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Abstract

Antibody-mediated rejection has emerged as the leading cause of late graft loss in kidney 

transplant recipients, and inhibition of donor-specific antibody production should lead to improved 

transplant outcomes. The fusion protein CTLA4-Ig blocks T-cell activation and consequently 

inhibits T-dependent B cell antibody production, and the current paradigm is that CTLA4-Ig is 

effective on naïve T cells and less so on activated or memory T cells. In this study, we used a 

mouse model of allo-sensitization to investigate the efficacy of continuous CTLA4-Ig treatment, 

initiated 7 or 14 days post-sensitization, at inhibiting ongoing allo-specific B cell responses. 

Delayed treatment with CTLA4-Ig collapsed the allo-specific germinal center (GC) B cell 

response and inhibited alloantibody production. Using adoptively transferred TCR-transgenic T 

cells and a novel approach to track endogenous graft-specific T cells, we demonstrate that delayed 

CTLA4-Ig minimally inhibited graft-specific CD4+ and T follicular helper (Tfh) responses. 

Remarkably, delaying CTLA4-Ig until day 6 post-transplantation in a fully-mismatched heart 

transplant model inhibited alloantibody production and prevented acute rejection, while transferred 

hyperimmune sera reversed the effects delayed CTLA4-Ig. Collectively, our studies revealed the 

unexpected efficacy of CTLA4-Ig at inhibiting ongoing B cell responses even when the graft-

specific T cell response has been robustly established.

 Introduction

Successful solid organ transplantation is one of the major medical developments of the past 

century. Despite improved prevention and reversal of acute rejection through the use of 

immunosuppressive drugs[1-5], chronic rejection of allografts remains a major problem and 

the 10-year allograft survival rate for kidney grafts in the US is only 34-46%[6]. Donor-
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specific alloantibodies (DSA) play an important role in the development of chronic rejection, 

and patients who develop DSA exhibit a higher rate of graft failure five years post-

transplantation than patients who do not[7-9]. Furthermore, T cell-mediated rejection 

(TCMR) with DSA or C4d deposition has a worse prognosis than pure TCMR [10, 11], 

suggesting that therapies that can control DSA production during acute rejection may be 

able to extend the survival of allografts in the clinic.

Current attempts to control chronic alloantibody-mediated rejection have relied on drugs 

such as calcineurin inhibitors and anti-proliferative agents that prevent T cell activation and 

expansion, and indirectly, the activation of B cells and production of T-dependent 

alloantibodies[1-3, 12]. In the case of presensitized recipients where memory B cells and 

plasma cells contribute to the production of DSA post-transplantation, B cell-directed 

therapies are being tested, including the use of rituximab, bortezomib, IVIG and 

plasmapheresis[13-17]. However, such approaches appear to be only partially or transiently 

effective[18, 19].

Belatacept, a high affinity CTLA4-Ig that blocks CD28-CD80/CD86 interactions, has been 

approved for the prevention of acute rejection in adult kidney transplant recipients[20, 21]. 

CTLA4-Ig is a fusion protein that inhibits the activation of naïve T-cells by preventing CD28 

costimulation on T cells via binding to CD80 and CD86[22]. In addition, the binding of 

CTLA4-Ig to CD80 and CD86 has been reported to induce reverse signaling and the 

production of indoleamine 2,3-dioxygenase (IDO), which catalyses the degradation of 

tryptophan and creates a local inhibitory environment for T cells[23, 24]. This reverse 

signaling also induces in antigen presenting cells the nuclear translocation of the 

transcription factor Foxo3[25], which inhibits the production of IL-6 and tumor necrosis 

factor-alpha while increasing the secretion of suppressive cytokines such as IL-10[26]. Thus, 

the inhibition of B cell responses by CTLA4-Ig is presumed to be due to the inhibition of T 

cell activation, thereby denying B cells from receiving T cell help.

In this study we investigated the ability of the clinically approved human CTLA4-Ig, 

abatacept, to halt ongoing B cell responses in mice[27]. We build on our previous 

demonstration that delayed treatment with CTLA4-Ig, starting from seven days post-

sensitization when B cell germinal center (GC) responses had been fully established, was 

able to halt the production of alloantibodies[28]. However, the mechanisms by which 

CTLA4-Ig shut down an established antigen-specific B-cell response had not been 

determined. We report here that delayed CTLA4-Ig is remarkably effective at reversing 

established GC B cell allospecific responses and resolving ongoing acute rejection.

