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Abstract

Anti-donor antibodies cause immunologic injury in transplantation. CD28 blockade with CTLA-4-
Ig has the ability to reduce the incidence of these donor-specific antibodies (DSA), but its
mechanism is suboptimal for the inhibition of alloimmunity in that CTLA-4-1g blocks both CD28
costimulation and CTLA-4 coinhibition. Thus selective CD28 blockade that spares CTLA-4 has
potential to result in improved inhibition of humoral alloimmunity. To test this possibility, we
utilized a full allogeneic mismatch murine transplant model and T follicular helper (Tfth):B cell
co-culture system. We observed that selective blockade with an anti-CD28 domain antibody (dAb)
compared to CTLA-4-1g led to superior inhibition of Tth cell, germinal center and DSA responses
in vivo, and better control of B cell responses /n vitro. CTLA-4 blockade enhanced the humoral
alloresponse, and in combination with anti-CD28 dAb abrogated the effects of selective blockade.
This CTLA-4-dependent inhibition was Tfh cell-specific in that CTLA-4 expression by Tth cells
was necessary and sufficient for the improved humoral inhibition observed with selective CD28
blockade. As CD28 blockade attracts interest for control of alloantibodies in the clinic, these data
support selective CD28 blockade as a superior strategy to address DSA via the sparing of CTLA-4
and more potent targeting of Tfh cells.

1. Introduction

Kidney transplantation is the treatment modality of choice for the majority of patients
suffering from end-stage renal disease (1, 2). Advances in solid organ transplantation have
significantly reduced acute rejection rates, leading to significant improvements in short-term
kidney allograft survival (3). However, long-term outcomes following kidney transplantation
remain suboptimal due in part to allograft injury resulting from HLA antibodies directed
against the donor (4). These donor-specific antibodies (DSA) have been increasingly
recognized to cause immunologic injury of kidney allografts and present a barrier to
improving long-term outcomes. Despite the deleterious role of DSA, large knowledge
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deficits exist regarding the mechanisms underlying their development and maintenance, and
therapeutic strategies to control DSA-mediated allograft dysfunction are lacking (5-7).

Targeting of the CD28 costimulation pathway with belatacept, a second generation CTLA-4-
Ig, has achieved translation and improved long-term outcomes following kidney
transplantation (8). However, de novo use of belatacept has been limited by acute rejection
rates and uncertainty in immunologically high risk patients (9). This has partially been
attributed to its mechanism of action. CTLA-4-Ig acts to inhibit T cell activation through
binding of the ligands CD80 and CD86, thereby preventing their engagement with the T cell
co-stimulator CD28 (10). Undesirably, this mechanism also indiscriminately blocks CD80
and CD86 ligation of the co-inhibitor CTLA-4, depriving T cells of potentially important
inhibitory signals. Abundant evidence exists regarding the stimulatory impact associated
with the loss of CTLA-4 activity (11), suggesting that the secondary effect of CTLA-4
blockade may detract from the overall goal of attenuating alloreactivity. Accordingly, others
and we have demonstrated that next generation costimulation blockade that selectively
antagonizes CD28 and preserves CTLA-4 leads to superior control of alloimmune responses
(12-16). Therefore selective CD28 blockade holds promise to further improve upon the
encouraging long-term outcomes realized with belatacept.

Preclinical and clinical studies have shown that CTLA-4-Ig relative to conventional
immunosuppression is more effective at reducing de novo alloantibody formation (8, 17),
but antibodies still develop and the efficacy of belatacept on pre-formed antibodies in
sensitized recipients and DSA over the long-term is unknown. Results from a clinical trial
designed to evaluate the ability of belatacept to prevent DSA formation in kidney transplant
recipients with failed allografts indicate that belatacept alone is not sufficient to completely
prevent DSA in this setting (18). As more liberal use of belatacept in higher immunologic
risk recipients is beginning to occur due to increased recognition of the benefits of CD28
blockade on humoral alloimmunity (6, 19), more potent methods of CD28 blockade will be
highly desirable. Moreover, we have shown that selective CD28 blockade is superior to
CTLA-4-Ig at preventing alloantibodies in a minor antigen mismatch murine transplant
model (20). Thus, optimization of current methods of costimulation blockade (i.e. CTLA-4-
Ig) is a promising and intriguing strategy to address the problem of HLA antibodies in the
clinic.

