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Abstract

Background—In the pig-to-nonimmunosuppressed baboon artery patch model, a graft from an 

α1,3-galactosyltransferase gene-knockout pig transgenic for human CD46 (GTKO/CD46) induces 

a significant adaptive immune response (elicited anti-pig antibody response, increase in T cell 

proliferation on MLR, cellular infiltration of the graft), which is effectively prevented by anti-

CD154mAb-based therapy.

Methods—As anti-CD154mAb is currently not clinically applicable, we evaluated whether it 

could be replaced by CD28/B7 pathway blockade or by blockade of both pathways (using 

belatacept+anti-CD40mAb [2C10R4]). We further investigated whether a patch from a GTKO/

CD46 pig with a mutant human MHC class II transactivator (CIITA-DN) gene would allow 

reduction in the immunosuppressive therapy administered.

Results—When grafts from GTKO/CD46 pigs were transplanted with blockade of both 

pathways, a minimal or insignificant adaptive response was documented. When a GTKO/CD46/
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CIITA-DN graft was transplanted, but no immunosuppressive therapy was administered, a marked 

adaptive response was documented. In the presence of CD28/B7 pathway blockade (abatacept or 

belatacept), there was a weak adaptive response that was diminished when compared with that to a 

GTKO/CD46 graft. Blockade of both pathways prevented an adaptive response.

Conclusion—Although expression of the mutant MHC CIITA-DN gene was associated with a 

reduced adaptive immune response when immunosuppressive therapy was inadequate, when 

blockade of both the CD40/CD154 and CD28/B7 pathways was present, the response even to a 

GTKO/CD46 graft was suppressed. This was confirmed after GTKO/CD46 heart transplantation 

in baboons.
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INTRODUCTION

The introduction of genetically-engineered pigs, e.g., α1,3-galactosyltransferase gene-

knockout (GTKO) [1,2] or transgenic for a human complement-regulatory protein (CD55, 

CD46, CD59) [3–8], has contributed to a significant increase in the survival of pig organs 

transplanted into nonhuman primates. Progress has also been made in understanding the 

mechanisms of the innate and adaptive (T cell-dependent) immune responses, and by the 

introduction of novel immunosuppressive agents, e.g., those that inhibit costimulation 

[9,10].

Our interest has been directed to two topics – (i) costimulation blockade as a form of 

immunosuppression [9,11–16], and (ii) genetic manipulation of the pig to provide protection 

from the primate adaptive immune response [17,18].

Immunosuppressive therapy (IS) based on blockade of the CD40/CD154 pathway by an 

anti-CD154 monoclonal antibody (mAb) prevents the adaptive response to allografts and 

xenografts, contributing to prolonged graft survival [9,11–14,16,19–27]. However, clinical 

use of anti-CD154mAbs has currently been abandoned due to thrombotic complications 

[9,12,16,28–31].

However, the CD40/CD154 interaction remains a promising target, and various CD40-

specific antibodies have been shown to extend kidney and islet allograft survival in 

nonhuman primates without thromboembolic phenomena [32–41]. CD28/B7 costimulatory 

pathway blockade has also been tested in clinical trials of organ allotransplantation with 

encouraging results [42–44].

Pig heart transplantation in nonhuman primates is time-consuming, expensive, and 

associated with complications, e.g., thrombotic microangiopathy, consumptive 

coagulopathy. We therefore developed a simple artery patch transplantation procedure in the 

pig-to-baboon model that successfully exposes the baboon to sufficient pig antigens to 

induce an adaptive immune response in the absence of coagulation dysfunction [16], and 

therefore allows us to determine the efficacy of IS in preventing this response. When no or 
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inadequate IS is administered, a GTKO pig xenograft induces significant T cell proliferative 

and elicited IgM and IgG anti-pig responses, accompanied by cellular infiltration in the graft 

[9]. An anti-CD154mAb-based, but not a CTLA4-Ig (abatacept)-based, regimen prevented 

this response [16].