 Materials and Methods

 Mice

Female C57BL/6 (B6, H-2b), BALB/c (B/c, H-2d) and TCRαβ−/− C57BL/6 mice, age 8–9 

weeks, were purchased from The Jackson (Bar Harbor, ME) or Harlan Laboratories 

(Madison, WI). TCR75 mice [29] were obtained from Dr. R. P. Bucy (University of 

Birmingham, AL). 2W-OVA transgenic C57BL/6 mice [30] were bred with BALB/c mice to 

obtain 2W-OVA F1 mice.
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 Adoptive transfer of T cells

CD45.1+ CD44lo Vβ8.3+ CD4+ T cells were purified with CD4+ T cell negative selection 

beads (Miltenyi Biotec, Bergisch Gladbach, Germany) from total spleen and lymph node 

cells of TCR75 mice. CD4+ purity exceeded 95%, and CD44loVB8.3+ purity exceeded 80%. 

We back-calculated CD45.1+ CD44lo Vβ8.3+ CD4+ T cell yields of 500 cells and adoptively 

transferred them into C57BL/6 recipients 1 day prior to sensitization with BALB/c 

splenocytes.

 Sensitization

BALB/c or 2W-OVA F1 mice were sacrificed and their spleens were harvested, processed 

into a single cell suspension, and resuspended at a concentration of 100×106 cells/mL. 

5×106 cells were injected subcutaneously near each of 4 limb joints. For generating 

hyperimmune serum, the mice were challenged again on day 28, sacrificed on day 35, serum 

harvested from 10 mice and pooled.

 Transplantation

Heterotopic heart transplantations were performed as previously described [31] by grafting 

BALB/c hearts from 6-8 week old donors onto the aorta and inferior vena cava in the 

peritoneal cavity of 8-12 week old C57BL/6 recipients. 500 μg of CTLA4-Ig (abatacept; 

Bristol-Myers Squibb) per mouse, intraperitoneally, starting on day −2, 0 and 2 or on days 6, 

8, 10, and then twice per week until the end of the experiment.

 Flow Cytometry

Splenocytes only or a mixture of splenocytes and lymphocytes from axial, brachial, and 

inguinal lymph nodes were stained for analysis, controlling for the same number of cells per 

sample tube (typically 107 cells). Samples were stained for flow cytometry using AquaFluor 

LiveDead solution to exclude dead cells. A dump channel was used to exclude unwanted 

cells, consisting of antibodies for DX5, CD11c, F4/80, Gr-1, Ter119, and either CD19, CD4, 

or CD8, depending on the stain. Additional antibodies for CD90.2, CD4, CD8, CD44, 

CD62L, VB8.3, CD45.1, CXCR5, FR4, PD-1, Foxp3, IFNγ, B220, CD138, IgD, Fas, and 

GL7 were used to stain T and B cells. B cells were initially stained for 30 minutes on ice 

with H-2Kd-PE and H-2Kd-APC tetramers bearing the irrelevant malarial peptide 

(SYIPSAEKI). 2W(EAWGALANWAVDSA):I-Ab tetramer (NIH) and OVA 

(SIINFEKL):H-2Kb-PE pentamer (Proimmune) incubation was performed at room 

temperature for 30 minutes prior to additional antibodies.

 Donor Specific Antibody Assay

Fresh BALB/c splenocytes were harvested and their red blood cells were lysed and then 

1×106 cells were stained with 1μL of serum from sensitized, transplanted, or naïve 

recipients. After two washes, cells were then stained with anti-B220, anti-IgM, and anti-IgG 

fluorescent antibodies. B220+ B cells were excluded due to their expression of IgM+, IgG+ 

and FcγR.
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 Stimulation for Cytokine Staining

Splenocyte stimulators were from TCRαβ−/− C57BL/6 mice and B/6XB/c F1 mice were 

treated with red blood cell lysing buffer (Sigma, St. Louis, MO). F1 splenocytes were 

depleted of T cells by pre-incubation with anti-CD90 and 2 consecutive sessions with rabbit 

complement at 37°C. 60×106 TCRαβ−/− or T cell-depleted splenocytes were then incubated 

overnight with 5 μg/mL LPS. The following day, 1×106 responder cells were incubated with 

5×105 stimulators (200μL per well) in a 37°C incubator. 18h later, 1 μg of monensin was 

added and incubation continued an additional 6h. Cells were then collected for intracellular 

staining, which was performed in an ice water bath.

 Histology

Hearts were cut longitudinally, fixed in 10% formalin for 24 hours, and embedded in 

paraffin. Sections were then cut and stained by Hematoxylin and Eosin or anti-C4d 

antibodies followed by anti-rat HRP. Slides were then scanned using the CRI Pannoramic 

Whole Slide Scanner (Perkin Elmer, Melville, NY).

