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Abstract

Background—Platelet transfusions can induce humoral and cellular alloimmunity. Anti-HLA 

antibodies can render patients refractory to subsequent transfusion, and both alloantibodies and 

cellular alloimmunity can contribute to subsequent bone marrow transplant rejection. Currently, 

there are no approved therapeutic interventions to prevent alloimmunization to platelet 

transfusions other than leukoreduction. Targeted blockade of T cell costimulation has shown great 

promise in inhibiting alloimmunity in the setting of transplantation, but has not been explored in 

the context of platelet transfusion.

Study Design and Methods—We tested the hypothesis that the costimulatory blockade 

reagent CTLA4-Ig would prevent alloreactivity against major and minor alloantigens on 

transfused platelets. BALB/c (H-2d) mice and C57BL/6 (H-2b) mice were used as platelet donors 

and transfusion recipients, respectively. Alloantibodies were measured by indirect 

immunofluorescence using BALB/c platelets and splenocytes as targets. Bone marrow transplants 

were carried out under reduced intensity conditioning using BALB/b (H-2b) donors and C57BL/6 

(H-2b) recipients to model HLA identical transplants. Experimental groups were given CTLA4-Ig 

(before or after platelet transfusion) with control groups receiving isotype matched antibody.

Results—CTLA4-Ig abrogated both humoral alloimmunization (anti-H-2d antibodies) and 

transfusion induced bone marrow transplant rejection. Whereas a single dose of CTLA4-Ig at time 

of transfusion prevented alloimmunization to subsequent platelet transfusions, administration of 

CTLA4-Ig after initial platelet transfusion was ineffective. Delaying treatment until after platelet 

transfusion failed to prevent bone marrow transplant rejection.

Conclusions—These findings demonstrate a novel strategy using an FDA approved drug that 

has the potential to prevent the clinical sequela of alloimmunization to platelet transfusions.
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Introduction

Platelet transfusion therapy can be a life-sustaining treatment for many patients with severe 

thrombocytopenia. However, alloimmunization is a potential sequelae of platelet transfusion 

with serious consequences for chronically transfused patients. Induction of alloantibodies, 

typically against HLA and/or human platelet antigens (HPAs), can lead to poor survival of 

transfused platelets expressing the offending antigens 1–3. In the case of alloimmunization 

against multiple specificities, patients can become increasingly refractory to transfused 

platelets. In severe instances, platelet transfusions may cease to be a viable treatment, 

leaving few options for maintaining hemostasis. Although leukoreduction of platelets has 

significantly decreased humoral alloimmunization, anti-HLA antibodies still form in at least 

18% of transfused patients 4. Currently, there are no approved therapeutic interventions in 

humans to mitigate risk of alloimmunization other than leukoreduction.

A subset of thrombocytopenic patients suffer bone marrow disorders that can be cured by 

successful bone marrow transplantation (BMT). Stringent myeloablative conditioning 

regimens used during BMT for treatment of malignancy have made BMT rejection a very 

infrequent event, mostly due to destruction of the recipient immune system. However, in 

congenital or acquired BMT failure syndromes, in which no neoplasia is present, it is 

difficult to justify stringent conditioning due to the significant morbidity and mortality 

involved. Rather, BMT for non-malignant disease are typically carried out with HLA-

matched BMT under reduced intensity conditions 5–7. However, under these conditions 

roughly 15% of transplanted patients reject the HLA-matched BMT 8–10. Because the BMT 

is largely matched at the MHC loci (or identical in the case of HLA matched siblings), the 

most likely immunological vector mediating rejection in these patients is alloreactivity to 

minor histocompatibility antigens (mHAs) expressed on the donor bone marrow. Recently, 

we have reported in a murine model that transfusion of leukoreduced platelets (LR-PLTs) 

induces BMT rejection if the LR-PLTs and bone marrow share mHAs 11. In this case, the 

vector of rejection is T cells and not antibodies (Patel, SR., et al manuscript in submission). 

Thus, in the context of refractoriness to platelet transfusion and transfusion induced BMT 

rejection, alloimmunization to platelet antigens (in either humoral or cellular compartments), 

has the potential to cause serious immunological sequelae.

