis on
members of the CD28 family, CD28, cytotoxic T-lymphocyte antigen-4 (CTLA-4), and
programmed death-1 (PD-1), as well as the downstream cytokine interleukin-1 (IL-2).
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Introduction

Understanding the mechanisms underlying immunological tolerance is a formidable
challenge that could have far reaching implications for therapeutic strategies in autoimmune
diseases and transplantation. The notion of costimulatory signals first introduced by Lafferty
and colleagues (reviewed in 1) marked a milestone in the tolerance field that was followed
by the important discovery of CD28 and its crucial role in T-cell activation. CD28
represented the quintessential costimulatory molecule not only in that CD28 ligation allows
T-cell receptor (TCR)-mediated signals to result in productive T-cell activation but also in
the functional unresponsiveness ensuing TCR engagement in the absence of CD28
costimulation (2' 3). This finding generated enormous interest and CD28 blockade was
initially perceived as a silver bullet to achieve tolerance with widespread clinical
applications. While targeting the CD28 pathway is still the subject of intense investigation
and the therapeutic potential of CD28 blockade is currently evaluated in clinical trials (4 5),
the field of costimulation and tolerance has greatly evolved since CD28 was first described,
with heightened complexity on both sides of the equation. Indeed, on the one hand, it is now
apparent that while representing a central component of the T-cell activation molecular
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machinery, CD28 is only one of many members of the costimulatory molecule family,
which relative importance varies depending on the cell subset, activation status, anatomical
location and stage of the immune response (6' 7). Furthermore, an inherent intricacy of the
costimulatory molecule family is that it contains both activating (such as CD28) and
inhibitory [such as cytotoxic T-lymphocyte antigen-4 (TLA-4) and programmed death-1
(PD-1)] molecules that can have antagonistic influences on immune responses (3: 8). On the
other hand, the range of molecular pathways and cell subsets involved in establishing or
maintaining tolerance has considerably widened since CD28 was discovered, in particular
with the avalanche of evidence showing that regulatory T cells (Tregs) are critical for
peripheral tolerance (9' 10). Importantly, costimulatory signals affect Treg development,
homeostasis, and suppressive function independently of their effect on effector T cells (11).
Thus, costimulation now appears to control tolerance at multiple levels through signals
mediated by positive and negative costimulatory molecules that affect effector T cells by
both cell-intrinsic and -extrinsic mechanisms. In this review, we summarize studies from our
laboratory and others that have defined the role of members of the CD28 family of
costimulatory molecules, CD28, CTLA-4, and PD-1, and the cytokine interleukin-2 (IL-2) in
effector T-cell-intrinsic and -extrinsic pathways of T-cell tolerance. Moreover, the
appreciation that a given costimulation pathway can have distinct effects on different cell
subsets, with outcomes that can be synergistic or opposite, has complicated the task of
predicting the effect of a given pathway in a disease setting. We review the current state and
challenges of targeting these pathways for therapeutic purposes.

Mechanisms of tolerance

The immune system has evolved to include several complementary mechanisms designed to
preserve self-tolerance while allowing robust responses against pathogens. In the thymus,
central tolerance processes ensure that the majority of potentially autoreactive lymphocytes
are deleted during negative selection. This is achieved in large part through interactions of
developing thymocytes with medullary thymic epithelial cells (nTECs) expressing the
autoimmune regulator (AIRE) that drives the ectopic expression of peripheral tissue-specific
antigens (TSA) in the thymus (12). The importance of AIRE in immune tolerance is notably
illustrated by the development of multi-organ autoimmunity in patients and mice defective
or deficient in AIRE (13' 14). Of note, although this is still a controversial issue, recent
reports have suggested that AIRE function may not be limited to thymic development but
may also participate in peripheral tolerance by inducing TSA expression in secondary
lymphoid organs that ultimately results in deletion of autoreactive T cells in the periphery
(12+ 15). Indeed, despite negative selection, a significant number of potentially autoreactive
T-cell clones emerge from the thymus and are usually controlled by both intrinsic and
extrinsic peripheral mechanisms of tolerance. Intrinsic mechanisms of tolerance encompass
processes that directly affect self-antigen specific T cells to result in unresponsiveness and
include immunological ignorance, anergy, and peripheral deletion (reviewed in 16).
Autoreactive T cells can ignore tissues expressing their cognate antigens due to their
anatomical separation, the naive/immature state of both T cells and APCs as it relates to
immunologically privileged sites and the low avidity for self-antigens that allowed these T
cells to escape thymic negative selection (17+ 18). T-cell anergy is a state of functional
inactivation usually resulting from suboptimal stimulation due to reduced TCR signaling
and/or defective costimulation. Importantly, Schwartz and colleagues (reviewed in 19) have
proposed that T-cell unresponsiveness induced in different experimental conditions could
represent distinct functional states and molecular pathways of anergy and thus could have
distinct requirements for costimulatory signals or lack thereof for their induction and
maintenance. Finally, apoptosis and clonal deletion are crucial to restore T-cell homeostasis
after immune responses and prevent autoimmune diseases (20). Apoptotic pathways have
been involved in both thymic and peripheral T-cell death and have been shown to prevent
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autoimmunity through effects on T cells and other cell types including APCs (21 22).
Almost by definition, it has been recognized that costimulation is inherently linked to
intrinsic mechanisms of peripheral tolerance, but we now have a better understanding of the
influence of distinct costimulatory molecules on these different mechanisms and a recent
appreciation that they do not just result in passive unresponsiveness but are active processes
depending on specific signaling pathways and active transcription. Tregs represent a subset
of CD4" T cells widely defined by expression of CD25 and the lineage marker forkhead box
protein 3 (Foxp3), and they are central to the extrinsic control of T-cell tolerance (reviewed
in 23). Similar to conventional T cells, CD4*CD25*Foxp3* Tregs are generated in the
thymus, but they display a repertoire distinct from conventional T cells and are skewed for
T-cell receptors (TCRs) of high affinity for self-peptides (24: 25). Furthermore, adaptive
Tregs can be generated in the periphery from CD4*CD25 Foxp3~ conventional T cells,
although the relative contribution of thymic (natural) versus adaptive Tregs in the
maintenance of tolerance remains controversial (26). Tregs have been reported to suppress
conventional T cells through multiple mode of actions, including the production of
immunosuppressive cytokines such as tissue growth factor-p (TGF-B) or IL-10 and direct
alterations of effector T cells or APCs (9' 10). Tregs are master regulators of peripheral
lymphocytes, as evidenced by the development of widespread autoimmune diseases in
Foxp3-deficient IPEX patients and scurfy mice (27 28). As discussed below, the discovery
that costimulatory molecules control Treg homeostasis and function has redefined the field
of costimulation and tolerance, providing new insights into the molecular and cellular targets
of costimulation and new challenges in predicting the net biological effect of given
costimulatory pathways. Finally, accumulating evidence during the last decade has
underlined an important role for tolerogenic APCs in the maintenance of peripheral
tolerance and prevention of autoimmunity (29). Complex bidirectional interactions between
dendritic cells (DCs) and effector or regulatory T cells involve a number of costimulatory
molecules that participate in the balance of signals skewing these interactions towards
immune responses versus tolerance.

Intrinsic control of tolerance by costimulation

CD28: the quintessential costimulatory molecule

CD28 was the first costimulatory molecule discovered after the concept that productive T-
cell activation requires an antigen-specific ‘signal 1’ through the TCR and an accessory
‘signal 2’ through soluble factors or costimulatory molecules was developed in the 1980s (1!
30). While it is now clear that other costimulatory pathways contribute to T-cell activation at
different stages of the immune response and in different T-cell subsets (reviewed in 6' 7),
the interaction of CD28 with its ligands B7-1 (CD80) and B7-2 (CD86) remains the best
characterized pathway and is the object of intense investigation for therapeutic purposes.
CD28 signals are critical for T-cell activation, proliferation, and survival upon T-cell
interaction with APCs presenting their cognate antigen (2 3). CD28 colocalizes with the
TCR in the central region of the immunological synapse [central supramolecular activation
cluster (cSMAC)] (31), where integration of TCR and CD28 signals leads to accumulation
of lipid rafts and subsequent enhancement of tyrosine phosphorylation of a number of
molecules critical for T-cell activation (32' 33). CD28 can thus lower the threshold
necessary for efficient T-cell stimulation (34) but, as discussed below, CD28 does not only
amplify phosphorylation of TCR-dependent kinases in TCR-CD28 microclusters (35) but
also initiates a distinct signaling and transcriptional program. Additionally, CD28
costimulation is required to increase glucose uptake and glycolysis through both
phosphoinositol 3-kinase (P13K)-Akt-dependent and -independent pathways to meet
elevated metabolic demand following T-cell activation (36). The control of T-cell expansion
by CD28 is both a direct consequence of entry and progression into the cell cycle through
CD28-mediated expression of cyclins, activation of cyclin-dependent kinases (cdk), and
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downregulation of cdk inhibitor p27kip1, and an indirect outcome of increased production of
the T-cell growth factor IL-2, one of the most critical targets downstream of CD28 signaling
(30 37739). Furthermore, CD28 controls T-cell survival by enhancing expression of the
anti-apoptotic factor Bcl-X| (40743). Interestingly, as will be discussed further below,
discrete regions of the CD28 cytoplasmic tail influence distinct molecular pathways that
function autonomously upon CD28 signaling and independently of endogenous IL-2.
Indeed, regulation of T-cell proliferation and IL-2 production versus upregulation of
survival factor Bcl-X map to separate regions of the CD28 cytoplasmic domain (44 45).
Furthermore, CD28 regulation of cell cycle is independent of endogenous IL-2 in the early
stages of cell cycle progression while sustained proliferation is dependent on IL-2
production (38 39). This is in agreement with reports that CD28 costimulation is required
for initiating T-cell responses while other molecular interactions become predominant at
later time points (42' 460 47). While memory T cells are less dependent than naive T cells on
CD28 signals, CD28 costimulation can nevertheless affect the optimal development of
secondary responses, proliferation of memory CD4* and CD8* T cells and clearance of viral
infections (48 49).

The consequence of this array of CD28 functions, as it pertains to T-cell tolerance, is that
activation of naive T cells in the absence of costimulation not only precludes the
development of an effective T-cell response but also can lead to a state of tolerance achieved
by additive mechanisms. Thus, blockade of CD28-B7 interactions promotes transplantation
tolerance that initially depends on massive T-cell deletion and can be abrogated when
apoptotic pathways are compromised (50752). Additionally, T-cell activation in the absence
of CD28 costimulation can lead to a state of anergy characterized by defective
phospholipase C-y1 (PLCy-1) activation and intracellular calcium mobilization (53). The
anergic state resulting from altered CD28 signaling is also associated with increased levels
of the cdk inhibitor p27kipl and mice deficient in p27kipl protein or function failed to be
tolerized after CD28/CD40L costimulation blockade in vivo (37: 54+ 55). These reports
suggest that p27kip1 plays a critical role in T-cell tolerance achieved through blockade of
the CD28 pathway, at least in part by preventing the downstream phosphorylation of the
signal transducer Smad3 (55). Of note, given the important affect of CD28 costimulation on
T-cell proliferation (2' 3), CD28 signals thus participate directly and indirectly in tolerance
since anergy avoidance in T cells has been shown to depend on cell cycle progression as
well as costimulatory signals (56' 57).