 Statistics

Statistical analysis was performed using GraphPad Prism (La Jolla, CA). Graft survival 

curves significance was assessed using a Mantel-Cox log rank test. Statistically significance 

differences between alloantibody curves over time were assessed using a two-way ANOVA 

test; between percentages of cell types by unpaired two-tailed t tests; and between total 

numbers of cell types by two-tailed Mann-Whitney ranked tests.

 Results

 Delayed treatment with CTLA4-Ig halted ongoing alloantibody production by collapsing 
the B cell germinal center response

We have previously shown that alloantibody production triggered by allosensitization via 

donor splenocyte sensitization could be halted by delayed costimulatory blockade treatment 

that was started on day 7 post-sensitization, and that both the experimental agent anti-CD154 

and clinically approved CTLA4-Ig, were equally efficacious[28]. However, it was unclear 

whether costimulatory blockade with CTLA4-Ig could be effective if treatment were to 

begin later than 7 days post-sensitization. We therefore sensitized C57BL/6 mice with 

20×106 BALB/c splenocytes by subcutaneous injection and administered CTLA4-Ig i.p., 

biweekly, starting from day 0, 7, or 14 post-sensitization (Fig 1A). As previously reported, 

treatment beginning on day 0 nearly completely prevented allo-IgG production, while 

treatment from day 7 prevented further increase in alloantibody titers and promoted a 

downward trend towards baseline. In contrast, CTLA4-Ig treatment beginning on day 14 did 

not prevent the rise in circulating alloantibody titers as compared to untreated controls 

(p=0.92 by 2-way ANOVA) (Fig 1B). These results indicate that alloantibody production 

could be aborted by CTLA4-Ig only when treatment was initiated by day 7 post-

sensitization.

We next investigated why treatment with CTLA4-Ig from day 14 post-sensitization failed to 

prevent or reverse alloantibody production. Since we had previously reported that CTLA4-Ig 
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rapidly collapsed donor-specific GC B cell (B220+IgDloFas+GL7+), we tested the effect of 

CTLA4-Ig on alloreactive GC B cells when treatment was delayed till day 14 post-

sensitization. BALB/c splenocyte-sensitized mice were treated with CTLA4-Ig beginning on 

days 0, 7, or 14 post-sensitization and sacrificed after 7 days of treatment (Fig 1C). We 

utilized a previously validated dual-fluorochrome, single MHC Class I tetramer method to 

identify allo-MHC-reactive (H-2Kd-reactive) B cells (Fig 1D). Surprisingly, treatment with 

CTLA4-Ig significantly reduced both the percentage and number of H-2Kd-reactive 

B220+IgDloFas+GL7+ GC B cells regardless of when CTLA4-Ig treatment was initiated (Fig 

1 E-F). However, we noted that in the untreated group, the percentage and total number of 

H-2Kd-reactive GC B cells peaked on day 7-14 and were dramatically reduced by day 21 

post-sensitization, with only 1% of B cells existing as GC B cells by day 21, as compared to 

approximately 5% at either on day 7 or 14 (p<0.01) (Fig 1E-F). We inferred from these 

observations that while CTLA4-Ig was capable of collapsing B cell GC responses regardless 

of the time of intervention, the majority of alloreactive GC B cells fully differentiated into 

antibody secreting cells (ASC) by day 14.

 Delayed CTLA4-Ig does not prevent the accumulation of adoptively transferred, 
alloreactive TCR75 T cells

The surprising effectiveness of CTLA4-Ig at collapsing ongoing GC responses raised the 

possibility that it was inhibiting T follicular helper (Tfh) cell generation, which would then 

deny GC B cells the necessary survival and expansion signals. To test this possibility, we 

used a TCR-transgenic CD4+ T cell population, TCR75, which is specific for the H-2Kd
54-68 

peptide presented by I-Ab[29]. The use of TCR75 cells provides the additional benefit of 

tracking a T cell population that is capable of engaging in cognate interactions with the 

H-2Kd-reactive B cells tracked in Figure 1.

To keep their numbers similar to endogenous antigen-specific T cell populations, we seeded 

each C57BL/6 mouse with just 500 TCR75 cells via tail vein injection 1 day prior to 

sensitization. Mice were then sensitized with BALB/c splenocytes, treated with CTLA4-Ig 

starting on either on day 0 or 7 post-sensitization and sacrificed on day 21, a time point that 

allowed 2 weeks of CTLA4-Ig treatment when it was started on day 7 and when the TCR75 

cells were still readily detectable (Fig 2A and B). We analyzed cells pooled from the spleen 

and lymph nodes by flow cytometry, gating on the CD45.1+ TCR75 population and 

assessing cell numbers, Tfh differentiation, and IFNγ production after stimulation with 

allogeneic APCs (Fig 2B). Accordingly, there was an increase in total TCR75 cells, as well 

as those with a Tfh (FR4+CXCR5+) or a Th1 (IFNγ+) phenotype in mice sensitized with 

BALB/C splenocytes (Fig 2C-E). While PD-1 and ICOS have typically been used to identify 

Tfh cells, Iyer et al. [32] reported that they are downregulated after activation, whereas the 

folate receptor, FR4, was maintained long-term. We confirmed that similar percentages of 

CXCR5+ cells expressed FR4 and PD-1 on day 10-14 post-sensitization (Figure S1). 