One strategy that has demonstrated efficacy in preventing alloresponses in settings of 

experimental solid organ transplantation is the blockade of T cell costimulation. Activation 

and generation of an effective T cell response is generally accepted to require at least two 

distinct signals. Signal 1 is delivered via interaction of the T cell receptor (TCR) and the 

peptide:MHC complex. Although signal 1 is required for T cell activation, it is not alone 

sufficient. An additional second signal is required, consisting of costimulation from 

molecules on antigen presenting cells (APCs), canonically B7.1 and B7.2 on APCs ligating 

CD28 on responding T cells; although a multitude of costimulatory signals have now been 

described 12. T cells that receive signal 1 without signal 2 not only fail to differentiate into 

mature effector T cells, but can be rendered ineffective through induction of anergy, a 

regulatory-like phenotype, or possibly deletion 13.
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Blockade of the CD28-B7.1/B7.2 signaling pathway can be achieved pharmacologically 

using a recombinant fusion protein that combines the extracellular domain of the human 

cytotoxic T-lymphocyte associated antigen 4 (CTLA4) with a modified constant region of 

human IgG1 (CTLA4-Ig). CTLA4 is a T cell surface receptor that competes with CD28 for 

binding to B7.1 and B7.2 costimulatory molecules as well as delivering inhibitory signals to 

the T cell 14. CTLA4-Ig functions by binding to and blocking B7.1/B7.2, thus depriving 

responding T cells from costimulation through the CD28-B7 axis 15–17. CTLA4-Ig, known 

commercially as Abatacept, is currently approved by the U.S. Food and Drug and 

Administration (FDA) for the treatment of psoriasis and rheumatoid arthritis 18. A second-

generation derivative, known commercially as Belatacept, has recently received FDA 

approval for use in renal transplantation 19, 20. Because CTLA4-Ig has shown clinical 

success in inhibiting autoimmunity and alloimmunization, we hypothesized that the 

immunosuppressive effects of CTLA4-Ig would extend to the prevention of 

alloimmunization in response to LR-PLT transfusions.

Herein, we report that CTLA4-Ig prevents both humoral alloimmunization to MHC class I 

antigens (murine equivalent of HLA) and also prevents LR-PLT transfusion induced BMT 

rejection. We further demonstrate that administration of CTLA4-Ig prior to initiation of 

platelet transfusion therapy is required, as administration after platelet transfusion and 

before BMT does not prevent rejection. These observations demonstrate that blockade of the 

CD28-B7.1/B7.2 costimulatory pathway during the initial antigen exposure is alone 

sufficient to inhibit alloimmunization to transfused platelets in a murine model.

Materials and Methods

Mice

Female C57BL/6 (H-2b), BALB/c (H-2d), and BALB.B [C.B10-H-2b/LiMcdJ (H-2b)] mice 

were purchased from Jackson Laboratories (Bar Harbor, ME). BALB/c mice were used as 

LR-PLT and whole blood donors at 8 – 12 weeks of age, while BALB.B BM donors and 

C57BL/6 recipients were utilized at 6 – 8 weeks of age. BALB.B, BALB/c, and C57BL/6 

donors for seroanalyses and/or in vivo clearance assays were utilized at 8 – 12 weeks of age. 

Female TCR75×Thy1.1 (H-2b) mice were a generous gift from Dr. Pat Bucey 21. All mice 

were housed in Emory University Department of Animal Resources facilities and all studies 

and procedures were carried out in accordance with Emory University’s Institutional Animal 

Care and Use Committee guidelines.

