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Introduction: The pivotal role of costimulatory pathways in regulating T-cell
activation versus tolerance has stimulated tremendous interest in their
manipulation for therapeutic purposes. Of these, the CD28-B7 pathway is arguably
the most important and best studied. Therapeutic targets of CD28 are currently
used in the treatment of melanoma, autoimmune diseases and in transplantation.
Areas covered: In this review, we summarize our current knowledge of
CD28 and cytotoxic T-lymphocyte antigen-4 (CTLA-4) signaling, and review
the current state and challenges of harnessing them to promote transplant
tolerance.

Expert opinion: Despite the success of belatacept, a first-in-class CTLA-4 fusion
protein now clinically used in transplantation, it is apparent that we have only
scratched the surface in understanding the complexities of how costimulatory
pathways modulate the immune system. Our initial assumption that positive
costimulators activate effector T cells and prevent tolerance, while negative
costimulators inhibit effector T cells and promote tolerance, is clearly an
oversimplified view. Indeed, belatacept is not only capable of blocking
deleterious CD28-B7 interactions that promote effector T-cell responses but
can also have undesired effects on tolerogenic regulatory T-cell populations.

Keywords: abatacept, belatacept, CD28, costimulatory molecules, cytotoxic T-lymphocyte

antigen 4, transplantation
Expert Opin. Ther. Targets (2014) 18(2):225-242

1. Introduction

T cells play a central role in orchestrating immune responses directed against a for-
eign (allogeneic) graft. Thus, preventing T cells from recognizing and destroying
allografts remains an important area of transplant research, with direct implications
for therapeutic strategies. To become fully activated, T cells require two distinct sig-
nals (1. The first signal (recognition of the foreign alloantigen) is provided by
engagement of the T-cell receptor (TCR) with the major histocompatibility com-
plex (MHC) plus peptide complex on antigen-presenting cells (APCs). The second
‘positive’ costimulatory signal occurs with engagement of one or more T-cell surface
receptors with their specific ligands on APCs. Signaling through the TCR alone
without a positive costimulatory signal not only precludes an effective T-cell
response but also actively promotes tolerance through T-cell deletion and anergy
(a state of unresponsiveness). Thus, costimulation is a key determinant of the out-
come of a T-cell’s encounter with antigen, and its discovery is among the most
important concepts to emerge in basic immunology in the past 30 years. By block-
ing costimulatory signals at the time of TCR stimulation, T-cell responses can be
aborted, which, in the context of transplantation, could prevent rejection and
promote long-term allograft survival and possibly tolerance [1,2].

The discovery of the quintessential costimulatory molecule CD28 in 1985 [3]
marked a milestone in our understanding of how costimulation controls T-cell acti-
vation. It sparked enormous interest in using CD28 blockade to achieve tolerance,
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Article highlights.

e Interaction of CD28 molecule on T cells with its ligands
B7-1 (CD80) or B7-2 (CD86) provides the second
(costimulatory) signal required for full T-cell activation.
Engagement of TCR together with CD28 initiates a
series of signaling cascades, leading to the transcription
of T-cell activation genes, such as IL-2.

CTLA-4, which also binds to B7-1 and B7-2, becomes
rapidly expressed on T-cell surfaces following TCR
ligation-CD28 costimulation. It functions as a negative
feedback mechanism to stop further T-cell activation
and prevents an unrestrained effector T-cell response.
Belatacept, a humanized CTLA-4 fusion protein
(CTLA-4lg), is a first-in-class drug designed to block
CD28-B7 interactions. Its use, in combination with
steroids and mycophenolate mofetil, has shown
noninferiority (compared to cyclosporine regimens) in
the treatment of kidney transplant recipients. In the
long-term, it may prove more efficacious in preventing
chronic graft loss since CNIs (such as cyclosporine) are
nephrotoxic and cause graft fibrosis.

Many of the same costimulatory molecules found on
effector T cells also control Treg homeostasis and
function. This has profound implications on therapeutics
designed to target these pathways; engagement of
identical costimulatory molecules on T effectors versus
Tregs can have similar effects on the T-cell subset or
have strikingly different impacts on the

alloimmune response.

CD28 costimulation plays a predominant role in T-cell
activation, but when absent/blocked, other
costimulatory pathways and/or effector cell types are
capable of causing transplant rejection.

Memory T cells, which may be less dependent on
CD28 costimulation for full activation, pose a barrier to
tolerance induction via CD28 blockade.

This box summarizes key points contained in the article.

leading to the development of a few therapeutics currently
used in clinical practice, including for treatment of mela-
noma (4] (using a CD28 agonist), rheumatoid arthritis [5], pso-
riasis [6] and transplantation [7] (using cytotoxic T-lymphocyte
antigen-4 [CTLA-4]Ig which antagonizes CD28 signaling).
However, it is now apparent that costimulation involves an
incredibly complex array of interactions that may act simulta-
neously or at different times in the immune response, and
whose relative importance varies depending on the different
T-cell subsets, activation status and anatomical location. For
example, transplantation incites not only destructive T-
effector cells but also protective regulatory T cells (Tregs);
this balance between T-effector cells and Tregs ultimately
determines the fate of the allograft [s]. Since the processes of
alloantigen-specific regulation and rejection both require acti-
vation of T cells, costimulatory interactions may have oppos-
ing or synergistic roles depending on the cell being targeted.
Further, in addition to provision of positive signals to pro-
mote T-cell activation, T-cell costimulatory molecules can
provide negative signals that inhibit T-cell activation and

terminate immune responses [9]. Such complexities present
both challenges and opportunities in targeting T-cell costimu-
latory pathways for therapeutic purposes. In this review, we
summarize our current knowledge of the CD28 costimulatory
molecule and review the current state and challenges of
harnessing its pathways to promote transplant tolerance.