Although the mechanisms of antibody inhibition by CD28 costimulation blockade have not
been entirely elucidated, it is likely due in large part to the inhibition of T follicular helper
(Tth) cells (21, 22). Tth cells are a CD28-dependent lineage of CD4™ T cells required for the
provision of B cell help to generate mature antibody responses (23) and may also contribute
to early extrafollicular (EF) humoral responses (24, 25). Tth cells have been implicated in
many immune processes and their inhibition has been associated with the prevention of DSA
in transplantation (20, 26-28). Importantly, several studies have implicated CTLA-4 as a
regulator of Tth cells primarily through regulatory T cell-mediated mechanisms (29, 30),
and improved alloimmune inhibition with selective CD28 blockade has often been attributed
to enhanced T cell regulation (13, 16). Therefore, improved inhibition of alloantibody
responses with selective CD28 blockade relative to CTLA-4-1g may directly result from the
preservation of CTLA-4 co-inhibitory capacity following transplantation. Yet if this is truly
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the case and whether Tfh or regulatory T cells like T follicular regulatory (Tfr) cells are
mediating this effect is unknown.

In this study, we utilized a BALB/c to B6 full MHC mismatch skin allograft model to
examine the role of CTLA-4 coinhibition in the setting of selective CD28 blockade. We
demonstrate that selective CD28 blockade results in superior inhibition of both Tfh and Tfr
cells, germinal center (GC) and DSA responses compared to CTLA-4-1g. Donor-elicited Tth
cells differentially upregulated the coinhibitor CTLA-4, and CTLA-4 blockade augmented
the follicular T cell and GC alloresponses. Anti-CTLA-4 treatment in conjunction with
selective CD28 blockade reversed the superior inhibition observed with CD28-specific
blockade /n vivo after allotransplantation and in /n vitro Tth:B cell co-cultures. This
CTLA-4 dependence was Tfh cell-specific in that CTLA-4 expression by Tth cells but not
THfr cells was necessary and sufficient for the improved humoral inhibition observed with
selective CD28 blockade. These findings support the development of next generation
costimulation blockers that selectively target CD28 and preserve the inhibitory functions of
CTLA-4 as a more potent immunosuppressive strategy to combat HLA antibodies.

2. Materials and Methods

2.1 Mice

B6-Ly5.1/Cr (H2-KP) and BALB/c (H-2K% mice were from the National Cancer Institute
and housed in pathogen-free facilities. All studies were approved by the Emory University
Institutional Animal Care and Use Committee and conducted in accordance with their
guidelines.

2.2 Skin Transplants and Immunosuppression

Bilateral dorsal full-thickness tail and ear skin were transplanted onto recipient mice. Skin
graft recipients received no treatment, anti-CD28 domain antibody (dAb) (100 g, Bristol-
Myers Squibb), CTLA-4-1g (200 g, Bristol-Myers Squibb), or anti-CTLA-4 mAb (9H10,
250 ug, BioXcell). Treatments were administered intraperitoneally on post-transplant days 0,
2, 4, 6 and 8, and then weekly thereafter. Anti-CD28 dAb and CTLA-4-1g dosing was based
on molecular weight, serum half-life, and murine mixed lymphocyte reaction ECsq (14, 20).

2.3 Flow Cytometry

Graft-draining lymph nodes were processed into single-cell suspensions. Cells were surface
stained for indicated markers and pulsed with LIVE/DEAD viability dye (Molecular Probes)
before fixation. Intracellular staining was performed with Foxp3 Fixation/Permeabilization
Buffer Kit (eBioscience). All antibodies were from BioLegend and BD Biosciences.
Samples were run on an LSR Fortessa flow cytometer (BD Biosciences) and analyzed by
using FlowJo Software (Flowjo, LLC). CountBright Beads (Invitrogen) were used to
determine absolute cell counts.

2.4 Tfh:B Cell Co-Culture

T and B cells from allograft-draining lymph nodes (DLN) were enriched, flow sorted and
co-cultured as previously described (31). Briefly, magnetic bead negative selection (Miltenyi
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Biotec) was used to enrich CD4* T and CD19* B cells. T cells from DLNs were flow sorted
into Tfh (CD19-CD4*PD-1NCXCR5*GITR™) and Tfr (CD19-CD4*PD-1NCXCR5*GITRY)
cells on a FACSAria Il (BD Biosciences). For proliferation assessment, B cells were stained
with eFluor670 proliferation dye (eBioscience). 3x10* Tfh cells were cultured with 5x10 B
cells with or without 1.5x10% Tfr cells in 96-well plates in anti-CD3e (2C11, 2 pg/mL,
BioXcell) and anti-IgM (5 pg/mL, Jackson Immunoresearch) containing media for 5 days.
Culture media was supplemented with immunosuppression where indicated at the following
concentrations: CTLA-4-1g (50 pg/mL), anti-CD28 dAb (25 pg/mL), anti-CTLA-4 mAb (50
pg/mL). Anti-CD28 dAb and CTLA-4-1g dosing was based on molecular weight, serum
half-life, and murine mixed lymphocyte reaction ECgq (14, 20).