An alternative or adjunctive approach is to transplant cells, tissues, or organs from pigs that 

have been genetically-engineered to provide some protection from the primate adaptive 

immune response. To date, this approach has included the production of (i) pigs expressing a 

costimulation-blockade agent, e.g., CTLA4-Ig, either constitutively [17,45] or in specific 

cells [46–50], or (ii) pigs transgenic for a human mutant MHC class II transactivator gene 

(CIITA-DN pigs), which reduces swine leukocyte antigen class II expression both when the 

cell is quiescent and when activated [18,51].

We have now explored (i) the efficacy of a patch graft from a CIITA-DN pig to reduce the 

adaptive response, and (ii) the ability of CD28/B7 pathway blockade or blockade of both 

pathways to prevent this response. An anti-CD40mAb was not tested alone as our in vitro 

studies suggested that it was less successful than blockade of the CD28/B7 pathway alone 

(Hara H, et al. manuscript in preparation). To our knowledge, these represent the first in 

vivo studies utilizing pigs with the CIITA-DN genetic modification in a nonhuman primate 

transplantation model.

MATERIALS AND METHODS

Animals

Baboons (Papio species, n=20; Division of Animal Resources, Oklahoma University Health 

Sciences Center, Oklahoma City, OK), 3–4 years-old, weighing 6–9kg and of known AB 

blood type, were recipients of pig artery patch (n=16) or heterotopic heart (n=4) grafts. 

GTKO/CD46/CIITA-DN, GTKO/CD46, or GTKO pigs of blood group O (nonA), weighing 

30–80kg (Revivicor, Blacksburg, VA), generated by nuclear transfer/embryo transfer from 

modified fibroblasts from Large White/Landrace/Duroc cross-breed pigs [1,18,52], served 

as sources of carotid artery patches or hearts. Some pigs provided two or more patch grafts. 

All pigs were tested to confirm (i) absence of Gal expression and (ii) expression of CD46 

and CIITA-DN in the vascular endothelium of the aorta (18,53).

GTKO/CD46 pig cells have been demonstrated to provide considerable protection against 

the primate humoral immune response [53,54] and CIITA-DN pig cells have been shown to 

protect from the primate adaptive response (18).

In vitro assays were carried out on cells from GTKO/CD46/CIITA-DN pigs to demonstrate 

the efficacy of the mutant human MHC class II transactivator gene.

All animal care was in accordance with the Principles of Laboratory Animal Care 

formulated by the National Society for Medical Research and the Guide for the Care and 

Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources and 

published by the National Institutes of Health (NIH publication No. 86-23, revised 1985). 
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Protocols were approved by the University of Pittsburgh Institutional Animal Care and Use 

Committee.

Surgical procedures

Anesthesia in pigs and baboons, and intravascular catheter placements in baboons have been 

described previously [55], as has the surgical technique of pig artery patch transplantation in 

baboons [16]. A 2×1cm patch was sutured into the anterior wall of the abdominal aorta as an 

onlay graft. The ischemic period was 2–3h in all cases. The technique of heterotopic heart 

transplantation has also been described previously (9,13,14,55).

Experimental groups (Table 1)

The studies were divided into three groups, based on the nature of the graft (artery patch 

[n=16] or heart [n=4]) and graft-source pig (GTKO or GTKO/CD46 or GTKO/CD46/

CIITA-DN). In Group 1 (n=8), baboons received patch grafts from GTKO (n=4) or GTKO/

CD46 (n=4) pigs, and in Group 2 (n=8) from GTKO/CD46/CIITA-DN pigs.

Group 1 and 2 baboons were euthanized at the end of the experiment (at 28 or 48 days). 

Group 3 baboons (n=4) received heart grafts from GTKO/CD46 pigs.