In addition to its influence on T-cell deletion and anergy, CD28 qualitatively controls T-cell
responses through its effect on T-cell differentiation and cytokine production. Indeed, the
overall strength-of-signal plays an important role in the differentiation of naive T cells
towards the T-helper 1 (Th1) or Th2 subsets, with strong TCR and CD28 signals favoring
Th2 differentiation while engagement of the inhibitory molecule, CTLA-4, has the opposite
effect (42' 58760). Thus, CD28 blockade is highly beneficial in Th2-dependent diseases such
as allergic airway inflammation in models of asthma and autoantibody-mediated lupus-like
syndrome in NZB/NZW mice (61' 62). Conversely, CD28 costimulation favors Th2
skewing and immunoregulation in chronic inflammatory Th1l-mediated autoimmune
diseases such as diabetes in the non-obese diabetic (NOD) mouse (63 64). As discussed
further below, this led to the unexpected realization that CD28 signaling could directly
participate in the induction of immunoregulation and tolerance, complicating the prospect of
blocking this pathway for therapeutic purposes (65). Although more studies are needed to
fully answer this question, recent reports suggest that the strength of signal could also
influence the differentiation of pro-inflammatory Th17 cells. Indeed, CD28 blockade using
CTLA-4-immunoglobulin (Ig) fusion protein was shown to inhibit IL-17 production in vitro
and in vivo (66). However, high strength stimulation, in particular CD28 costimulation itself,
was also shown to hinder the differentiation of both human and murine cells into the Th17
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lineage (67 68). Thus, while this issue will have to be resolved in vitro and investigated
further in animal models, it is possible that the CD28 pathway could influence Th17-
mediated autoimmune responses in vivo, raising once more the possibility of unexpected
consequences of CD28 blockade on T-cell tolerance versus autoreactivity.

Signaling pathways downstream of CD28

CD28 costimulation regulates a wide range of genetic and biochemical processes required
for complete T-cell activation. Following antigen recognition by the TCR, the membrane-
proximal signaling mechanism activated by CD28 ligation generates a specific gene
expression program, which subsequently mediates the specific cellular outcomes described
in the previous section. The initial signal transduction cascades are dependent on specific
association of proteins with the different CD28 cytoplasmic motifs (69). The
phosphorylation of the proximal motif via Src family kinases allows the binding of PI3K,
Grb2 and GADS (70 71) (Fig. 1). In contrast, Lck or Fyn kinases primarily phosphorylate
the distal cytoplasmic motif although Grb2 and Filamin-A are also able to bind this motif
(72774). Finally, a third proline-rich region, particularly close to the proximal motif, is
associated with Itk binding (75).

The biochemical cascades associated with the proximal CD28 motif are mainly mediated by
PI3K, which has a critical role in T-cell activation by inducing the production of PIP3, the
main D3-lipid in the TCR/CD28 synapse (76) (Fig. 1). The resulting recruitment and
phosphorylation of protein kinase B (PKB)/Akt led to mammalian target of rapamycin
(mTOR) and inhibitor of nuclear factor kB (IxB) activation, simultaneously with the
repression of GSK3p and Bad (77 78). Besides, recent studies showed that PI3K can also
enhance TCR-induced signaling by breaking the negative cyclic adenosine monophosphate
(cAMP) negative feedback via recruitment of B-arrestin/PDE4 complex to the lipid rafts
(79). In addition to PI3K pathways, CD28 signaling events are initiated by binding of the
adapter protein Grb2, which has the ability to interact with the proximal and distal CD28
motifs (Fig. 1). Grb2 is able to initiate two signaling pathways through the recruitment of the
exchange factor Vav (80). On one hand, the binding of Vav with the SH2 leukocyte protein
of 76 kDa (SLP-76)/linker for activated T cells (LAT) complex activates PLCy1 that
increases intracellular Ca2* and triggers PKC6 function via the Bcl10 (B-cell lymphoma
10)/MALT1 (mucosal associated lymphoid tissue 1)/CARMA-1 [caspase-recruitment
domain (CARD) membrane-associated guanylate kinase (MAGUK) protein 1] complex (81
82). On the other hand, Vav mediates c-Jun N-terminal kinase (JNK) activation by MEKK1
signaling through Rac1/CDCA42 phosphorylation (83 84). Furthermore, the distal motif
actively contributes to the immunological synapse rearrangements. CD28 is tethered to the
lipid raft by binding to Filamin-A through the distal motif (85). Lck also binds this region,
thus participating in CD28-dependent signaling in the SMAC via PKC6 activation (86).

Despite advances in identifying the membrane-proximal signaling events downstream of
CD28, how these complex networks of pathways are integrated with the transcriptional
pattern and the cellular outcome is not completely understood. Specific mutations in
different CD28 tail motifs have been performed in order to clarify the functional role of the
implicated signaling pathways (87: 88). Although the distal CD28 motifs proved to have a
critical role in T cell activation, little is known about their specific effects in gene
expression. Different CD28-dependent pathways can modulate several transcriptional
regulatory families involved in T-cell activation (Fig. 1). Moreover, the observed effects can
be partially redundant between various signaling cascades (89). The NF-kB transcriptional
activity can be trigged by a PI3K-dependent signaling via mTOR and IkB or independently
through PKCB signaling (82' 90' 91). The expression of NFAT-dependent genes can be
activated by Akt and PKC8 phosphorylation, which inhibits GSK3p, a kinase that promotes
the nuclear export of the transcription factor. NFAT nuclear translocation is also triggered
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by increases in intracellular Ca2*, a PI3K-independent pathway (92). Other transcription
factors involved in CD28 costimulation are the activator protein-1 (AP-1) family, such as c-
fos and Jun. JNK activation by Vav modulates the expression of AP-1 target genes (93). In
addition, JNK is able to regulate the post-transcriptional mMRNA stabilization of several
cytokines (94).

In addition to their intrinsic complexity, the signaling cascades that characterize CD28
function are strongly interconnected with the intracellular TCR signaling machinery. As a
consequence of this partial redundancy in signaling processes, the primary role of CD28
costimulation in T-cell activation has been controversial. Specifically, it is still unclear
whether CD28 can activate distinct signaling pathways independent of TCR-mediated
signaling or functions principally by amplifying TCR-triggered pathways. Microarray
analysis performed to investigate the effect of costimulation on gene expression level during
T-cell activation has not identified a specific CD28-dependent transcriptional pattern (95
96). These data supported the hypothesis that CD28 costimulation constitutes mostly a
‘quantitative’ signal in T-cell activation required to overcome signaling thresholds that are
not attainable by ligation of the TCR alone. The alternative model defines CD28
costimulation as a ‘qualitative’ signal, not only indispensable to achieve a complete T-cell
activation but also responsible for a TCR-independent transcription pattern. The activation
of T cells using superagonistic anti-CD28 antibodies suggests that CD28 can function in the
absence of a TCR-derived signal (97). Although these results are controversial, the existence
of both TCR-dependent and -independent pathways is not mutually exclusive, and it is
probable that both are operative and functionally relevant.

We have recently begun to reinvestigate this question using global gene expression analyses
performed on highly purified human naive CD4*CD45RA* T cells. Preliminary results
suggest that CD28 signaling affects T-cell activation both quantitatively and qualitatively
(Esensten J, Martinez-Llordella M, Bluestone JA, and colleagues, manuscript submitted).
The differences between this and previous studies (95’ 96) may reflect the use of the naive T
cells, which are known to be exquisitely CD28-dependent. Thus, we propose CD28
costimulation supports TCR signaling during the early stages of T-cell activation. However,
a qualitative effect provided by the CD28 pathway is also present early after T-cell
stimulation and increases throughout the activation process.

CTLA-4: a potent immunoregulatory molecule with a complex biology and function
CTLA-4 (CD152) was the first described ‘costimulation’ molecule with inhibitory
properties on T cells (reviewed in 2> 3). The immunoregulatory properties of CTLA-4 were
dramatically exemplified by the lymphoproliferative disease occurring in CTLA-4 knockout
(KO) mice that resulted in the death of all animals by three to four weeks of age (98).
Functionally, CTLA-4 was shown to inhibit T-cell proliferation, cell cycle progression, and
IL-2 production (99' 100). Additionally, CTLA-4 signals influence CD4* T-cell
differentiation. Indeed, CTLA-4-deficient mice and T cells were shown to be strongly
skewed towards a Th2 phenotype, even in the absence of the Th2 lineage transcription factor
signal transducer and activator of transcription-6 (Stat-6) (58> 59). CTLA-4 was also
recently shown to influence Th17 responses, as blockade of CTLA-4 with anti-CTLA-4
monoclonal antibodies or using CTLA-4lg and CD28KO T cells resulted in increased Th17
differentiation and 1L-17 production in vitro and in vivo (66). These data imply that CTLA-4
signals inhibit Th17 responses and, together with the still controversial role of CD28 in
Th17 differentiation, suggest that the Th17 lineage will be influenced by the overall strength
of signal of T cell-APC interactions and in particular by the nature and intensity of
costimulatory signals. This is reminiscent of the control of Th1/Th2 differentiation, which
was shown to depend both on TCR and costimulatory signals as well as the cytokine
microenvironment. The CTLA-4 receptor binds the same B7-1 and B7-2 ligands as CD28 on
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APCs (2! 3). Together with the requirement for CTLA-4 and TCR ligation to occur in cis
(e.g. during interactions with the same APC) (101), which resulted in relatively inefficient
anti-CTLA-4 agonistic reagents, this property has created serious challenges for the study of
CTLA-4 signals in intrinsic T-cell function in vivo. Thus, we developed a single-chain
membrane-bound anti-CTLA-4 antibody (scaCTLA-4) that can be expressed directly on
antigen-presenting B cells in vivo. We found that expression of the scaCTLA-4 transgene
(Tg) on antigen-presenting B cells profoundly inhibited antigen-specific T-cell responses in
vitro and in vivo (1017103). Indeed, T-cell proliferation and cytokine production during an
allogeneic mixed lymphocyte reaction in vitro as well as T-cell-dependent antibody
production and class switching in vivo were greatly diminished when B cells expressed the
scaCTLA-4 Tg (102). Alegre and colleagues (104) further showed that expression of an
scaCTLA-4 Tg on allogeneic tumor cells prevented their rejection by antigen-specific CD8*
T cells in vivo. In autoimmune diabetes, expression of the scaCTLA-4 transgene in B cells
affected the activation and differentiation of autoreactive T cells in the pancreatic lymph
nodes and decreased the incidence of diabetes both in NOD mice and in Treg-deficient
NOD-B7-1/2KO mice (102). Together, these data point to a critical role of CTLA-4 for
controlling T-cell responses to foreign and self-antigens in an intrinsic manner. However, as
discussed later, this does not preclude an extrinsic role of CTLA-4, and it is now clear that
CTLA-4 controls immune responses at multiple levels and by affecting several cell subsets,
perhaps explaining that its absence has such a profound effect on T-cell homeostasis and
self-tolerance. Interestingly, the role of CTLA-4 in peripheral tolerance is not uniform in all
circumstances and biological contexts. CTLA-4 blockade or genetic deficiency prevents T-
cell tolerance induced by high-dose systemic antigen in the absence of adjuvant or by
antigen-fixed ECDI-coupled spleen cells (105' 106). In an adoptive transfer model of
autoimmune diabetes using islet antigen-specific TCR-Tg T cells and tolerogenic antigen-
coupled spleen cells, we found that CTLA-4 was important for the induction of tolerance,
but CTLA-4 blockade could not revert the antigen-specific T-cell anergic state (107). These
results suggest that CTLA-4 is more critical for the induction phase than the maintenance
phase of tolerance to self-antigens. However, the immunological context is key, as T-cell
tolerance induced by antigen-coupled spleen cells could be abrogated by CTLA-4 blockade
when it was administered together with high-dose antigen in complete Freund's adjuvant
(105). The requirement and function of CTLA-4 as it pertains to the immune environment
and the quantity and form of the antigenic challenge may relate to the differential role of
CTLA-4in T cells of varying affinities for their cognate antigen. Indeed, Egen and Allison
(108) showed that the TCR signal strength correlated with expression levels of CTLA-4 at
the immunological synapse. These data led to the hypothesis that by proportionally exerting
a stronger inhibition on high-affinity T cells, CTLA-4 allowed lower affinity T cells to
participate in the immune response and thus broadened the T-cell repertoire at the
population level.

