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SUMMARY

Since the discovery of the CD40-CD154 costimulatory pathway and its critical role in the adaptive
immune response, there has been considerable interest in therapeutically targeting this interaction
with monoclonal antibodies in transplantation. Unfortunately, initial promise in animal models
gave way to disappointment in clinical trials following a number of thromboembolic
complications. However, recent mechanistic studies have identified the mechanism of these
adverse events, as well as detailed a myriad of interactions between CD40 and CD154 on a wide
variety of immune cell types and the critical role of this pathway in generating both humoral and
cell-mediated alloreactive responses. This has led to resurgence in interest and the potential
resurrection of anti-CD154 and anti-CD40 antibodies as clinically viable therapeutic options.
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A myriad of studies over the past two decades have revealed the importance of CD40-
CD154 interactions in the generation of alloreactive responses, and as such it represents an
extremely attractive target for therapeutic intervention in transplantation. This pathway
requires the interaction of the CD40 molecule with its ligand, CD40L (CD154). These
molecules belong to the tumor necrosis factor (TNF) superfamily and are expressed on a
wide range of tissues and cell types, with CD40 constitutively expressed on antigen-
presenting cells (APC), including B cells, macrophages and dendritic cells (DC), and CD154
inducibly expressed mainly on CD4* T cells and endothelial cells following activation [1].
The first descriptions of this pathway focused on the importance of CD40-CD154
interactions in promoting T cell-dependent humoral responses [2], but it quickly became
apparent that these interactions were also essential for generating cell-mediated immunity.
Seminal studies showed that the crosslinking of CD40 on dendritic cells by CD154 on
activated CD4* helper T cells led to “licensing” of the APC, leading to the upregulation of
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the B7 family of costimulatory molecules and the elaboration of proinflammatory cytokines
[3, 4]. More recent studies have also suggested that the interaction of CD154 on activated
CD4* T cells and CD40 on CD8* T cells also plays a critical role in generating effective
cytotoxic T cell responses [5].

The potent immunostimulatory effects of CD40-CD154 interactions make it one of the most
attractive targets for immunomodulatory therapy. A number of preclinical rodent and non-
human primate studies in islet and solid organ transplantation showed the dramatic efficacy
of targeting this pathway with anti-CD154 monoclonal antibodies [6-8], and thus several
clinical trials were initiated to test their efficacy in autoimmune disease and transplantation.
Three separate antibodies — ruplizumab, toralizumab, and ABI793 — were developed and
tested, but in a number of these trials patients experienced thromboembolic complications
(reviewed in [9]). Several groups attempted to confirm these results in non-human primate
studies, with some reports confirming the thrombogenic properties of anti-CD154 antibodies
[10], while other studies saw no evidence of thromboembolism [11]. Other reports suggested
that agents co-administered with anti-CD154, such as calcium chloride, may have been
responsible for adverse events [12]. However, given the recurrence of thromboembolism
during multiple trials with anti-CD154 antibodies that bound distinct epitopes of CD154,
many groups sought to elucidate the mechanism by which anti-CD154 therapy led to these
adverse events.