Antibodies for Flow Cytometry

Antibodies were purchased from BD Pharmingen (PE anti-mouse CD41, PE anti-TER119/

erythroid, PE Rat IgG2b, APC goat anti-mouse Igs, FITC anti-mouse CD19, FITC anti-

mouse CD4, FITC anti-mouse CD8α, PE anti-mouse CD3ε, APC anti-mouse CD3ε, FITC 

Rat IgG2a, k, and FITC anti-mouse CD229.1/Ly9.1) and eBioscience (PE Rat IgG1 and 

APC anti-mouse CD229/Ly9).
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Leukocyte Reduced Platelet Rich Plasma Preparation

LR-PLT products were harvested as previously described 11, and transfusion dose and 

schedule were based upon existing protocols in mice 22–24. Briefly, donor PLT rich plasma 

(PRP) was isolated by centrifugation and was passed over a Neonatal Purecell PL High 

Efficiency Leukocyte Reduction Filter (Pall Corporation, Port Washington, NY). LR-PLT 

transfusions contained 1x108 total PLTs and were transfused through the tail-vein. All PLT 

handling was performed at room temperature. PLTs, residual RBCs, and residual leukocytes 

were enumerated as previously described 11. A “swirl” test was performed on all LR-PLT 

concentrates to test the quality of platelets in solution 25.

Isolation of Whole Blood

Whole blood was collected in 1:8 ACD and washed three times with 1x DPBS at 394×g for 

15 minutes. The washed whole blood was re-suspended in 1x DPBS at a 1:5 dilution and 

500 µl transfusions were given by tail vein.

Adoptive Transfer of Donor Specific CD4+ T cells

TCR75 whole splenocytes were liberated by mechanical disruption and incubated in RBC 

lysis buffer (2 mL/spleen) for 5 minutes at room temperature. The cells were washed once in 

1x DPBS, washed three times with warm 1x RPMI, and then incubated for 20 minutes with 

5 µM CFSE (Invitrogen, Eugene, OR) in a 37°C water-bath. Cells were then washed two 

times with cold 1x RPMI supplemented with 10% fetal bovine serum (FBS), and washed 

twice with 1x DPBS prior to re-suspension in 1x DPBS. 1×106 CFSE labeled TCR75 whole 

splenocytes were adoptively transferred via tail vein injection and allowed to circulate for 24 

hours prior to experimentation.

CTLA4-Ig treatment

CTLA4-Ig was a generous gift from the laboratory of Dr. Christian P. Larsen (Emory 

University, GA). In the BMT and TCR75 studies, C57BL/6 recipients were administered 

500 µg of CTLA4-Ig i.p. two hours prior to the first LR-PLT transfusion. To control for this 

treatment process in the BMT experiments, parallel groups were treated with 500 µg of 

human IgG1 isotype control antibody (BioXCell, West Lebanon, NH) i.p.

Bone Marrow Transplantation

Twenty-four hours prior to BMT, all recipients were conditioned with sub-lethal gamma 

irradiation treatments (700 rads). Bone marrow was harvested from femora and tibiae in 1x 

RMPI with 10% FBS. Cells were washed three times in 1x DPBS. During the third wash, 

bone marrow cells were enumerated using a hemocytometer, and then re-suspended at 

10×106 cells/mL in 1x DPBS. 500 µl (5×106 bone marrow cells) transfusions were injected 

into the tail veins of all recipients. Engraftment was monitored six weeks post-BMT by 

staining peripheral blood leukocytes with APC anti-mouse CD229/Ly9 (1:100) for 30 

minutes at 4°C. The samples were washed three times in FACS buffer, and then stained with 

FITC anti-mouse CD229.1/Ly9.1 (1:50) and PE anti-mouse CD3ε (1:100) in FACS buffer 

for 30 minutes at 4°C. The cells were washed three times and re-suspended in FACS buffer. 
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Samples were run on a FACS Caliber and analyzed by FlowJo. 10,000 CD3+ events were 

collected. Engraftment was measured as percent donor CD229.1+ cells.

Seroanalysis: Indirect Immunofluorescence Staining

Sera was diluted 1:10 in FACS buffer and incubated with BALB.B or BALB/c splenocyte 

targets for 30 minutes at 4°C. The samples were then washed three times and stained with 

APC goat anti-mouse Ig (1:100), FITC anti-mouse CD19 (1:100) and PE anti-mouse CD3ε 

(1:100) in FACS buffer for 30 minutes at 4°C, in the dark. Samples were run on a FACS 

Caliber and analyzed on FlowJo. A CD19− CD3+ parent gate was utilized to avoid 

nonspecific background signal due to the B cell receptor and Fc receptor expressing cells. A 

positive response was defined as two standard deviations above the mean MFI of sera from 

naïve C57BL/6 mice.