A distinct but related question, which is still controversial, is the antigen specificity of CD4*
T cells that proliferate in an uncontrolled manner in CTLA-4KO mice and cause multi-organ
infiltration and inflammation (98). Namely, it is unclear whether lymphoproliferation in
these mice stems from a lower threshold of activation due to CTLA-4 deficiency that results
in the proliferation of T cells receiving signals from self-MHC molecules, in a manner
similar to homeostatic proliferation, or from the selective expansion of T cells specific for
tissue-associated self-antigens. TCR repertoire analyses by CDR3 spectratyping, which can
identify antigen-specific T-cell expansions at the population levels, yielded conflicting
results, with one study identifying restricted profiles suggestive of antigen-driven responses
and another report finding Gaussian spectratyping profiles typical of polyclonal expansions
(109 110). However, both studies examined the repertoire of splenic T cells, which may not
reflect the nature of T-cell infiltrates in tissues. Recently, Murphy and colleagues
reexamined this question using CTLA-4KO mice on a TCR f chain transgenic background.
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Contrary to TCRaf-Tg CTLA-4KO mice on a RAGKO background, which are protected
from the lymphoproliferative disease (106), CTLA-4KO mice with a fixed TCRp repertoire
developed lymphoproliferation and died prematurely but with slower kinetics than
CTLA-4KO mice (111). Characterization of tissue-infiltrating T cells in TCRB-Tg
CTLA-4KO mice revealed that they were specific for tissue-specific antigens (111),
suggesting that the CTLA-4KO disease results from defective tolerance of self-antigen
specific T cells. An alternative explanation could be that the CTLA-4KO disease begins
with the “homeostatic proliferation” of T cells receiving signals from self-MHC molecules
but that tissue infiltration gradually reflects an enrichment in tissue antigen-specific T cells,
either because of distinct functions of CTLA-4 as it relates to its structure, as discussed later,
or because tissue-specific autoreactive T cells become relatively enriched in the
corresponding tissue as enhanced expansion and/or survival occur as a result of cognate
interactions with their self-antigens. These mechanisms are not mutually exclusive, and it is
possible that CTLA-4 plays an important role both in the control of homeostatic
proliferation triggered by self-MHC molecules and in the termination of immune responses
to self or foreign antigens.

Structure of the CTLA-4 molecule and molecular basis for its immunoregulatory function
The CTLA-4 gene is composed of 4 exons encoding a protein of 223 amino acids (aa) that
forms a homodimer of 41-43 kDa. Exon 1 encodes the leader peptide, and exon 2 encodes
an Ig-V like domain containing the ligand-binding site in the extracellular portion of the
receptor. Exon 3 encodes the transmembrane part, and exon 4 encodes the cytoplasmic tail.
The overall homology between the murine and human CTLA-4 protein is 76%, with the
greatest divergence observed at the N-terminus, representing the extracellular portion of the
receptor. An exception within this domain is the B7-1/B7-2 ligand binding site, which is
100% conserved among mammals, as is the 36 aa intracellular domain (112). The
cytoplasmic tail contains a lysine- and a proline-rich motif, as well as 2 tyrosine
phosphorylation sites at position 201 and 218 (113), and it appears that the biochemical
basis for cell-intrinsic CTLA-4 function depends on the association of a variety of signaling
molecules with these sites. A body of work has focused on the interaction of CTLA-4 with
its ligands B7-1 and B7-2 to address the mechanisms underlying CTLA-4 inhibitory
function upon T-cell activation. Notably, both CTLA-4 and CD28 bhind B7-1 and B7-2 using
the same MYPPPY motif located in their extracellular domains and therefore directly
compete for ligand binding (114). Multiple groups demonstrated the significance of this
motif within CTLA-4 and CD28 using single amino acid mutagenesis approaches (115
116). Importantly, as discussed in detail in the next section, Kuchroo and colleagues have
described an alternatively spliced form of CTLA-4, named ligand-independent CTLA-4
(liCTLA-4), which lacks exon2 including the MYPPPY motif essential for binding to
ligands B7-1 and B7-2. The fact that CD28 is constitutively expressed on T cells, whereas
CTLA-4 is first upregulated upon TCR activation, supports the idea that one role of CTLA-4
is to limit T-cell responses after cells have received an adequate costimulatory signal. In this
context, the higher affinity and avidity of CTLA-4 for both B7 ligands compared to CD28
appears to be key (117). The superior binding of CTLA-4 to the B7 molecules are based on
residues located N-terminally of the MYPPPY motif in the CDR1-region of CTLA-4, which
are not conserved in the CD28 molecule (115+ 118). It is important to mention that ligands
B7-1 and B7-2 show distinct expression profiles on APCs, which mimic those of CD28 and
CTLA-4 on T cells. B7-2 is constitutively expressed on resting APCs, whereas B7-1 is
induced after activation, leading to the conclusion that B7-2 is the prevalent ligand for CD28
and B7-1 binds predominantly CTLA-4 (2: 3). The observations that B7-1 mediates
recruitment of CTLA-4 to the immunological synapse (IS) and that B7-2 stabilizes CD28 in
the IS upon TCR stimulation support this idea (116 119). In addition, biophysical studies
establishing the affinity and avidity of the various receptor-ligand combinations and the
crystal structure of B7-1 and B-2 binding to CTLA-4 established a hierarchy in these
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different molecular interactions that clearly fits the functional model (117+ 1207122). Indeed,
B7-2 has a higher relative affinity for CD28 than B7-1, and the interaction between B7-1
and CTLA-4 has the highest affinity of all the different combinations (117). Additionally,
the B7-2/CD28 and B7-1/CTLA-4 interactions appears structurally different, with single
CD28 homodimers binding to single B7-2 monomers versus interaction of bivalent CTLA-4
dimers with B7-1 homodimers that leads to the formation of an organized lattice with high
avidity interactions (117: 122).

Saito and colleagues (119) recently showed that CTLA-4 and CD28 compete for B7 binding
in the CD3!°W “signaling” subregion of the cSMAC in the IS, especially in conditions of low
B7 density. The accumulation of CTLA-4 at the cSMAC hinders the CD28-dependent
recruitment of PKC-6 and the subsequent formation of the CARMA-1 complex, possibly
altering downstream NF-kB signaling events. Intriguingly, CTLA-4 was first translocated to
the TCR microclusters and then moved to the cSMAC, suggesting that CTLA-4 could
antagonize both TCR-dependent and CD28-dependent signals. Moreover, the translocation
of CTLA-4 to the IS was completely dependent on B7 binding and the MYPPPY motif
(119). In this regard, we have found that CTLA-4 accumulates in lipid rafts where it
interacts with the TCR complex and controls signaling events in both B7-dependent and B7-
independent manner (123 124, Chikuma S. and Bluestone J.A, unpublished observations).
Indeed, we showed that full-length CTLA-4 (fICTLA-4) formed a complex with
phosphorylated TCRE within lipid rafts and that this interaction resulted in the control of
levels of phosphorylated TCRZ by CTLA-4 (124). Additionally, we developed a C-terminal
anti-CTLA-4 antibody that, in combination with standard N-terminal anti-CTLA-4
antibodies, allowed us to compare the distribution of fICTLA-4 and li-CTLA-4 in lipid rafts
vs. non-raft membrane compartments by western blot (Fig. 2). We found that the relative
amount of CTLA-4 in the lipid raft fraction was much higher for the ligand-independent
form than the full-length molecule (123 124, Chikuma S. and Bluestone J.A, unpublished
observations) (Fig. 2). Moreover, the liCTLA-4 form interacted with TCR components as a
consequence of TCR signaling but independently of B7 ligation (Chikuma S. and Bluestone
J.A, unpublished observations). We generated Tg mice expressing a mutant (MYPPPY
—MYPPAA) ligand non-binding CTLA-4 in the T-cell lineage. We showed that Tg T cells
proliferated less vigorously than non-Tg T cells, and this was associated with a marked
inhibition of ERK phosphorylation in Tg T cells (125). These data suggest a model in which
ligand-independent CTLA-4 inhibits ERK phosphorylation independently of B7 ligands, but
dephosphorylation of the TCR requires B7 ligation to stabilize CTLA-4 in the IS.

Besides the competition with CD28 for B7 binding, the inhibitory function of CTLA-4 is in
large parts mediated by its cytoplasmic tail. One important feature associated with the
intracellular domain is the sub-cellular localization of CTLA-4. In contrast to CD28 which is
preferentially localized on the cell surface, the majority of CTLA-4 molecules are found in
the trans Golgi network (TGN) as well as in lysosomal and endosomal compartments (in
memory T cells) (reviewed in 126). This is mainly mediated by binding of the adapter
proteins AP-1 and AP-2 to the non-phosphorylated Y201VKM motif in the cytoplasmic tail
of CTLA-4. AP-2 is responsible for retaining CTLA-4 in the TGN and for endocytosis of
the receptor from the surface, whereas AP-1 mediates shuttling CTLA-4 from the TGN to
lysosomes for degradation (127: 128). Upon T-cell activation, CTLA-4 is rapidly
translocated to the site of TCR engagement, and surface expression is stabilized by
phosphorylation of the Y201VKM motif, therefore abolishing AP-2 binding and
internalization (129- 130). Tyrosine kinases like Ick, lyn, and rlk can phosphorylate CTLA-4
at tyrosine 201, thereby allowing the association of PI3K to the Y01 VKM sequence (129
131+ 132). While PI3K is known to affect T-cell stimulation by binding to CD28, Rudd and
colleagues recently proposed a mechanism by which PI13K activation through CTLA-4
triggers the PKB/Akt pathway, resulting in inactivation of the pro-apoptotic factor BAD and

Immunol Rev. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bour-Jordan et al.