2. Role of CD28 costimulatory pathway in
T-cell responses

2.1 CD28
CD28 is a transmembrane protein that is expressed constitu-
tively on all naive T cells in mice [10], and on > 95% of CD4"
T cells and 50% of CD8" T cells in humans [11]. Engagement
of CD28 with its ligands B7-1 (CD80) and B7-2 (CD86) on
APCs results in enhanced T-cell proliferation, survival and
cytokine production. B7-1 expression is inducible and is
expressed by APCs, as well as activated T cells and non-
lymphoid tissues. While B7-2 is constitutively expressed by
APCs, its levels of expression are upregulated on cell activa-
tion. Both are tightly regulated in response to the presence
of pathogens and ‘sterile’ danger signals (Damage-associated
molecular patterns/alarmins), ensuring that T-cell activation
occurs only in the presence of inflammation [12]. Although
B7-1 and B7-2 share many redundant functions, they do
have distinct roles, as suggested by their differing expression
patterns and binding properties [13,14]. These features, partic-
ularly with respect to their selective recruitment of
CTLA-4 versus CD28 will be discussed further below.
CD28 colocalizes with the TCR in the central region of the
immunological synapse [15], where cooperation between TCR
and CD28 initiates a number of downstream signaling path-
ways critical for T-cell activation (Figure 1) [16]. These inter-
connected and partially redundant pathways lead to
activation of nuclear factor kappa B (NF-kB), activator
protein-1 (AP-1) and nuclear factor of activated T cells
(NFAT), thus leading to increased transcription of the growth
factor interleukin (IL)-2. T-cell expansion is further promoted
by CD28-mediated facilitation of cell-cycle progression [17-19],
as well as upregulation of anti-apoptotic genes such as Bel-x
(20]. Additionally, ligation of CD28 promotes glucose uptake
and breakdown that are required to meet the increased meta-
bolic demands of the activated T-cell [211. Without
CD28 signaling, TCR ligation often leads to anergy or cell
death [22], although costimulation through other pathways
or repeated antigen stimulation can bypass the requirement
for CD28.

2.2 CTLA-4 (CD152)

CTLA-4 is a CD28 homolog that binds at a much higher affin-
ity to B7-1 and B7-2 using a conserved MYPPY binding motif.
In contrast to CD28, which is expressed constitutively on
T cells, CTLA-4 is only expressed on the cell surface following
TCR ligation/CD28 costimulation; in resting conditions, the
majority of CTLA-4 proteins are localized in intracellular
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Figure 1. CD28 signaling in T cells. CD28 interaction with B7-1 (CD80) or B7-2 (CD86) on APCs provides the second
(costimulatory) signal required for T cells to become fully activated. Engagement of TCR together with CD28 initiates a series
of signaling cascades involving kinases and adapter proteins, leading to the activation of transcription factors NF-xB, NFAT
and AP-1. These transcription factors coordinate to promote transcription of T-cell activation genes, such as IL-2. Specifically,
CD28 associates with PI3K and Grb2. PI3K initiates a phosphorylation cascade whose downstream effects include the
activation of the protein kinase C (PKC6) pathway. Grb2 phosphorylates Vav1, which in turn activates Rac1 and the MAPK
pathway. In the absence of CD28 ligation, signaling through TCR alone leads to cell death and anergy.

AP-1: Activator protein 1; APC: Antigen-presenting cell; Grb2: Growth factor receptor-bound protein 2; LAT: Linker for activation of T cells; MAPK: Mitogen-
activated protein kinase; MHC: Major histocompatibility complex; NFAT: Nuclear factor of activated T cells; NF-kB: Nuclear factor kB; PI3K: Phosphatidylinositol
3-kinase; TCR: T-cell receptor.
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compartments [23,24]. CTLA-4 cell surface expression attenuates
T-cell responses, acting as a counter-regulatory feedback mech-
anism to dampen the immune response following resolution of
a threat, and a guard against autoimmunity [25]. Its critical
importance in the induction and maintenance of tolerance is
highlighted by the phenotype of CTLA-4-deficient mice.
These mice die within 3 weeks of birth from massive tissue
destruction caused by unrestrained T-cell activation and
hyperproliferation [26,27].

In humans, polymorphisms in the c#a4 gene have been
linked to susceptibility to autoimmunity, including type 1
diabetes, rheumatoid arthritis, systemic lupus erythematosus
and autoimmune thyroid disease [28]. In transplantation, poly-
morphisms in czla4 are associated with differing incidence of
acute allograft rejection. In a cohort of over 200 liver trans-
plant patients, single nucleotide polymorphisms (SNPs) pre-
viously linked with decreased CTLA-4 function were found
to be more common in patients with shorter allograft sur-
vival [20]. Similarly, a study of Korean kidney transplant recip-
ients linked the same SNP with an increased risk of late acute
allograft rejection [30].

CTLA-4-mediated inhibition of T-cell activation involves
both ‘cell intrinsic’ and ‘cell extrinsic’ mechanisms (Figure 2)
;31,321 First, CTLA-4 binds to B7 receptors with 50- to
100-fold higher affinity than CD28 ligation [33]. This compet-
itive inhibition prevents CD28-dependent IL-2 production
and inhibits cell cycle progression [2434. CTLA-4 also
increases T-cell motility, overriding the TCR-induced ‘stop
signal’ needed for firm contact between T cells and APCs
and limiting the clustering of TCR molecules at the immuno-
logical synapse [35.36]. Together, this results in an increase in the
threshold of TCR signaling [31]. Coligation of CTLA-4 with
TCRs also blocks the formation of ZAP-70-containing micro-
clusters of kinases and adapters [37) — a process needed for effec-
tive transmission of downstream signals leading to T-cell
proliferation. Finally, CTLA-4 also actively promotes toler-
ance through its own signaling by engaging intracellular
phosphatases SRC homology 2 (SH2)-domain-containing
phosphatase (SHP2) and protein phosphatase 2A (PP2A).
These phosphatases then act to limit TCR signaling by dephos-
phorylation 3839] and subsequent inhibition of Akt and ERK
pathways [40]. Indeed, signaling through CTLA-4 inhibits T-
cell proliferation, cell cycle progression, and T-helper cell
differentiation (discussed further below).