In vivo Survival of BALB.B Splenocyte Targets

C57BL/6 and BALB.B splenocytes were harvested in 1x RPMI with 10% FBS. Splenocytes 

were incubated in RBC lysis buffer (2 mL/spleen) for 5 minutes at room temperature. Cells 

were then washed three times in 1x DPBS. During the third wash, cells were enumerated 

using a hemocytometer. C57BL/6 and BALB.B splenocyte targets were labeled with CFSEhi 

(3 uM) or CFSElo (2.5 nM), respectively at 37°C for 10 minutes. Samples were mixed at 

equal volumes to generate 10×106 cells/mL per target population. 500 µl transfusions were 

given through tail veins (total dose of 5×106 cells per target). Approximately 18 hours post 

infusion, splenocytes were isolated and target survival was assessed by flow cytometry; 

BALB.B targets were normalized to C57BL/6 targets in each animal to control for mouse-

to-mouse differences in injection volume and harvesting efficiency.

Statistics

Statistical analysis was performed using one-way ANOVA with Dunnett’s post-test and 

column statistics. Significance was determined by a P value less than 0.05.

Results

Anti-donor antibody responses following LR-PLT transfusions are abrogated by CTLA4-Ig

C57BL/6 (H-2b) recipients received four weekly LR-PLT transfusions from BALB/c (H-2d) 

or control syngeneic C57BL/6 donors. An injection of CTLA4-Ig was given two hours prior 

to each transfusion.

Whereas untreated mice made robust antibody responses to BALB/c LR-PLT that increased 

with ongoing transfusion, CTLA4-Ig treatment prevented the induction of detectable 

alloantibodies at all time points (Figure 1A). A single dose of CTLA4-Ig at the time of the 

first LR-PLT transfusion was sufficient to prevent alloimmunization by four additional 

BALB/c LR-PLT transfusions as long as 49 days after CTLA4-Ig administration (Figure 

1B). Together, these data demonstrate that CTLA4-Ig effectively inhibits the humoral 

response to transfused allogeneic LR-PLTs.
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Platelet-specific CD4+ T cell division is prevented by costimulatory blockade

The predicted mechanism by which CTLA4-Ig prevents immune responses is by affecting 

CD4+ T cell activation and differentiation. To test this hypothesis in the context of LR-PLT 

transfusion, we made use of a tractable TCR transgenic murine system. The TCR75 

transgenic mouse expresses a TCR on CD4+ T cells that reacts with a peptide derived from 

the BALB/c H-2Kd MHC class I molecule presented by the C57BL/6 MHC class II, I-Ab 

(Kd
54–68/I-Ab) 21. Thus, TCR75 recognizes a peptide from donor (BALB/c) MHC class I 

alloantigen (Kd) processed and presented by recipient APCs. TCR75 mice were bred onto a 

Thy1.1 congeneic background to allow visualization after adoptive transfer into wild-type 

C57BL/6 recipients (Figure 2A). CFSE labeled TCR75 cells were adoptively transferred 

into naïve C57BL/6 recipients 24 hours prior to transfusion with LR-PLTs. Mice were 

transfused with BALB/c LR-PLTs, and splenocytes were harvested 5 days post transfusion.

TCR75 cells proliferate robustly in response to BALB/c LR-PLT transfusion, as indicated 

by CFSE dilution (Figure 2B). The proliferation was not a non-specific result of LR-PLT 

transfusion that activates T cells in the absence of cognate peptide antigen, as no 

proliferation was detected in control animals receiving syngeneic LR-PLTs (Figure 2B). 

Administration of CTLA4-Ig effectively prevented proliferation of TCR75 cells in response 

to transfusion of BALB/c LR-PLTs (Figure 2B). The adoptive transfer of TCR75 did not 

alter the general nature of the underlying immune response, as anti-H-2d alloantibodies were 

detected in TCR75 recipients that received BALB/c LR-PLT (Figure 2C). In addition to 

preventing CD4+ T cell proliferation, CTLA4-Ig prevented the induction of detectable 

alloantibodies, even with the increased precursor frequency due to TCR75 adoptive transfer 

(Figure 2C).