CTLA4-Ig treatment from day 0 largely prevented the expansion of TCR75 cells; in contrast, 

treatment beginning from day 7 had no significant effect on the TCR75 cells, with 

essentially the same number of TCR75 cells recovered on day 21 as in the untreated control 

group (Fig 2C). Likewise, the number of TCR75 cells that had differentiated into a Tfh 

phenotype was only reduced relative to untreated controls when CTLA4-Ig treatment began 
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on day 0, but not on day 7 (Fig 2D). Finally, the number of IFNγ+ TCR75 cells, detected by 

ex vivo stimulation with T cell-depleted F1 splenocytes, was also not reduced by delayed 

CTLA4-Ig treatment as compared with animals not receiving CTLA4-Ig (Fig 2E). These 

observations suggest that the collapse of GC B cells was not due to an inhibition of TCR75 

expansion, differentiation or persistence.

 Delayed CTLA4-Ig treatment does not alter the expansion or differentiation of 
endogenous antigen-specific T cells

Several studies now suggest that high-affinity monoclonal TCR-transgenic T cells can 

expand and differentiate more effectively than endogenous antigen-specific cell populations, 

and their presence could drive other cell populations to behave differently as well [33, 34]. 

To make sure that our observations were not aberrantly skewed by the TCR-transgenic T cell 

system, we utilized a novel approach to track endogenous antigen-specific T cell in 

C57BL/6 hosts immunized with splenocytes from donor mice that expressed the 2W-OVA 

transgene under the control of the actin promoter[30]. The 2W-OVA transgene comprises the 

gene for chicken ovalbumin and the gene for the 2W peptide (EAWGALANWAVDSA) 

inserted between the sequences for OVA and the Db transmembrane domain, and is regulated 

by the chicken ß-actin promoter to allow ubiquitous expression. When 20×106 2W-OVA F1 

splenocytes were injected subcutaneously into C57BL/6 mice, an expansion of 2W:I-Ab 

(2W) tetramer-binding CD4+ T cells and of SIINFEKL:H-2Kb (OVA) pentamer-binding 

CD8+ T cells was observed (Fig 3).

We used this experimental model to test the effect of CTLA4-Ig treatment, beginning on 

either day 0 or 7 post-sensitization, and sacrificing the recipients on day 21 for flow 

cytometric analysis (Figure 3A,B). As shown in Figure 3C-F, treatment with CTLA4-Ig 

from the day of immunization completely inhibited endogenous 2W- and OVA-specific T 

cell responses, preventing their expansion and differentiation into effector memory TEM 

cells (CD44+CD62L−). In contrast, delayed CTLA4-Ig did not affect the increase in total 

number of 2W-reactive CD4+ (Fig 3C) or OVA-reactive CD8+ (Fig 3E) T cells and 

minimally affected their differentiation into CD44+CD62L− effectors (Fig 3D-F).

We also investigated the differentiation of endogenous donor-reactive T cells into Tfh or 

IFNγ-producing cells (Fig 4). Similarly to seeded TCR75 cells, delayed CTLA4-Ig 

treatment did not decrease the number of 2W-reactive CD4+ Tfh cells as compared to 

untreated controls, confirming that the collapse of GC B cells was not due to an inhibition of 

Tfh differentiation per se (Fig 4A). Furthermore, delayed CTLA4-Ig therapy did not prevent 

the accumulation of allospecific CD4+ IFNγ-producing cells, detected by the ex vivo 
stimulation with T cell-depleted F1 splenocytes. Delayed CTLA4-Ig was able to induce a 

modest 35% decrease in the number of alloreactive CD8+ T cells producing IFNγ compared 

to the untreated controls (Fig 4C). Overall, the effect of delayed CTLA4-Ig treatment on the 

endogenous donor-reactive CD4+ T cells was minimal, and the robust inhibition of 

alloreactive GC B cell responses by delayed CTLA4-Ig is likely to be due to inhibiting Tfh 

interaction with GC B cells.
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 Delayed CTLA4-Ig therapy reverses allospecific B cell responses and rescues heart 
allografts from acute rejection