CDA40 and CD154 are expressed on endothelial cells and activated platelets, respectively, and
while CD40-CD154 interactions have been shown to play a role in thrombus stabilization
and platelet activation [13], the exact nature of the required interactions is still somewhat
unclear. Indeed, unequivocal evidence of the mechanism linking anti-CD154 therapy-related
thromboembolism to expression of CD154 on platelets was still lacking. Several studies
have investigated the potential of CD154 to interact to molecules distinct from its classical
interaction with CD40, and the possible role of these interactions in the etiology of observed
clinical thromboembolisms. One study in particular by Andre et al suggested that CD154 is
able to bind an apP3 integrin, and that the inhibition of this interaction by anti-CD154
therapy may destabilize platelet plugs [14]. Another set of reports demonstrated the ability
of CD154 to bind Mac-1 (CD11b) on monocytes and macrophages [15, 16]. The expression
of CD154 on activated endothelium allowed for the recruitment and migration of Mac-1-
expressing leukocytes into atherosclerotic lesions, which could be inhibited by the systemic
injection of a peptide that blocked the specific binding motif used by CD154 to interact with
Mac-1 [15]. These results highlight the myriad roles that CD154 plays in both immune and
inflammatory conditions and the potential consequences of global inhibition, as well as
demonstrate the potential for the development of strategies that prevent specific CD154
interactions while preserving others. However, several in vitro studies pointed to the low
affinity activating Fc receptor FcyRlla as the major cause of anti-CD154 antibody-mediated
platelet activation seen during clinical trials [17-19]. These studies argued that immune
complexes of anti-CD154 antibodies and soluble CD154 (sCD154), which is released from
CD4* T cells following activation, could crosslink FcyRIla on human platelets, leading to
further platelet activation and thromboembolism. Furthermore, this Fc receptor is not
expressed on murine platelets, which would explain the lack of evidence for
thromboembolism in mouse studies. In fact, in a study using a humanized mouse model in
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which the human FcyRIlla was expressed by murine platelets, Robles-Carrillo and
colleagues observed platelet activation and thrombus formation in mice following the
administration of preformed immune complexes of SCD154 and anti-CD154 antibodies [20].
Further support for this hypothesis can be found in a study demonstrating that anti-
thymocyte globulin, a preparation of polyclonal antibodies against human thymocytes, can
also activate platelets via an Fc receptor-dependent mechanism [17, 21]. Therefore, if anti-
CD154 antibodies could be designed to avoid this Fc receptor interaction, that may prevent
clotting events from occurring, thus providing a safer alternative to the pro-thrombotic anti-
CD154 therapeutics. In addition, several studies have attempted to alternatively disrupt
CD40-CD154 interactions by targeting the CD40 molecule, which will be discussed later in
the review.

NEW MECHANISTIC INSIGHTS

As mentioned above, CD40-CD154 ligation leads to a number of profoundly
immunostimulatory events, including the licensing of APC, class switching of B cells, and T
cell activation. Initial studies determined that targeting CD40-CD154 interactions with anti-
CD154 antibodies inhibited the expansion and effector function of alloreactive CD4* and
CD8* effector T cells, and led to an expansion of regulatory CD4* T cell populations [22].
However, a number of recent studies have furthered our understanding of the mechanisms
underlying these phenomena, and the interactions required for efficacy of these therapies.

Antigen-presenting cells and cytokine production

Historically, the main interaction targeted by anti-CD154 antibodies has been that of CD154
on activated CD4* T cells and the CD40 molecules constitutively expressed on APC. APC
licensing through the ligation of CD40 leads to the upregulation of costimulatory molecules
such as CD80 and CD86, as well as major histocompatibility (MHC) class | and 11
molecules, and the elaboration of pro-inflammatory cytokines such as IL-6, IL-12, and TNF
[23]. Our group recently demonstrated that the use of anti-CD154 antibodies prevents the
production of these cytokines by APC, but does not inhibit their upregulation of
costimulatory or MHC molecules [24]. While these results are surprising given the accepted
model of CD40 ligation leading to DC licensing, the power of these proinflammatory
cytokines to promote allograft rejection has been demonstrated by a number of recent
studies. APC-derived TNF and IL-6 were shown to synergize to promote alloreactive T cell
proliferation and allograft rejection [25], and IL-6 deficiency or neutralization can prolong
graft survival in the presence of CD28 costimulation blockade [26]. IL-6 is of particular
interest in the field of CD40-CD154 antagonism, given that this cytokine acts as a rheostat to
control the development of CD4* T cells into either regulatory T cells or Th17 cells [27],
and the conversion of naive CD4" T cells into Foxp3* regulatory T cells is one of the
hallmarks of CD40-CD154 blockade [28]. Given these results, it may be that one of the
main mechanisms of action of CD154 blockade is the prevention of pro-inflammatory
cytokine production by APC, and may explain why this therapy synergizes with other
agents, such as the B7-CD28 blocker CTLA4-Ig, to more potently prevent alloreactivity and
promote graft tolerance.
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Additionally, differential intracellular signaling pathways downstream of CD40 have been
shown to be important for the maturation and cytokine elaboration of dendritic cells.
Mackey et al showed that by mutating the intracellular portion of CD40 at the binding sites
for different TNF receptor-associated factors (TRAF), they could affect distinct DC
maturation programs [29]. Specifically, mutating the binding site for TRAF2, 3 and 5 as well
as the site for TRAF6 prevented the upregulation of costimulatory molecules on DC,
whereas mutating the site for TRAF6 alone prevented DC from producing IL-12, an
important component of CD40-dependent DC licensing. This knowledge could have
dramatic implications for the generation of small molecule inhibitors targeting specific
intracellular signaling interactions for immunotherapy or the induction of tolerance
following transplantation.