CTLA4-Ig treatment prevents LR-PLT transfusion induced BMT rejection

CD4+ T cells activation correlates with alloantibody responses to transfused 

platelets 22, 24, 26, 27. In addition, depletion of CD4+ T cells abrogates alloantibody induction 

by LR-PLT transfusion 28. Finally, CD4+ T cells are required for the induction of T cells 

involved in BMT rejection across mHA barriers (Patel, SR., et al, manuscript in 

submission). Thus, we hypothesized that CTLA4-Ig would also prevent LR-PLT induced 

BMT rejection (see Figure 3A for experimental design). C57BL/6 (H-2b) recipients were 

transfused weekly (four times) with BALB/c (H-2d; MHC and mHA-mismatched) LR-PLT 

concentrates. One week after the last transfusion, recipients received a BALB.B (H-2b; 

MHC-matched and mHA-mismatched) BMT under reduced intensity conditions. Two hours 

prior to the first transfusion, some animals received a single dose of CTLA4-Ig; control mice 

received human IgG1 isotype control antibody.

The combined results of three experiments demonstrate that while 14/15 (93%) of recipients 

transfused with BALB/c LR-PLTs rejected BMT in the presence of control human IgG1 

injection, only 1/15 (7%) of CTLA4-Ig treated recipients rejected BMT (Figure 3C). The 

extent of engraftment promoted by CTLA4-Ig treatment prior to LR-PLT transfusion was 

equivalent to engraftment in naïve mice (Figure 3C). Together, these data demonstrate that a 

single dose of CTLA4-Ig at the time of the initial antigen exposure prevents LR-PLT 

transfusion induced rejection of MHC-matched BMT.
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Engrafting Recipients Treated with CTLA4-Ig Lack Detectable BALB Specific Immunity

LR-PLT transfusion induced rejection of BMT across mHA barriers (in the BALB→B6 

strain combination) depends upon T cell immunity, but not antibodies (Patel, SR., et al, in 

submission). Although engraftment of the BALB.B BMT in the presence of CTLA4-Ig 

treatment suggests immunosuppression, it is also possible that the failure to reject the BMT 

in CTLA4-Ig treated recipients was a result of the CTLA4-Ig altering the microenvironment 

to promote bone marrow engraftment. Thus, to directly test immunity, in vivo clearance 

assays were performed by monitoring the fate of BALB.B splenocyte targets injected along 

with an equal number of control C57BL/6 splenocytes.

The results from three combined experiments demonstrated that only 1/15 (7%) of the 

BALB/c LR-PLT transfused recipients treated with CTLA4-Ig cleared the BALB.B 

splenocyte targets in vivo (Figure 4). In contrast, 14/14 (100%) of the rejecting BALB/c LR-

PLT transfused recipients treated with human IgG1 cleared the BALB.B splenocyte targets 

in vivo (Figure 4). Together, these data demonstrate that a single dose of CTLA4-Ig is 

sufficient to prevent donor mHA specific alloimmunity in response to four BALB/c LR-PLT 

transfusions and the subsequent rejection of an MHC-matched BALB.B BMT expressing 

the target mHA(s).

CTLA4-Ig treatment at the time of MHC-matched BMT (after LR-PLT transfusion) does not 
prevent BMT rejection

Although we have demonstrated that CTLA4-Ig administered at the time of the first of four 

LR-PLT transfusions is sufficient to prevent the rejection of a subsequent BMT, these data 

do not determine at which point the CTLA4-Ig is exerting its effects. The half-life of 

CTLA4-Ig in a mouse has been estimated at roughly 6 days 29; thus, there may be sufficient 

amounts of the reagent present at the time of BMT to directly prevent rejection regardless of 

effects upon immune responses to LR-PLT transfusion. To test these different scenarios, 

CTLA4-Ig treatment was delayed until after LR-PLT transfusion. C57BL/6 (H-2b) recipients 

were transfused four times weekly with BALB/c (H-2d: MHC- and mHA-mismatched) LR-

PLT concentrates (Figure 5A). One week after the last transfusion, recipients received a 

BALB.B (H-2b; MHC-matched and mHA-mismatched) BMT under reduced intensity 

conditions with either a single dose of CTLA4-Ig or human IgG1 isotype control antibody. 