Immunosuppressive and supportive therapy (Table 2)

The anti-CD40mAb (2C10R4) was obtained from Dr Keith Reimann at the NIH NHP 

Resource Center, Boston, MA. and the CTLA4-Ig (abatacept or belatacept) was purchased 

(Table 2). 2C10R4 is prepared against rhesus monkey cells [56], but has a significant effect 

against baboon cells [10]. The doses of the costimulation-blockade agents were based on 

previous studies by others and ourselves [16,43,56–59].

Baboons in Group 1 (that received grafts from GTKO or GTKO/CD46 pigs) received either 

a CTLA4-Ig (abatacept)-based IS regimen (Group 1A, n=4) or combined CD28/B7 and 

CD40/CD154 pathway blockade with belatacept and anti-CD40mAb (Group 1B, n=4).

To determine the role of the CIITA-DN mutation, one baboon in Group 2 (all of which 

received grafts from GTKO/CD46/CIITA-DN pigs) received no IS (as a control). Five 

baboons received CD28/B7 pathway blockade (Group 2A, n=5), that was either abatacept-

based (n=2) or belatacept-based (n=3). (As we could detect no difference in the effect of 

these two agents in the doses used, we report them as a single subgroup.) Two baboons 

(Group 2B) received combined CD28/B7 and CD40/CD154 pathway blockade with 

belatacept and anti-CD40mAb (the same regimen as in Group 1B).

All baboons in Group 3 (heart transplants, n=4) received hearts from GTKO/CD46 pigs and 

IS based on blockade of both pathways, i.e., belatacept+anti-CD40mAb (as in Groups 1B 

and 2B). However, tapering low-dose methlprednisolone was added to the regimen (Table 

2).

To ensure that hyperacute rejection did not occur, in the early part of this study 9 baboons 

received cobra venom factor, but this was later considered unnecessary. The decision not to 

include maintenance corticosteroids in the regimen was based on the observations of 
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Yamada et al [60,61]. Rapamycin replaced mycophenolate mofetil (MMF) in some 

experiments simply because we have found it necessary to administer MMF by a continuous 

i.v. infusion (as many baboons will not take it orally), whereas rapamycin can be 

administered by i.m. injection [62] (Table 1). (We have not observed any difference in 

response whether MMF or rapamycin has been administered.)

Anticoagulation

No postoperative heparin was administered to the baboons in any group.

Pig aortic endothelial cell (pAEC) culture

pAEC were cultured as previously described [53]. Activation of subconfluent pAEC was 

carried out by co-culture with recombinant porcine interferon-γ (IFN-γ, 50ng/mL: Serotec, 

Raleigh, NC) for adequate periods. Surface expression of SLA class I (clone JM1E3, 

Serotec) and class II (clone 2E9/13, Serotec) antigens on pAEC was detected by LSR II flow 

cytometer (Beckton Dickinson, Franklin Lakes, NJ), as previously described [18].

Measurement of anti-pig nonGal IgM and IgG antibodies

Anti-pig (nonGal) antibody levels were measured by flow cytometry using GTKO/CD46 

pAEC as target cells, as previously described [16]. Briefly, 20μl baboon sera, which had 

been heat-inactivated for 30min at 56°C, were incubated with 0.1–0.2×106 pAEC for 30min 

at 4°C. pAEC were washed and incubated for 30min at 4°C with secondary antibodies 

(1:20) - anti-human FITC-IgM (μ-chain-specific) and FITC-IgG (γ-chain-specific) 

(Invitrogen, Carlsbad, CA). Negative controls were obtained by incubating the target cells 

with secondary anti-human antibodies only (and no serum). Binding of IgM and IgG was 

assessed using relative mean fluorescence intensity (MFI), which was calculated by dividing 

the MFI value for each sample by the negative control. Data acquisition was performed with 

a LSR II flow cytometer (BD), and data were analyzed using Flowjo software. Antibody 

levels in all samples from a single baboon were measured on the same occasion.