We next investigated whether the effects of delayed CTLA4-Ig on B cell responses can be 

replicated in a model of heterotopic heart transplantation. To this end, C57BL/6 mice were 

transplanted with BALB/c hearts, a model in which heart allografts are typically rejected 7-8 

days post-transplantation. CTLA4-Ig treatment was initiated either on the day of transplant 

or 6 days post-transplant (Figure 5A), when there was already significant C4d deposition 

(Fig 5B, left and middle panels). The total number of H-2Kd-reactive B cells was not 

significantly increased on day 6 post-transplantation, but significantly increased by 3-fold 

between days 6 and 14 post-transplantation (Fig 5C). This increase was completely inhibited 

by the administration of CTLA4-Ig starting on day 6 post-transplantation. In contrast, a 10-

fold increase in the total number of H-2Kd-reactive B cells with the GC phenotype were 

observed by day 6 post-transplantation, and a 1000-fold increase was observed on day 14 

post-transplantation (Fig 5D). The administration of CTLA4-Ig starting on day 6 post-

transplantation completely reduced the H-2Kd-reactive GC B cell response to levels 

observed in naïve mice. Consistent with this early control of alloreactive B cell responses, 

mice receiving delayed CTLA4-Ig exhibited excellent long-term control over alloantibody 

production (Fig 5E). Of the recipients treated delayed CTLA4-Ig, 8 of 12 had palpable 

heartbeat at day 30 post-transplantation (Fig 5F). Immunohistochemistry of the surviving 

allografts on day 30 post-transplantation revealed a modest but not statistically significant, 

reduction in C4d deposition compared to grafts at day 6 post-transplantation (Fig 5B, right 

panel). Notably, the adoptively transferred hyperimmune serum was able to precipitate acute 

allograft rejection in 5/5 mice treated with delayed CTLA4-Ig. In contrast, mice that 

received serum with CTLA4-Ig on day 0 did not reject their grafts (Fig 5F).

 Discussion

A number of risk factors have been identified for developing de novo DSA post-

transplantation, including pre-transplant DSA, poor adherence to treatment or inadequate 

immunosuppression, and late acute antibody-mediated rejection[35, 36]. There is a general 

consensus in the clinical transplant community that current immunosuppressive agents do 

not effectively control antibody responses once they are established[37, 38], and that drugs 

with the ability to reverse established antibody responses would result in an improvement in 

the long-term outcomes of transplants in the clinic.

To develop a rational approach towards controlling established antibody responses, it is 

important to understand how ASCs are generated. Recent studies with model T-dependent 

antigens indicate that ASCs are generated in two distinct phases[39]. The early phase occurs 

independently of GC and is responsible for the production of antibodies from B cells that 

have undergone class switching and limited somatic hypermutation. In contrast, the later 

phase comprises ASC that have undergone extensive class switching and affinity maturation 

within the GC, and the antibodies they produce are likely to be of higher affinity. In allograft 

transplantation, effective inhibition of T cell responses results in virtually no alloantibody 

production[40] (Fig 5) suggesting that post-GC ASCs are the dominant source of 

alloantibodies, and inhibiting the GC reaction may be an effective way to control graft-
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specific B cell responses. Indeed, by tracking alloreactive B cells, we were able to 

demonstrate the ability of CTLA4-Ig administered even as late as day 14 post-immunization 

to collapse established GC responses and significantly reduce the total numbers of H-2Kd-

specific B cells. DSA production was significantly inhibited by CTLA4-Ig administered 

from day 7 and less so when treatment was initiated from day 14 post-immunization. These 

latter observations suggest that post-GC ASCs had already been generated by day 14 and 

their production of alloantibodies was less resistant to CTLA4-Ig. Nevertheless, we observed 

a trend towards a more rapid decline the DSA at day 42, raising the possibility that CTLA4-

Ig may inhibit antibody production by plasma cells (Fig 1B). Indeed, Lee and colleagues 

[41, 42] have reported that long-lived plasma cells resident in the bone marrow require 

CD28-B7 interactions for their survival. Thus, a more careful analysis of the impact of 

CTLA4-Ig on long-lived plasma cells is required, as there continues to be a strong clinical 

need to identify drugs that can reverse established DSA responses.

The ability of CTLA4-Ig, administered from the day of transplantation, to inhibit the 

development of germinal center B cell responses and alloantibody production has been 

explained by its ability to inhibit T cell activation [43]. In contrast, our observations that 

CTLA4-Ig treatment starting from day 7 or day 14 to collapse established GCs suggests that 

the maintenance of the GC is persistently dependent on CD28-B7 interactions between T 

cells and B cells. An alternative explanation is that CTLA4-Ig binds to B7 on dendritic cells, 

triggering their expression of IDO that inhibits the activation of conventional T cells and/or 

promotes the function of regulatory T cells[24, 44]. Indeed, there are reports that IDO 

expression can be induced in B cells; however IDO does not appear to have counter-

regulatory effects in B cells and has even been reported to promote antibody-

production[45-47]. Nevertheless, IDO produced by B cells may have immunomodulatory 

effects on T cells and induce regulatory T cells through a CTLA-4-TGFß/IDO pathway[48]. 