Additionally, recent studies utilizing mixed bone marrow
(BM) chimera and adoptive transfer strategies have suggested
that CTLA-4 regulates tolerance primarily via cell-extrinsic
mechanisms. Sublethally irradiated mice reconstituted with
CTLA-4"" BM develop fatal systemic autoimmunity similar
to mice congenitally deficient of CTLA-4 (CTLA4™" mice).
In contrast, mixed chimeras (reconstituted with both wild-
type and CTLA-4”" BM) have normal immune systems with
no T-cell hyperactivation (41]. Importantly, CTLA4™ T cells
proliferated and differentiated indistinguishably ~from
CTLA4""* cells in the same mice [41-44], thus confirming an

extrinsic function. This was further validated using an adop-
tive transfer model where TCR transgenic CTLA4™" cells
were transferred into RAG™ recipients, with or without
co-transfer of wild-type CTLA-4-sufficient cells [45]. When
transferred alone, CTLA4™"" cells proliferated more than
wild-type cells. Yet, when co-transferred, the proliferation of
both populations was indistinguishable from one another,
mirroring the effects seen in the mixed BM chimera experi-
ments. Thus, CTLA-4 expressed on one group of conven-
tional T cells is sufficient to regulate a second cohort of
T cells, even if they cannot express the molecule.

This extrinsic regulation is thought to occur via trans-endo-
cytosis: CTLA-4 is capable of capturing its ligands B7-1 and
B7-2 from other cells, leading to their degradation and pre-
venting their ligation with CD28 (46]. This process requires
the presence of the cytoplasmic tail of CTLA-4 and can be
inhibited through the use of anti-CTLA-4 blocking antibod-
ies, but not by blockade of CD28, thus suggesting that this
mechanism is specific to CTLA-4. Further, while trans-
endocytosis of B7-2 by CTLA-4 occurs constitutively, it is
upregulated after TCR activation, providing an explanation
for the increased Treg suppressive activity observed after
T-cell activation [46]. Other cell extrinsic mechanisms of
action for CTLA-4 include its ability to induce indoleamine
2,3 dioxygenase (IDO) production and promote tryptophan
catabolism by APCs, ultimately interfering with T-cell
activation and inducing their apoptosis [47.48].

However, in certain models, presence of CTLA-4""* con-
ventional T cells (Tconv) is not sufficient in preventing
CTLA4™" lymphoproliferative disease: transfer of CTLA4™
lymphocytes into RAG™ mice induced wasting disease that
could be prevented by CTLA-4-sufficient Tregs, but not
CTLA-4-sufficient CD4"CD25 Tconv. In a second model
utilizing CTLA-4" BM chimeras, CTLA-4-sufficient
CD4'CD25" Tconv cells provided partial protection, whereas
CD4'CD25" Tregs were fully protective. In aggregate, this
suggests that although CTLA-4 can elicit extrinsic immune
regulation when expressed on Tconv, Treg-expressed
CTLA-4 more efficiently regulates autoimmunity (discussed
further below).

2.3 CD28-B7 interactions with other costimulatory
molecules (Figure 3)

2.3.1 PD-L1

Programmed cell death ligand 1 (PD-L1) has been identified
as another ligand of B7-1 (but not B7-2) 49]. PD-L1 is consti-
tutively expressed, but can become further upregulated, on
immune cells (T cells, B cells, dendritic cells [DCs] and mac-
rophages) and nonhematopoietic cells including endothelial
and epithelial cells (s0. PD-L1-B7-1 interactions are thought
to result in inhibitory and possibly bidirectional signaling.
The affinity of their interaction has been characterized as
being stronger than B7-1 with CD28, but weaker than bind-
ing of PD-L1 with PD-1, and B7-1 with CTLA-4. The
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Figure 2. Role of CTLA-4 in T-cell responses. CTLA-4 is a homolog of CD28 that negatively regulates T-cell activation through a
number of cell intrinsic and cell extrinsic mechanisms: (A) CTLA-4 outcompetes CD28 in binding to B7-1 and B7-2; (B)
CTLA-4 overrides TCR-induced stop signals and limits clustering of TCR molecules at the immunological synapse; (C)
CTLA-4 blocks the formation of ZAP-70-microclusters of kinases and adaptor proteins; (D) CTLA-4 engages SHP2 and PP2A,
phosphatases that act to dephosphorylate proteins required for TCR activation; (E) CTLA-4 captures its ligands B7-1 and
B7-2 from other cells through trans-endocytosis, leading to their degradation; (F) ligation with B7-1 or B7-2 leads to
transcription of IFN-y, which acts in both an autocrine and paracrine manner to then promote IDO production by the APC.
APC: Antigen-presenting cell; CTLA-4: Cytotoxic T-lymphocyte antigen-4; IDO: Indoleamine 2,3 dioxygenase; IFN-y: Interferon; PP2A: Protein phosphatase 2A;
SHP2: SRC homology 2 (SH2)-domain-containing phosphatase; TCR: T-cell receptor.
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Figure 3. CD28/B7 interactions with other costimulatory
molecules. Increasing number of ligand-receptor pairings
are now recognized as being involved in CD28
signaling; + denotes interactions that resultin T-cell activation
(positive costimulatory signals); - denotes interactions that
inhibit T-cell activation (negative costimulatory signals).

APC: Antigen-presenting cell; CTLA-4: Cytotoxic T-lymphocyte antigen-4;
ICOS: Inducible T-cell costimulator; ICOSL: Inducible T-cell costimulator ligand;
PD: Programmed death; PD-L: Programmed death ligand.

interface at which PD-L1 interacts with B7-1 appears to par-
tially overlap with the binding sites of both CTLA-4 and
CD28, suggesting that all three receptors likely compete for
binding to B7-1. Thus, agents which block CD28-B7-1-
interactions, such as CTLA-4Ig (discussed below), likely also
block the inhibitory PD-L1-B7-1 pathway. Similarly,
B7-1 and PD-1 are likely to compete for the same binding
site on PD-L1.

2.3.2 Inducible T-cell costimulator ligand

Recent evidence also suggests that both CD28 and
CTLA-4 can also bind to B7-H2 (inducible T-cell costi-
mulator ligand [ICOSL]), albeit at a lower affinity than
B7-1 or B7-2 i511. However, the CD28-B7-H2 interface
appears to be distinct from both the ICOS-B7-H2 and
the CD28-B7 binding sites, potentially allowing simulta-
neous binding of these various ligands and receptors,
although the significance of this is unclear. Interestingly,
however, CTLA-4-Ig binds B7-H2 and also blocks the
interaction between B7-H2-Ig and CD28, thus suggesting
that CTLA-4 may have a greater affinity for B7-H2 than
CD28 [51]. In terms of function, B7-H2 binding to CD28
costimulates T-cell proliferation and appears to play a
central role in IFN-y production from memory T cells.
While B7-H2 may act synergistically with B7-1 and

B7-2 to deliver CD28-mediated costimulatory signals,
the impact of B7-H2-CTLA-4 interaction remains largely
unstudied. This link between the ICOS-B7-H2 positive
costimulatory pathway and CTLA-4 is interesting as this
could also potentially represent a regulatory mechanism
to control ICOS-induced T-cell activation. However, fur-
ther studies are required to understand these newly
discovered interactions.