2.5 Antibody Assessments

Serum from transplanted animals or supernatant from Tfh:B cell co-cultures were collected
to test for anti-donor antibodies. For flow cytometric crossmatch, BALB/c or B6 splenocytes
were processed into single-cell suspensions and pre-treated with Fc Block (BioLegend),
followed by incubation with recipient serum at 4°C. Splenocytes were then washed and
labeled with surface markers and anti-mouse 1gG (BioLegend) for quantification of 1gG by
flow cytometry. For ELISA total IgG measurements from co-culture supernatant, flat-bottom
96-well Immulon 4HBX micratiter plates (VWR) were coated with anti-mouse Ig (5 ug/
well; Sigma-Aldrich) overnight at 4°C. Coated plates were blocked with 10% FBS in PBS-T
for 1 hour at 37°C, and then incubated with culture supernatant samples for 1.5 hours at
37°C. Total 1gG was detected with HRP goat anti-mouse 1gG (Poly4053, BioLegend),
developed by using the TMB substrate system (Thermo Scientific), and read at 450 nm on a
Spectra MAX 340PC Microplate reader (Molecular Devices).

2.6 Statistics

The Mann-Whitney U nonparametric t test was performed for analysis of unpaired groups,
and the Holms-Sidak method was used for grouped, multiple t test analyses. All analyses
were performed by using GraphPad Prism (GraphPad Software, Inc.). Statistical significance
was attributed to p values <0.05 (*<0.05, **<0.01, ***<0.001).

3. Results

3.1 Selective CD28 blockade exhibits superior inhibition of antibody responses
compared to CTLA-4-lg in a full MHC mismatch allotransplantation model

Based on similarities between antigen-specific transgenic and endogenous Tfh cell responses
in a surrogate minor antigen mismatch model (20), we tested the impact of selective CD28
blockade on the alloantibody response in a full MHC mismatch murine skin transplant
model. Naive B6 recipients were transplanted with skin grafts from syngeneic (B6) or
allogeneic (BALB/c) donor mice and were left untreated or treated with either CTLA-4-Ig or
an anti-CD28 (dAb) (Figure 1A). Untreated allograft recipients formed anti-BALB/c
alloantibodies by posttransplant day 14, while DSA emerged by day 21 and persisted beyond
day 42 in CTLA-4-1g treated mice (Figure 1B). Conversely and similar to the syngeneic
graft recipients, anti-CD28 dAb treated mice did not develop DSA. Donor-elicited Tfh
(CXCR5*PD-1Ni cells known to reside inside or near the B cell follicle) and more
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differentiated GC Tth (the maximally polarized Bcl6NiPD-1i* fraction of Tfh cells within
GCs) cells (23) were readily identifiable in untreated animals receiving allogeneic grafts as
compared to syngeneic grafts (Figures 1C, D). While CTLA-4-Ig resulted in reduced Tth
and GC Tfh cells, the anti-CD28 dAb completely eliminated this cellular alloresponse. Treg
(CD4*Foxp3*CD25*) and Tfr (Foxp3*CXCR5*PD-1M) cells were also differentially
reduced by both forms of CD28 blockade (Figures 1E, F). Examination of B cell subsets
revealed greater inhibition of GC B cell (GL7+*CD95%) and antibody secreting cell (ASC,
plasmablast (CD19*B220~CD138%) and plasma cell (CD19-B220-CD138%)) responses by
the CD28-specific dAb relative to CTLA-4-1g (Figures 1G, H). These findings demonstrate
that selective CD28 blockade provides superior inhibition of follicular T cell, GC and ASC
responses compared to CTLA-4-1g in a full allogeneic mismatch model, thereby resulting in
improved inhibition of DSA.

3.2 CTLA-4 blockade augments the follicular T cell and GC B cell alloresponses

The coinhibitory receptor CTLA-4 has been implicated as a critical mediator of Tth cell
differentiation and function (29, 30), and is highly expressed on Tfh cells as well as Treg and
Tfr cells (Figure S1). Differential expression of CTLA-4 on donor-elicited Tfh and GC Tth
cells suggests that CTLA-4-mediated coinhibition may play a critical role in Tth cell-
mediated alloreactivity. To test this possibility, skin-grafted mice were treated with a
blocking anti-CTLA-4 mAb and graft-DLNs examined 10 days after transplant (Figure 2A).
We observed that CTLA-4 antagonism alone significantly increased the frequency and
numbers of graft-elicited Tfh, Tfr and GC B cells compared to untreated controls (Figures
2B-D), indicating that blockade of CTLA-4 leads to augmentation of the follicular T cell-
mediated GC response following allotransplantation. These data support the hypothesis that
CTLA-4 is an important functional inhibitor of Tfh cell-mediated alloreactivity and may
underlie the superior humoral inhibition observed with selective CD28 blockade (Figure 1).