Another surprising recent finding describes the expression of CD154 on dendritic cells and
its role in generating cell-mediated immune responses. This study used models of influenza
and immunization to show that CD154 can be inducibly expressed on DC following
activation of toll-like receptors by their microbial ligands, and this DC-expressed CD154 can
provide help to CD8" T cells during priming, even in the absence of CD4* T cells [30].
These results highlight the complexity of CD40-CD154 signaling in immune responses and
underscore the need for further studies detailing all of the interactions that are affected by
blockade of these molecules, as shown in Figure 1.

Induction of CD4* regulatory T cells and the immune microenvironment

One of the most potent regulators of the adaptive immune response is the population of
CD4* CD25" Foxp3* regulatory T cells (Treg). These cells are critical for the control of
self-reactive lymphocytes and have been shown in a number of models to be able to inhibit
both acute and chronic allograft rejection [31]. While the expansion of Treg cell populations
following CD154 antagonism has been noted for decades [32], their origin and antigen
specificity remained unknown for some time. Recently, two distinct lineages of Treg have
been described — thymically-derived natural Treg (nTreg), and peripherally induced Treg
(iTreg) [33]. While some debate exists over the specific contributions of these populations to
overall immunological tolerance, as well as the exact lineage markers that define them, it is
clear that iTreg play an important, non-redundant role in maintaining peripheral tolerance, as
the specific depletion of these cells following adoptive transfer to Foxp3-deficient mice led
to profound autoimmunity [34]. However, in regards to CD40-CD154 blockade, it was
unclear if the regulatory population seen following CD154 antagonism was a result of the
expansion of pre-existing nTreg populations, or the peripheral induction of de novo iTreg.
Using a transgenic ovalbumin model in which alloantigen-specific CD4* and CD8" T cells
could be identified and tracked, our group demonstrated that a population of alloantigen-
specific Treg expand following transplantation and anti-CD154 treatment, and that these
cells are present in both secondary lymphoid organs and the allograft itself [28]. In addition,
by crossing these antigen-specific CD4* T cells to a Rag™~ background, we confirmed that
naive CD4* Foxp3~ T cells were induced to become Foxp3* iTreg de novo following
transplantation [28]. More recent data from another group showed that anti-CD154 therapy
could enhance the ratio of intragraft Treg to effector CD4* and CD8* T cells in a model of
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orthotopic lung transplantation [35], again demonstrating the potency of CD154 antagonism
to shift the balance of an alloreactive response toward a regulatory phenotype.

Another perhaps underappreciated aspect of anti-CD154-induced regulatory T cells involves
the modulation of T cell immunity as a result of distinct localization patterns of Treg and
alloreactive effector T cells in secondary lymphoid organs. One of the first studies to address
this phenomenon showed that during tolerance induction with a regimen of anti-CD154
antibodies and donor-specific transfusion, tolerogenic plasmacytoid dendritic cells (pDC)
were responsible for the conversion of alloantigen-specific iTreg [36]. Importantly, the
migration of pDC to secondary lymphoid organs and their interaction with naive effector
cells in the location was required to convert these CD4* T cells to iTreg, as blocking pDC
lymph node homing with antibodies against CD62L prevented tolerance induction. While
Treg have been known to be present in both secondary lymphoid organs as well as allograft
tissue [31], this work highlights the importance of understanding the stepwise interactions of
DC, regulatory cells and effector cells necessary for tolerance induction. Adding another
layer of complexity, it appears that nTreg and iTreg have distinct trafficking patterns, as
nTreg were shown to migrate to the inflamed tissue prior to returning to lymphoid organs in
an islet transplant model [37], whereas iTreg are generated within the lymphoid organs
themselves [36]. The most recent report also implicates laminins, a family of glycoproteins
involved in cell adhesion and trafficking, as defining the fate of alloreactive T cells.
Specifically, higher ratios of expression of laminin a4 to laminin a5 within high endothelial
venules is required for colocalization of tolerogenic pDC, existing Treg, and naive
allospecific T cells within the cortical ridge of the lymph node, resulting in Treg induction
and tolerance [38]. These basic findings clearly illustrate the complex nature of cell-cell
interactions required for tolerance induction and the need to tailor costimulation blockade
strategies accordingly.

