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Abstract

Introduction—T cell activation is a complex process that requires multiple cell signaling
pathways, including a primary recognition signal and additional costimulatory signals. One of the
best-characterized costimulatory pathways includes the Ig superfamily members CD28 and
CTLA-4 and their ligands CD80 and CD86.

Areas Covered—This review discusses past, current and future biological therapies that have
been utilized to block the CD28/CTLA-4 cosignaling pathway in the settings of autoimmunity and
transplantation, as well the challenges facing successful implementation of these therapies.

Expert Opinion—The development of CD28 blockers Abatacept and Belatacept provided a
more targeted therapy for transplant rejection and autoimmune disease relative to calcineurin
inhibitors and anti-proliferatives, but overall efficacy may be limited due to their collateral effect
of simultaneously blocking CTLA-4 coinhibitory signals. As such, current investigations into the
potential of selective CD28 blockade to block the costimulatory potential of CD28 while
exploiting the coinhibitory effects of CTLA-4 are promising. However, as selective CD28
blockade inhibits the activity of both effector and regulatory T cells, an important goal for the
future is the design of therapies that will maximize the attenuation of effector responses while
preserving the suppressive function of T regulatory cells.

1. Introduction

Limiting immune-mediated damage following transplantation and preventing autoimmune
disease while maintaining protective immunity requires precise regulation of the immune
system. In both instances, a major challenge is the activation of allo- or auto-reactive T
lymphocytes, which are capable of directly mediating tissue damage during graft rejection
and autoimmunity and also of providing T cell help for generation of allo- and auto-
antibody. Simultaneously, the maintenance or enhancement of regulatory T cell number and
functionality is also beneficial for the diminution of unwanted auto- and allo-immune
responses. All of these processes are carefully controlled by the balance of costimulatory
and coinhibitory signals T cells receive. Although T cell costimulation was first described to
control initial priming of naive T cells, T cell costimulatory and coinhibitory pathways are
now known to have much broader functions, controlling many aspects of naive, effector,
memory, and regulatory T cell activation and differentiation. Indeed, early work showed that
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TCR ligation alone induces T cell anergy or unresponsiveness and that the necessary
costimulatory signal that prevents T cell unresponsiveness after TCR ligation was present on
B cells and antigen presenting cells (1). The CD28/CTLA-4 pathway is the prototypic
cosignaling pathway in T cells, with CTLA-4 coinhibition acting as the counter-signal to
CD28 costimulation as they bind the same receptors (CD80 and CD86). Since CD28
costimulation is crucial for T-cell activation, immunomodulation via blockade of this
pathway is a promising approach to prevent inappropriate T-cell activation in the setting of
transplantation and also to potentially treat T cell mediated autoimmune diseases.

The results of studies using biologics to therapeutically target this pathway are outlined in
the paragraphs below. This large body of work informs us that while critically important, the
CD28/CTLA-4 cosignaling pathway is highly complex. Further detailed understanding of
the kinetics, cellular distribution, binding partners, and intracellular signaling networks of
cosignaling molecules in auto- and alloimmunity will aid in the rational development of
novel immunomodulatory strategies to better target this pathway and improve outcomes
following transplantation and autoimmunity.

2. Immunobiology of CD28/CTLA-4 signaling

CD28 is a costimulatory receptor that is constitutively expressed on the cell surface of naive
T cells and is required for optimal activation and function. Additionally, after an early,
transient decrease, surface expression levels are increased about 2-fold following peptide
stimulation both /n vitro and in vivo (2-4). Given the critical balance between stimulation
and inhibition that is necessary to prevent immune pathology, it has been shown that along
with the upregulation of CD28 following activation is a concomitant increase in the ratio of
CTLA-4 to CD28 (2, 4) (Figure 1A).

Unlike CD28, CTLA-4 is a negative regulator, and its expression is dependent on activation
(5, 6) with resting murine T cells expressing little to no CTLA-4 on their surface (7).
Readouts of intracellular CTLA-4 are important as CTLA-4 in resting cells is intracellularly
localized to clathrin-associated complexes and is only relocated to the cell surface upon cell
activation (2). CTLA-4 expression has been demonstrated at time points as early as one hour
post-stimulation, with functional effects by 12 hours and peaking at 48h (2, 8). Interestingly,
although surface expression of CTLA-4 only ever reaches ~1/50t that of CD28, its affinity
for their common ligands, CD80 and CD86, is ~1000-fold greater (2, 9). Additionally, there
is sustained expression of CTLA-4 with a significant proportion of T cells still expressing it
at 6-10 days post-activation, a time at which CD28 is no longer elevated above constitutive
levels (4).