3.3 Selective CD28 blockade inhibition of alloantibody formation is CTLA-4-dependent

To determine the role of preserved CTLA-4 coinhibitory capacity in enhancing the
immunosuppressive effects of selective CD28 blockade over that of CTLA-4-1g, naive B6
mice were transplanted with BALB/c skin and left untreated, or administered either anti-
CD28 dAb monotherapy or anti-CD28 dAb in combination with anti-CTLA-4 mAb (Figure
3A). DSA formed in untreated animals but was completely inhibited in the anti-CD28 dAb
treated mice (Figures 3B, C). The addition of anti-CTLA-4 mAb to anti-CD28 dAb-treated
skin graft recipients resulted in DSA relative to anti-CD28 dAb alone. Thus, CTLA-4
antagonism reversed selective CD28 blockade-mediated inhibition of alloantibody
formation. Because peak Tfh response precedes antibody formation by 4 days (32), we next
examined the GC response in graft-DLNs 24 days post-transplant. The addition of anti-
CTLA-4 mAb significantly increased CXCR5*PD-1N Tth and Bcl6NPD-1"* GC Tth cells
over that observed in anti-CD28 dAb alone treated animals (Figures 3D, E). Conversely,
CTLA-4 antagonism did not augment the Treg or Tfr cell responses in the presence of CD28
blockade (Figures 3F, G). Examination of B cell subsets revealed that CTLA-4 blockade
abrogated the inhibition of GC B cells, plasmablasts and plasma cells by anti-CD28
monotherapy (Figures 3H, I). Overall, blockade of the coinhibitor CTLA-4 reversed
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selective CD28 blockade-mediated inhibition of alloreactive Tfh cells, B cell subsets, and
DSA, but not Treg or Tfr cells.

3.4 CTLA-4is critical for the superior inhibition of selective CD28 blockade at the level of
Tfh:B cell cognate interactions

To further test the hypothesis that CTLA-4 coinhibition of cognate Tfh:B cell interactions is
responsible for the improved efficacy of selective CD28 blockade to inhibit DSA, we
performed alloreactive Tfh:B cell co-cultures from BALB/c skin-grafted mice (Figure 4A).
Sorted Tfh and enriched B cells from graft-DLNs were co-cultured for 5 days to assess B
cell proliferation, class switch recombination (CSR) and antibody production. Tfh:B cell co-
cultures were left untreated or treated with CTLA-4-1g, anti-CD28 dAb, or anti-CD28 dAb
plus anti-CTLA-4 mAb. Co-cultures resulted in the production of donor-specific 1gG
alloantibodies (Figure 4B). Untreated co-cultures exhibited robust B cell proliferation as
measured by proliferation dye and Ki-67 expression (Figures 4C—-E), while CTLA-4-1g
partially and anti-CD28 dAb completely inhibited this B cell proliferative burst. Consistent
with our /n vivo data, the addition of anti-CTLA-4 mAb to selective CD28 blockade resulted
in reversal of the inhibition of B cell proliferation observed with the anti-CD28 dAb alone
(Figures 4C-E). CTLA-4 blockade had the same impact on the differentiation of B cells into
class-switched GC-like GL-7*1gG1* B cells and their proliferation (Figures 4F, G).
Interestingly, Tth cell proliferation was similarly inhibited with anti-CTLA-4 partially
reversing the effects of the anti-CD28 dAb to levels similar to CTLA-4-1g (Figure 4H).
Culture supernatant total 1gG was significantly increased when CTLA-4 blockade was
combined with selective CD28 blockade (Figure 41). Hence these data indicate that the co-
inhibitor CTLA-4 plays a critical role in the superior inhibition observed with selective
CD28 blockade (Figure 1), and that CTLA-4 is acting at the level of Tth:B cell cognate
interaction.

3.5 CTLA-4-dependent superior inhibition of selective CD28 Blockade is Tfh cell-specific

Because CD28 and CTLA-4 have been reported to be expressed and functional on B cells
(33-35), we next investigated whether the CTLA-4-dependent superior inhibition observed
with selective CD28 blockade is Tfh cell-specific. Sorted Tfh or enriched B cells from graft-
DLNs were individually pre-treated with anti-CTLA-4 mAb and then co-cultured in the
presence of anti-CD28 dAb for 5 days (Figure 5A). As such, this approach enabled us to
determine whether Tfh cell- or B cell-derived CTLA-4 is driving improved inhibition with
selective CD28 blockade. Selective blockade with the anti-CD28 dAb alone inhibited B cell
proliferation, and this inhibition was reversed when both Tfh and B cells were exposed to
anti-CTLA-4 mAb (Figures 5B-D). Interestingly, anti-CTLA-4 pre-treated Tfh cells, but not
pre-treated B cells, abrogated the inhibition of B cell proliferation with selective CD28
blockade alone. Similarly, only anti-CTLA-4 pre-treated Tth cells and not pre-treated B cells
reversed anti-CD28 dAb-mediated inhibition of B cell differentiation, Tfh cell proliferation,
and antibody production (Figures 5E-H). Thus CTLA-4 antagonism reverses the increased
efficacy of selective CD28 blockade to control humoral alloresponses relative to CTLA-4-1g
in a Tfh cell-specific manner. Namely, CTLA-4 expression by Tfh cells is necessary and
sufficient for the improved inhibition observed with selective CD28 blockade.
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3.6 Tfr suppression of Tfh:B cell interactions is not CTLA-4-dependent in the presence of
selective CD28 blockade