2.4 Impact on T-cell differentiation

CD28 signaling can also control the nature of the immune
response through its effect on T-helper cell differentiation
into the various T-effector subsets (Thl, Th2, Th17 and
Th9) or regulatory cells (induced Tregs). This differentiation
decision is influenced in part by the nature of the costimula-
tory molecules [52], in concert with the strength of the TCR
signal (53], the affinity of the TCR for the antigen [54] and
the cytokine milieu in which this interaction occurs.
CD28 signaling has been shown to play an important role
in the differentiation of naive T cells to various lineages, but
its effects have been found to vary depending on the model
system. In an autoimmune model, both Thl and
Th2 cytokines are reduced in B7-1/B7-2 double-deficient
non-obese diabetic (NOD) mice [55], but in NOD mice defi-
cient of CD28, development of Th2 cells is impaired, while
Th1 differentiation remains intact [56]. In contrast, CD28-de-
ficient mice exhibit normal Thl and Th2 responses in
response to infection with Leishmania major, providing evi-
dence that CD28 is not an absolute requirement for generat-
ing either cell lineage under certain circumstances. Thus, the
precise role of CD28 in dictating T-cell differentiation
remains to be defined.

In general, the effect of CD28 costimulation is closely
linked with TCR signaling strength. With weak TCR signals,
CD28 promotes 1L-4 and, consequently, Th2 differentia-
tion [53,57); strong TCR signaling and high antigen dose, how-
ever, promotes the IFN-y production and the differentiation
of Thl cells [53,58]. Additionally, prolonged CD28 ligation
has also been found to promote the Th2 cell lineage [59).
Crosslinking of CTLA-4 during T-cell activation appears to
inhibit both Thl and Th2 cell differentiation and cytokine
production [60-62. CD28 costimulation is also reportedly
involved in Th17 differentiation, although this may reflect
its general role in T-helper cell activation [63.64], and its effects
are still uncertain. The use of anti-CTLA-4, which potentiates
CD28 responses, was shown to promote Th17 differentiation,
whereas the use of CTLA-4-Ig, and consequent CD28 block-
ade, inhibited Th17 differentiation [65]. However, in a differ-
ent mouse model, CD28 ligation with an anti-CD28
monoclonal antibody (mAb) was itself demonstrated to
inhibit Th17 differentiation of naive cells but appeared to
enhance IL-17 production from previously differentiated
Th17 cells, while CTLA4-Ig facilitated both murine and
human Th17 differentiation [66].
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3. Function in Tregs (Figure 4)

3.1 CD28/B7 signaling
Tregs are critical in regulating peripheral tolerance; humans
with  IPEX scurfy mice that lack

Foxp3 develop severe systemic autoimmune diseases [67,68].

syndrome and

The discovery that many of the same costimulatory molecules
found on effector T cells also control Treg homeostasis and
function has redefined the field of costimulation and toler-
ance; therapeutics that modulate costimulatory signaling
may have detrimental effects if they coincidentally affect
Tregs, as engagement of identical costimulatory molecules
on T effectors versus Tregs can have similar effects on the
T-cell subset or can have strikingly different impacts [1].
Thymic development and peripheral homeostasis of Tregs
require CD28-mediated production of IL-2 [12.69]. NOD
mice deficient of CD28 (CD28KO), or deficient of both
B7-1 and B7-2 (B7DKO), suffer from severe and accelerated
diabetes because of a profound decrease in their Treg popula-
tion [55]. Similarly, blockade of CD28 with CTLA-4lIg leads
to a decrease in Tregs in the thymus and periphery (69, and a
subsequent break in self-tolerance [56]. In transplant models

dependent on Treg function, tolerance can also be broken
when CD28 signaling is interrupted [70.71] (discussed further
below). To further complicate matters, although CD28 signals
are critical for Treg homeostasis (551, CD28 engagement with
its B7 ligands has also been shown to inhibit Treg activity [72].

3.2 Impact of CTLA-4 on Treg function
Initially, CTLA-4 was thought to control immune responses
through its functions as a negative feedback mechanism to
attenuate effector T-cell activation. However, subsequent
studies have discovered that the constitutive expression of
CTLA-4 on Tregs is critical to their suppressive ability (73,74].
As mentioned, mice completely deficient of CTLA-4
(CTLA-4KO mice) die within a few weeks of birth from mas-
sive lymphoproliferation. When CTLA-4 was specifically
deleted in Tregs using a conditional knockout approach,
spontaneous development of lymphoproliferation ensued,
and fatal autoimmune disease still developed, albeit a slower
tempo (74]. Thus, CTLA-4 deficiency in Tregs alone is
sufficient to cause fatal disease.

Several mechanisms have been proposed to explain the
manner in which CTLA-4 may contribute to Treg cell-
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mediated suppression: first, engagement of CTLA-4 may lead
to the development of antigen-specific Tregs, leading to inhi-
bition of T-cell responses [75]. In a cell-extrinsic manner,
engagement of B7 on DCs by CTLA-4 initially leads to
increased IFN-y, which acts in a paracrine fashion to increase
IDO, thereby inhibiting T-cell proliferation [76,77]. As Tregs
highly express CTLA-4, a mechanism of Treg suppression
has been proposed where IDO production by B7 expressing
DCs appears to act as an important bridge between Tregs
and naive responder cells [48]. The importance of this pathway
in vivo is underpinned by data from a murine model of islet
transplantation, where inhibition of IDO abrogated the graft
prolonging effects of CTLA4-Ig [471. Additionally, through
CTLA-4, Tregs can downregulate CD80 and CD86 expres-
sion on DCs, even in the presence of DC maturing stimuli
such as lipopolysaccharide (74,78-80). Potential mechanisms of
CD80 and CD86 downmodulation include endocytosis of
CTLA-4-bound CD80 and CD86 from the APC to the
Treg, followed by degradation of the complex within
the cell, trogocytosis of CTLA-4-bound CD80/CD86 mole-
cules from the APC to the Treg cell membrane [81] and possi-
ble CTLA-4-dependent repression of CD80/CD86 gene

transcription [46,82].