Taken together, it would appear that the antigen-specific, induced Treg arise following
CD154 blockade and play a critical role in the efficacy of this therapy in promoting long
term graft survival and tolerance. Recently, the importance of antigen specificity in the
ability of regulatory T cells to suppress alloreactive responses was highlighted in a study that
showed that alloantigen-induced Treg could prolong graft survival of the MHC type used to
induce the Treg, but not grafts expressing a third-party MHC [39]. Further studies will
determine if the antigen-specific Treg induced specifically by CD154 blockade are necessary
or sufficient to allow for long-term graft survival.

Direct CD4:CD8 T cell help

Another CD40-CD154 interaction that may play a role in modulating graft-reactive
responses is the interaction of CD154 on activated CD4* T cells and CD40 expressed by
activated CD8* T cells. While some studies have suggested that this arm of CD40 signaling
is dispensable for mounting effective cytotoxic responses, the contribution of this form of “T
cell help” to the generation and maintenance of CD8* T cell populations remained
somewhat controversial, and the potential requirement for these interactions in responses to
transplant were unknown.
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While resting CD8* T cells do not express CD40, a percentage of CD8* T cells upregulate
this molecule following activation [5, 40]. An initial report from Bourgeois et al showed that
in an adoptive transfer model in which CD8* T cells were responding to the male
histocompatibility antigen H-Y, CD40 was not required on CD8* T cells for initial response
but was necessary to generate populations capable of secondary recall responses [41].
Conversely, other studies indicated that CD40 expressed by CD8" T cells is not required for
optimal cytotoxic responses or memory formation in response to either a bacterial or viral
infection [42, 43]. However, a critical difference in these studies is the nature of the immune
challenge presented. CD40 on CD8" T cells appeared to be required for an effective
response to the tissue antigen H-Y, whereas in infectious models, microbial components may
induce potent inflammatory responses that bypass the requirement for CD40-CD154
signaling.

Our lab recently investigated the role of this interaction in the generation of graft-reactive
CDS8™ T cell responses by again taking advantage of the transgenic ovalbumin system [5].
By using defined populations of alloantigen-specific CD4* and CD8* T cells, this system
allowed for the specific genetic ablation of CD40 on a number of different cell subsets in
isolation, including alloreactive CD8* T cells, donor-derived antigen-presenting cells, or
recipient-derived APC. CD40 deficiency on only CD8* T cells was sufficient to prolong
graft rejection and significantly reduce the expansion and cytokine production of this
population. However, the origin of the CD154 signals that help generate these CD8*
responses is still unclear, as they may be provided by CD4* or APC populations.
Nonetheless, we confirmed that CD8* T cell-intrinsic CD40 signals are not required in an
infectious model, as CD40™~ OT-I T cells responded as well as WT OT-Is to a bacterial
challenge [5]. Therefore, it would appear that the requirement for CD40 signaling on CD8*
T cells depends on the inflammatory microenvironment during T cell priming. While the
source of CD154 signals cannot be determined from these studies, the ovalbumin model may
provide a template for future studies to tease apart the exact interactions required for these
effects.

Humoral immunity

The detrimental effect of alloreactive antibody responses on graft survival has also been
recognized for decades, and recent work has focused on identifying cases of antibody-
mediated rejection (AMR) and preventing them [44]. The CD40-CD154 pathway was first
described as a critical interaction in the initiation of de novo T cell-dependent antibody
responses [1], and thus should be an attractive target for preventing AMR. Using a novel
tetramer binding strategy to identify alloreactive B cells, Chen and colleagues described the
kinetics and magnitude of anti-donor antibody responses, and showed that treatment with
anti-CD154 was able to dissolve ongoing germinal center reactions and abrogate graft
rejection [45].

However, as in T cell responses, B cell and antibody memory generated by previous
exposure to HLA antigens or by heterologous immunity may be less reliant on costimulatory
signals, thus circumventing attempts to prevent these responses with costimulation blockade.
To this end, a recent report demonstrated the ability of memory B cell responses to
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overcome the effects of anti-CD154 treatment and mediate heart allograft rejection in a
CD28-dependent manner [46], indicating that a strategy to combine different types of
costimulatory blockade with CD40-CD154 antagonism may be necessary to curtail memory
responses.

Recent strides have also been made in developing reliable and more clinically relevant non-
human primate models of AMR and the effect of CD40-CD154 blockade in these models
[47]. Notably, a study from Kim et al showed that treatment with an anti-CD40 antibody was
able to effectively disrupt germinal center formation and alloantibody production following
renal transplantation in rhesus macaques [48], again emphasizing the potential of CD40-
CD154 blockade to ameliorate clinical AMR.