Interestingly, upon the generation of CTLA-4 knockout (KO) mice it was observed that all
animals developed a lymphoproliferative disease that caused death by three to four weeks of
age (10). This was discovered to be due to the non-redundant role of CTLA-4 in inhibiting
T-cell proliferation, cell cycle progression, and IL-2 production (11, 12). These data point to
a critical role of CTLA-4 for controlling T-cell responses to foreign and self-antigens in an
intrinsic manner. There is also evidence, however, for an extrinsic role for CTLA-4, in that
ligation of CTLA-4 may also induce production of factors that inhibit the activation or
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proliferation of neighboring cells (13-15). The hypothesis was then raised that the high
levels of CTLA-4 expressed on T regulatory cells (Tregs) may be involved in their
suppressive function and that Tregs could therefore, be the CTLA-4-dependent population
able to control CTLA-4 KO T cells in this chimeric system (16, 17). This hypothesis was
confirmed to be true, in that control of CTLA-4 KO cells by WT cells required the presence
of Foxp3* Tregs in the wildtype population (18).

Alternatively, another interesting hypothesis has been proposed: could CTLA-4 function by
actively engaging a positive event that could produce a negative outcome in terms of
dampening the response to antigen (19)? For instance, TCR ligation has long been known to
slow or reduce T-cell motility; an event termed the *stop signal’. Without the stop signal, T
cells continue to move or remain tethered to the APC, but are unable to form an
immunological synapse. Stable immunological-synapse formation is needed for the scanning
of peptide-MHC complexes, their engagement by the TCR and the induction of signaling
cascades (20-22). Evidence shows that CTLA-4 ligation reverses the stop signal, thereby
interfering with the information of the immunological synapse. Therefore, T cells fail to
make prolonged contact, despite remaining tethered, leading to an overall reduction in
activation and cytokine production (23).

3. Biological Therapies to Target the CD28/CTLA-4 Pathway: The Benefits

Given the data described above, the blockade of the CD28 co-signaling pathway is an
attractive strategy for preventing both allogeneic and autoreactive T cell responses.

3.1 CD28/CTLA-4 directed biological therapies in autoimmunity

A recombinant fusion protein, Abatacept, or CTLA4-Ig, is a drug that comprises the
extracellular domain of human CTLA-4 fused with a fragment of the Fc portion of human
IgG1. The use of a CTLA-4 fusion protein as a means to block the interactions of CD28
with CD80 and CD86 has been well documented in experimental autoimmunity (24, 25)
(Figure 1B). The first study was conducted in patients with psoriasis, among whom 46%
achieved a 50% or greater sustained improvement in clinical disease activity (26).

From these promising results and understanding of the biology of the CD28/CTLA-4
pathway, proof of principle work was also undertaken in a mouse model of collagen induced
arthritis to determine whether Abatacept might also be beneficial in this setting. It was found
that administration of Abatacept at the time of immunization prevented disease.
Interestingly, administration after disease onset also ameliorated disease. Similar effects
were obtained when a combination of anti-CD80 and anti-CD86 antibodies were used to
block the co-stimulation, indicating the need to block both pathways (27).

Abatacept has also been used in patients with Rheumatoid Arthritis (RA) with beneficial
effects (28, 29), specifically in patients with methotrexate (MTX)- (29-32) and anti-TNF
refractory disease (33, 34), as well as early RA patients who have yet to try other anti-
rheumatic drug treatments (35). One year out from the start of Abatacept treatment, RA
patients enrolled in the AIM (Abatacept in Inadequate responders to Methotrexate) trial
experienced both clinical and X-ray improvements over time (32). In the ATTAIN
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(Abatacept Trial in Treatment of Anti-TNF INadequate responders) trial, ACR20, —50 and
—70 responses increased up to 81.8%, 53.6% and 25.7% response respectively at three years
out from the start of treatment (36).

Importantly, the positive results seen with Abatacept treatment in RA patients was stable
over time, as those patients enrolled in the AGREE trial showed that 81% of patients who
were in remission at year one were still in remission at year two (35). Additionally, their
disease had not progressed, with 91.1% of year-1 non-progressors remaining non-
progressors in year two. The AIM study went even further and followed patients for five
years in order to evaluate the persistence of drug response over time. In this study, 60.3% of
patients in remission at year one were still in remission at year five and almost 72% of
patients who were X-ray non-progressors at year one were X-ray non-progressors at year
five.

Another important autoimmune disease that could potentially benefit from costimulation
blockade is systemic lupus erythematous (SLE). Although significant strides have been
made in the management of lupus over the last several decades, mortality rates remain high
with current treatment modalities, many of which have undesirable adverse effects that
impact on patients’ health and quality of life (37). Early work in lupus-prone mice showed
promise with treatment with a murine CTLAA4-1g fusion protein (muCTLA4Ig) blocking
autoantibody production and prolonging life, even when treatment was delayed until the
most advanced stage of clinical illness (24). More recently, it has been shown that Abatacept
shows efficacy in mice and in a study of murine lupus nephritis using the drug in
combination with an anti-CD154 molecule showed long-lasting inhibition of autoantibody
production and a diminished occurrence of renal disease, even in animals with advanced
nephritis (38, 39).

Although the translational animal models using Abatacept seemed promising, the human
clinical trials were overall disappointing with a total of three Abatacept SLE trials all failing
to achieve their primary outcomes (40-42). However, based on its mechanism of action,
effects over the immune system in general, and the renal podocytes in particular, there is still
a possibility that Abatacept may be useful for the treatment of lupus nephritis. Indeed, a very
recent study suggests some efficacy of Abatacept in patients with refractory disease,
particularly in cases of articular manifestations (43). These data support conducting new
controlled trials of Abatacept in refractory SLE patients.