CFSE-Mixed lymphocyte reaction (MLR)

CFSE-MLR was carried out before transplantation and between days 21–28 or 41–48 after 

transplantation, as previously described [54,63]. Recipient baboon and donor pig peripheral 

blood mononuclear cells (PBMC) were isolated from heparinized blood and labeled with 

CFSE (Molecular Probes, Eugene, OR) at a final concentration of 5μM. Responder PBMC 

(2×106 cells/ml) from baboon recipients were co-cultured with irradiated (2,800cGy) PBMC 

prepared as stimulator cells (2×106 cells/ml) from the autologous baboon or donor pig. The 

responder:stimulator ratio was 1:1. After 6 days culture, cells were harvested for staining 

with phycoerythrin (PE)-Cy7-conjugated CD4 (clone SK3) and PE-conjugated CD8 (clone 

RPA-T8) mAbs (BD Pharmingen, San Diego, CA) together with a Pacific Blue-conjugated 

CD3e (clone SP34-2) mAb (BD Pharmingen). Flow cytometry was performed using LSR II 

flow (BD Bioscience, San Jose, CA). Percentage of T cell proliferation was analyzed by 

FlowJo software (Tree Star, Ashland, OR).
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Monitoring of baboon CD4+ or CD8+ T cells and CD21+ B cells

Blood samples were collected before any therapy, and on days −1, 4, 7, 14, 21, 28 +/− 42 for 

flow cytometric analysis. FITC-conjugated mouse anti-human CD3ε (clone SP34), PEcy7-

conjugated anti-CD4 (clone SK3), PE-conjugated anti-CD8 (clone RPA-T8), and APC-

conjugated anti-CD21 (clone B-ly4) antibodies were obtained from BD Pharmingen. CD21 

was used as a B cell marker because baboons in other studies (not included here) were 

administered anti-CD20 mAb. Percentages of CD3+CD4+, CD3+CD8+ T cells, and CD21+ 

B cells were determined by flow cytometry. Data acquisition was performed with a LSR II 

flowcytometer, and data were analyzed using Flowjo software.

Histopathology and immunohistopathology of pig grafts

The pig artery patch xenografts (with surrounding baboon aortic tissue) were excised at 

euthanasia. The central part of the graft, i.e., avoiding the areas around the suture lines, was 

used for histological examination. At necropsy in baboons with heart xenografts, both 

ventricles, both atria, and donor aorta and pulmonary artery were examined.

For conventional histology, tissues were fixed in 10% formalin, embedded in paraffin, and 

sections were stained with hematoxylin and eosin (H&E) +/− trichrome. For 

immunohistochemistry studies, cryosections (4μm) were stained by using primary mAbs to 

demonstrate antibody and complement deposition (IgM, IgG, C3), as previously described 

[9,16,64,65].

Statistical analysis

Data for the in vitro studies are presented as mean ± SEM. Significance of differences was 

determined by paired Student’s t-test. Statistical analysis was performed using social 

sciences software GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). Values of 

p<0.05 were considered statistically significant. In some cases, the small number of in vivo 

studies in each group precluded statistical comparisons.

RESULTS

IN VITRO STUDIES

Effect of the CIITA-DN modification

Human CIITA-DN suppresses the expression of SLA class II on pAEC (Figure 1): 
Cultured CIITA-DN pAEC were activated with pIFN-γ for 48h. The expression of SLA 

class II on pAEC was strongly suppressed. In contrast, the expression of SLA class I on 

pAEC was up-regulated similarly in GTKO/CD46/CIITA-DN and GTKO/CD46 pAEC after 

activation with pIFN-γ.

Reduction of baboon T cell response to pPBMC by suppression of SLA class II expression 
(Figure 2): The baboon CD4+ and CD8+T cell responses to GTKO/CD46/CIITA-DN 

pPBMC were significantly lower than to GTKO/CD46 pPBMC (p<0.05). We suggest that 

the CD8+T cell response was reduced because the CD4+ cells no longer provided help.
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IN VIVO STUDIES

Results in Groups 1 and 2: Baboons with artery patch grafts

Recipient baboon survival and clinical complications (Table 1): All 16 baboons 

remained healthy and active throughout the periods of follow-up. There were no 

complications from the surgical procedure or IS. Follow-up was electively for either 28 

(n=9) or 48 (n=5) days, except in two cases when the baboon was euthanized on day 14 or 

21 (following bleeding from an intra-arterial catheter) (Table 1). In later cases, follow-up 

was extended from 28 to 48 days to ensure that a gradual or late elicited anti-pig antibody 

response was not being missed.