AVOIDING THROMBOEMBOLISM AND TRANSLATION TO CLINIC

Interest in CD40-CD154 as a clinically-viable therapeutic target has been revived in the past
few years, and much of the work has involved either targeting the CD154 molecule with
safer antibodies, or using anti-CD40 antibodies to avoid targeting platelets.

Dependence of Anti-CD154 Therapy on Fc-Receptor Interactions

As detailed previously, the exact mechanism by which anti-CD154 antibodies modulate
donor-reactive T cell responses in animal models remains somewhat controversial. Several
studies have proposed that Fc-mediated effect of anti-CD154 treatment, specifically the
depletion of CD154-expressing alloreactive T cells, is actually required for the efficacy of
these drugs. One such report by Monk et al suggested that the tolerogenic effects of anti-
CD154 antibodies were Fc- and complement-dependent, as anti-CD154 therapy in FcyR- or
complement-deficient animals, or the treatment of mice with F(ab”), fragments of anti-
CD154, was ineffective in prolonging graft survival [49]. However, there are some caveats to
these findings, namely that the knockout animals may have been poor models to demonstrate
the dependence of anti-CD154 treatment on Fc-mediated depletion of alloreactive cells.
Complement, specifically the iC3b fragment, is required in a model of intraocular tolerance
induction [50], and FcyR are involved in antigen uptake and processing by dendritic cells
and macrophages [51]. A recent study also suggested that Fc receptors may play an intrinsic
inhibitory role on T cells [52], and thus cells lacking these receptors may be hyper-immune
and impervious to tolerizing regimens. Therefore, while Fc-dependent interactions may play
some role in the efficacy of anti-CD154 therapy, this role may depend on the nature and
strength of antigenic challenge. To this end, one study demonstrated that aglycosylated anti-
CD154 antibodies were effective in preventing a non-human primate model of systemic
lupus erythematosis, but lacked efficacy in islet and renal transplantation [53]. However,
Daley and colleagues demonstrated that an aglycosylated form of anti-CD154, which
exhibited reduced ability to bind Fc receptors and activate complement, was able to prolong
bone marrow chimerism and skin graft survival as effectively as the glycosylated form [54].

Furthermore, encouraging mechanistic results have recently been reported in engineering
safer, but still efficacious, Fc-modified anti-CD154 antibodies. Researchers developed a
novel domain antibody by selecting variable regions that bind to CD154 in a phage display
library and fusing them to a mutated Fc tail [55]. This murine IgG1 tail contained a D265A
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mutation that has been shown to abrogate Fc binding and complement activation [56-58].
Importantly, this study demonstrated that 5C8, the antibody used in previous clinical trials,
led to platelet activation in vitro, whereas the novel Fc-modified dAb did not [55]. A study
from our group demonstrated in both a fully allogeneic model of murine model of murine
skin transplantation, the Fc-modified dAb resulted in abrogation of alloreactive effector
responses and conversion of Foxp3* Treg comparable to levels achieved with Fc-intact anti-
CD154 MR-1 clone [59].

These findings suggest that Fc-dependent interactions are not an absolute requirement for
anti-CD154 therapy to be effective. Perhaps Fc-mediated depletion of alloreactive cells may
be useful in certain models, but the involvement of these interactions in thromboembolism
precludes their use clinically, and thus the demonstration of equally efficacious therapy that
avoids this mechanism augers well for the clinical translation of this modality.

Anti-CD40 Antibodies

While most strategies to block CD40-CD154 interactions have targeted the inducibly-
expressed CD154 ligand, more recently many groups have attempted to instead target the
CD40 molecule expressed on APC. Results in preclinical models have been encouraging,
and clinical trials are currently underway to test the efficacy of this strategy in humans.

One of the first anti-CD40 clones tested in non-human primate models of transplantation
was Chi220, a chimeric mouse anti-human CD40 antibody. In a preliminary study, transient
therapy with Chi220 alone was able to prolong renal allograft survival, and prevented the
production of donor-specific antibodies when given in combination with CTLA4-1g [60].
However, prolonged Chi220 exposure impaired primary anti-viral responses to CMV
infection, and this treatment also led to the peripheral depletion of CD20* B cells [60].
Therefore, it was unclear if the blockade of CD40-CD154 interactions or simply the general
depletion of APC was more important for the mechanism of action of Chi220, or if both
actions contributed to the overall efficacy. Later studies of Chi220 showed that this antibody
was partially agonistic, and that a short course of Chi220 combined with LEA29Y
(belatacept), a CTLA4-Ig derivative, significantly prolonged islet allograft survival without
impacting pre-existing anti-viral immunity [61]. Chi220 was also effective in promoting the
engraftment of neonatal porcine islets in non-human primates, despite the high barrier posed
by the potent xenogeneic response in recipient animals [62].