Thus, the profound effect of delayed CTLA4-Ig on the GC B cells could be explained by the 

inhibition of alloreactive T cell activation, a possibility we addressed by quantifying 

alloreactive CD4+ T cells.

We initially traced the fate of alloreactive T cells using the conventional approach of 

adoptively transferring alloreactive TCR-transgenic T cells. A 500 TCR75 dose was chosen 

because it was 2000-10000-fold lower than has been used in previous studies to trace the 

fate of alloreactive T cells[49-51], and close to the level of endogenous T cell populations. 

Even with this low dose of cells, we were able to track the cells and determine their fate 

post-sensitization. CTLA4-Ig administered from day 7 post-immunization was unable 

control the TCR75 CD4+ T cell response including their differentiation into Tfh cells. These 

observations suggest that the collapse of the GC B cell response was not due to the lack of 

Tfh cells. Additionally, we describe a novel and powerful approach for tracking the fate of 

endogenous alloreactive CD4+ and CD8+ T cells in C57BL/6 recipients sensitized with cells 

that express the model antigen 2W-OVA. By using MHC tetramers to track the CD4+ and 

CD8+ T cells that recognize the 2W and OVA antigens, respectively, we confirmed that the 

delayed administration of CTLA4-Ig to day 7 post-immunization was not able to reverse the 

already primed alloreactive CD4+ or CD8+ T cell response. These observations suggest that 

the ability of delayed CTLA4-Ig to inhibit and reverse established B cell responses is due to 

inhibition of B-cell:Tfh cell interactions leading to the death of B cells within the GC, and 
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argue against a more global effect of CTLA4-Ig inhibiting T cell activation and 

differentiation via the generation of IDO and regulatory T cells.

We also demonstrated that delayed CTLA4-Ig treatment was able to treat acute rejection 

when administered as late as 6 days post-transplantation in a BALB/c into C57BL/7 

heterotopic heart model. Treatment was started just 1-2 days before complete cessation of 

heartbeat to allow us to also test the efficacy of CTLA4-Ig at treating rejection. While this 

time point is likely to be too late to be clinically relevant, we reasoned that it serves as a 

robust model to demonstrate the ability of delayed CTLA4-Ig to rescue allografts from acute 

rejection. DSA levels were suppressed and cardiac allografts on day 30 post-transplant 

presented with lower C4d deposition compared to the day 6 allografts. Adoptively 

transferred hyperimmune sera into recipients treated with delayed CTLA4-Ig was able to 

induce acute rejection, but not when the sera was transferred into recipients treated with 

CTLA4-Ig from day of transplantation. Thus delayed CTLA4-Ig treatment was able to 

inhibit established donor-specific antibody response and halt established rejection. While a 

causal relationship between these two events is suggested by these observations, it has not 

been definitively proven and a possibility exists that the control of acute rejection may be 

due, either in part or entirely, to the inhibition of established T effector cell function by 

delayed CTLA4-Ig.

The ability of CTLA4-Ig to control established T cell mediated acute rejection appears to 

contradict the extensive literature that primed effector and memory T cells are resistant to 

blockade of the CD28-B7 or CD40-CD154 pathways[52-55]. However, the majority of those 

studies focused on tolerance induction that used a short treatment course of costimulation 

blockade, whereas in this study we continuously treated with CTLA4-Ig, which is more 

similar to clinical protocols[21, 56]. Indeed, our studies may provide insight into why 

CTLA4-Ig cannot establish tolerance in sensitized recipients, by demonstrating that it is 

ineffective at eliminating effector alloreactive T cells and suggesting that continued CTLA4-

Ig is required to prevent these cells from reactivating to mediate graft rejection. The reported 

ability of CTLA4-Ig to inhibit memory CD4+ T cell IL-2 production and proliferation and 

partially inhibit IFNγ production [57], supports this possibility. Finally, the results that 

CTLA4-Ig can reverse established B cell responses and acute rejection provides a potential 

explanation for the clinical observation that despite higher early acute rejection rates in renal 

transplant patients on belatacept, the rate of developing de novo DSA was significantly 

lower and kidney function was superior compared to patients on cyclosporine A [58, 59].