Regulatory T cell control of humoral immune responses has been demonstrated to occur via
CTLA-4 (29, 30) and more potent CD28 costimulation blockade with selective blockers has
been attributed to enhanced Treg activity (13, 16). To test whether the superior inhibition of
Tth:B cell interactions with the anti-CD28 dAb is influenced by Tfr expression of CTLA-4,
Tfr cells known to suppress cognate Tfh:B cell interactions were introduced to the co-culture
system (Figure 6A). Sorted Tfh and B cells were first co-cultured with and without Tfr cells
and administered anti-CTLA-4 mAb. Consistent with in vivo findings (Figure 2), CTLA-4
blockade significantly augmented Tfh-driven formation of GL-7*1gG1* B cells and IgG
antibody production (Figures 6B, C). Tfr cell-mediated suppression of Tfh cell-driven B cell
differentiation and antibody production was modestly reversed with anti-CTLA-4 mAb
(Figures 6D, E). We next performed co-cultures with Tfr cells and the anti-CD28 dAb to
evaluate the ability of anti-CTLA-4 mADb to reverse Tfr-mediated suppression in the
presence of selective blockade. Although CTLA-4 antagonism led to moderate reversal of
Tfr-mediated suppression of Tth:B cell co-cultures in the absence of CD28 blockade, anti-
CTLA-4 mAb did not overcome Tfr-induced inhibition of B cell differentiation or antibody
production in the presence of the anti-CD28 dAb (Figures 6D, E). Thus these findings
suggest that CTLA-4-dependent superior inhibition of alloantibody with selective CD28
blockade is not occurring through enhanced Tfr cell control of cognate Tth:B cell
interactions.

4. Discussion

It has become well recognized that alloantibodies are an important immunologic cause of
allograft injury and kidney graft loss (4, 36). Rapid advances in our understanding of Tfh
cells, the important role this subset plays in mediating T-dependent antibody responses, and
their dependence on CD28 and CTLA-4 has made them an increasingly relevant therapeutic
target to combat DSA (23). Belatacept has reduced the incidence of de novo DSA (8), but its
mechanism of action is suboptimal for the purpose of inhibiting alloimmunity in that
CTLA-4-Ig not only blocks CD28 costimulation but also prevents critical coinhibitory and
regulatory activity mediated via CTLA-4 (10). As evidence supporting antagonism of the
CD28 pathway to combat alloantibodies mounts (19), it is foreseeable that more potent
forms of CD28 blockade will be desired in cases of highly sensitized patients or potential
costimulation blockade-based desensitization protocols (6). Here, we demonstrate that
selective CD28 blockade is better than CTLA-4-1g at inhibiting the humoral alloresponse in
a clinically relevant full allogeneic mismatch model, and that this superior inhibition is
mechanistically CTLA-4-dependent and Tfh cell-specific. These data support next
generation selective CD28 blockade as a more efficacious strategy of addressing the clinical
burden of DSA via the sparing of CTLA-4 and more potent targeting of Tth cells.

Given the ubiquitous roles of CD28 and CTLA-4, distinct T cell subsets have not
surprisingly been shown to exhibit differential responses to selective CD28 blockade versus
CTLA-4-1g (13, 14, 16, 37, 38). Our group and others have demonstrated that selective
blockade results in better inhibition of alloantibody responses (12, 15, 20), but whether the
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superior impact of selective CD28 blockade on DSA is CTLA-4-dependent or Tfh cell-
specific remains of interest to the field and has not been elucidated. In this study, we provide
in vivo data indicating that anti-CD28 dAb-mediated alloantibody inhibition is CTLA-4-
dependent, and /n vitro Tth:B cell co-culture data demonstrating that CTLA-4 expression by
Tth cells is necessary and sufficient for the superior humoral inhibition observed with
selective CD28 blockade. While the global effects of CD28-specific blockade may
contribute to the superior anti-humoral results observed with the anti-CD28 dAb, our data
strongly support that selective blockade is functioning primarily on Tfh cells and not Tfr
cells at the cognate Tfh:B cell level to enhance DSA inhibition through the coinhibitor
CTLA-4.