A number of other anti-CD40 antibodies have been developed since the introduction of
Chi220. 3A8 is another partially agonistic antibody, but does not deplete B cells in vivo.
Despite its inability to block the binding of soluble CD154 to CD40 and the fact that it
induces CD80 and CD86 expression on APC in vitro, treatment with 3A8 was able to
significantly prolong islet allograft survival and prevent alloantibody formation in rhesus
macaques [63, 64]. 2C10, a fully human antibody to CD40, binds to a distinct epitope of the
CD40 molecule from 3A8 and Chi220, does not activate or deplete B cells, and prolonged
allogeneic islet survival in a non-human primate model [65]. However, the anti-CD40
therapeutic that is furthest along in the clinical translation pipeline is 4D11, also known as
ASKP1240. Initially described in both renal and islet transplantation models in cynomolgus
monkeys, 4D11 showed minimal efficacy when given as induction therapy, and also caused
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significant depletion of peripheral B cells. However, maintenance treatment led to long-term
kidney allograft survival, as well as islet allograft survival as a monotherapy, and also
prevented donor-specific antibody formation [66—68]. These exciting results led to the
initiation of clinical trials, and phase | studies in humans indicated that this therapy was
well-tolerated and effective at achieving CD40 receptor occupancy at doses similar to those
used in non-human primates, suggesting that this is a promising avenue for use in human
autoimmune disease and transplantation [69].

Molecular Silencing of CD40

Another potential avenue for abrogating CD40-CD154 interactions involves the molecular
silencing of CDA40 through the use of small interfering RNA (siRNA). These short double-
stranded RNA sequences, approximately 19-21 base pairs in length, integrate into the
endogenous RNA interference machinery within cells and effectively quench expression of
their target genes [70]. Initial in vitro studies demonstrated that sSiRNA targeting CD40
expression in human endothelial cell lines could prevent activation of these target cells by
CD154-expressing Jurkat T cells [71]. This approach abrogated the upregulation of adhesion
molecules on endothelial cells, a key step in the inflammatory and leukocyte migratory
process. siRNA silencing of CD40 has also shown promise in vivo. In a model of collagen-
induced arthritis, the infusion of CD40-siRNA dampened collagen-specific T cell responses
and ameliorated disease severity [72]. In a separate study, in vivo silencing of CD40
moderately prolonged renal allograft survival in rats, with marked improvement over
controls in preventing humoral alloresponses [73].

While these therapies may offer some benefits compared to antibody therapy, such as the
lack of potential Fc-mediated side effects, there are several barriers to delivery of SiRNA,
including the loss of RNA through kidney filtration and the potential immunogenicity of the
RNA itself [70]. A number of non-CD40 RNA-based therapeutics are currently undergoing
clinical trials [74], demonstrating the potential and excitement surrounding this treatment
modality, but additional research ensuring the safety and efficacy of CD40-directed therapies
must be performed to confirm the feasibility of translation to clinic.