4. Involvement in memory responses

For many years, it has been widely believed that both CD4"
and CD8" memory T-cell responses do not require
CD28 costimulation [83]. Memory T cells form a critical com-
ponent of our immune response, serving to protect us from
future challenges of the same pathogen. As such, their higher
affinity for antigen and lowered threshold for activation allow
them to respond more rapidly and effectively than naive
T cells (84.85]. These findings led to the paradigm that the low-
ered TCR threshold obviated the need for costimulation,
which held true in numerous iz vizro studies using a variety
of means to prime and rechallenge (86,87], and in CD28 defi-
cient mice [88,89]. However, recent evidence from better phys-
iological mouse models has challenged this and shown that
both CD4" and CD8" memory T cells require CD28 costi-
mulation  for maximal expansion and  pathogen
clearance [90-93]. Whether this holds true in human memory
recall responses remains unknown; in humans, a significant
proportion of memory T cells, especially memory CD8"
T cells, are CD28-negative [11]. Its potential role in transplant
alloimmune responses will be discussed below.

5. CD28/B7 pathway in experimental models
of transplantation

Despite the plethora of data suggesting that CD28 costimula-
tion is a major requirement in T-cell activation, one surpris-
ing finding is that CD28-deficient mice do not display
obvious abnormalities in mounting effective alloimmune
responses against the transplanted graft. In fact, CD28

knockout mice can promptly reject MHC-mismatched trans-
plants, regardless of the graft type [(94]. Although the tempo of
rejection is delayed in some models, CD28 knockout mice do
not consistently exhibit the markedly prolonged graft survival
observed after CD28/B7 blockade with CTLA-4-Ig. One
explanation is that other costimulatory pathways might
compensate for the absence of CD28 during development
but be less able to compensate when this pathway is acutely
blocked. Indeed, in the absence of CD28, alternative costimu-
latory pathways play a more dominant role in the rejection
response [1,9596]. While CD28 knockout mice reject fully
MHC-mismatched skin and heart allografts 94,971, B7-1/
B7-2 double-knockout mice can reject skin but not heart
allografts [98]. The basis for this striking difference is unclear
but may be related to other effector mechanisms that
reside in the innate natural killer cells or memory T cells
94,99].

As discussed above, CD28 signaling is also crucial for the
maintenance of Treg homeostasis and function; in certain
transplant models, interruption of CD28 signaling breaks tol-
erance [70,71]. In a single MHC class II-mismatched model,
whereby a bml2 cardiac allograft is placed into a
B6 recipient, acute rejection (AR) of the graft is inhibited by
the emergence of Tregs that restrict the clonal expansion of
alloreactive T cells [100]. In contrast to the prolonged survival
seen in fully MHC-mismatched models, CD28- or B7-
1/2-deficient recipients of bm12 hearts paradoxically reject
their allografts at a faster tempo [70]. Similar findings were
observed when recipients were treated with CTLA-4Ig (71].
Recipients demonstrated far fewer numbers of peripheral
Tregs, and in both instances, restoration of the Foxp3" Treg
population, through adoptive transfer, rescued these grafts
from rejection. In a nonhuman primate model of kidney
transplantation, treatment with CTLA-4lg (belatacept) in
combination with sirolimus, a mammalian target of rapamy-
cin (mTOR) inhibitor, successfully prevented rejection but
was found to be associated with a twofold decrease in the
absolute number of Tregs, with the population reemerging
after belatacept was discontinued [101].

In transplantation, memory T cells have been shown to be a
barrier to tolerance induction via CD28 costimulation block-
ers [102,103]; their presence is thought to be the major reason as
to why CTLA-4lg cannot induce transplant tolerance in pri-
mates. In pathogen-free naive mice, where CD28 blockade
can induce tolerance, memory T cells comprise of only
~5=10% of the T-cell compartment. In contrast, adult non-
human primates who are socially housed and in adult
humans, the memory compartment expands to ~ 50% of
the T-cell pool [104-106]. Given that memory T cells are
thought to be less dependent on costimulation for their acti-
vation (see discussion above), this represents a significant
proportion of T cells that may be relatively resistant to costi-
mulatory blockade. In human transplant recipients, higher
levels of donor-specific memory T cells are clearly associated
with higher rates of graft rejection [107].
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Donor-specific memory T cells develop from exposures to
alloantigens from prior blood transfusions, transplantation
or pregnancy. Additionally, previous infections may also
lead to heterologous immunity, a process by which memory
T cells that cross-react with alloantigen are generated via
exposure to infections [108]. Currently, transplant recipients
undergo induction therapy using T-cell depleting strategies
which not only spare memory T-cell populations, but the
resulting lymphopenic environment may also promote the
homeostatic proliferation of memory-like precursors [109-111].

However, the paradigm that memory cells do not require a
second signal for TCR activation is not completely true.
Memory cells come in a variety of flavors, with differing phe-
notypes, functional properties and expression of costimulatory
molecules; thus, they are likely to vary in their susceptibility to
blockade of various costimulatory pathways.

In fully mismatched transplant models, CD4 memory
cells appear to be more susceptible to CD28 blockade
than CD8 memory T cells generated through prior expo-
sure to alloantigen [108]. Additionally, even within the
CD8 memory cell population, central memory cells
(CDG2L" CCR7*) posed a greater barrier to transplant tol-
erance induction than effector memory cells (CD62L"
CCRY"). However, in a model where donor-reactive mem-
ory T cells were generated via a latent Epstein-Barr Virus
(EBV) homolog, it was the effector memory cells that posed
the greater barrier [112], thus suggesting that the nature of
the prior antigenic exposure may also play a role in their
susceptibility. Indeed, the degree and duration of antigen
exposure, context of antigen presentation and type of path-
ogen infection have all been shown to influence the ability
of donor-reactive memory T cells to precipitate graft rejec-
tion [113]. Finally, differences in the precursor frequencies
of donor-reactive memory T cells can predict transplant
outcome: monkeys that possessed low frequencies of
donor-reactive memory T cells can be rendered tolerant
through costimulatory blockade, whereas those who
harbored high pre-transplant frequencies of this memory
population acutely reject their allograft [114].