Page 10

upregulation of the survival factor Bcl-X; (133). These data provide new insights into how
CTLA-4 may mediate peripheral tolerance by inducing T-cell unresponsiveness without
inducing cell death. However, PKB/AKkt is a regulator of multiple signaling pathways and is
also activated upon CD28 costimulation. Therefore, it might be not surprising that CTLA-4
was also proposed to inhibit PKB/Akt activation (reviewed in 134+ 135). Other biochemical
events that have been proposed to be involved in CTLA-4 function include the association
of phosphatases like SH2 domain-containing phosphatase-1 (SHP-1), SHP-2, and protein
phosphatase 2A (PP2A) with the cytoplasmic tail of CTLA-4. Thus, CTLA-4 ligation was
shown to reduce phosphorylation of TCR-{ as well as other components of the TCR
complex like LAT and {-associated protein of 70 kDa (ZAP70) (129' 132 136 137). This
provides a potential mechanism for CTLA-4 inhibitory function by blocking TCR proximal
signaling and consequently attenuating cell cycle progression, cytokine production, and
proliferation. Moreover, ligation of CTLA-4 was demonstrated to inhibit ERK as well as c-
JNK phosphorylation/activation and therefore additionally regulate distal signaling members
of the mitogen-associated protein kinase (MAPK) family (138). The overall importance of
the cytoplasmic tail and the Y5, VKM sequence is most evident in CTLA-4 mutant mice
that either lack the entire intracellular domain or carry a point mutation within the

Y201 VKM motif (139+ 140). These mice are not completely protected from the
lymphadenopathy observed in CTLA-4KO animals although CTLA-4 surface expression
levels are increased, due to abolished AP-2 binding to the Y01 VKM sequence (141). Taken
together, these observations demonstrate that competing for ligand binding through the
extracellular domain is required but by itself not sufficient to block T-cell activation and that
the cytoplasmic tail and especially the Y59 VKM motif is important to fully mediate
CTLA-4 inhibitory function.

CTLA-4 isoforms and their role in its immunoregulatory functions

As the inhibitory function of CTLA-4 is most obvious upon antigen-specific T-cell
activation, many efforts have focused on the development of therapeutic approaches that
selectively engage the ligand-dependent signaling pathway and significant achievements
were observed using CTLA-4-1g and anti-CTLA-4 antibody therapy in treating autoimmune
diseases and various types of cancer, respectively (reviewed in 142). Multiple splice variant
isoforms of CTLA-4 have been described, including a ligand non-binding (liCTLA-4) as
well as a soluble, secreted variant (SCTLA-4) (1437145). The latter was identified in mouse
and human, and elevated levels have been described in patients with autoimmunity but the
mechanism of action of SCTLA-4 has yet to be established (143 146). Importantly,
polymorphisms in the CTLA-4 gene, resulting in differential expression of the splice
variants, have been associated with the susceptibility to multiple autoimmune diseases,
including type 1 diabetes (T1D), multiple sclerosis, rheumatoid arthritis, Grave's disease,
hypothyroidism, and systemic lupus erythematosus (144+ 147: 148). The recent discovery of
the B7-independent, ligand non-binding variant increases the complexity of CTLA-4
biology. This isoform is genetically linked to T1D in the NOD mouse, and the CTLA-4 gene
was recently identified as the candidate gene for susceptibility locus 1dd5.1 (149).
Consequently, diabetes-susceptible NOD mice express only 20% of liCTLA-4 compared to
diabetes-resistant mouse strains. Basis for the lack of liCTLA-4 in the NOD background
appears to be a single nucleotide polymorphism in exon 2, affecting alternative splicing in
favor of inclusion of exon 2 in the final transcript (144 145). So far, liCTLA-4 has only
been described in mouse, where it is expressed at higher levels in naive T cells and resting
memory/regulatory T cells (defined as CD4*CD25M) and downregulated upon T-cell
activation, unlike the full-length isoform (fICTLA-4), which is constitutively expressed on
Tregs but upregulated on effector T cells only following antigenic stimuli (145 1507152).
This has led to the hypothesis that full length CTLA-4 and liCTLA-4 may display different
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functions at different stages of immunity and have distinct influences on homeostatic
lymphoproliferation, immune activation, and T-cell tolerance.

Previous studies had pointed to a ligand-independent function of CTLA-4 in controlling
homeostatic lymphoproliferation, although not necessarily to the existence of an isoform
lacking the ectodomain. Indeed, Sharpe and colleagues (153) demonstrated that CTLA-4KO
mice are protected from developing lethal lymphoproliferative disease (LPD) when bred
onto a B7-1/B7-2 double-KO background to eliminate CD28-dependent T-cell activation
required for initiation of the disease process. Consistent with this idea, treatment of these
triple KO mice with stimulatory anti-CD28 antibody induced LPD (153). Surprisingly, we
discovered that anti-CD28 did not induce disease in the B7 double-KO setting, suggesting
that CTLA-4 can function in the absence of ligand binding (8). These studies cannot rule out
the presence of an unidentified ligand other than B7 molecules, but they suggest that
CTLA-4 can function in naive T cells and control T-cell homeostasis in a B7-independent
manner. Consistent with this hypothesis, initial studies by the group of Vijay Kuchroo (145),
using a retroviral transfection system, described that liCTLA-4 is capable of negatively
signaling into T cells, resulting in a significant decrease in T-cell proliferation and IFN-y
production upon APC/anti-CD3 stimulation. In this setting, liCTLA-4 was even more potent
in reducing TCR-( phosphorylation than fICTLA-4. Recently, two different transgenic
mutant mice, selectively expressing only liCTLA-4 in the knockout background, were
generated in our laboratory and the Kuchroo laboratory (125' 149). In both Tg mouse
models, constitutive expression of only liCTLA-4 resulted in a partial rescue of the highly
activated T-cell phenotype observed in CTLA-4KO mice as well as reduced IFN-y
production. Importantly, a significant delay in lethality caused by the development of LPD,
which was consistent with milder clinical symptoms, was observed. In addition, we further
demonstrated decreased ERK1 and ERK2 phosphorylation in in vitro stimulated T cells
from mice expressing only liCTLA-4, indicating that the B7 non-binding CTLA-4 molecule
actively signals into T cells (125). Finally, in studies by Kuchroo and Wicker's group (149),
expressing a CD2 promoter driven liCTLA-4 transgene reduced diabetes in the NOD
background. However, in both mouse models, there is reasonable concern that expression
levels of these transgenes are not appropriate, as they are driven by constitutive promoters
and therefore do not reflect the physiological expression pattern of CTLA-4 in different T-
cell subsets and at different time points. Thus, to study the in vivo role of liCTLA-4 in
regulating T-cell responses and autoimmunity in a more physiological setting, we have
engineered a B6.CTLA-4 (floxed-Ex2)-BAC-transgene, resulting in selective expression of
liCTLA-4 upon Cre-mediated deletion of exon 2. It is important to mention that the B6-BAC
of approximately 20kb contains exclusively the CTLA-4 locus encompassing the
endogenous gene promoter and flanking regulatory sequences, shown to be important for
CTLA-4 transcriptional regulation. By introducing the B6.CTLA-4-BAC into the NOD
background, which appears genetically deficient for liCTLA-4 (144 145), we were able to
restore expression of liCTLA-4 to levels comparable to B6 mice (M. Stumpf and J.A.
Bluestone, unpublished observations) and observed that the incidence of cyclophosphamide-
induced diabetes was significantly reduced in normal NOD mice as compared to transgenic
NOD animals (Stumpf et al., manuscript in preparation). In summary, these studies suggest
that the ligand independent CTLA-4 isoform has protective properties for the development
of autoimmunity.

Diane Mathis and colleagues (154) previously demonstrated that CTLA-4KO mice in the
islet antigen-specific TCR-Tg NOD.BDC2.5 background are protected from LPD and
systemic organ infiltration but rapidly develop diabetes by 5-7 weeks of age. It remains
possible that the role of liCTLA-4 could be more prominent in the control of homeostatic T-
cell proliferation, as evident in both transgenic mouse models discussed above (125' 149),
but that the extracellular portion of the receptor appears to be critical to control T-cell
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activation and tolerance. This is consistent with the finding that expression of liCTLA-4 is
downregulated upon T-cell activation, whereas fICTLA-4 is upregulated (145' 1507152). As
discussed previously, CTLA-4 appears to be more important for the induction than the
maintenance of tolerance (107). The liCTLA-4 may play an important role in the induction
of tolerance. In conclusion, a body of work clearly demonstrates that the extracellular and
the intracellular portions of the receptor orchestrate and are both key mediators of CTLA-4
inhibitory function. However, the naturally occurring B7-independent CTLA-4 isoform also
has biological significance selectively controlling homeostatic proliferation of naive T cells
versus T-cell activation and peripheral tolerance.

PD-1: a negative regulator crucial for the maintenance of tolerance in peripheral tissues
PD-1 (CD279) is another member of the CD28 family that is expressed on activated T and B
cells (6). PD-1 is believed to negatively regulate T and B-cell responses and as such became
of interest in the tolerance field. The role of PD-1 in tolerance and autoimmunity has been
addressed recently in several reviews (8' 155), therefore we focus on results from our
laboratory pertaining to the mechanisms of action of PD-1 in T-cell biology. PD-1 interacts
with the two related ligands, PD-L1 and PD-L2 (156' 157). Importantly, PD-L1 and PD-L2
have very different expression patterns, with PD-L2 being expressed mostly on DCs and
monocytes in an inducible manner, while PD-L1 is constitutively expressed on T cells,
APCs, and many types of non-hematopoietic cell types including vascular endothelial cells,
pancreatic islet cells, and neurons (8: 155). This differential expression could relate to the
distinct ability of the ligands to induce PD-1-mediated immunomodulation, with PD-L1
usually being more effective than PD-L2 at triggering PD-1 inhibition, and to the scope of
PD-1 function in tolerance, which is believed to be predominant at later time points and in
peripheral tissues (8). The role of PD-1 in immune tolerance and the prevention of
autoimmunity was evidenced the development of autoimmunity in PD-1KO mice.
Intriguingly, the tissue tropism of the autoimmune attack depended on the genetic
background of the PD-1KO mice. Indeed, PD-1KO mice on a C57BL/6 background
displayed arthritis and glomerulonephritis, while PD-1KO BALB/c mice succumbed to
autoimmune cardiomyopathy, and PD-1KO NOD mice develop accelerated diabetes
(1587160). Polymorphism in the PD-1 gene has also been associated with susceptibility to
several autoimmune diseases in humans, including T1D, rheumatoid arthritis, multiple
sclerosis, Grave's disease, and systemic lupus erythematosus (161°163). Contrary to CD28
and CTLA-4, PD-1 participates in central tolerance in the thymus and has been shown to be
important for both negative and positive selection (164 165). In addition, our group and
others have shown that PD-1 is critical for the maintenance of peripheral tolerance and the
prevention of autoimmune diseases, including diabetes and experimental autoimmune
encephalitis (8 107: 155 166+ 167). We examined the pathways, cell subsets, and
mechanisms involved in the control of autoimmune diabetes by PD-1. First, we showed that
PD-1 interactions with PD-L1, not PD-L2, were essential for the tolerogenic properties of
anti-CD3 monoclonal antibodies and antigen-coupled ECDI-fixed cells in the NOD mouse
(107). In the model of antigen-specific tolerance induced by ECDI-fixed cells, we found that
both PD-1 and CTLA-4 blockade could prevent the unresponsiveness of BDC2.5 T cells and
resulted in rapid diabetes in an adoptive transfer model (107). Thus, both PD-1 and CTLA-4
are implicated in the induction of peripheral tolerance. Conversely, PD-1 interactions with
PD-L1 uniquely controlled the maintenance of tolerance induced by fixed splenocytes or
anti-CD3 therapy (107). Since these tolerogenic protocols do not result in the clearance of
tissue infiltration and PD-L1 is expressed on islet cells, these data suggested that interaction
of PD-1 on autoreactive T cells with PD-L1 on islet cells could be important for the
maintenance of tolerance induced by fixed APCs. In agreement with this hypothesis, we
found that fixed APCs isolated from PD-L1KO mice could induce tolerance as efficiently as
wildtype cells, suggesting a critical role for PD-L1 expression in the tissue. In concordance
with this observation, Sharpe and colleagues (166), using bone marrow chimeras and mice
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deficient for PD-L1 and/or PD-L2, demonstrated that expression of PD-L1 in the islet tissue
rather than in hematopoietic cells was critical to protect against autoimmune diabetes. As a
consequence, PD-1 blockade is most effective at precipitating autoimmunity when
autoreactive T cells already infiltrate the targeted tissue. This was strikingly illustrated in
NOD-B7-2KO mice, which are protected from diabetes and infiltration in pancreatic islets
due to defective activation of diabetogenic T cells in pancreatic lymph node but instead
develop an autoimmune peripheral neuropathy (168+ 169). Indeed, we found that in contrast
to NOD mice, treatment of 10-week-old NOD-B7-2KO mice with anti-PD-L1 monoclonal
antibodies did not lead to autoimmune diabetes but instead resulted in accelerated peripheral
neuropathy (Bour-Jordan H and Bluestone JA, unpublished observations). Collectively,
these data suggest a model in which CTLA-4 and PD-1 play complementary and non-
overlapping roles in peripheral tolerance, with CTLA-4 predominantly controlling T-cell
responses early in lymphoid organs and PD-1 acting at later stages and in peripheral tissues