Six weeks later, BMT engraftment was assessed using CD229 congenic markers. An 

additional control group was included that received CTLA4-Ig at the time of the first LR-

PLT transfusion.

The combined results of three experiments demonstrated that only 4/14 (29%) of the 

BALB/c LR-PLT transfused recipients treated with a single CTLA4-Ig dose at the time of 

BMT engrafted the BALB.B BMT (Figure 5B). Of mice that received human IgG1 isotype 

control antibody, 2/15 (13%) engrafted the BALB.B BMT while 13/13 (100%) of the 

untreated naïve recipients engrafted the BALB.B BMT (Figure 5B). This was not due to the 

CTLA4-Ig not being active, as 12/12 (100%) of the BALB/c LR-PLT transfused recipients 

treated with a single CTLA4-Ig dose at the time of the first LR-PLT transfusion engrafted 

the BALB.B BMT (Figure 5B). These data demonstrate that CTLA4-Ig loses its 

effectiveness when administered after LR-PLT transfusion but prior to BMT.
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Discussion

Currently, the approved interventions to decrease humoral alloimmunization are limited to 

filter leukoreduction of platelet products, and when possible, matching donor/recipient 

antigens, although the latter is not typically done for platelets prior to immunization. UV 

treatment of platelet units has also been demonstrated to decrease humoral alloimmunization 

in humans 4. However, neither stringent filter leukoreduction nor UV irradiation completely 

prevents humoral alloimmunization. It is unclear to what extent any of the above approaches 

affect cellular immunization to mHAs in platelet products as it relates to inducing BMT 

rejection.

Currently, no approved pharmacological interventions are employed to prevent 

alloimmunization to platelets. Broad-spectrum immunosuppressants in general clinical use 

may in theory decrease alloimmunization to platelets. However, these agents are associated 

with many serious side effects, including opportunistic infections and toxicities that can 

result in morbidity and/or mortality 30–32. In contrast, monoclonal antibodies or fusion 

proteins that target critical immunological pathways required for optimum lymphocyte 

activation (e.g. CTLA4-Ig), are less toxic and have milder side-effect profiles, while still 

affecting adaptive immunity 16, 33. Although immunosuppression is always a clinical 

concern, CTLA4-Ig (Abatacept) is FDA approved for use in patients with rheumatoid 

arthritis, and the extent of immunosuppression is typically well tolerated.

Herein, we demonstrate that CTLA4-Ig inhibits both humoral and cellular alloimmunization, 

preventing antibodies to MHC alloantigens and preventing rejection of bone marrow across 

mHA barriers under reduced intensity conditioning. Thus, in an animal model, CTLA4-Ig 

mitigates the two known immunological sequelae of platelet transfusion. To the best of our 

knowledge, there are no data on the effects of CTLA4-Ig on alloimmunization to platelet 

transfusions in humans. However, it has been reported that CTLA4-Ig (along with 

cyclosporine) induced anergy of T cells from human patients with chronic immune 

thrombocytopenic purpura (ITP) stimulated with platelet antigens in vitro 34, 35.

The extent to which CTLA4-Ig inhibits alloimmunization to human platelet transfusion will 

have to be determined by clinical trials. Although some platelet transfusions are given for 

acute blood loss, the majority of transfused patients receive platelets to treat 

thrombocytopenia from as a result of chronic disease; thus, logistical use of CTLA4-Ig in 

such patients is feasible. The data in the current study suggest that such efforts should focus 

on patients who are not yet immune, and if possible, have not yet been exposed to platelet 

transfusion. The lack of efficacy of CTLA4-Ig in our studies when given after initiation of 

platelet transfusion therapy is consistent with the known properties of CTLA4-Ig and known 