6. Therapeutic targeting of the CD28/B7
pathway

The pivotal role of costimulation in regulating T-cell activa-
tion versus tolerance has stimulated tremendous interest in
the manipulation of costimulatory pathways for therapeutic
purposes. Since its discovery, a number of agents have been
employed to target CD28 to either boost immune responses
(for the purposes of enhancing antimicrobial and antitumor
immunity) or induce tolerance (to treat autoimmune diseases
and prevent graft rejection). Along the way, we have met with
some success, but also encountered some concerning setbacks,
thus highlighting the intricacy and complexity of this
pathway.

Targeting CD28 to prevent transplant rejection

6.1 Targeting B7-1/B7-2

Humanized anti-B7-1 and anti-B7-2 mAbs have been devel-
oped to block CD28 costimulation. While B7-1 and
B7-2 are thought to have overlapping functions, the differen-
tial expression patterns of these receptors on various cell types
during immune responses suggest the potental for distinct
roles in vivo. In experimental models of autoimmune diseases,
selective blockade of B7-1 or B7-2 have resulted in strikingly
different outcomes [115,116]. In transplant models, however,
blockade of both ligands appears to be required for optimal
inhibition of rejection [117-119], suggesting that tandem use
of these antibodies would be required for clinical efficacy.
A Phase I study in renal transplant recipients receiving main-
tenance therapy consisting of cyclosporine, mycophenolate
mofetil and steroids proved the regimen to be safe and effec-
tive. However, Phase II clinical trials to evaluate efficacy
were never pursued, perhaps in part because of the subsequent
discovery that the B7 interactions with CTLA-4 were impor-
tant in sustaining transplant tolerance [120]. It is now appreci-
ated that B7 molecules are capable to transmitting an inward
signal to the APC on their ligation with CTLA-4, leading to
the production of IDO (as discussed in detail earlier). These
B7-1/B7-2-specific blocking strategies inhibited CTLA-4

signals crucial to Treg function [119,121].

6.2 Targeting CD28

A second strategy to inhibit CD28-mediated signals was the
development of agents specific for CD28 itself, with the
expectation that they would be capable of inhibiting
CD28 interactions with both B7-1 and B7-2. A soluble
CD28 fusion protein, CD28-Ig [122], was developed but
proved largely ineffective because of the low affinity of
CD28 for its ligands, and the previously unrecognized phe-
nomenon that B7 molecules act also as receptors, allowing
for bidirectional signaling between the APC and T cells.
Engagement of B7 molecules on DCs by CTLA-4 induces a
tolerogenic phenotype in DCs (discussed above), but their
ligation with CD28-Ig leads to a highly immunogenic pheno-
type in the DC, characterized by IL-6 and IFN-y produc-
tion [123]. Further, these DCs fail to upregulate IDO
expression as a result of their IL-6 secretion; blockade of
IL-6 signaling restores IDO expression, indicating that
IL-6 effects are dominant in CD28-Ig-treated DCs and lead
to DCs capable of enhanced cell-mediated immunity. In
fact, using three different in vivo models, Orabona et al.
showed that treatment with CD28-Ig could be used as an
adjuvant to enhance vaccination efficacy and to induce antitu-
mor immune responses [123]. How engagement of B7 mole-
cules on DCs by CD28 and CTLA-4 fusion proteins can
lead to such disparate functional differences in DCs requires
further exploration but may stem from their structural and
biophysical differences, as well as differences in their affinity
binding to B7-1 and B7-2. These findings also highlight

the important consideration of not only T-cell-intrinsic
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mechanisms but also APC-extrinsic mechanisms of CD28-B7
pathway in immune regulation.

Intuitively, creating an antagonistic anti-CD28 mAb would
seem the most direct approach to blocking CD28 signaling.
Indeed, treatment with blocking anti-CD28 mAbs has been
shown to delay AR [124] and prevent chronic graft rejec-
tion [125] in rodents. However, on ligation, mAbs can also
lead to signaling through the receptor, rather than block phys-
iological receptor-ligand interactions, rendering it difficult to
design purely antagonistic antibodies. Thus, a major concern
in the development of anti-CD28 antibodies is the potential
for it to trigger CD28 signaling, in the presence of antigen
(an agonistic antibody) or, even more concerning, for it to
be superagonistic (lead to effector T-cell activation without
the requirement of TCR ligation to MHC-peptide complexes
[126]).

Interestingly, CD28 superagonists were once considered a
promising new strategy in the treatment of autoimmune dis-
ease. Although CD28 costimulation results in activation of
various T-cell subsets (including effector cells), when
CD28 superagonists were administered in animal models,
the predominate response was a massive expansion and func-
tional activation of Tregs, with minimal expansion of conven-
tional CD4" T cells [127-129]. Induction of Tregs using these
superagonists led to the amelioration of autoimmune diseases
in multiple murine models. This led to the development of a
first-in-class, genetically engineered humanized anti-CD28
superagonistic antibody TGN1412 (TeGenero). Following
safety and efficacy studies in nonhuman primates, a human
Phase I clinical trial was initiated in healthy volunteers. Trag-
ically, an unexpected and severe cytokine storm leading to
end-organ damage developed in all six individuals [130].

In hindsight, it is now clear that CD4" effector memory
cells were predominantly responsible for the rapid release of
cytokines [131,132]. Because laboratory animals are typically
housed in pathogen-free conditions, the majority of their
T-cell repertoire is naive. Humans, however, accumulate
increasing proportions of memory cells as we become exposed
to various microbes during the course of our lifespan. Since
the activation requirements of memory cells are generally
much less stringent, agonistic antibodies that do not induce
widespread immune activation in laboratory mice may, never-
theless, be capable of doing so in humans. It has also been
subsequently discovered that CD4 T cells in some nonhuman
primates, such as the cynomolgus macaques used in the pre-
clinical trials of this drug, lose CD28 expression during their
conversion into memory cells, a property not observed in
human CD4 cells [131]. These unfortunate adverse events
highlight the necessity for a thorough understanding of how
the diverse biological activities of these pathways are
orchestrated.