In summary, our study utilizes novel approaches to track both endogenous graft-specific B 

and T cell responses to understand the behavior of these cells during sensitization and 

allograft rejection. This study demonstrates that when CTLA4-Ig treatment was delayed to 

day 6-7 post-sensitization or transplantation, a time when both T and B cell responses had 

been established, only the B cell response was reversed whereas the T cell response, by and 

large, developed comparably to untreated recipients. Finally, we show that delayed CTLA4-

Ig treatment starting from day 6 post-transplantation, was able to halt established B cell 

responses and acute rejection. Collectively these observations underscore the potential utility 

of CTLA4-Ig for controlling established B cell responses and for treating acute rejection in 

the clinic.
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 Abbreviations

2W peptide, EAWGALANWAVDSA, or 2W:I-Ad tetramers

APC allophycocyanin

ASC antibody secreting cells

CTLA-4 cytotoxic T-lymphocyte-associated protein 4

DSA donor specific antibodies

FR4 folate receptor 4

GC germinal center

IDO indoleamine 2,3-dioxygenase

IFNγ interferon-gamma

IVIG intravenous immunoglobulin

OVA ovalbumin or SIINFEKL:H-2Kb (OVA) pentamers

TCR T cell receptor

TCMR T cell-mediated rejection

Tfh T follicular cells
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Figure 1. CTLA4-Ig treatment delayed until day 14 post-immunization collapsed established 
germinal center B cell responses
A, Diagram of experimental protocol. C57BL/6 mice were given 20×106 BALB/c 

splenocytes injected subcutaneously at each limb at day 0, followed by CTLA4-Ig given 

twice weekly starting on day 0, 7, or 14. B, Donor-specific IgG antibodies (DSA-IgG). 

Serum samples were incubated with BALB/c splenocytes, then stained with rabbit anti-

mouse IgG and anti-B220 to exclude B cells. Data from 2 independent experiments (N=8/

group) are presented as the mean fluorescence intensity (MFI) on non-B cells. C, Diagram 
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of treatment method for GC analysis. C57BL/6 mice sensitized with BALB/c splenocytes on 

day 0, were treated with CTLA4-Ig from day 0, 7, or 14 and sacrificed after 7 days of 

treatment. D, Example gating strategy for GC B cells, showing gating on B220+ B cells, 

H-2Kd-binding, IgDlo activated B cells, and Fas+GL7+ GC B cells. E&F, Quantification of 

GC H-2Kd-binding B cells. Pooled spleens and axial, brachial, and inguinal LNs were 

harvested on day 7 post-treatment in mice given CTLA4-Ig at day 0, 7, or 14 post-

sensitization along with untreated controls. The percentage of activated IgDlo Fas+GL7+ GC 

B cells among the H-2Kd-binding population and their total number of are shown. Data 

pooled from 3 independent experiments (N=5-8/group) are presented; and statistically 

significant differences are indicated (*p<0.05, **p<0.01, ***p<0.005).
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Figure 2. Adoptively transferred CD4+ alloreactive TCR75 T cell responses are not controlled by 
delayed CTLA4-Ig treatment
A, Diagram of experimental protocol. C57BL/6 mice were given 500 TCR75 CD4+ T cells 

1d prior to sensitization with BALB/c splenocytes, followed by CTLA4-Ig 2x/week starting 

from day 0 or 7. Controls were unsensitized (Naïve) or sensitized but untreated (No Rx) 

C57BL/6 mice. B, Example gating strategy for TCR75 T cells. Gating for TCR75 was based 

on CD4+ CD45.1 and Vβ8.3 expression, and TCR75+Tfh cells were identified as 

FR4+CXCR5hi. Gating for TCR75+ IFNγ+ cells is also illustrated. Analysis was performed 

on the TCR75+ cells concurrently transferred and harvested from all four groups. C, The 

total number of TCR75+ T cells and D, of TCR75+ Tfh cells from combined spleen and 

axial, brachial, and inguinal LNs was calculated for each group described in 2A. Cell counts 

of 0 were arbitrarily set to 1 to fit on a logarithmic scale. E, IFNγ production was evaluated 

by incubating responder cells with previously LPS-stimulated and T cell-depleted C57BL/6 

syngeneic or F1 allogeneic stimulator cells. Total numbers of TCR75+ IFNγ+ cells were 

determined after subtracting syngeneic cell stimulation from allogeneic cell stimulation. 