().

We have examined the mechanisms of PD-1-mediated tolerogenic effects on autoreactive T
cells. Using islet antigen-specific TCR-Tg BDC2.5 effector and regulatory T cells, we
showed in an adoptive transfer model that PD-L1 blockade did not affect the ability of
BDC2.5 Tregs to control diabetes, suggesting that the control of immune responses by PD-1
is mostly effector T-cell intrinsic (107). However, in a model of maternal-fetal tolerance,
PD-L1-expressing Tregs were crucial to maintain tolerance (170). Additionally, PD-L1 was
shown to be important for the generation and maintenance of induced Tregs in vitro and in
vivo and for their suppressive function in suboptimal conditions of low Treg:T-effector
(Teff) cell ratio (171). In contrast, a recent study on human Tregs suggested that PD-1/PD-
L1 interactions negatively regulated Treg expansion and suppressive function (172). Thus,
while it is clear that PD-1 inhibit effector T cells intrinsically, it is possible that this pathway
is operative in Tregs as well. It remains to be determined whether the relative role of PD-1/
PD-L1 interactions on Teff vs. Tregs and natural vs. adaptive Tregs correlates with their
predominant kinetics and site of action.

We examined the molecular basis for the tolerogenic effect of PD-1 signals on autoreactive
T cells using an adoptive transfer model of islet-specific BDC2.5 T cells to induce diabetes
and antigen-coupled ECDI-fixed spleen cells to prevent disease and induce tolerance (107).
We observed that tolerized autoreactive T cells displayed defects in calcium flux, TCR(
phosphorylation, and Erk phosphorylation (173). Using two-photon laser-scanning
microscopy (TPLSM) in antigen-bearing lymph nodes, we found that tolerized T cells had
much higher velocity and displacement than non-tolerant T cells (173), for which the
observed slower movement and swarming pattern are consistent with interactions with
antigen-bearing APCs (174). Importantly, blockade of PD-1/PD-L1 interactions in tolerized
animals decreased the velocity and movement of antigen-specific T cells to levels similar to
non-tolerized animals, whereas CTLA-4 blockade had no effect (173). As a consequence of
this effect of PD-1/PD-L1 interactions on the “stop signal’, T cells formed more prolonged
and stable interactions with DCs after PD-L1 blockade. In turn, these stronger interactions
correlated with increased Erk phosphorylation and amplified effector function as measured
by IFN-y production (173). Neither the formation of T cell-APC conjugate nor TCR
proximal signaling and cytokine production were altered by CTLA-4 blockade in tolerized
animals. Taken together, these data support a critical and unique role of PD-1/PD-L1
interactions in the maintenance of tolerance and suggest that this is achieved at least in part
by the influence of PD-1 on the antigen-specific TCR-induced stop signal.
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Shortly after Tregs made a comeback on the immunosuppression scene, the importance of
CD28 costimulation for their homeostasis and its subsequent effect on autoimmunity was
dramatically illustrated in the NOD mouse. Indeed, NOD mice deficient either for CD28 or
for its ligand B7-1 and B7-2 developed an aggressive form of diabetes, with accelerated
kinetics and increased penetrance, which was associated with a profound reduction in the
number of CD4*CD25* Tregs (152). CD28KO and B7-1/2KO mice are deficient for Tregs
in the periphery and in the thymus, and CD28 blockade using CTLA-Ig leads to rapid
decline of Treg numbers in both the thymus and secondary lymphoid organs (152+ 175+ 176).
Importantly, adoptive transfer of polyclonal or islet-antigen specific Tregs prevented
diabetes in NOD-CD28KO mice (152' 177), demonstrating the critical role of CD28 in the
homeostasis of Tregs and the maintenance of tolerance in autoimmune-prone individuals.
These observations have therapeutic implications as it relates to treatments currently
exploring CD28 blockade in autoimmunity and transplantation, as discussed later in this
review.

Thymectomy and adoptive transfer studies have shown that the numerical reduction in Tregs
reflects a direct effect of CD28 on the homeostasis of Tregs both in the thymus and in the
periphery (176). The mechanisms underlying the control of Treg numbers by CD28 were
unclear, but among the CD28 functions known to affect effector T-cell homeostasis,
proliferation, IL-2 production, and survival mediated by Bcl-X| upregulation were the most
likely suspects. However, constitutive expression of a Bcl-X| transgene did not rescue Tregs
after CD28 blockade (176). In addition, the PI3K-binding domain of the CD28 cytoplasmic
tail, which has been implicated in the upregulation of Bcl-X by CD28 in conventional T
cells (44), was not necessary for CD28-mediated Foxp3 stabilization and Treg development
(88 178), suggesting that Bcl-X,_is not involved in the CD28 control of the Treg
population. On the other hand, CD28 is important in Treg proliferation. Although Tregs
were initially believed to be anergic based on in vitro data (179' 180), Tregs have since been
shown to vigorously proliferate in lymphopenic and non-lymphopenic hosts in vivo (176
181' 182). CD4*CD25* Tregs were even found to proliferate more vigorously in vivo than
their CD4*CD25™ counterparts, a property that may be related to and reflect the fact that
their TCR repertoire is skewed towards autoreactivity (24 25 183 184). Using adoptive
transfers in non-lymphopenic recipients, we showed that blocking CD28 costimulation
completely prevented the spontaneous proliferation of Tregs in vivo (176). It is important to
note that the role of CD28 in Treg expansion could control their total numbers in vivo but
could also affect their tissue distribution as its relates to self-tolerance and autoimmunity.
Indeed, autoreactive Tregs specific for tissue-restricted self-antigens preferentially
proliferate and accumulate in lymph nodes draining the relevant tissue, in effect enriching
the local milieu for tissue-specific immunoregulation (177: 185). Thus, CD28 is important
both to quantitatively maintain the total number of Tregs and to qualitatively improve their
efficacy on the population level at the proximity of a given tissue, since tissue antigen-
specific Tregs have been shown to be more efficacious than polyclonal Tregs at preventing
autoreactivity targeting this tissue (177> 186). A third major mechanism that underlies the
role of CD28 in Treg homeostasis could be an indirect influence of 1L-2 and IL-2 signaling.
Indeed, as discussed below, IL-2 and the IL-2 receptor have been shown to be critically
important for the maintenance of the Treg population in the periphery (1877189).
Nevertheless, the function of CD28 and IL-2 in Treg homeostasis only partially overlaps.
This is best exemplified by the Treg requirement for CD28 signals both in the thymus and
periphery, whereas IL-2 appears dispensable for the thymic development of Tregs but
instead controls their survival as well as Foxp3 expression in the periphery (187: 190).
Using bone marrow chimeras, Singer and colleagues (88) further demonstrated that while
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CD28 signals were required for IL-2-mediated effects on Treg survival, IL-2 could not
rescue CD28-deficient Treg cells. Additionally, we showed in NOD-CD28KO mice that
while low steady-state levels of IL-2 contributed to the overall reduction in Treg numbers,
exogenous IL-2 could not prevent the rapid depletion of wildtype Tregs following CD28
blockade in vivo (176). Similar results were obtained for human Tregs, as CD28 played a
unique role in Treg proliferation while IL-2 predominantly prevented their apoptosis (191).

Intriguingly, while IL-2 signals did not fully recapitulate CD28 costimulation, we found in
adoptive transfer experiments that CD28 blockade dramatically lowered CD25 expression
independently of IL-2 (176). The direct control of CD25 expression by CD28 costimulation
could thus be mechanistically related to the influence of CD28 signals on Treg homeostasis.
Taken together, these studies suggest that distinct mediators downstream of CD28 ultimately
control the homeostasis of Tregs in the thymus and the periphery. These mediators have yet
to be identified, but this will be an important task to gain a better understanding of the
molecular pathways controlling Treg development and homeostasis. Of note, while the
decrease in Treg numbers due to deficient CD28 signals was observed in all mouse strains
tested (NOD, BALB/c, C57BL/6) (152' 175' 176), only NOD-CD28KO mice developed
autoimmune diseases. These data suggest that while CD28 costimulation is strictly required
for Treg homeostasis, CD28 signals are dispensable for the activation of autoreactive T cells
in an autoimmune-prone background and in a Treg-deficient environment. This could be
related to the presence of a distinct repertoire skewed towards autoreactivity in NOD mice,
to compensatory mechanisms resulting in the use of alternative costimulation molecules,
and/or to chronic stimulation by self-antigens that could bypass the need for CD28
costimulation, reminiscent of what has been observed after repeated viral infections (192
193). The flip side of this coin is the observation that CD28KO mice on non-autoimmune
backgrounds do not develop spontaneous autoimmunity despite a profound deficit in Tregs.
CD28KO or CTLA-4lg-treated mice on non-autoimmune background accept mismatched
allografts in some circumstances and induced autoimmune diseases such as experimental
autoimmune encephalitis and systemic lupus erythematosus. Taken together, these
observations suggest that in individuals who are not genetically prone to autoimmunity, the
dominant effect of CD28 blockade will be T-cell effector intrinsic and results in hindered
immune responses as long as CD28 costimulation is not bypassed by various mechanisms
(chronic antigenic stimulation, high-dose/affinity antigen, etc.). Nevertheless, low levels of
B7 molecules were later shown to control T-cell stimulation by both self and foreign
antigens in a Treg-dependent manner (194: 195), and the importance of CD28 for Treg-
mediated immunosuppression has been shown in multiple models, including colitis, graft-
versus-host disease, and cardiac allograft rejection (196 197). Finally, residual Tregs found
in CD28KO mice expressed normal levels of Foxp3 and CD25 and could suppress effector
T cells as efficiently as wildtype Tregs, suggesting that while CD28 controls Treg numbers,
it is not required for their function (175 176+ 180' 198).