Immunologic monitoring

T cell (CD4+, CD8+) and B cell (CD21+) kinetics in baboon recipients (Figure 3): In all 

baboons (with all regimens), after the administration of anti-thymocyte globulin on day −3, a 

profound depletion of T cells (CD3+, CD4+, CD8+) was obtained, and was maintained 

throughout the course of the experiment, irrespective of differences in regimen or 

maintenance therapy (Figures 3A,B). CD3+T cell counts were generally maintained <500/ul, 

with CD4+ and CD8+ cell numbers frequently less than half of this throughout the period of 

follow-up. Some depletion of CD21+ cells occurred in Groups 1B and 2B (Figure 3C) 

(which was unexpected and which we are unable to explain).

Recipient baboon T cell proliferation in response to pig nonGal antigens (Figure 4): The 

single baboon that received no IS developed an approximate 80% increase in CD4+ and 

CD8+ proliferative responses (Figure 4A,B). Baboons receiving a regimen based on CD28 

pathway blockade alone (Group 2A) developed a weaker proliferative response. In contrast, 

a regimen based on blockade of both CD40/CD154 and CD28/B7 pathways (Groups 1B and 

2B) prevented a T cell proliferative response. When comparable IS was administered (e.g., 

Groups 1B vs 2B), the response to a GTKO/CD46/CIITA-DN pig graft appeared to be 

reduced compared to that to a GTKO/CD46 graft (Figure 4A,B). No statistical analysis was 

carried out because of the small numbers in each group. We observed no significant 

difference in the response whether the MLR was carried out on days 21–28 or 48 (Figure 

4C,D).

Recipient baboon elicited antibody responses (Figure 5): The single baboon that received 

no IS developed all of the features of an adaptive immune response, including a 3.5-fold 

increase in anti-nonGal IgM (Figure 5A) and a 16-fold increase in anti-nonGal IgG (Figure 

5B). When the CD28/B7 pathway alone was blocked by CTLA4-Ig (Groups 1A vs 2A), the 

responses were greatly attenuated, though this was more obvious in the presence of a 

GTKO/CD46/CIITA-DN graft (Figure 5B). Indeed, the IgG response to the grafts 

expressing the CIITA-DN mutation (Group 2A) was significantly reduced compared to that 

to the GTKO grafts (Group 1A) (p<0.05), suggesting a beneficial effect of the mutation. In 

baboons in which blockade of both pathways was effective (Groups 1B vs 2B), no 

difference could be seen in anti-pig IgG response (Figure 5B).

Histopathology of pig patch grafts at euthanasia (Figure 6): The graft in the baboon 

receiving no IS showed a massive full-thickness eosinophilic, lymphocytic, and monocytic 
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infiltrate, particularly at the adventitial-medial junction (Figure 6A). Group 1 grafts were 

intact, but with several scattered eosinophils, although features of inflammation were rare 

(Figure 6D). In Group 2A, the grafts showed a mild increase in thickness of the subintima 

and media with a mixed inflammatory cellular infiltrate (lymphocytic and monocytic) 

(Figure 6B). In Group 2B, the histologic appearance of the graft was normal with a lack of 

significant inflammation (Figure 6C). In summary, cellular infiltration of the grafts was 

minimal and less in Groups 1B and 2B than in Groups 1A and 2A. We did not observe any 

platelet adhesion/aggregation or thrombus formation on the endothelial surface of any graft 

either macroscopically or microscopically.

Antibody and complement deposition: Immunofluorescence indicated weak-to-moderate 

deposition of IgM, IgG, and complement in all grafts, with weakest deposition in Group 2B 

(not shown).