Antibody responses arise from EF interactions as well as Tth cell-driven GC responses (23,
39), and are both likely to be inhibited by CD28 blockade. Early T-dependent EF antibody
responses have been shown to depend on Bcl-6 and ICOS expression and a Tfh-like
peripheral T cell subset that drives B cells in rheumatoid arthritis has also been identified
(24, 25, 40, 41). Along these lines, we did not observe early antibody formation with CD28
blockade (Figures 1B, 3C) and early CD138" ASCs (PBs and PCs) were inhibited (Figures
1G,H and 3H, I). While EF antibody responses are potentially harmful (42), high level titers
of GC-independent alloantibodies capable of rejection are not maintained at stable levels
over time and fail to induce differentiation of long-lived plasma cells and memory B cells
(28, 43). Here we observed the differential impact of selective CD28 blockade on DSA to
occur later post-transplant (day 21) and persist beyond 35 days (Figures 1B and 3C),
suggesting that the mechanistic impact of selective CD28 blockade on DSA is primarily a
result of inhibition of the Tfh cell-driven GC response.

In considering the determinants of T-dependent antibody production, Tregs and Tfr cells
have been shown to regulate Tfh cell and humoral immune responses via CTLA-4 (29, 30).
Because they too depend on CD28 signals (44), not unexpectedly examination of the graft-
elicited Treg and Tfr cell populations revealed reductions in the quantity of both subsets and
CTLA-4 blockade in the absence of anti-CD28 therapy augmented Tfr cell responses
(Figures 1, 2). However in contrast to Tfh cells, reductions in Treg and Tfr cells in the
presence of CD28 blockade were not reversed by CTLA-4 antagonism in vivo (Figure 3).
Additionally, CTLA-4 antagonism abrogated anti-CD28 dAb-mediated inhibition of B cell
proliferation, CSR and antibody production /in vitro independent of Treg and Tfr cells
(Figure 4), and anti-CTLA-4 therapy did not rescue Tfr-mediated suppression of cognate
Tth:B cell reactivity in the presence of selective CD28 blockade (Figure 6). Together, these
observations make it unlikely that Tfr cells are driving the improved humoral inhibition
observed in our transplant model with CD28 blockade. Alternatively, sustained antibody
responses have been reported to depend on CD28 function in plasma cells (35), and rare
reports have identified CTLA-4 on B cells (33, 34). As such, we were able to isolate the
functional role of CTLA-4 during selective CD28 blockade to the Tfh cell and not B cells
(Figure 5). Therefore, preserving CTLA-4 coinhibitory capacity on Tth cells is likely the
chief mechanism conferring improved control of DSA responses under selective CD28
blockade in this study. Further examination of how sparing CTLA-4 activity on Tfh cells is
influencing germinal center biology and affinity maturation is of interest and warrants future
study.
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GCs do not develop in the absence of CD28 due to a lack of Tth cells (45). Tth
differentiation and function has been modeled to depend on CD28-B7 interactions at both
the priming T:DC stage and subsequent Tfth:B cell stage to form GCs (23). Prevailing
paradigms hold that CD80/86 ligation of CD28 are critical for both DC and B cell
interactions with Tfh cells. However, a recent study showed that B7 expression was required
on DCs but not B cells for Tth cell differentiation, GC formation and antibody responses
(46). These data suggest that CD28 blockade of Tfh-driven antibody production would
impair early stage Tfh cell responses from T:DC priming, but not ongoing or later stage
Tth:B cell conjugate interactions that lead to antibody formation. Furthermore, delayed
costimulation blockade with frequent high dose CTLA-4-1g has been shown to reverse
alloantibody responses mostly independent of graft-specific CD4* T cells and Tfh cells (47,
48). While CD28 blockade is indeed excellent at inhibiting early Tfh cell responses (20), our
findings demonstrating the ability of selective CD28 blockade to inhibit maturely
differentiated effector Tth:B cell conjugate interactions in a CTLA-4-dependent manner
offer a mechanistic explanation to prior data demonstrating in vivo reversal of alloantibody
formation with delayed costimulation blockade (32) and present an alternative perspective
on the significance of CD28-B7 engagement between Tfh and B cells in the context of a GC
response. These conflicting observations could result from differences in animal model, type
of allograft, or mode of CD28 costimulation blockade. Nonetheless, our data indicate that
effector Tth cell-driven cognate B cell interactions and the alloantibody responses that result
from them do in fact depend on CD28.

Susceptibility of mature effector Tfh cells engaged in cognate B cell interactions and not just
naive Tfh precursor CD4" T cells to CD28 blockade has therapeutic implications. There has
been resurgent interest in the use of CD28 costimulation blockade to attenuate alloantibody
responses (6, 19). Several recent studies have reported a modest ability of belatacept to
control nascent or pre-existing HLA antibodies (49-51), and a belatacept-based
desensitization regimen helped mediate reductions in DSA in nonhuman primates (52).
These studies showing modest efficacy with CTLA-4-1g represent the growing concept of
utilizing costimulation blockade to target CD28-mediated humoral immunity beyond initial
CD4* T cell priming and licensing of Tfh cell differentiation, and highlight a predictable
need for more potent CD28 blockers. Our findings provide rationale for the continued
application of CD28 blockade and that selective agents may be more potent at inhibiting
memory Tfh cell-driven or more terminal GC alloreactivity due to prior HLA humoral
sensitization.