Extrinsic control of tolerance by the IL-2 pathway

CD4" and CD8™ T cells rapidly produce IL-2 upon activation. It exerts its activity by
binding to the trimeric IL-2 receptor composed of the high affinity IL-2Ra chain (CD25),
the IL-2Rp (CD122) chain, and the common y chain (CD132) also shared by IL-7, IL-15,
IL-4, IL-9, and IL-21 receptors. IL-2Ra is expressed on T cells and natural killer (NK) cells
upon activation, allowing them to respond to low levels of IL-2 in vivo. The trimeric
receptor signals through the Janus kinase (Jak)/STAT as well as PI13K and RassMAPK
pathways. The main consequence of IL-2 signaling is cell cycle progression and increased
survival due to transcription of cyclins and anti-apoptotic proteins, such as Bcl-2 (199: 200).
In addition, IL-2 signaling upregulates IL-2Ra transcription, creating a positive feedback
loop (201). Although it was originally thought that the main role of IL-2 was in the priming
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and expansion of T-cell responses, analysis of IL-2KO mice revealed that IL-2 had a non-
redundant function in controlling T-cell responses, as these mice develop
lymphoproliferation and multi-organ autoimmunity (202). Similar results were observed in
IL-2Ra KO and IL-2Rp KO mice (203+ 204) as well human patients with mutations in the
IL-2Ra gene (205). IL-2 intrinsically promotes T-cell tolerance by mediating the
downregulation of the Fas antagonist c-FLIP and thus favoring Fas-mediated apoptosis
(206). Furthermore, it was later shown that the multi-organ autoimmunity seen in mice with
defective IL-2 signaling was also related to a Treg defect, as the transfer of wildtype Tregs
to mice deficient in IL-2Ra or IL-2Rp prevents lymphoproliferation and autoimmunity (207
208).

Treg homeostasis is dependent on IL-2, although they do not produce it. In fact, Foxp3 in
cooperation with Runx1 and NFAT binds to the IL-2 promoter and inhibits its transcription
(40: 209). The role of IL-2 for the induction, survival, and function of Tregs has been widely
studied. Initial experiments using high CD25 expression as the sole marker for Tregs
concluded that IL-2 was necessary for Treg development, because IL-2RB KO mice were
completely devoid of CD4*CD25™ cells (188). However, more recent analysis of mice
lacking IL-2 or CD25 showed that these mice only have a 50% reduction in the percentage
of Foxp3-expressing Tregs in the thymus and periphery (190). Therefore, it is now believed
that IL-2 is not strictly required for Treg induction in the thymus.

In the periphery, IL-2 is the major cytokine controlling Treg homeostasis and it is required
for optimal Treg maintenance. Neutralization of IL-2 in vivo results in a decrease in the
percentage and total number of CD4*CD25* cells, a decrease in Foxp3 mRNA levels and
the development of autoimmune gastritis on the BALB/c background, and exacerbated
diabetes on the NOD background (189). Conversely, administration of anti-1L-2/IL-2
complexes, which sustain the biological activity of IL-2 in vivo likely by increasing its half
life, leads to increased Treg proliferation resulting in higher Treg percentage and numbers
(210). Tregs return to pre-treatment levels 15 days after treatment is discontinued,
suggesting that IL-2 availability controls the size of the Treg ‘niche’ (211). This treatment
resulted in increased levels of Foxp3 as well as CD25, GITR, CTLA4, and PD-1 expression,
which are considered markers of activation and crucial for Treg suppressive function.

To distinguish between the survival and function-promoting roles of IL-2 in Tregs, IL-2 KO
mice were crossed with Bim KO mice to allow for the survival of Tregs in the absence of
IL-2. These double KO mice have comparable number and percentage of Foxp3* Tregs as
wildtype mice. Interestingly, these mice still succumb to anemia on the BALB/c background
similarly to IL-2KO mice (212). It is likely that IL-7 or IL-15, which share the common y
chain in their receptors, can activate some of the same signaling pathways as IL-2. However,
these experiments demonstrate that there exist several IL-2-specific pathways that are
required for Treg suppressive function. Therefore, while other cytokines are able to partially
substitute for IL-2 to maintain Treg survival when IL-2 is limiting or absent, it is required
for Treg function, and other cytokines cannot compensate for this role in vivo. Although it
was thought that IL-2 mainly acted in an autocrine manner in conventional T cells, it has
been shown that the first wave of IL-2 produced by activated CD4* cells in vivo
preferentially binds to and induces STAT5 phosphorylation in Tregs rather than the cells
that actually produce the IL-2 (213). This is not due to lack of CD25 expression on the
effector cells but likely to expression of the inhibitory molecule suppressor of cytokine
signaling 3 (SOCS3). This finding raises the hypothesis that one of the first events after
naive T-cell activation in vivo is activation of Tregs, either to prevent autoreactive T-cell
activation or to prevent excessive responses to foreign antigens that may lead to tissue
damage.
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The role of IL-2 in the induction of adaptive Tregs (aTregs) is still controversial. In vitro,
IL-2 is required for Foxp3 induction in naive CD4*CD25~ T cells (214 215). However, the
effects of IL-2 on aTregs in vivo have been hard to dissect from its effects on nTregs. This
will become easier as we find markers to differentiate these two populations. We now know
that nTregs express high levels of the transcription factor Helios, while aTregs express low
levels (216); further analysis using this marker will elucidate the role of IL-2 in aTreg
generation and function. Nonetheless, some aTregs express high levels of CD25; therefore,
itis likely that at least a portion of them are also dependent on IL-2 for their homeostasis.

Further evidence of the importance of IL-2 in tolerance and autoimmunity comes from
genome wide association studies of patients with autoimmune diseases, which have found
single nucleotide polymorphisms (SNPs) and polymorphisms in the IL-2 (217) and IL-2RA/
CD25 (218) genes as well as the phosphatase PTPN22 (219), which likely influences IL-2
signaling. In the NOD mouse model, one of the genetic loci necessary for diabetes
development, called 1dd3, includes the IL-2 gene (220: 221). Moreover, Yamanouchi et al.
recently published that the IL-2 gene is the primary genetic determinant of 1dd3 and that
polymorphism in the IL-2 gene resulted in lower IL-2 production and reduced Treg
frequency and function in autoimmune-prone strains (222). Our laboratory has studied the
relationship between IL-2, Tregs, and autoimmunity using the NOD model (223). We found
that at the time of disease onset, the percentage of Tregs preferentially increases in the
pancreatic lymph nodes (PLNs) compared to the inguinal lymph nodes (ILNs). These Tregs
are activated, based on decreased CD62L expression, and functional, based on their ability
to prevent proliferation of naive BDC2.5 TCR-Tg T cells as well as their clustering and
swarming behavior around DCs observed by two-photon microscopy. However, analysis of
islet-infiltrating lymphocytes showed that the percentage of Tregs negatively correlates with
the size of the infiltrate such that the larger the infiltrate surrounding an individual islet, the
lower the percentage of Tregs. Further analysis of pancreas infiltrating Tregs revealed that
they have lower expression of CD25 and Foxp3 compared to PLN or ILN Tregs and lower
expression of Bcl-2, which is an IL-2-driven anti-apoptotic effector molecule. CD4* T cells
isolated from the islets transcribed significantly lower amounts of IL-2 mRNA in response
to restimulation compared to CD4" T cells from the spleen, suggesting that lack of IL-2 in
the inflamed tissue may contribute to changes in the phenotype and function of Tregs.
Importantly, treatment of prediabetic NOD mice with low dose anti-IL-2/IL-2 complexes
prevented diabetes development and increased the percentage of Tregs in the pancreas as
well as their CD25 expression. Furthermore, in collaboration with Salomon and Piaggio, we
recently showed that a low-dose IL-2 treatment of only five days restored normoglycemia in
new-onset diabetic mice and enhanced CD25 and Foxp3 expression in Tregs (224). Gene
expression analysis further revealed that low-dose IL-2 treatment selectively affected the
transcription profile of Tregs as compared to effector T cells. We theorize that decreased
IL-2 production in the pancreas leads to decreased CD25 expression in pancreas resident
Tregs, which results in poor survival and/or function of these cells, contributing to
deregulated autoreactive T cells and destruction of the tissue. In addition to being unable to
control autoreactive T cells, CD25!°W Tregs may become unstable. In fact, our laboratory
showed that Foxp3 expression can be lost in Tregs, and since the Treg repertoire is skewed
towards self-reactivity, this might result in a pathogenic population (225).

Whether the decrease in CD25 expression seen in pancreas-resident Tregs of NOD mice is
specific for this model or can be generalized to other autoimmune diseases is still
controversial. Lazarski et al. (226) reported that Tregs in the dermis after intradermal OVA-
CFA challenge also had lower CD25 expression and concluded that this was a general
phenomenon in inflamed tissues rather than a characteristic of autoimmunity. However, in
double transgenic mice expressing OVA in the islets (RIP-OVA) and the OVA-reactive
TCR DO011.10, which develop rapid diabetes, pancreas-resident Tregs express normal levels
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of CD25 (226). Therefore, not all Tregs lose CD25 expression in the context of an
inflammatory response and autoimmunity is not seen in some cases of reduced CD25
expression. Rather, we believe that the I1L-2 pathway deficiency that is genetically
programmed in the autoimmune-prone NOD mouse directly relates to subsequent defects in
Tregs and immune tolerance and ultimately the development of autoimmune diabetes.