Results in Group 3: Baboons with heart grafts—In order to determine whether the 

results documented from the artery patch transplants truly reflected those that would be seen 

after heart transplantation, we carried out 4 experiments using GTKO/CD46 pigs as donors 

(as these were more readily available than GTKO/CD46/CIITA-DN pigs at the time) and the 

IS regimen based on blockade of both pathways, i.e., belatacept+anti-CD40mAb.

Recipient baboon survival and clinical complications (Table 1): The heart grafts in the 4 

baboons in Group 3 could be followed for approximately 4 months (Table 1). The 

experiment was terminated in one baboon (with a functioning graft) that developed a 

cytomegalovirus infection. The other baboons were euthanized following graft failure.

Immunologic monitoring

T cell (CD4+, CD8+) and B cell (CD21+) kinetics in baboon recipients (Supplementary 
Figure 1): In all baboons, after the administration of anti-thymocyte globulin on day −3, a 

profound depletion of T cells (CD4+, CD8+) was observed, and was maintained for 

approximately one week, after which there was some slow recovery (Supplementary Figure 

1). However, CD4+ and CD8+ cell numbers frequently remained <250 cells/μl throughout 

the period of follow-up, even beyond 4m. There was no substantial change in CD21+B cell 

numbers.

Recipient baboon T cell proliferation in response to pig nonGal antigens: Post-transplant, 

proliferation of CD4+ or CD8+ cells against GTKO/CD46 pig cells was greatly reduced (by 

52% and 63%, respectively) (not shown).

Recipient baboon elicited antibody responses (Supplementary Figure 2): There was no 

increase in IgM in any of the baboons (Supplementary Figure 2A). IgG sensitization to 

nonGal antigens expressed on the pAECs did not occur (Supplementary Figure 2B).

Histopathology of pig heart grafts at euthanasia (Supplementary Figure 3): There were 

no features suggestive of acute cellular rejection (graft infiltrating cells). Patchy, focally 

extensive areas of fibrosis (scarring) were seen in the hearts at the time of euthanasia 
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(Supplementary Figure 3). However, thrombosed or recanalizing vessels were not apparent, 

casting doubt on the cause of the observed changes.

Antibody and complement deposition: Immunofluorescence indicated weak IgM, IgG, 

and complement deposition in all grafts (not shown). No attempt was made to determine 

expression of the transgenes in the explanted hearts.

DISCUSSION

One of the current challenges in organ xenotransplantation is to develop immunosuppressive 

regimens that protect against T cell-mediated rejection. However, it is difficult to test these 

without the confusing issue of coagulation dysregulation. The pig-to-baboon artery patch 

model offers this possibility.

To summarize the present study, (i) when IS was inadequate, e.g., with blockade of the 

CD28/B7 pathway alone, the T cell response to a CIITA-DN graft was reduced, but (ii) even 

in the presence of a CIITA-DN graft, blockade of the CD28/B7 pathway alone appeared 

inadequate in that it did not completely prevent a T cell-dependent response, whereas (iii) 

combined blockade of the CD40/CD154 and CD28/B7 pathways successfully prevented this 

response whether a GTKO/CD46 graft expressed the CIITA-DN mutation or not. This 

observation made in the artery patch model was also seen in the heterotopic heart transplant 

model, suggesting that the artery patch model is potentially valuable for the preliminary 

screening of an IS regimen.

Like many studies in nonhuman primate models, the present study is limited by the 

relatively small number of experiments in each group. In addition, there were some minor 

variations in the IS regimens. Nevertheless, we believe that some tentative conclusions can 

be drawn from the observations we have made.

In our established pig-to-baboon artery patch model, by exposing the recipient to sufficient 

pig antigen for an essential period of time to induce an adaptive immune response, we can 

monitor innate and adaptive immune responses to pig xenografts [16]. Using GTKO pigs as 

sources of grafts, our initial studies in this model indicated that (i) a patch graft in a non-

immunosuppressed baboon was sufficient to induce an adaptive immune response (manifest 

by a proliferative response on MLR, an elicited anti-pig IgM and IgG antibody response, 

and intense T cell infiltration of the graft with some B cells, neutrophils and macrophages); 

and (ii) an anti-CD154mAb-based regimen prevented all of the features of the adaptive 

response [16].