In summary, this study provides evidence that superior inhibition of DSA responses through
selective CD28 blockade therapy is CTLA-4-dependent and mediated via Tth cells. Our data
highlight the potential for next generation selective CD28 costimulation blockade to provide
superior control of alloantibody responses through the preservation of CTLA-4 on Tth cells.
The observed susceptibility of effector Tfh cells to anti-CD28 therapy supports a shift in
therapeutic focus to targeting Tth cells as a means of controlling ongoing or pre-existing
humoral alloresponses. Overall, these findings promise to inform therapeutic efforts aimed at
controlling both de novo DSA responses and pre-existing alloantibodies to improve long-
term outcomes in kidney transplantation.
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Figure 1. Selective CD28 blockade exhibits superior inhibition of antibody responses compared

to CTLA-4-Ig

(A) Naive B6 mice were transplanted with skin from syngeneic (B6) or allogeneic (BALB/c)
donors and sacrificed 10 days post-transplant for graft-DLN analysis or serially bled for
serum analysis. Transplanted mice were left untreated, or treated with either CTLA-4-1g or
anti-CD28 dAb every other day (QOD, red) the first week and then weekly (QW, black)
thereafter. (B) Summary data of anti-donor total serum IgG over time (n=5 per group). (C)
Representative flow cytometric plots displaying the frequencies of DLN Tfh
(CXCR5*PD-1N | gated on CD4*CD44NiFoxp3~ T cells) and GC Tth (Bcl6hiPD-1* gated
on CXCR5*PD-1Ni Tfh cells) cells under each treatment condition. (D) Summary data of the
frequencies and numbers of Tth and GC Tth cells (n=5 per group). (E) Summary data of the
frequencies and numbers of Treg (CD4*Foxp3*CD25%) cells (n=5 per group). (F)
Representative flow plots and summary data of the frequencies and numbers of Tfr
(CXCR5*PD-1M, gated on CD4*CD44"Foxp3* T cells) cells. (G) Representative flow plots
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displaying the frequencies of DLN GC B cells (GL7*CD95", gated on IgD
~“CD19*B2207CD138™ B cells), plasmablasts (B220~CD138*, gated on IgD"CD19* B
cells), and plasma cells (B220"CD138", gated on IgD"CD19~ B cells). (H) Summary data of
the frequencies and numbers of GC B cells, plasmablasts, and plasma cells (n=5 per group).
Summary data represent mean (SE) and are representative of at least 2 independent
experiments with a total of at least 10 mice per group. **p < 0.01, ***p< 0.001.
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Figure 2. CTLA-4 blockade augmentsthefollicular T cell and GC B cell alloresponses
(A) Naive B6 mice were transplanted BALB/c skin, either left untreated or treated with anti-

CTLA-4 mADb every other day (QOD, red), and graft-DLNs examined 10 days

posttransplant. (B) Representative flow plots displaying the frequencies of Tth cells and
summary data of the frequencies and numbers of Tfh cells (n=5 per group). (C) Summary

data of the frequencies and numbers of Treg and Tfr cells (n=5 per group). (D)

Representative flow plots displaying the frequencies of GC B cells (GL7*CD95*, gated on
IgD~CD19*B220*CD138~ B cells) from untreated and anti-CTLA-4-treated mice and

summary data of the frequencies and numbers GC B cells (n=5 per group). Summary data
represent mean (SE). **p < 0.01.
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Figure 3. Selective CD28 blockade inhibition of alloantibody formation is CTL A-4-dependent

(A) Naive B6 mice were transplanted with skin from BALB/c donors and sacrificed 24 days
post-transplant for graft-DLN analysis or serially bled for serum analysis. Transplanted mice
were left untreated, or treated with anti-CD28 dAb alone or anti-CD28 dAb plus anti-
CTLA-4 mADb every other day (QOD, red) the first week and then weekly (QW, black)
thereafter. (B) Representative histograms depicting anti-donor total serum IgG over time. (C)
Summary data of anti-donor total serum IgG over time (n=5 per group). (D) Representative
flow plots displaying the frequencies of DLN Tfh (CXCR5*PD-1Ni, gated on
CD4*CD44NMFoxp3~ T cells) and GC Ttfh (Bcl6NPD-1N*, gated on CXCR5*PD-1N Tth
cells) cells under each treatment condition. Summary data of the frequencies and numbers of
(E) Tth and GC Tfh cells, and (F) Treg cells (n=5 per group). (G) Representative flow plots
and summary data of Tfr (CXCR5*PD-1N, gated on CD4*CD44NFoxp3* T cells) cells (n=5
per group). (H) Representative flow plots displaying the frequencies of DLN GC B cells
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(GL7*CD95™, gated on IgD"CD19*B220*CD138™ B cells), plasmablasts (B220"CD138*,
gated on IgD~CD19" B cells), and plasma cells (B220"CD138*, gated on IgD"CD19™ B
cells). (I) Summary data of the frequencies and numbers of GC B cells, plasmablasts, and
plasma cells (n=5 per group). Summary data represent mean (SE) and are representative of
at least 2 independent experiments with a total of at least 10 mice per group. *p < 0.05, **p
<0.01.
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Figure4. CTLA-4iscritical for the superior inhibition of selective CD28 blockade at the level of
Tfh:B cell cognateinteractions