3.2 CD28/CTLA-4 directed biological therapies in transplantation

The use of Abatacept (CTLAA4-1g) as a therapeutic agent to inhibit the CD28 pathway was
also established in the setting of transplantation, where early preclinical studies using
CTLA4-1g in murine and non-human primate models showed amelioration of GvHD (44). A
first-in-disease trial of /n vivo CD28:CD80/86-directed costimulation blockade with
Abatacept tested the feasibility of adding /n vivo T cell costimulation blockade for GvHD
prevention (Clinical Trials.Org #NCT01012492). The decreased CD4™ T cell proliferation
post-transplant and the encouragingly low rates of early, severe GvHD observed in this trial
suggested that costimulation blockade may be an effective agent for GvHD prophylaxis and
supported the conduct of a larger, randomized phase 2 study. Thus, a phase Il multicenter,
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randomized, double-blind RCT of Abatacept combined with calcineurin inhibitor (CNI) and
methotrexate versus placebo following unrelated donor HCT is currently underway
(ClinicalTrials.gov NCT01743131).

Although preclinical studies demonstrated CTLA4-1g mediated inhibition of T-cell-
dependent antibody responses and prolongation of transplanted organ survival (45), it was
found to be inadequate to maintain a hypo-responsive state to an allograft in nonhuman
primate models (46). This lack of efficacy in the nonhuman primate model was hypothesized
to be related to the lower avidity of Abatacept to CD86 compared with CD80. It has been
demonstrated that CD80 and CD86 may differentially control the immune response because
of the distinct properties of each molecule (47). Thus, the more rapid dissociation of
Abatacept from CD86 than from CD80 may result in less effective inhibition of CD86-
dependent responses than of CD80-dependent responses (48). Therefore, it was
hypothesized that a compound that bound to CD86 with higher avidity than Abatacept
would provide the inhibition of T-cell costimulation necessary to prevent allograft rejection.
This led to the development of Belatacept (LEA29Y), which differs from Abatacept by two
specific amino-acid substitutions, thus conferring greater binding avidity to CD80 and
CD86, more potent inhibition of T-cell activation, and effective rejection prophylaxis in
nonhuman primate models (46) (Figure 1B).

Following these promising preclinical nonhuman primate studies a phase 11 clinical trial was
carried out with the primary objective to demonstrate the non-inferiority of Belatacept over
cyclosporine with respect to the incidence of acute rejection at six months. The results of
this study suggested that the two agents are similarly effective for the prevention of acute
rejection in that patients treated with Belatacept regimens had rates of acute rejection similar
to those among patients taking cyclosporine, satisfying pre-specified criteria for non-
inferiority (49-53). Importantly, patients on Belatacept were able to avoid both the renal
toxicity as well as the chronic non-renal effects associated with CNIs that can negatively
impact patient and/or graft survival (53).

4. Biological Therapies to Target the CD28/CTLA-4 Pathway: The

Challenges

Belatacept was approved by the U.S. Food and Drug Administration in 2011 (54) on the
basis of 3-year data from two phase 111 studies: the Belatacept Evaluation of
Nephroprotection and Efficacy as First-line Immunosuppression Trial (BENEFIT) and
BENEFIT-Extended Criteria Donors (BENEFIT-EXT) (55-57). The results of these studies
showed that Belatacept offers significantly improved long-term graft function and fewer
toxicities compared to CNIs, with a 43% reduced risk of death or graft loss at 7 years post-
transplantation (58). However, treatment with belatacept was also associated with a
significantly higher incidence of acute rejection within one year of transplantation (59).

While the mechanisms underlying this observation are currently under investigation, the
kinetics and severity of this phenomenon suggests that a CD28/CTLA-4 blockade resistant
population of T cells mediates this rejection. Much work has gone into examining the
mechanisms underlying this early costimulation blockade resistant rejection (CoOBRR). They
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are likely two-fold: 1) the existence of a population of CD28-independent memory T cells
that fail to be controlled by the drug and 2) a negative, collateral impact of the drug on
immunosuppressive Treg populations.

4.1 The challenge of CD28-independent memory T cells

First, several mechanistic studies have identified a relationship between short-lived,
alloreactive memory T cells that have differentiated beyond the requirements for CD28-B7
costimulation and graft rejection (60-62). These populations come to be through several
different mechanisms, including encounters with pathogens, through the process of
heterologous immunity (63, 64), prior sensitization through pregnancy, blood transfusion, or
prior transplant (65), or through the process of homeostatic proliferation which allows for
stable number and composition of peripheral T and B cells in the human body (66).
Interestingly, the process of homeostatic proliferation has been shown to convert naive T
cells directly to effector memory cells in the absence of antigen (67, 68), and these cells
have been shown to mediate rejection and are resistant to tolerance induction (69-71).
Memory cells that are cross-reactive to transplant antigens exist at a frequency of 1:200,000
and memory cells that can recognize foreign MHC is 1-10% of the total T cell repertoire
(72, 73).