In the present study, even when the graft was taken from a GTKO/CD46/CIITA-DN pig, a 

regimen based on blockade of the CD28/B7 pathway was not totally successful, though the 

response was reduced. In contrast, when belatacept was combined with an anti-CD40mAb, 

the regimen prevented all features of a response.

We did not test an anti-CD40mAb-based regimen in the absence of belatacept. Our in vitro 

studies indicated that belatacept had a stronger suppressive effect on MLR (the inhibitory 

effect on baboon T cell proliferation induced by pig ECs) than anti-CD40mAb (Hara H, et 
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al, manuscript in preparation), and so we did not put a priority on testing this latter agent in 

vivo. Lee et al reported an in vitro study that demonstrated that belatacept was a more 

powerful suppressive agent than anti-CD154mAb [66], which is clearly not the case in vivo. 

However, in the present study, the anti-CD40mAb (2C10R4) was prepared against rhesus 

monkeys rather than baboons, and this may be important. Furthermore, Mohiuddin et al 

have demonstrated prolonged graft survival of pig hearts in baboons receiving high doses of 

this agent in the absence of belatacept [67]; anti-CD40mAb alone at high dosage (50mg/kg) 

therefore appears to be sufficient.

The T cell proliferative response, the IgM and IgG antibody responses, and the extent of 

cellular infiltration of the graft were all marginally greater when baboons received grafts 

from GTKO/CD46 pigs than from pigs additionally transgenic for CIITA-DN, but the heart 

transplant studies indicated that this advantage may not be clinically important in regard to 

the immediate T cell response. However, although we emphasize that we currently have no 

data to support such a conclusion, we tentatively suggest that, through reducing the effects 

of graft endothelial activation by inhibiting upregulation of SLA class II, CIITA-DN might 

prove beneficial in inhibiting the development of graft vasculopathy (chronic rejection). We 

have not yet determined whether the pig endothelial cells of the graft are replaced to any 

extent by baboon endothelial cells. However, even if this is the case, the model is sufficient 

to stimulate an immune response.

In our in vitro studies, no increase in SLA class II expression was observed on GTKO/

CD46/CIITA-DN pAECs after activation, though there was increased expression of SLA 

class II on GTKO/CD46 pAECs. This confirms earlier work by us [18] and others [68]. The 

impact of donor MHC class II expression (on graft vascular endothelium and passenger 

leukocytes) has been demonstrated in the mouse allotransplantation model [69]. Donor-

derived passenger leukocytes, including antigen-presenting cells, migrate into host lymphoid 

tissues after transplantation. These antigen-presenting cells express MHC class II and 

stimulate host CD4+T cells and initiate graft rejection through the direct pathway [70,71]. 

Therefore, CIITA-DN pigs are likely to be most beneficial in reducing the direct route of 

xenoantigen presentation.

Although it might be anticipated that the adaptive immune response to a pig organ might be 

greater than to an artery patch, we tested the combined anti-CD40mAb-belatacept-based 

regimen in the pig-to-baboon heart transplantation model with follow-up for up to 18 weeks 

and demonstrated it to prevent an adaptive response as successfully as in the artery patch 

model.

Importantly, although we have documented the thrombotic effect of an anti-CD154mAb in 

both organ and artery patch transplantation models [16,30], we have not observed any 

thrombosis associated with anti-CD40mAb therapy in either model (Iwase H. et al, 

manuscript submitted). Furthermore, this outcome was achieved in the absence of a 

continuous heparin infusion, which we have always felt to be necessary when administering 

an anti-CD154mAb-based regimen [9,16,30].
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In conclusion, this study would suggest that, in the absence of anti-CD154mAb therapy, 

blockade of both the CD28/B7 and CD40/CD154 pathways prevents a primate T cell 

response to transplanted GTKO/CD46 or GTKO/CD46/CIITA-DN pig tissues and organs. 