Data pooled from 3 independent experiments (N=5=8/group) are presented; and statistically 

significant differences are indicated (*p<0.05, **p<0.01, ***p<0.005).
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Figure 3. Endogenous antigen-specific CD4+ and CD8+T cell expansion is not reversed by 
delayed CTLA4-Ig treatment
A, Diagram of experimental protocol. C57BL/6 mice were sensitized with 20×106 

splenocytes from 2W-OVA B/6×B/c F1 mice. Recipients were treated biweekly with 250μg 

CTLA4-Ig 2x/week starting at either day 0 or 7; sensitized and untreated (No Rx), or naïve 

mice served as controls. B, Example gating strategy of sensitized C57BL/6 mouse. 

Combined spleens and axial, brachial, and inguinal LNs were stained and gated on 

Dump−CD90+ T cells, and separated into CD4+ and CD8+ gates. CD4+ and CD8+ T cells 

were examined for I-Ab:2W-binding (2W) or H-2Kb:OVA-binding (OVA), and for CD44 and 
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CD62L expression. C&D, The total number of 2W CD4+ T cells, and CD44hiCD62Llo 

effectors among 2W cells is shown. E&F, The total number of OVA CD8+ T cells, and 

CD44hiCD62Llo effectors among OVA cells is shown. Data from 4 independent experiments 

(N=6-10/group) are presented; and statistically significant differences are indicated 

(**p<0.01, ***p<0.005, ****p<0.001).
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Figure 4. Endogenous antigen-specific CD4+ Tfh and IFNγ-producing responses are not 
controlled by delayed CTLA4-Ig
C57BL/6 mice were as described for Figure 3. A, The total number of I-Ab:2W-binding 

(2W) Tfh cells from pooled spleens and axial, brachial, and inguinal LNs. B&C, Total 

numbers of allospecific IFNγ+CD4+ or IFNγ+CD8+ T cells were determined as described in 

Figure 2. Cell counts of 0 were arbitrarily set to 1 to fit on a logarithmic scale, and data 

pooled from 4 independent experiments (N=6-9/group) are presented; and statistically 

significant differences are indicated (*p<0.05, **p<0.01, ***p<0.005).
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Figure 5. Delayed CTLA4-Ig rescued allogeneic heterotopic heart transplants but did not reverse 
established damage
A, Diagram of experimental protocol. C57BL/6 mice were given heterotopic BALB/c hearts, 

and given 250μg CTLA4-Ig 2x/week starting 6d post-transplantation until sacrifice, and 

compared with untreated controls. Hyperimmune sera (250 uL/mouse) was injected i.v. 

either at D0 or D6 post-transplantation, concurrently with the initiation of CTLA4-Ig 

treatment. B, Histology of acutely rejecting (AR) hearts at 6d post-transplantation (Left, 

H&E staining, 10x magnification. Center, C4d staining, 40x magnification) or at 30d post-

transplant from animals treated with CTLA4-Ig from day 6-30 post-transplant (Right, C4d 

staining, 40x magnification). A quantification of C4d deposition of AR hearts (NoRx D6) on 

day 6 post-transplant, as well as CTLA4-Ig D6+ and CTLA4-Ig D0+ on day 30 post-

transplantation, is shown (far right). C, Spleens and axial, brachial, and inguinal LN cells 

were pooled and the total number of H-2Kd-binding B cells/per mouse were determined on 

day 14 post-transplantation for naïve, day 6 or 14 post-heart transplant recipients with no 

treatment (No Rx), or treatment with CTLA4-Ig from day 6-14 post-transplantation. D, Total 

number of GC B cells among H-2Kd-specific B cells with a GC phenotype. (N=4-8 per 

group from 4 independent experiments). E, Circulating donor-specific IgG antibodies (DSA-

IgG) levels in transplanted mice at day 6-7 or ≥30 post-transplantation ± CTLA4-Ig. F, 
Survival of allografts in untreated and delayed CTLA4-Ig-treatment (N=6-12 per group from 

5 independent experiments). Some mice received 250 uL/mouse of pooled hyperimmune 

serum at time of CTLA4-Ig treatment (Day0+ (N=3) or D6+ N=5 from 2 independent 

experiments). Statistically significant differences are indicated (*p<0.05, **p<0.01, 

***p<0.005).

Young et al. Page 20

Am J Transplant. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Mice
	Adoptive transfer of T cells
	Sensitization
	Transplantation
	Flow Cytometry
	Donor Specific Antibody Assay
	Stimulation for Cytokine Staining
	Histology
	Statistics

	Results
	Delayed treatment with CTLA4-Ig halted ongoing alloantibody production by collapsing the B cell germinal center response
	Delayed CTLA4-Ig does not prevent the accumulation of adoptively transferred, alloreactive TCR75 T cells
	Delayed CTLA4-Ig treatment does not alter the expansion or differentiation of endogenous antigen-specific T cells
	Delayed CTLA4-Ig therapy reverses allospecific B cell responses and rescues heart allografts from acute rejection

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