The context and amount of stimulation also affect the role that memory cells play in
costimulation blockade-resistant rejection (CoBRR). For instance, recipients possessing
donor-reactive T cell memory responses that were generated under conditions of reduced
antigen (Ag) exposure exhibited similar frequencies of Ag-specific T cells at day 30 post-
infection, but, strikingly, failed to mediate rejection, demonstrating that the amount or
duration of Ag exposure is a critical factor in determining the requirements of memory T
cells for costimulation during the recall response after transplantation (74). Further, the
context of stimulation also matters, in that memory generated by different pathogens leads to
differential efficacy of a costimulation and integrin blockade based regimen (75).
Intriguingly, the most sensitive memory T cell population to costimulation blockade was that
composed primarily of central memory T cells which possessed greater recall potential,
exhibited a less differentiated phenotype, and contained more multi-cytokine producing
cells. These data suggest that the immune stimulation history of a given transplant patient
may profoundly influence the relative barrier posed by heterologous immunity during
transplantation (75).

Another memory population that has sparked recent interest regarding the mechanism
behind CoBRR is the population of cells that is CD4* CD57*. Espinosa and colleagues (76)
studied patients that received Belatacept or conventional CNI-based immunosuppression and
identified a population of CD57* PD1~ CD4* T cells that were present prior to
transplantation and which correlated with CoBRR. This is contrary to data that recognizes
CD57 as a marker of senescence on CD8 T cells, and intriguingly these authors uncovered a
non-senescent, cytolytic phenotype that was associated with CD57 on CD4 T cells. These
cells expressed high levels of adhesion molecules which have been implicated in
experimental CoBRR, expressed a transcriptional phenotype broadly defining allograft
rejection and were shown to be present in rejecting human kidney allografts, strongly

Expert Opin Biol Ther. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crepeau and Ford

Page 7

implicating CD57* CD4* T cells in clinical CoBRR and potentially identifying patients who
are at greater risk for acute rejection on this treatment regimen (76).

Finally, several studies have shown that the propensity of memory T cells to mediate CoOBRR
may depend on their CD28 status. At birth, nearly all human T cells express CD28, however
as we age the population of CD28null cells continues to grow, with over 50-60% of CD8 T
cells being CD28null in individuals over 80 years old (77). Similar trends have been
observed in CD4 T cells, though the effect is less dramatic. It has been shown that
proliferation of CD4*CD28~ T cells reactivated with renal tubular epithelial cells (RTECs)
are resistant to tacrolimus and everolimus, which suggests a potential CD28~ T cell

mediated mechanism for organ rejection under standard immunosuppression therapy (78).

It is also possible that Abatacept and Belatacept treatment contributes to the expansion of
CD28null cells paradoxically by inhibiting CTLA-4 coinhibitory signals. Interestingly,
human CD4 and CD8 populations of CD28null cells rapidly express CTLA-4 on their
surface and this expression is sustained compared to naive T cells, likely due to the
significant intracellular reservoirs of CTLA-4 found in memory T cell populations (79). The
discrepancy in sustained expression may relate to the ‘need’ for CTLA-4. For instance, naive
cells, which neither have to be long-lived, nor function as regulatory cells, may only be
needed early after activation to control the response, whereas memory cells do have to be
long-lived, and CTLA-4 has been linked to protection from apoptosis. This suggests that the
sustained expression after activation of CTLA-4 may be important to memory cell survival
(80). Indeed, it has been shown that crosslinking CTLA-4 on CD28null cells leads to a
decrease in activation induced cell death (AICD) through decreased caspase activity (81).
These results provide premise for the hypothesis that CD28null cells could be associated
with CoBRR not by virtue of their CD28null status, but by their reliance on CTLA-4
coinhibitory signaling.

Importantly, a more recent study from our lab in which we conducted a retrospective
immunophenotypic analysis of adult renal transplant recipients who experienced acute
rejection on Belatacept treatment as compared to those that did not, uncovered that the pre-
transplant frequency of CD28* cells among CD4* Tgp was very significantly increased in
patients who went on to reject versusthose that did not (Cortes-Cerisuelo et al, /n press).
There was also a statistically significant increase in the pre-transplant frequency of CD28*
cells among CD4* Temra cells in these patients, which suggests that patients possessing
higher frequency of CD28"!l CD4* Ty prior to transplant were actually protected from
acute rejection following treatment with a Belatacept-based immunosuppressive regimen.
Mechanistically, CD28"!I! CD4* Tgy; were found to contain significantly fewer IL-2
producers and expression of the 2B4 coinhibitory molecule was significantly increased on
CcD28MI CD4* Tgy isolated from stable Belatacept-treated patients versus patients who had
rejected. These data raise the possibility that pre-transplant frequencies of CD28* CD4*
Tem could be used as a biomarker to predict risk of rejection following treatment with
Belatacept (Cortes-Cerisuelo, et al. /n press).