Control of distinct extrinsic immunoregulatory pathways by CTLA-4

The first evidence that CTLA-4 may control effector T-cell homeostasis and tolerance at
least in part through extrinsic mechanisms came from the finding that recipients receiving
mixed CTLA-4 wildtype and KO bone marrow or splenocytes did not develop the
lymphoproliferative disease observed in CTLA-4KO mice or recipients of CTLA-4KO cells
only (110: 227). Subsequently, the observation that Tregs constitutively expressed high
levels of CTLA-4 (152' 198) suggested that CTLA-4 may be involved in their suppressive
function and that Tregs could be the CTLA-4-dependent population able to control
CTLA-4KO T cells. Using mixed blastocyst and bone marrow chimeras and adoptive
transfer models, Chambers and colleagues (228) recently confirmed that control of
CTLA-4KO cells by WT cells required the presence of Foxp3* Tregs in the wildtype
population. Furthermore, they showed that this process was reversible, as elimination of
wildtype Tregs using a congenic marker after mixed chimeras were stably established
rapidly led to the development of a lymphoproliferative disease caused by CTLA-4KO T
cells (228). The functional role of CTLA-4 in Treg biology has been historically difficult to
establish, as many in vitro and in vivo studies yielded conflicting results (11). This could be
related to a number of factors, including the difficulty to distinguish the role of CTLA-4 in
effector vs. regulatory T cells, technical issues such as the use of different experimental
systems and reagents, and the complex models needed to study CTLA-4 blockade or
deficiency while circumventing the lymphoproliferative disease. Although CTLA-4
blockade was found by some investigators to have no or modest effects on Treg suppressive
function in vitro (180' 229: 230), we and others (198 231+ 232)demonstrated that the
inhibition of Teff proliferation by Tregs could be abrogated in vitro using higher
concentrations or other forms of anti-CTLA-4 monoclonal antibodies. To distinguish
whether CTLA-4 blockade directly affects effector or regulatory T cells, several groups have
exploited mix-and-match approaches in which CTLA-4 is selectively blocked or deficient on
one or the other T-cell subset. Additionally, when CTLA-4KO cells were employed, the
lymphoproliferative disease was circumvented either by blocking CD28 signals using
CTLA-4lg injections or B7-deficient mice (59: 153+ 233), or by using congenically marked
T cells from mixed WT/KO bone marrow chimeras (227). In vitro, our data showed that
CTLA-4 blockade altered the suppression of CTLA-4-deficient effector cells by wildtype
Tregs, suggesting a direct functional role of CTLA-4 on Tregs (232). Similarly, suppression
of CTLA-4-deficient Teff by wildtype Tregs in an in vivo model of colitis was abrogated by
CTLA-4 blockade (234). Unexpectedly, despite a loss of Treg function following CTLA-4
blockade, our and Fiona Powrie's laboratories (232' 234) observed that CTLA-4-deficient
Tregs could suppress effector responses in vitro and in the colitis model in vivo. However, in
both models, it appeared that CTLA-4KO Tregs inhibited Teff cells through
immunoregulatory pathways (TGF-B and IL-10, respectively) distinct from other
mechanisms often used by wildtype Tregs in these systems (232 234). Thus, CTLA-4 seems
important for Treg function, but Tregs developing in a CTLA-4-deficient environment may
be able to overcome the need for CTLA-4 through compensatory mechanisms of
suppression. Of note, the ability of CTLA-4KO Tregs to suppress immune responses using
compensatory mechanisms is not universal and may depend on the experimental system.
Indeed, CTLA-4KO Tregs have been found to inefficiently control Teff responses in vitro
and in an autoimmune diabetes model in vivo (235 236). The reason for these discrepancies
is unclear but could relate to the system used to obtain CTLA-KO Tregs from
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lymphoproliferation-free animals. Nevertheless, it is important to emphasize that most
studies evaluating the intrinsic role of CTLA-4 on Teff versus extrinsic function on Tregs
have concluded that CTLA-4 is important both intrinsically on effector T cells and
extrinsically on Tregs and that these functions synergize in the control of T-cell responses
and peripheral tolerance by CTLA-4 (111' 235 237). Peggs et al. (235) introduced a human
CTLA-4 transgene consisting of human CTLA-4 in the extracellular portion of the molecule
with a mouse transmembrane and cytoplasmic region. This human CTLA-4 transgene could
bind to murine B7 molecules and was functional as evidenced by the ability of the transgene
to rescue CTLA-4KO mice, but it allowed the authors to study CTLA-4 function on specific
T-cell subsets using either anti-mouse or anti-human CTLA-4 antibodies. In a therapeutic
model of tumor rejection, blockade of CTLA-4 only on effector cells improved tumor
rejection, whereas Treg-specific blockade had little effect. However, the greatest effects on
the kinetics and incidence of tumor rejection were found when CTLA-4 blockade affected
both effector and regulatory T cells, indicating synergy in this model (235). Recently, two
groups further analyzed the differential role of CTLA-4 on Teff vs. Tregs using mix-and-
match models of self-antigen specific TCR-Tg CTLA-4 KO or WT Teff and Tregs, and a
transgenic mouse system on a CTLA-4KO background in which the CTLA-4 gene is driven
by the IL-2 promoter and thus is expressed in activated effector T cells but not Tregs (111
237). Both reports confirmed a dual role of CTLA-4 on Teff and Tregs and further showed
that CTLA-4 on Tregs was critical to prevent activation of autoreactive Teff in lymphoid
tissues but CTLA-4 on Teff prevented infiltration and destruction of peripheral tissues (111
237). Importantly, Sakaguchi and colleagues (238) generated CTLA-4 conditional KO
(cKO) mice that lack CTLA-4 specifically in Foxp3-expressing Tregs. A Treg-specific role
of CTLA-4 was illustrated by the finding that CTLA-4 cKO mice still succumbed to a fatal
lymphoproliferative disease. However, CTLA-4 cKO mice developed the disease with
slower kinetics than CTLA-4KO mice, demonstrating once again an effector T-cell-intrinsic
role of CTLA-4 in maintaining T-cell homeostasis and tolerance (238). We recently
demonstrated using a fluorescent reporter system in vivo that Foxp3* T cells can
downregulate expression of Foxp3 and that ‘exFoxp3’ cells can be generated from both
unstable natural and adaptive Tregs (225). Since CTLA-4 cKO mice were generated using a
floxed allele of CTLA-4 and Foxp3-driven Cre, it is thus important to keep in mind that
CTLA-4-deficient exFoxp3 cells could contribute to the lymphoproliferative disease in
CTLA-4 cKO mice (238). Finally, CTLA-4 is dispensable for the development, survival,
and homeostasis of Tregs, as normal numbers and percentages of CD4*CD25*Foxp3™* Tregs
are found in the absence of CTLA-4 (232: 238 239).

The mechanisms underlying the control of Treg function by CTLA-4 are still unclear.
Accumulating reports point to an altered TCR downstream signaling in Tregs, implicating
decreased ERK1/2, CD3-¢, and Akt phosphorylation (240: 241). Since all these molecules
are targeted by CTLA-4 in effector T cells, it is possible that constitutive expression of
CTLA-4 on Tregs participates in decreasing TCR signaling. Additionally, recent data by
Saito and colleagues (119) suggest that constitutive expression of CTLA-4 blocked the
accumulation of CD28 and PKCH at the cSMAC in Tregs and participated in maintaining
their anergic state, which has been associated with their suppressive function (119 242:
243). Both Foxp3-deficient and CTLA-4-deficient mice develop lymphoproliferation and
multi-organ autoimmunity, resulting in premature death of the animals. To examine the
relationship between the two conditions, we performed complementation studies by
reconstituting lethally irradiated RAGKO recipients with CTLA-4KO and Scurfy (Foxp3-
deficient) bone marrow (BM) either separately or together (244). As expected, recipients
receiving either CTLA-4KO or Scurfy BM alone developed a lymphoproliferative disease
similar to the original strain. We found that reconstitution with a mixture of CTLA-4KO and
Scurfy BM cells did not prevent lymphoproliferation and premature death in chimeric
recipients, suggesting that CTLA-4 and Foxp3 must be expressed in cis in the same cell to
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fully prevent autoimmunity and lymphoproliferation (244). However, the mixture of
CTLA-4KO and Scurfy BM afforded some level of protection, as mixed BM chimeric
recipients developed lymphoproliferation with delayed kinetics compared to CTLA-4KO or
Scurfy BM alone, suggesting that CTLA-4 has a Treg-independent extrinsic function in the
control of T-cell tolerance and homeostasis (244). Consistent with this idea, gene expression
studies performed on CTLA-4 KO and wildtype T cells isolated from mixed BM recipients
revealed only very modest differences in gene expression, suggesting that CTLA-4* Tregs
controlled CTLA-4KO effector T cells at least in part indirectly through other cell
populations (228). In this regard, we previously reported that Tregs were found to directly
interact with APCs rather than Teff cells in lymph nodes using two-photon microscopy in
situ (174). This correlated with a sharp reduction in the ability of APCs to induce the
proliferation of autoreactive T cells. This obervation has led to the hypothesis that Tregs
could control Teff responses partly by affecting APCs and that CTLA-4 could play a role in
this process (10' 11). CTLA-4 did not affect the aggregation of Tregs around dendritic cells,
suggesting that it may affect APCs functionally rather than disrupt the Treg-APC interaction
(245). In this regard, incubation of DCs with Tregs, but not CD4*CD25~ T cells, results in a
decrease in B7-1 and B7-2 expression in DCs in vitro that could affect their ability to
stimulate effector T cells (246). Importantly, the downmodulation of B7 expression required
direct contacts between Tregs and APCs and was dependent on the presence of CTLA-4 on
Tregs (236' 238 245 247). Furthermore, it appears to be a widely used mechanism across
Treg and APCs subsets and species, as B7 downmodulation was observed on B cells and
DCs after interactions with human or murine Tregs and adaptive or natural Tregs (236’ 245
246 248 249). A distinct mechanism for CTLA-4-dependent Treg-mediated modification of
APC function could involve the production of the immunosuppressive enzyme indoleamine
2,3-dioxygenase (IDO) by APCs. IDO has been proposed to inhibit effector T-cell responses
by triggering the degradation of tryptophan. Additionally, treatment of DCs with CTLA-4-Ig
has been shown to induce IDO production by DCs involving reverse signaling through B7
molecules (250). IDO production by DCs has been implicated in the maintenance of
peripheral tolerance in several settings, including fetal tolerance, autoimmunity,
transplantation, and tumor immunity (reviewed in 251). Notably, interaction of Tregs with
DCs was shown to trigger IDO production and tryptophan catabolism in DCs in a process
dependent on interactions between CTLA-4 on Tregs and B7 molecules on DCs (252).
Although it has not been formally proven to occur in Treg-mediated immunosuppression,
recent discoveries on the influence of CTLA-4 on the transcription factor Foxo3 and its
effect on T-cell responses suggest that this pathway could be involved in CTLA-4-
dependent Treg immunosuppression. Indeed, binding of CTLA-4 to B7 molecules had been
shown to trigger the nuclear translocation of the Foxo3 transcription factor (253). Hedrick
and colleagues later reported that the CTLA-4-induced nuclear localization of Foxo3 in DCs
limits their production of IL-6, which in turn controls expansion of the T-cell population
(254) due to the pro-survival effects of IL-6 on activated T cells (255). Competition between
CTLA-4 on Tregs and CD28 on Teff for B7 binding is unlikely to fully account for the
CTLA-4-dependent inhibition of T-cell responses by Tregs due to the 5-10:1 ratio of
Teff:Treg in CD4" T cells. However, increasing B7 levels by expression of a B7-2 transgene
abrogated the protection from lymphoproliferative disease observed in CTLA-4 KO and
wildtype mixed BM chimeras, suggesting that competition for B7 binding may be an
additional CTLA-4-dependent Treg-mediated extrinsic mechanism of tolerance (228).
Finally, the fact that expression of the ligand independent form of CTLA-4 only results in a
significant decrease of activated T cells in three transgenic mouse models compared to a
CTLA-4KO background, as discussed previously (125 149), raised the possibility that this
phenotype is a consequence of improved Treg function by liCTLA-4. The involvement of
liCTLA-4 in Tregs could help explain why the role of CTLA-4 in Treg function has been so
difficult to establish using anti-CTLA-4 antibodies (11). By definition, liCTLA-4 cannot
fully account for all CTLA-4-mediated mechanisms of Tregs function, since a number of
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them directly rely on interactions with B7 molecules, as described above. However, from a
theoretical point-of-view, a role for l[iCTLA-4 in Tregs could help explain the following
conundrum: Tregs constitutively express CTLA-4 and CTLA-4 binds B7 molecules with a
higher affinity than CD28, but CD28 signals are necessary for Treg survival and
homeostasis. Thus, now that the importance of CTLA-4 for Treg function is firmly
established, it will be important to directly evaluate the relative role of full-length versus
ligand-independent CTLA-4 in Treg function.