requirements of T cells regarding costimulation signals. Memory T cells have lower 

thresholds of activation than do naïve T cells, and necessitate much less costimulation (if 

any) to reactivate into fully mature effector cells 13, 36. Memory alloimmunity against donor 

antigens can arise from previous transfusion, transplantation, or pregnancy. Thus, our data 

suggest that CTLA4-Ig may have less efficacy in patients with such histories. In addition, 

cross-reactivity of pathogen specific T cells with alloantigens has been reported (i.e. 
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heterologous immunity) 37, and this may contribute to the lack of efficacy of CTLA4-Ig in 

some settings.

There are a number of known costimulatory pathways for which blocking reagents could be 

examined, including CTLA4-Ig (CD28/B7 pathway), anti-CD40 (CD40/CD40L pathway), 

anti-LFA-1 (LFA-1/ICAM pathway), LFA3-Ig (LFA-3/CD2 pathway), and others 33, 38, 39. 

Animal studies using the above costimulatory blockade regimens have demonstrated 

efficacy in prolonging renal, cardiac, pancreatic, and skin graft survival 38–42. However, of 

these costimulatory blockade reagents, only two are currently FDA approved; CTLA4-Ig for 

psoriasis and renal transplantation and LFA3-Ig for psoriasis 16, 20, 43.

In addition to avoiding the induction of a refractory state to platelet transfusions, prevention 

of HLA antibody formation will also benefit candidates for solid organ transplantation. 

Similarly, while the present report focuses on cellular sequela of LR-PLT transfusion in the 

setting of BMT, it may also be possible to extend the use of CTLA4-Ig in preventing platelet 

transfusion induced alloimmunization for solid organ transplantation. Patients with hepatic 

and renal failures can receive aggressive platelet transfusion support prior to transplant. This 

exposure to donor antigen may contribute to rejection of the transplant if donor mHA 

alloimmunity occurs in response to the platelet transfusions; however, such effects have not 

been formally tested and are thus theoretical at this point. Because the current findings are in 

a murine system, testing this hypothesis in a human setting would be required prior to 

drawing clinical conclusions. Nonetheless, these findings demonstrate a novel clinical 

indication for CTLA4-Ig in preventing humoral alloimmunization and rejection of an HLA-

matched BMT across mHA barriers.
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Figure 1. CTLA4-Ig prevents humoral alloimmunization to LR-PLT
(A) C57BL/6 recipients were administered a 500 µg dose of CTLA4-Ig i.p. two hours prior 

to each weekly transfusion of BALB/c LR-PLT concentrates. Sera was collected one week 

after each transfusion and tested for anti-donor antibodies using BALB/c splenocyte targets 

by indirect immunofluorescence staining. The middle panel shows individual animals 

whereas the right panel demonstrates combined data. (B) On day 0, C57BL/6 recipients 

were administered a single 500 µg dose of CTLA4-Ig i.p. two hours prior to a BALB/c LR-

PLT transfusion. Recipients received four subsequent transfusions a week apart, on days 21, 

28, 35, and 42. Sera was collected one week after each transfusion and tested for anti-BALB 

antibodies by indirect immunofluorescence staining using BALB/c splenocyte targets. 

Responders in (A) and (B) were defined as having an MFI two standard deviations above the 

mean MFI of the background sera from naïve C57BL/6 mice (dotted line). Error bars 

represent the mean ± SD. The combined data from three independent experiments are 

shown.
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Figure 2. CTLA4-Ig treatment inhibits donor specific CD4+ T cell responses to platelet 
transfusions
(A) Representative dot plots illustrate the ability to readily discriminate adoptively 

transferred TCR75×Thy1.1 splenocytes from C57BL/6×Thy1.2 recipients using the Thy T 

cell congenic marker. (B) CFSE labeled TCR75 splenocytes were adoptively transferred into 