It is also possible that Th17 cells could be at least partially responsible for CoBRR. Given
that Abatacept showed mixed results in the treatment of the Th17-mediated diseases
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Muscular Sclerosis (MS) and Inflammatory Bowel Disease (IBD) (82) and the early severe
rejection observed in renal transplant recipients, Th17 cells might be uniquely resistant to
CD28/CTLA-4 blockade. Indeed, it has recently been found that an elevated level of Th17
memory cells is associated with acute rejection with Belatacept treatment (83). In addition,
Candida albicans infection is able to polarize T cell differentiation toward a Th17 phenotype
and also enhances expression of CTLA-4 on these cells. Immunization of mice with this
pathogen conferred resistance to costimulation blockade following transplantation, whereas
infection with Mycobacterium tuberculosis, which polarizes the response toward Thl cells,
did not confer such resistance (84). These data suggest that Th17 cells might be particularly
sensitive to regulation by CTLA-4, and therefore may be a key player in the mechanism
surrounding CoBRR.

4.2 The challenge of preserving Foxp3* Treg functionality

A second major mechanism underlying CoBRR may be related to the impact of these drugs
on the function of Foxp3* Tregs. It is critical to note that because Belatacept blocks the
shared ligands CD80 and CD86, both CD28 and CTLA-4 signals are impaired. Importantly,
CTLA-4 has been implicated in mediating the functionality of CD4*CD25* regulatory cells
(15, 16); both mouse and human CD4* CD25* Tregs constitutively express it (79). Indeed,
CTLA-4 has been shown to be required for Treg function by the use of CTLA-4 conditional
KO (cKO) mice which lack CTLA-4 specifically in Foxp3-expressing Tregs. These mice
succumb to a fatal lymphoproliferative disease similar to that seen in the total CTLA-4 KO
animals, albeit with slower kinetics, demonstrating an effector T-cell-intrinsic role of
CTLA-4 in maintaining T-cell homeostasis and tolerance (85). Interestingly, in humans it
was found that despite a loss of Treg function following CTLA-4 blockade, several labs
observed that CTLA-4-deficient Tregs could suppress effector responses /in vitroand in
autoimmunity models /n vivo by inhibiting Teff cells through immunoregulatory pathways
such as TGF-p or IL-10 (86, 87). This is distinct from other mechanisms often used by
wildtype Tregs in these systems and led investigators to conclude that Tregs developing in a
CTLA-4-deficient environment may be able to overcome the need for CTLA-4 through
compensatory mechanisms of suppression.

While the mechanisms behind early acute rejection episodes experienced by patients on
Belatacept continue to be examined, the pool of patients currently being treated on this
regimen continue to experience reduced rates of renal toxicity and a better quality of life.

4.3 The challenge of protective immunity

It is also important to note that Belatacept-treated patients experience higher rates of
Epstein-Barr virus (EBV)-associated post-transplant lymphoproliferative disorder (PTLD).
Although the mechanisms underlying this clinical observation remain to be demonstrated
experimentally, they are likely related to impaired immune surveillance of EBV-infected B
cells by antigen-specific CD8* T cells and EBV-specific antibody, as a result of reduced
CD4* T cell help in the setting of CD28 blockade. It is also interesting to speculate that
impaired Treg functionality in the setting of CD28 blockade could contribute to unrestrained
EBV-driven B cell proliferation (88).
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Currently, continuous administration of Belatacept is required to maintain graft survival, as
evidenced by the fact that cessation of treatment led to rejection in studies of NHP renal
transplantation (46). Interestingly, continuous administration of RA patients with Abatacept
for several years showed beneficial changes in their immunologic profiles; specifically, a
decrease in the frequency of CD28"!! cells and an increase in the frequency of CD28* cells
was observed, suggesting that long-term administration of a CD28 blocker mollifies the
inflammatory milieu in these patients (89). However, as with any continuous
immunosuppression, belatacept-treated patients are at increased risk of infection. Thus, it
has been speculated that pulsing doses of belatacept could afford an “immunosuppression
holiday” and potentially allow for improved maintenance of protective immunity while still
maintaining graft acceptance. This hypothesis, however, remains to be investigated.

5. Biological Therapies to Target the CD28/CTLA-4 Pathway: The
Opportunities

As noted above, Abatacept and Belatacept block the shared ligands for CD28 and CTLA-4,
thus blocking CTLA-4 mediated coinhibitory signals that could serve to dampen effector T
cell responses and promote Treg-mediated suppression (Figure 1B). Thus, a reagent that
could selectively target CD28, while leaving CTLA-4 intact, would be expected to better
control alloreactive T cell responses. To this end, non-crosslinking anti-CD28 blocking Fc-
devoid or Fc-silent antibodies were developed over the last decade (90-93) (Figure 1C).
These reagents were found to be roughly 5 times more potent than Belatacept against CD86-
driven T cell proliferation (92), and most studies concluded that the increased efficacy is
primarily a result of preserved CTLA-4 coinhibitory signaling, as demonstrated by the fact
that anti-CD28 dAb lose much of their potency in the presence of anti-CTLA-4 mAbs (90,
91). However, selective CD28 blockade would in theory also inhibit potential CD28-1COS-L
costimulatory interactions and spare PD-L1-CD80 coinhibitory interactions (94, 95),
although the functional consequences of this has not been well-established.