Targeting costimulatory pathways in immunotherapy

The profound importance of CD28, CTLA-4, and PD-1 for tolerance and immune system
homeostasis in mouse models has prompted the development of several human drugs that
target molecules involved in costimulation. Conversely, the seminal discovery that
costimulation blockade can affect Tregs more than effector T cells (152) suggests that it is
difficult to predict the effects of costimulation modulators. Thus, caution is warranted in
using immunotherapeutics targeting CD28 or CTLA-4, several of which are already in
clinical trials or approved for use by the Federal Drug Administration (FDA) (4 2567258).
Work in mice (52' 259) and non-human primates (260) has shown that blocking B7-1/2 with
soluble CTLA-4 linked to an Ig heavy chain can induce durable tolerance to allografts and
xenografts. CTLA-4-1g binds to B7-1/2 with higher affinity than the endogenous CD28
expressed on T cells, preventing CD28-mediated costimulation (5). Subsequent trials of
CTLA-4-Ig fusion proteins abatacept and a higher affinity variant, belatacept, have shown
efficacy in a wide range of transplant and autoimmune settings. For example, a phase |
open-label, dose-escalation trial of abatacept in 1999 showed that 46% of patients with
psoriasis showed a 50% or greater improvement of their disease activity (261). Abatacept
has subsequently been approved for the treatment of rheumatoid arthritis (RA) and juvenile
rheumatoid arthritis (JRA). A randomized, double-blind placebo-controlled trial of abatacept
in patients with RA who had an inadequate response to tumor necrosis factor (TNF)
blockers demonstrated a 50.4% response rate in the abatacept-treated group (measured by
American College of Rheumatology 20) compared to 19.5% response in the placebo group
(262). In a double blind, controlled trial of patients with JRA, who had previously failed to
respond to a disease-modifying therapy, abatacept decreased the risk of flare by more than
1/3 compared to placebo (263). Importantly, neither of these trials reported a significant
increase in the rate of infection in treated patients, implying that the immunosuppressive
properties of the drug are targeted to the pathological immune response and not to normal
immunity against microbes. However, abatacept therapy did not appear to significantly
affect flares of systemic lupus erythematosus in a phase I1b randomized, double-blind,
placebo-controlled trial (264). Thus, unlike traditional immunosuppressive drugs, abatacept
does not appear to compromise normal immunity, but its efficacy may be limited to diseases
where CD28 costimulation is a central driver of the autoimmune process at the time of
treatment. In patients who received a kidney transplant, belatacept has been shown not to be
inferior to cyclosporine in preventing episodes of acute rejection (265). Importantly,
belatacept does not have the serious nephrotoxic side effects of cyclosporine.

Since B7-CD28 interactions are known to be critical for peripheral Treg homeostasis (11
152), complete blockade of B7 in patients treated with abatacept/belatacept might
paradoxically interfere with peripheral survival of Tregs and provoke autoimmunity.
However, kidney transplant patients treated with belatacept did not have a long-term
difference in the numbers of circulating Tregs, and, in fact, had increased numbers of
Foxp3* cells in graft biopsies, compared to patients treated with a calcineurin inhibitor
(266). These data are in contrast to studies in mice, where blockade of B7/CD28 interactions
caused a rapid decrease in Treg numbers (152' 176). These different results may arise from
the subsaturating doses of belatacept used in human studies, which may affect effector T
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cells to a greater extent than regulatory T cells (266). The CD25-specific monoclonal
antibody basiliximab is a FDA-approved drug that has been shown to reduce acute rejection
of transplanted kidneys (267). Its proposed mechanism of action (shared with the similar
antibody daclizumab) is blockade of the high affinity a-chain of the IL-2 receptor (CD25).
This blockade is proposed to interfere with 1L-2 growth signals and arrest proliferation of
alloreactive T cells after transplantation. However, there is evidence in mouse models that
regulatory T cells are more sensitive to local IL-2 levels than are effector T cells (223: 224).
Importantly, mice lacking the IL-2 or the CD25 gene develop spontaneous autoimmunity,
demonstrating the importance of these molecules in maintaining tolerance (268). Thus, it is
unclear if the proposed mechanism of action accounts for the observed clinical outcomes.

In murine studies, blocking CD28 can induce tolerance, but blocking CTLA-4 with a
monoclonal antibody has been used as an effective means to break tolerance, especially in
tumor settings (256). Ipilimumab is a fully human monoclonal antibody that binds to human
CTLA-4 and blocks its binding to B7. This drug has been shown to extend the lifespan of
patients with stage 3 or 4 melanoma from a median of 6.4 to 10.0 months (269). The drug
induces a strong cell-mediated immune response to tumor cells (270), but adverse immune-
related side effects such as colitis, rashes, and endocrine abnormalities were collectively
about twice as common in ipilimumab-treated cancer patients compared to control-treated
cancer patients (269). These results indicate that ipilimumab can break tolerance against
both abnormal cancer antigens and normal self-antigens or commensal flora. These serious
toxicities of Ipilimumab may hinder its use in the treatment of cancers in which traditional
chemotherapy has been established to be effective.

Pre-clinical studies in rats with a CD28-superagonist antibody showed that treatment
expanded the numbers of Treg cells in vivo and that these Tregs showed enhanced
suppressive functions in vitro and in vivo (271). These results prompted the development of
a humanized anti-CD28 superagonist antibody by TeGenero, which paradoxically provoked
a life-threatening cytokine storm and multi-organ failure in six volunteers treated with the
antibody (0.1 mg/kg TGN1412) (272). This unexpected result may stem from differences in
binding affinity between the rodent and human antibodies or from the differences in T-cell
reactivity between laboratory strains of rats kept in clean facilities with small numbers of
antigen-specific memory cells and human patients with many antigen-experienced T cells. A
retrospective analysis of hon-human primate studies suggested the activation properties of
the monoclonal antibody, but these properties were underappreciated due to problems in the
in vitro assays and differences in the post-translational modification of the CD28 molecule
in this species.

A humanized anti-PD-1 monoclonal antibody (MDX-1106 (ONO-4538) has been developed
by Ono Pharmaceuticals and is being tested by Medarex, Inc. in a Phase 1 study in patients
with recurrent or treatment-refractory cancer. Preliminary data support the safety,
tolerability and pharmacokinetic profile of a single-dose of the drug. In addition, preliminary
evidence of anti-tumor activity was observed, including one patient with colorectal
carcinoma who experienced a partial response was been durable for more than 6 months.

Drugs targeting these costimulatory pathways have great promise for the treatment of
disease. However, the yin-yang activities of many of these pathways will require careful
clinical development that cannot always be predicted by the rodent studies (186 266).
Moreover, the varied consequences of costimulatory blockade highlight the need for the
development of combination immunomodulatory therapies that amplify and create
predictable outcomes on immune system function.

Immunol Rev. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bour-Jordan et al. Page 23

Concluding remarks

Tremendous strides have been made in knowledge of the biology of costimulatory
molecules and their influence on peripheral tolerance since the discovery of CD28. It is now
clear that the simple concepts that governed the early days of the costimulation field—
positive costimulators positively influence effector T cells and prevent tolerance, negative
regulators negatively influence effector T cells and favor tolerance—have to be revised in
view of the ever-increasing complexity of the system. In particular, the realization that
costimulatory molecules controlled peripheral tolerance through both intrinsic and extrinsic
mechanisms (Fig. 3) drastically changed the understanding of their mode of actions.
Additionally, the net result of blockade of a given pathway can be different in autoimmune
versus non-autoimmune backgrounds. Nevertheless, general conclusions can be made on the
affect of individual costimulatory molecules on immune responses based on the recent body
of literature (Fig. 3). Despite being critical for Treg homeostasis, CD28 remains the most
important positive costimulatory molecule for effector T cells. Thus, CD28 costimulation
can have opposite effects on immune responses depending on the immunological context
and genetic background and consequences of CD28 blockade on any given immune
response are perhaps the most difficult to predict. Similarly, 1L-2 was initially described as a
crucial growth factor for effector T cells but now appears deeply involved in
immunoregulation through its effects on Tregs. Conversely, CTLA-4 does not appear to
share the same duplicity as CD28 and IL-2, since its effect on effector T cells, Tregs, and
APCs all poise the system for immunoregulation. PD-1 also negatively regulates immune
responses, although at the moment its influence is more definitely established in effector T
cells than Tregs. Moreover, the apparent redundancy between some of these pathways
actually masks some fundamental differences in their influence on T-cell responses and
tolerance, leaving a great deal still to be learned to better understand the role of these
molecules in immunity and harness their activities for clinical intervention.
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Fig. 1. Biochemical and transcriptional effects of the CD28 signaling pathways

Summary of biochemical signaling events downstream of the proximal and distal CD28
motifs that can modulate the T-cell transcription pattern after costimulation. Among the
different mechanisms, we can distinguish a direct effect on gene expression by regulation of
transcription factors or an indirect effect through increases in mRNA stability.
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Fig. 2. Preferential localization of liCTLA-4 in lipid rafts

2x108 T cells were activated for 3 days by plate-bound anti-CD3 and anti-CD28 mAbs +
IL-2 and lysed. Lysates were subjected to sucrose gradients to separate lipid rafts and
membrane fractions. The full length and li forms were immunoprecipitated using anti-
CTLA-4 N-terminal (4F10) or anti-CTLA-4 C-terminal (polyclonal) Abs and detected by c-
terminal polyclonal Abs by western blot analysis.
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Fig. 3. Simplified model of the overall effect of the blockade of individual costimulatory
pathways

This simplified model shows the overall result of the blockade of individual costimulation
pathways on the balance of effector (Teff) versus regulatory (Tregs) responses. In wildtype
(WT) mice, Teff and Treg cells coexist to ensure productive immune responses and their
efficient termination; in autoimmune backgrounds, the balance of Teff and Treg cells is
skewed towards autoreactivity. In CD28KO mice on a non-autoimmune background, both
Teff and Tregs are affected, but CD28 deficiency on Teff still precludes many immune
responses. However, on an autoimmune background, Teff cells can bypass the need for
CD28 to get fully activated and the defective Treg compartment leads to exacerbated
autoimmunity. Deficiency in IL-2 signals affect both Teff and Tregs cells but result in
autoreactivity due to improper Teff death and a defective Treg compartment. CTLA-4
deficiency dramatically affects Teff responses and inhibits Treg function (although not their
numbers), resulting in dramatic lymphoproliferation and autoimmunity. PD-1 regulates self-
antigen-specific T cells, and deficiency in the PD-1/PD-L1 pathway leads to autoimmunity
in all backgrounds due to its effect at least on Teff cells and perhaps on Treg cells as well,
with particularly dramatic consequences in autoimmune backgrounds.
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