Combination therapy and synergistic costimulation blockade

While CD40-CD154 blockade can be remarkably effective in inhibiting alloreactive
responses, it is well appreciated that a number of different costimulatory interactions are
responsible for T cell activation, and blocking multiple interactions simultaneously may be
advantageous for promoting long-term survival and tolerance. This was made abundantly
clear in early studies of costimulation blockade that showed while anti-CD154 therapy alone
was able to prolong cardiac graft survival in a stringent BALB/c to B6 murine model to a
mean survival time of 70 days, the combination of anti-CD154 with CTLA4-Ig led to
indefinite graft survival [6]. Since that time, a number of studies have shown synergistic
results using dual costimulation blockade in both murine and non-human primate models
[61, 75, 76]. During the recent clinical trials of belatacept, a CTLA4-Ig derivative,
belatacept-treated patients experienced higher rates of acute cellular rejection (ACR)
compared to those treated with calcineurin inhibitors [77]. Therefore, there is a growing
need for additional targeted therapies that could potentially pair with belatacept and
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ameliorate acute rejection, while preserving the functional benefit associated with CNI
avoidance. This need is underscored by the fact that even patients that had episodes of ACR
while on belatacept exhibited better renal function at 3 years post-transplant than those
patients who did not experience ACR but were treated with cyclosporine. Patients who
received more or less intensive belatacept regimens and experienced ACR in the first three
years had a mean calculated glomerular filtration rate (cGFR) of 66.8 mL/min/1.73m? and
57.8% mL/min/1.73m?, respectively, compared to a mean cGFR of 44.4 mL/min/1.73m? for
patients receiving cyclosporine who did not experience ACR [78]. Belatacept-treated
patients also had significantly lower mean blood pressure and less of an increase in non-high
density lipoproteins, indicating that despite the increased incidence of ACR, belatacept still
provides a dramatic benefit in overall health and kidney function compared to calcineurin
inhibitors.

One potential downside of CD28 blockade and a hypothesis for the increased ACR
incidence with belatacept is its negative effect on regulatory T cell populations [79-82].
While this therapy may negatively impact Treg, the discovery that CD154 antagonism leads
to the generation and expansion of antigen-specific Treg offers hope that these treatments
can be used together to avoid the early rejection that has characterized the clinical
experience with belatacept. Importantly, our group recently demonstrated that while
endogenous populations of Treg were diminished in the presence of CTLA4-1g, the
alloantigen-specific iTreg populations that were generated in the presence of CD154
antagonism with an Fc-silent domain antibody were maintained in the presence of CTLA4-
Ig [59], suggesting that these allospecific Treg populations can survive and maintain
suppressive function even in the presence of CD28 blockade.

CONCLUSION AND FUTURE PERSPECTIVE

In conclusion, recent mechanistic insight into the role of the CD40-CD154 pathway in
alloreactivity has resurrected the idea of targeting these molecules therapeutically in clinical
transplantation. This costimulatory pathway is one of the central means by which
alloreactive responses are generated, and thus the roadblocks presented by the failure of
initial clinical trials should spur further investigation to uncover the mechanisms underlying
these failures and work around them. Furthermore, recent work has shown that therapeutic
CD40-CD154 antagonism does not simply target the interaction between CD154 on CD4* T
cells and CD40 on APC. Rather, these molecules are expressed on a wide variety of immune
cell types, and often both are expressed on the same cell.

Further studies should aim to elucidate each interaction and its relative impact on both
alloimmune responses and thrombosis. Work suggesting that Fc receptors play a critical role
in the thromboembolic side effects experienced by patients receiving anti-CD154 antibodies
has led to the creation of safer therapeutics with potent efficacy. Given the recent resurgence
in studies detailing additional mechanisms of CD40-CD154 interactions and the
development of several promising candidates for clinical translation, it can be speculated
that the next few years will see an increase in clinical trials aiming to bring viable CD40-
CD154 therapies to the bedside. Belatacept is a first in class costimulation blocker that can
suppress alloreactive responses without the inherent toxicity of calcineurin inhibitors, but
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even this therapy still requires lifelong immunosuppression to prevent rejection. CD40-
CD154 antagonism has the potential to transform the paradigm of systemic long-term
immunosuppression following transplantation, as a number of studies have shown the
potential of blockade of this pathway to promote long-term graft tolerance even after the
cessation of treatment. By pursuing safer strategies in the lab and testing optimal CD40-
CD154 targeting regimens in the clinic, there is once again promise that this pathway can
serve as critical target for improving clinical transplantation.
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EXECUTIVE SUMMARY
CD40-CD154 Interactions and Adaptive Immune Responses

. CD40 and its binding partner CD154 are expressed on a wide range of
immune cell types, and this pathway is a potent costimulator of adaptive
immune responses

. Treatment with anti-CD154 monoclonal antibodies showed remarkable
promise in animal models of transplantation

. Clinical trials were halted in the early 2000s due to thromboembolic
complications, stemming from immune complex crosslinking of FcyRlla on
human platelets

Antigen-Presenting Cells and Proinflammatory Cytokine Production

. Ligation of CD40 expressed on DC by CD154 on CD4* T cells leads to DC
activation

. This interaction is responsible for the elaboration of proinflammatory
cytokines such as IL-6 and IL-12, but not the upregulation of MHC and
costimulatory molecules