(A) Naive B6 mice were transplanted with BALB/c skin, left untreated, and sacrificed 10
days post-transplant. Tfh and B cells from graft-DLNs were isolated and co-cultured for 5
days. Tth:B cell co-cultures were left untreated, or treated with CTLA-4-1g, anti-CD28 dAb,
or anti-CD28 dAb plus anti-CTLA-4 mAb. (B) Untreated co-culture supernatants were
crossed against B6 and BALB/c splenocytes. Representative histogram depicting 1gG MFI
against B6 or BALB/c splenocytes and summary data of IgG MFI (n=5 per group) (C)
Representative histograms depicting B cell proliferation by eFluor670 proliferation dye
under the indicated conditions. (D) Summary data of the frequencies of proliferating B cells
(n=3 per group). (E) Representative flow plots of B cell proliferation as measured by Ki-67
and summary data of the frequencies of proliferating Ki-67" B cells (n=6 per group). (F)
Representative flow plots of class-switched GC-like GL7*IgG1* B cells and summary data
of the frequencies of these class-switched B cells (n=6 per group). Summary data of the
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frequencies of (G) proliferating class-switched B cells (n=6 per group), (H) proliferating Tfh
cells (n=6 per group), and (I) supernatant total IgG levels (n=6 per group). Summary data
represent mean (SE) and are representative of at least 2 independent experiments, with cells
pooled from 10 mice per experiment and 3—-6 co-culture wells per treatment group. **p <
0.01.
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Figure 5. CTLA-4-dependent superior inhibition of selective CD28 Blockadeis Tfh cell-specific
(A) Naive B6 mice were transplanted with BALB/c skin, left untreated, and sacrificed 10

days post-transplant. Tfh and B cells from graft-DLNs were isolated and co-cultured for 5
days. Tfh:B cell co-cultures were treated with anti-CD28 dAb alone, anti-CD28 dAb plus
anti-CTLA-4 mADb, or anti-CD28 dAb plus individual pre-treatment of either Tfh or B cells
with anti-CTLA-4 mAb. (B) Representative histograms depicting B cell proliferation by
eFluor670 proliferation dye under the indicated conditions. (C) Summary data of the
frequencies of proliferating B cells (n=3 per group). (D) Representative flow plots of B cell
proliferation as measured by Ki-67 and summary data of the frequencies of proliferating
Ki-67* B cells (n=6 per group). (E) Representative flow plots of class-switched GC-like
GL7*1gG1* B cells and summary data of the frequencies of these class-switched B cells
(n=6 per group). Summary data of the frequencies of (F) proliferating class-switched B cells
(n=6 per group), (G) proliferating Tth cells (n=6 per group), and (H) supernatant total 1gG
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levels (n=6 per group). Summary data represent mean (SE) and are representative of at least
2 independent experiments, with cells pooled from 10 mice per experiment and 3-6 co-
culture wells per treatment group. **p < 0.01.
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Figure 6. Tfr suppression of Tfh:B cell interactionsisnot CTL A-4-dependent in the presence of
selective CD28 blockade

(A) Naive B6 mice were transplanted with BALB/c skin, left untreated, and sacrificed 10
days post-transplant. Tfh, Tfr and B cells from graft-DLNs were isolated and co-cultured for
5 days. Tth:B and Tfh:B + Tfr cell co-cultures were left untreated or treated with anti-
CTLA-4 mAb alone, anti-CD28 dAb alone, or anti-CD28 dAb plus anti-CTLA-4 mAb. (B)
Representative flow plots from B cell alone (control) and Tfh:B cell co-cultures depicting
class-switched GC-like GL7*1gG1* B cells under the indicated conditions. Summary data of
the fold change in frequency of these class-switched B cells relative to B cell alone controls
(n=4-9 per group). (C) Summary data of supernatant total 1gG levels (n=4-9 per group). (D)
Representative flow plots from Tfh:B + Tfr cell co-cultures depicting GL7*1gG1* B cells
under the indicated conditions. Summary data of the fold change in frequency of these class-
switched B cells relative to B cell alone controls (h=3-6 per group). (E) Summary data of
supernatant total 1gG levels (n=3-6 per group). Summary data represent mean (SE) and are
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combined from 2 independent experiments, with cells pooled from 10 mice per experiment
and 3-9 co-culture wells per treatment group. *p < 0.05, **p < 0.01.
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