5.1 Preserving CTLA-4 mediated coinhibitory signals via selective CD28 blockade

Several versions of selective CD28 blockers have been generated: first as single-chain Fv Ab
fragments from a high-affinity anti-human CD28 Ab which were then fused to human a.1-
antitrypsin (sc28AT) to increase the half-life in circulation (96). More recently, this same
group described a humanized PEGylated anti-CD28 Fab Ab fragment (FR104) (97).
Importantly, the Vi and V| domains are joined with a flexible polypeptide linker in these
single-chain Fvs thus preventing dissociation. Additionally, antibody Fab and scFv
fragments, comprising both Vi and V| domains, retain the specific, monovalent, antigen-
binding affinity of the parent IgG, while showing improved pharmacokinetics for tissue
penetration (98).

Another selective CD28 blocker, dAb-00a, was selected for binding to a recombinant
biotinylated monomeric human CD28 fragment by phage display from a large synthetic Vx
dAb library (99). This library is based on a fully human germline scaffold with targeted
diversification of a subset of hypervariable loop residues known to be involved in Ag
interaction. dAb-00a was a stable monomeric Vx dAb that expressed well in the supernatant
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of Escherichia colicultures and had a Kp of 1.6 x 10~ M and ECsq of 1.3 pM in a cell-
based luciferase reporter gene assay. The affinity of dAb-00a was improved in two steps.
First, a library was created in which dAb-00a was diversified using random mutagenesis.
Phage selection of this library led to isolation of dAb-00b that retained good biophysical
properties of the parental dAb-00a molecule and had a 130-fold increase in potency in an
IL-2 reporter luciferase assay (ECso 10 nM) and Kp of 8.4 x 1072 M. In the second step, a
library was created in which diversification was targeted toward CDR residues of dAb-00b
using oligo-directed mutagenesis. This strategy led to isolation and identification of
dAb-001 and dAb-002 (92). These molecules were then pegylated to increase serum half-
life.

In vitro anti-CD28 dAbs inhibit T cell activation by preventing CD28 engagement with
CDB80 and CD86 while preserving the ability of CTLA-4 to bind to these same ligands. This
effect was demonstrated by the ability of the dAbs to potently inhibit T cell proliferation and
cytokine production in the context of a DC-MLR while not affecting the ability of CTLA-4—
bearing cells to promote downregulation of CD86 (92). Importantly, as expected, these
effects were reversed in the presence of antagonistic anti-CTLA-4 mAbs (90, 91). As
discussed earlier, CTLA-4 expression on conventional T cells inhibits T cell activation by
competing with CD28 for binding to CD80 and CD86 on APCs and is a suppressive
mechanism in T cell homeostasis (48). In contrast, CTLA-4 expression on Tregs is important
for the suppression of autoreactive T cells and the prevention of /n vivo autoimmunity (85).
Indeed, use of CD28 antagonists is associated with Treg accumulation in the graft, where
they most likely modulate pathogenic T cells and promote prolonged allograft survival (91).

In a head to head assessment of FR104 and Belatacept in kidney allotransplantation in
baboons, four of five recipients receiving Belatacept developed severe, steroid—resistant
acute cellular rejection, whereas FR104-treated animals did not. This was not due to higher
regulatory T cell frequencies in FR104-treated animals or in differences in Th17 cytokines,
but may have been due, in part to higher levels of IL-21, the main cytokine secreted by CD4
T follicular helper (Tfh) cells, in belatacept-treated animals. Indeed, /n vitro, FR104
controlled the proliferative response of human preexisting Tth cells more efficiently than
Belatacept. In mice, selective CD28 blockade also controlled Tfh memory cell responses to
KLH stimulation more efficiently than CD80/86 blockade. This study reveals that selective
CD28 blockade and Belatacept exert differential effects on the mechanisms of renal allograft
rejection, particularly at the level of Tfh cell stimulation (100). Indeed, several recent studies
have highlighted the critical role of CTLA-4 coinhibition in limiting CXCR5* T follicular
helper (Tfh) cell responses, thus impairing the development of high affinity antibodies (101-
103). Loss of CTLA-4 on effector Tfh cells led to a spontaneous Tth cell differentiation and
exaggerated GC B cell responses in vivo (102, 103). Furthermore, even short-term blockade
of CTLA-4 resulted in a significant increase in Tth cell differentiation and GC development
(103). Thus, it is possible that next generation selective CD28 blockers that leave CTLA-4
coinhibition intact will more effectively inhibit de novo donor-specific antibody and prevent
antibody-mediated rejection during transplantation.