Recently, a novel chimeric human/primate CD28 monova-
lent antagonist antibody, sc28AT, has been shown to selec-
tively block CD28 interactions with its ligands without
superagonistic activity [133). In wvitro, it is incapable of

stimulating human T-effector cells, and when administered
to nonhuman primates, it does not activate or deplete
T cells. Importantly, it cannot induce CD28 receptor cross-
linking (133] and does not bind the target epitope on
CD28 that is essential for inducing the TCR-independent
superagonistic signal [134]. In nonhuman primates, treatment
with sc28AT synergized with calcineurin inhibitors (CNIs)
to promote acceptance of both kidney and heart allografts
and reduce the severity of chronic allograft vasculopathy [135].
Treatment was associated with an increase in intragraft and
peripheral blood Tregs, suggesting that its selective targeting
of CD28 preserves CTLA-4-dependent Treg populations.

6.3 Use of CTLA-4 recombinant fusion proteins
In contrast to the tribulations experienced with targeting
CD28 directly, one success story involves the use of
CTLA-4 recombinant fusion proteins (CTLA-4Ig) to block
CD28-B7 interactions. These proteins comprise the extracel-
lular domain of CTLA-4 linked to the Fc region of human
IgG1 (36). CTLA-4Ig takes advantage of the fact that
CTLA-4 has a much higher binding affinity to B7 molecules
than CD28 and, therefore, acts as competitive inhibitor of
CD28-B7 interactions. Abatacept (Orencia®, Bristol-Myers
Squibb) was the first to be approved by the US Food and
Drug Administration (FDA) for the treatment of rheumatoid
arthritis [137]. It is also now approved for the treatment of pso-
riasis, a T-cell-dependent skin disorder characterized by
abnormal keratinocyte proliferation and differentiation, and
an inflammatory infiltrate (6]. However, it proved ineffective
in nonhuman primate studies of transplantation [138,139].
This was hypothesized to be related to the difference in bind-
ing affinities of CTLA-4Ig to B7-1 and B7-2, as inhibition of
B7-2-CD28-mediated T-cell costimulation required 100-fold
higher concentrations of CTLA-4Ig to achieve comparable
results. This was further supported by studies showing incom-
plete blockade of B7-mediated T-cell activation following
in vivo treatment with CTLA-4Ig [140-142). This led to the
re-engineered CTLA-4lg belatacept (Nulojix®, Bristol-Myers
Squibb), which differs from abatacept by two amino acid sub-
stitutions at the ligand-binding domain and binds to
B7-1 and B7-2 with greater avidity, thereby producing greater
immunosuppressive effects [136,143] (further discussed below).
In mixed lymphocyte cultures, CTLA-4Ig can completely
block T-cell proliferation and effector functions in response
to alloantigen stimulation [144,145], and induce T-cell
anergy [146]. In rodent transplant models, a brief course of
CTLA-4lg, especially when combined with a single donor-
specific transfusion (DST), consistently prevents rejection of
fully MHC-mismatched heart, kidney, liver and pancreatic
islet allografts [147-149], and in some cases, induces donor-
specific tolerance [145,150]. However, in more stringent rodent
models, such as skin transplantation, or in nonhuman primate
models, short-term blockade of the CD28-B7 pathway fails
to prevent transplant rejection [138,151,152].
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The failure of CD28-B7 costimulatory blockade to uni-
formly induce tolerance likely relates to a number of factors.
First, there are a plethora of mechanisms and pathways,
including many other T-cell costimulatory molecules,
involved in the rejection response. Additionally, CTLA-4lg
may competitively inhibit the CTLA-4-B7 negative regula-
tory pathway. In several models, CTLA-4-B7 engagement is
required for the induction of peripheral tolerance (as dis-
cussed in detail above); blocking these interactions can pre-
vent transplant tolerance [144,145]. The ability of CTLA-4Ig
to block a second inhibitory signal, PD-L1-B7-1 could also
be a contributing factor that requires further exploration.

An alternative approach to bypassing this conundrum is to
utilize agents that selectively block B7-2, which preferentially
interacts with CD28 [14], with the hopes that it may preserve
CTLA-4 engagement and enhance tolerance [121]. However,
CD28-B7 ligation also plays a prominent role in the induc-
tion and homeostasis of Tregs (discussed above); interruption
of CD28 signaling using CTLA-4Ig has been shown to signif-
icantly reduce Treg populations and is associated with wors-
ening autoimmune disease and accelerated transplant
rejection in certain models [56,69,71].

It is also possible that different CTLA-4Ig constructs may
not uniformly exhibit similar properties: some may not
inhibit CLTA-4-B7 interactions, while others can function
like CTLA-4 itself. For example, using their own CTLA-4Ig
construct (and not the commercially available abatacept or
belatacept), Grohmann ez al. showed that IDO is the media-
tor of CTLA-4Ig-induced islet allograft tolerance via reverse
B7 signaling in DCs [47). Other CTLA-4 fusion proteins
have also independently been shown to promote IDO pro-
duction [153]. However, a recent study utilizing abatacept in
a cardiac allograft model shows increased IDO activity only
in recipients who received CTLA-4Ig with DST; treatment
with abatacept alone was not able to directly induce IDO [154].

6.4 Clinical use of belatacept
Focus in the transplant community has now shifted away
from utilizing CTLA-4Ig as a tolerogenic agent to pairing it
with other regimens, in hopes of preventing rejection while
minimizing the need for medications associated with greater
side effects or toxicity. In general, disruption of the
CD28-B7 pathway with CTLA-4Ig can be successfully com-
bined with blockade of other positive costimulatory pathways
or current immunosuppressive drugs to enhance survival of
fully MHC-mismatched transplants [1]. The combination of
CTLA-4lg and sirolimus, a mTOR inhibitor, has been shown
to induce tolerance in naive animal models [155-157). However,
not all immunosuppressive agents are additive when com-
bined with costimulatory blockade. CNIs, such as cyclospor-
ine and tacrolimus (FK506), appear to be capable of
antagonizing the therapeutic effects of CTLA-4lg, particularly
in fully MHC-mismatched transplant models [155,158].
Currently, belatacept, a high-affinity mutant form of
CTLA-4lg, is the only clinically approved costimulatory
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blockade agent in transplantation (approved by the FDA in
June 2011 and by European Medicines Agency in April
2011), and is indicated as an alternative to the use of CNIs
in renal transplantation [159,160]. Phase III trials in kidney
transplant recipients demonstrated similar graft survival in
those treated with belatacept versus cyclosporine, when com-
bined with steroids and mycophenolate mofetil. At 3-year fol-
low up, patients treated with belatacept showed better renal
function, with higher mean estimated glomerular function
rate and lower rates of donor-specific antibody formation (159,
despite a higher incidence and grade of AR episodes in the
early post-transplant period [161]. This increased rate of AR
might be mediated by memory T cells, which may be less sus-
ceptible to costimulatory blockade, or by its potential negative
effects on Tregs. This latter effect may explain the surprising
increase in incidence of AR seen in those treated with the
higher dose of belatacept.