C57BL/6 recipients. Twenty-four hours later, recipients received a LR-PLT transfusion from 

either BALB/c (dark line) or syngeneic C57BL/6 (shaded histogram) donors. Some mice 

were treated with 500 µg of CTLA4-Ig i.p two hours prior to transfusion. Five days post-
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transfusion, splenocytes were harvested and stained with anti-CD4 and anti-Thy1.1; TCR75 

cells were visualized by gating on CD4+Thy1.1+ events and division was measured by 

dilution. The illustrated histograms are representative of the trend observed in three 

independent experiments. (C) TCR75 splenocytes were adoptively transferred into C57BL/6 

recipients. Twenty-four hours later, recipients received a LR-PLT transfusion from either 

BALB/c or syngeneic C57BL/6 mice. Some animals received 500 µg of CTLA4-Ig i.p two 

hours prior to transfusion. Sera were collected at seven and fourteen days post transfusion 

and tested for anti-donor antibodies by indirect immunofluorescence staining using BALB/c 

splenocyte targets. Error bars represent the mean ± SD. The combined data from three 

independent experiments are shown.
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Figure 3. CTLA4-Ig LR-PLT transfusion induced BMT rejection
(A) Experimental model testing the ability of CTLA4-Ig to prevent platelet induced 

rejection of an MHC-matched BMT. BALB/c platelet donors were MHC- and mHA-

mismatched, whereas BALB.B bone marrow donors were MHC-matched but mHA-

mismatched with respect to the C57BL/6 recipients. Recipients received a single 500 µg 

dose of CTLA4-Ig or human IgG1 i.p. two hours prior to the first transfusion. Recipients 

received four LR-PLT transfusions, a week apart. After the fourth transfusion, recipients 

received a BALB.B BMT under reduced intensity conditions. in vivo survival of BALB.B 
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targets was performed after BMT (see Figure 4). (B) The CD229+ congenic markers. 

Representative dot plots illustrate the ability to detect C57BL/6 recipient CD229+ (top left 

panel) and BALB.B donor CD229.1+ (right panel) cells by flow cytometry. Engraftment is 

demonstrated as the presence of a double positive CD229.1+ CD229+ population (bottom 

left panel) and rejection as the absence of this double positive population (bottom right 

panel). Chimerism is indicated by the presence of both the double positive CD229.1+ 

CD229+ and the single positive CD229+ populations. (C) BALB.B BMT engraftment 

results. Engraftment is represented as percent CD229.1+ cells in the peripheral blood; the 

horizontal lines denote the mean of each group. Rejection was measured as having a percent 

CD229.1+ cells engraftment two standard deviations above the mean of the positive control 

group known to reject, recipients treated with isotype control antibody human IgG1. 

Statistics were generated using column statistics and a one-way ANOVA with Dunnett’s 

post-test. The combined data from three independent experiments are shown.

Gilson et al. Page 16

Transfusion. Author manuscript; available in PMC 2015 January 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Effects of CTLA4-Ig on alloimmunization in BMT recipients transfused with LR-PLT 
products
BALB specific immunity was assessed by in vivo survival of BALB.B splenocyte targets in 

BMT recipients. The horizontal line denotes the mean of each group. Statistics were 

generated using column statistics and a one-way ANOVA with Dunnett’s post-test. The data 

shown in both panels is the combined data from three separate experiments.
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Figure 5. Delayed CTLA4-Ig treatment is ineffective at preventing LR-PLT induced BMT 
rejection
(A) Experimental model testing the ability of CTLA4-Ig to prevent platelet induced 

rejection of an MHC-matched BMT when administered at the time of BMT. Recipients 

received four LR-PLT transfusions, a week apart. After the fourth transfusion, recipients 

received a BALB.B BMT under reduced intensity conditions with or without a single 500 µg 

dose of CTLA4-Ig or human IgG1 i.p. two hours prior to transplantation. (B) Engraftment is 

represented as percent CD229.1+ cells in the peripheral blood; the horizontal lines denote 

the mean of each group. Rejection was measured as having a percent CD229.1+ cells 

engraftment two standard deviations above the mean of the positive control group known to 

reject, recipients treated with isotype control antibody human IgG1. Statistics were 
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generated using column statistics and a one-way ANOVA with Dunnett’s post-test. The 

combined data from three independent experiments are shown.
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