A recent report by Poirier et al. demonstrates that a monovalent anti-human CD28 antagonist
(CD28-specific single-chain Fv Ab fragment linked to a1-antitrypsin, SC28AT) synergizes
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with the /n vitro suppressive activity of Tregs, whereas anti-CTLA-4 Ab blocks the
suppression (91). Furthermore, treatment of nonhuman primates with sc28AT plus
tacrolimus, during and following kidney or heart allograft transplantation, results in the
prevention of acute rejection, attenuation of chronic rejection, and the influx of functional
Tregs into the graft (91). Similarly, treatment of mice receiving cardiac allografts with a
monovalent mouse anti-CD28 scFv (a28scFv) combined with either anti-CD154 or
cyclosporine treatment significantly increased the proportion of intragraft Tregs compared
with recipients that received either treatment alone. There was also a positive correlation
between the number of intragraft Tregs and prolonged cardiac allograft survival in mice
(93).

Furthermore, one study identified a critical role for the co-inhibitory SLAM family member
2B4 (CD244) in attenuating primary antigen-specific CD8* T cell responses in the presence
of immune modulation with selective CD28 blockade. This study found a specific up-
regulation of 2B4 on antigen-specific CD8* T cells in animals in which CD28 signaling was
blocked. However, 2B4 up-regulation was not observed in animals treated with Abatacept or
CD28 blockade in the presence of anti—-CTLA-4 mAb. This upregulation was functionally
significant, as the inhibitory impact of CD28 blockade was diminished when antigen-
specific CD8* T cells were deficient in 2B4 (90).

5.2 The challenge of Treg survival

Despite the preservation of signaling through their critical functional modulator CTLA-4,
Tregs are likely still negatively impacted by selective CD28 blockade. This is due to the
finding that CD28 is also required for Treg development and survival, where it has been
found that mice deficient in CD28 or its ligands, have a dramatically reduced number of
natural Tregs and develop accelerated autoimmunity (17). It was known that blockade of
CD28 signaling by Abatacept lead to a rapid decrease of Tregs, both in the thymus and in
the periphery, which in turn lead to a break in self-tolerance or transplantation-tolerance in
models in which Tregs play a major role in maintaining these states (17, 86, 104). To get at
the mechanism behind this observation, Turka’s group generated CD28-conditional
knockout mice that targeted CD28 specifically on Foxp3* Tregs. It was found that although
these mice had normal numbers of Tregs, there was both a cell-intrinsic proliferation and
survival defect, which manifested only under competitive conditions, and a functional
impairment /7 vivo, which was accompanied by decreased expression of the molecules
CTLA-4, PD-1, and CCR®, leading to the development of a systemic autoimmunity
characterized by prominent skin inflammation (105). More recent work from the same group
dug deeper and showed that while these conditional CD28-deficient Tregs are able to
regulate inflammation normally when injected directly into the skin, they fail to home
properly to inflamed skin (106).

One potential strategy to overcome the challenge of diminished Treg survival in the setting
of CD28 blockade is through the use of CD154-directed biological therapeutics. Blockade of
CD40-CD154 interactions during T cell priming has been shown to be a highly effective
means of inducing long-term survival of allografts and transplantation tolerance in both
murine and nonhuman primate models (107, 108), and many groups have shown that this is
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due to enhanced regulatory T cell responses in animals treated with CD154 blockade (109—
112). With this in mind, our lab conducted a study to determine whether iTreg generation
would be preserved when Abatacept was given in combination with a potentially clinically
translatable anti-CD154 dAb relative to an Fc-intact anti-CD154 antibody. This study
demonstrated that blockade of the CD40-CD154 pathway is sufficient to generate high
frequencies of antigen-specific CD4" iTregs even in the presence of Abatacept (113). These
data are potentially clinically important in that they provide evidence that combinatorial use
of these costimulation blockers may be beneficial in attenuating the effector T cell responses
and promoting immune regulation.

In sum, the dynamic interplay of co-stimulatory and co-inhibitory signals received during T
cell priming orchestrates antigen-specific T cell responses that ultimately result in either
tolerance or immunity, the selective CD28 blockade through the use of domain antibodies
holds promise as a clinically translatable strategy for the mitigation of unwanted immune
responses in transplantation.

6. Conclusion

Costimulation and coinhibition are fundamental mechanisms evolved to control immune
activation. Continuous integration of these two processes provides precise, but complex
regulation. From the growing understanding of this multiplicity of immune function, CD28
and CTLA-4 have emerged as critically important regulatory molecules. Cosignaling is
central to allo- and auto-reactive T cell responses and thus remains a viable target for
inhibiting graft rejection and autoaggressive T cells. Indeed, as both pathways have been
shown to affect both alloreactive and regulatory T cells, an important goal for the future
development of blockade of each of these pathways clinically is how to utilize them in a
manner that optimizes the attenuation of effector cells while preserving the suppressive
function of T regulatory cells. In summary, these signals are vital for optimal immune
homeostasis, protective immunity and tolerance, therefore making T cell cosignaling
molecules an attractive target during transplantation and autoimmunity.