There are a number of mechanisms through which belata-
cept may negatively impact Tregs. First, CD28-B7 interac-
tions are critical for Treg homeostasis, and in mouse
models, treatment with belatacept can interfere with this
tolerance-promoting population, thus leading to paradoxical
acceleration in graft rejection (detailed above) [71]. A single
study in human kidney transplant patients shows that treat-
ment with belatacept does not affect long-term numbers of
peripheral blood Tregs and, in fact, showed increased num-
bers of Foxp3™ cells in graft biopsies in comparison to recipi-
ents receiving CNI treatment [162]. It has been postulated that
these differences may be due to the subsaturating doses used
in humans, which may affect effector T cells more than
Tregs 162]. Studies performed on peripheral blood taken
from kidney transplant recipients treated with belatacept
(5 mg/kg every 4 weeks during ‘maintenance’ therapy)
showed B7-2 receptor to be ~ 80% saturated at trough levels
and 94% at peak exposure [163]. A second concern is that this
strategy also blocks the ability of CTLA-4 to bind B7-1 and
B7-2 and in particular, this may negatively impact on the
development of antigen-specific Tregs [75] and on the function
of existing Tregs, possibly blocking their suppressive activity
(discussed above). Further, intact CTLA-4 function has also
previously been shown to be critical for the maintenance of
graft tolerance in a model of induced tolerance in skin trans-
plantation [164]. These issues may provide some explanation
as to why CTLA-4Ig does not reproducibly induce tolerance
in certain models of transplantation. The aforementioned
anti-CD28 antibody sc28AT is an alternative agent currently
under investigation, which selectively block CD28 to prevent
the maturation of pathogenic effectors without impacting
CTLA-4 function.

Finally, despite maintained short-term graft function, the
increased rates of AR remain of concern. Some have postu-
lated that this may relate to the presence of an alloreactive
memory pool which is unaffected by belatacept treatment. It
has been well documented that regimens containing
CTLA-4lg can induce tolerance in naive animal models,
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but, disappointingly, cannot do so in models with established
memory T-cell repertoires. Current preclinical studies in non-
human primates are underway to try to come up with a strat-
egy to combine CTLA-4lg with an agent capable of
restraining memory responses. One such strategy involved
the combined use of alefacept (LFA3-Ig) with belatacept and
sirolimus therapy. Although alefacept caused an intended
depletion of memory T cells, it did not add further graft
survival benefit to the belatacept and sirolimus regimen and
was instead associated with a further marked reduction in
Tregs [101].

7. Conclusion

Targeting the CD28-B7 pathway offers an exciting new
approach in immunosuppressive therapy following transplan-
tation. Future studies that can elucidate the intricate role of
this pathway in the various T-cell subsets, and its interplay
among other costimulatory pathways, may shed light on how
we may best modulate CD28 signaling to promote transplant
tolerance.

8. Expert opinion

The discovery that CD28 and CTLA-4 are of tremendous
importance in dictating tolerance versus immunity has
resulted in the development of several novel drugs that are
already approved for clinical use. However, despite these suc-
cesses, it is apparent that we have only scratched the surface in
understanding the complexities of how costimulatory path-
ways modulate the immune system; our initial assumption
that positive costimulators activate effector T cells and prevent
tolerance, while negative costimulators inhibit effector T cells
and promote tolerance, is clearly an oversimplified view.
Costimulatory blockade has profound effects on effector
T-cell responses but the discovery that they also control
Treg homeostasis and function suggests that the net effect of
these agents may be difficult to predict. The anti-CD28
superagonist TGN1412, which was expected to promote
expansion of Tregs, instead led to the massive T-effector
cell-mediated organ damage. Second, CTLA-4lg therapy,
designed to block CD28-B7 positive costimulation, is capa-
ble of depleting Tregs. If these pathways are redundant in
various cell types, is there a way for us to target one subset
without perturbing the pathway in the other? Might this effect
depend on the timing or dosing of the therapy? Withdrawal of
belatacept therapy can restore Treg populations [101], thus

suggesting that a short course of treatment may avoid
these toxicities.

The efficacy of costimulatory blockade also likely differs
depending on the degree of MHC mismatch between graft
and host, as well the immunological memory and genetic
background of the recipient. Further studies are needed to
determine subsets of patients who would most benefit or
who are at highest risk of side effects. The initial cohort of
patients treated with belatacept will need to be closely moni-
tored for any long-term consequences: Will chronic costimu-
latory blockade increase the risk for opportunistic infections
or malignancy? At present, it has already been associated
with a higher incidence of post-transplant lymphoproliferative
disorder and should be avoided in EBV seronegative
patients [159]. Will its use be associated with any metabolic
side effects, such as diabetes and coronary artery disease,
seen with traditional immunosuppressants?

Finally, we are only now uncovering the multitude of costi-
mulatory pathways involved in the alloimmune response. Spe-
cific pathways may only be important for certain T-cell
subsets, play a role only at specific stages of the alloimmune
response or rise to the forefront when another pathway is inter-
rupted. Perhaps targeting of CD40, LFA or other cell adhesion
or costimulatory pathways (particularly those involved in
memory T-cell responses) in combination with CTLA-4lg
would produce a more durable immunosuppressive effect.

The discovery that costimulatory pathways are central to
regulating alloimmune responses has opened the door to one
of the most promising approaches for achieving tolerance.
However, if we are to understand the nuances of how our
immune system responds destructively and protectively toward
a foreign graft, we must consider it as a complex, dynamic net-
work of overlapping and compensatory pathways. Targeting
one molecule alone is likely to be insufficient, but in the
coming years we may be able to selectively modulate various
costimulatory pathways to achieve transplant tolerance in
humans.
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