. Signaling nodes downstream of different TRAF adaptor molecules associated
with CDA40 in dendritic cells leads to distinct DC differentiation programs

. TLR-induced expression of CD154 by DC can provide help to CD8* T cells
Induced Regulatory T Cells and the Immune Microenvironment

. Treatment with anti-CD154 following transplantation leads to the generation
of alloantigen-induced Treg from naive CD4" Foxp3~ precursors

. The location and timing of the interactions between regulatory T cells,
antigen-presenting cells and effector T cells has a dramatic impact on the
generation of Treg and the ability to induce transplant tolerance with anti-
CD154 antibodies

Direct CD4:CD8 T cell help

. The contribution of direct interactions between CD154 expressed by activated
CD4* T cells and CD40 expressed by activated CD8* T cells to allospecific
and pathogen-specific immunity is somewhat controversial

. CD8™ T cell-intrinsic CD40 signals are required for effective cytotoxic
responses to alloreactive, but not necessarily pathogen-reactive, responses

. The source of CD154 signals for this interaction is still unclear
Humoral Immunity

. CD4* T cell help provided to B cells through the CD40-CD154 pathway leads
to potent humoral responses which can result in antibody-mediated rejection
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. CD40-CD154 interactions are critical for the maintenance of germinal center
reactions
. B cell memory responses are independent of CD40-CD154 costimulation

Dependence on Fc Interactions

. The contribution of Fc-mediated deletion of CD154-expressing cells
following anti-CD154 therapy is still controversial

. Fc-modified antibodies have shown similar efficacy to Fc-intact anti-CD154
in numerous murine models of transplantation

. Whether Fc-intact antibodies are required for anti-CD154 efficacy may
depend on the model and strength of antigenic challenge

Anti-CD40 Therapy

. A variety of anti-CD40 therapeutics targeting CD40 expressed on antigen-
presenting cells have been developed

. Clones 3A8, 2C10, and Chi220 showed a range of efficacies in non-human
primate models, with varying impact on peripheral B cell levels and protective
immunity

. Phase I clinical trials of the anti-CD40 antibody ASKP1240 showed good
receptor coverage and was well tolerated

Molecular Silencing of CD40

. Several studies have attempted to use siRNA to knock down expression of
CDA40 in vivo to prevent CD40-CD154 costimulation without the use of
monoclonal antibodies

. RNAI is moderately successful in autoimmune and transplant models in vivo,
suggesting that this may be an effective treatment modality

Combination Therapy

. A combination of CD40-CD154 and CD28-B7 blockade can synergize to
promote graft tolerance

. Belatacept, a CTLA4-Ig derivative, provides functional benefits in clinical
transplantation, but concerns exist over increased early acute cellular rejection
and the negative impact of CD28 blockade on Treg

. The pro-Treg effects of CD154 blockade may be effective in alleviating the
early rejection seen with belatacept treatment

Conclusions

. Mechanistic studies have elucidated the etiology of anti-CD154-induced
thrombosis Recent work has resurrected the CD40-CD154 pathway as a
viable target in clinical transplantation
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Figure 1. Complexities of CD40-CD154 Interactions in the Immune System
The TNF-family member CD40 and its ligand, CD40L (CD154), are expressed by a wide

variety of cell types and the signaling induced by this binding leads to a range of potent
immunostimulatory events. (A) Activated CD4* T cells upregulate CD154, which binds to
the CD40 expressed by dendritic cells. This leads to DC activation, which includes the
production of proinflammatory cytokines such as IL-12. (B) CD4" T cells and B cells
undergo linked recognition, wherein T cells recognize their cognate peptide:MHC Class Il
complex expressed by B cells. T cells then provide costimulatory signals through B cell-
expressed CD40, and this “T cell help” is critical for generating effective humoral responses.
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(C) CDA4* T cell-expressed CD154 can also provide direct help to CD8* T cells through
CD40, which has been suggested to play a role in the formation of CD8* T cell memory. (D)
CD154 is also inducibly expressed on DC following toll-like receptor ligation, and the
interaction with CD40 expressed on CD8* T cells can help generate potent pathogen-
reactive CD8* T cell responses. (E) A hypothesis for anti-CD154-associated
thromboembolic complications centers on the expression of the activating Fc receptor
FcyRlla on human platelets, which can be crosslinked by immune complexes of soluble
CD154 and anti-CD154 antibodies, leading to further platelet activation and undesired
clotting events.
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