7. Expert Opinion

Both proof-of-concept studies in experimental models and clinical trials in patients with
autoimmunity and following transplantation have provided empirical evidence that
therapeutic targeting of the CD28/CTLA-4 pathway is a powerful means to control
unwanted adaptive immune responses. Early generation reagents Abatacept and belatacept
are limited, however, by the fact that they disrupt CTLA-4 signaling, and thus block an
important physiologic mechanism that controls adaptive immunity. While the critical role of
CTLA-4 in the function of Foxp3™* Treg is relatively well understood, the unique reliance of
Th17 cells on CTLA-4 signaling is less well elucidated. Does CTLA-4 signaling participate
in cell fate decisions during Thl vs. Th17 differentiation? Or does CTLA-4 signaling in
established Th17 populations differ from that of Th1 such that CTLA-4 blockade has a
greater impact on Th17 cells? Future research should be directed at determining the gene
expression and signaling changes that render Th17 cells particularly sensitive to CTLA-4
coinhibitory signals. This line of inquiry is particularly important in the setting of
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autoimmune diseases such as multiple sclerosis and inflammatory bowel disease, which
have a strong Th17 component.

Next generation blockers that selectively block CD28 while preserving CTLA-4 coinhibitory
signaling represent a big leap forward in the field, and clinical trials in both GVHD and
several autoimmune diseases are so far promising. The great challenge that still presents
itself, however, is the reliance of Foxp3* Treg, a population critical for optimal control of
allo- and autoimmunity, on CD28 signals for survival. Indeed, due to their higher affinity
selective CD28 blockers may have an even more severe effect on Foxp3* Treg populations
than do the CTLA-4 Ig fusion proteins. Thus, the next great challenge and opportunity for
the field is devising a strategy to block CD28 signals specifically on naive and effector T
cells, while preserving the CD28 signals critical for Treg survival. This could potentially be
accomplished through the development of bi-specific antibodies, although selection of
appropriate co-targets could prove difficult as many are shared between effector and
regulatory T cells. Alternatively, one could imagine it might be possible to specifically
agonize CD28 signals selectively in Foxp3* Treg in order to “artificially” send survival
signals in animals or patients in which CD28 is blocked. At the moment, these strategies
appear a long way off, but may represent what is coming on the horizon in order to
maximally capitalize on intrinsic physiologic mechanisms through which adaptive immune
responses are controlled.

Further, it is also apparent that there are subsets of memory T cells that have diminished
requirements for CD28 costimulation, and that may be the drivers of graft rejection or
recurrent autoimmunity in the setting of CD28 blockade. Additional mechanistic insight into
the pathways utilized by these populations for survival, proliferation, and/or effector
function will yield novel therapeutic targets on which to intervene. For example, targeting
cytokine signaling pathways preferentially used by memory T cells such I1L-15 (by blocking
CD122) has shown promise as a potential therapeutic target to inhibit memory T cell-
mediated rejection (Dr. Andrew B. Adams, Emory University, personal communication).
Furthermore, agonizing memory T cell-specific coinhibitory pathways such as 2B4 and
FcgRIIb may also hold promise for limiting allo- and autoaggressive CD28-independent T
cell responses (90) (and unpublished data). In sum, developing novel therapeutics to control
memory T cell responses while preserving and promoting effective regulation will result in
more precise control of allo- and autoimmunity and result in better outcomes for patients.
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Highlights

CD28 costimulation blockade is advantageous for inhibiting unwanted T cell
responses during autoimmunity and transplantation because the targets are
confined to the immune system, limiting off-target toxicities associated with
calcineurin inhibitors and anti-proliferatives

Blocking CD28 using conventional CTLA-4 Ig fusion proteins (abatacept,
belatacept) that bind to the shared receptors CD80/CD86 has the collateral
effect of also inhibiting CTLA-4 coinhibitory signaling

Due to both relative CD28 independence and the loss of regulation via
CTLA-4 coinhibitory signals, memory T cells, Th17 cells, and impaired Treg
function may play a role in breakthrough T cell responses in patients treated
with CTLA-4lg fusion proteins

Novel CD28-specific domain antibodies have been developed in order to
selectively block CD28 signals while leaving CTLA-4 coinhibitory signaling
intact

Inhibition of CD28 signals on Foxp3™ Treg populations may still pose a
challenge for the use of selective CD28 blocking reagents in transplantation
and autoimmunity
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Figure 1.
Modes of action of Abatacept/Belatacept and anti-CD28 domain antibodies. (A) During a

normal immune response, both conventional T effector cells (Teff) and T regulatory cells
(Treg) receive a primary activation signal via TCR engagement with peptide/MHC
complexes presented on antigen presenting cells (APCs). To become fully activated, a
second, co-stimulatory signal is also required, shown here as CD28 on the surface of T cells
binding its ligand CD80/86. CTLA-4 is also capable of binding CD80/86, resulting in
coinhibition of T cells. In addition, CTLA-4 expression on Tregs is important for their
function. (B) Treatment with Abatacept/Belatacept blocks the shared ligands for CD28 and
CTLA-4, thus blocking CTLA-4 mediated coinhibitory signals that serve to dampen effector
T cell responses and promote Treg-mediated suppression. (C) Anti-CD28 domain antibodies
selectively target CD28, while leaving CTLA-4 intact.
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