Furthermore, although, when effective IS was administered, the effect of the CIITA-DN 

genetic modification was minimal, it may allow some reduction in the intensity of the 

immunosuppressive regimen in the long-term.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

In the presence of a GTKO/CD46 pig artery patch graft, blockade of the CD28/B7 

pathway reduced, but did not completely prevent, an adaptive immune response in 

baboons, whereas blockade of both the CD28/B7 and CD154/CD40 pathways did.

The transplantation of a graft from a GTKO/CD46 pig additionally transgenic for a 

mutant SLA class II transactivator (CIITA-DN) marginally reduced the in vivo 

adaptive immune response in baboons.

Combined blockade of the CD28/B7 and CD154/CD40 pathways prevented an 

adaptive immune response to GTKO/CD46 pig heart grafts, with follow-up for >4 

months.
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Figure 1. Mutant human CIITA-DN suppresses the expression of SLA class II on pAEC
Expression of SLA class II on GTKO/CD46/CIITA-DN pAECs was compared with that on 

GTKO/CD46 pAECs. The pAECs were activated with porcine interferon-γ (pIFN-γ; 

50ng/ml) for 48h. After activation of pAECs from both GTKO/CD46 and GTKO/CD46/

CIITA-DN pigs, expression of SLA class I was increased. A small increase in SLA class II 

expression was observed on GTKO/CD46/CIITA-DN pAECs after activation, but there was 

a marked increased expression of SLA class II on GTKO/CD46 pAECs. Isotype control 

(dotted line), before activation (solid line), and after activation (shaded).
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Figure 2. Reduction of baboon T cell response to pPBMC associated with suppression of SLA 
class II expression
(A) Flow cytometry of the CD4+ and CD8+ responses in representative experiments (% 

refers to percentage proliferation). There was reduced CD4+ and CD8+ T cell proliferation 

to GTKO/CD46/CIITA-DN pPBMC. (B) Mean percentage proliferation of CD4+ and CD8+ 

cells. There were significantly lower baboon CD4+ and CD8+ T cell responses to GTKO/

CD46/CIITA-DN pPBMC compared with those to GTKO/CD46 pPBMC (*p<0.05, 

respectively). The proliferative responses of baboon CD4+ and CD8+ T cells to autologous 

PBMC were negligible (not shown). We conclude that the reduced proliferation of CD8+ 

cells was secondary to reduction in CD4+ T cell help.
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Figure 3. The mean numbers of CD4+, CD8+ T cells, and CD21+ B cells in GTKO or GTKO/
CD46 or GTKO/CD46/CIITA-DN pig artery patch recipients
Depletion of CD4+ (A) and CD8+ (B) T cells in blood of recipient baboons was observed 

after ATG, but was not seen when no IS was administered. Some depletion of CD21+ B 

cells (C) was observed in some baboons (which we are unable to explain). The mean 

numbers of CD4+, CD8+, and CD21+ cells in baboons in each group are shown with 

standard error (SE).
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Figure 4. Recipient baboon mean cellular responses to GTKO or GTKO/CD46 or GTKO/CD46/
CIITA-DN pig artery patch grafts *
When a CTLA4-Ig (abatacept or belatacept)-based regimen was administered (Group 2A), 

CD4+ (A) and CD8+ (B) T cell proliferative responses were seen on MLR, as well as in the 

single baboon in Group 1 that received no IS. It was only when anti-CD40mAb+belatacept 

were administered together that no T cell proliferative response was documented (Groups 

1B and 2B). The CD4+ and CD8+ T cellular proliferative responses were less to a GTKO/

CD46/CIITA-DN graft (Group 2B) than to a GTKO/CD46 graft (Group 1B) (statistical 

analyses were not carried out as numbers too small).

The assays were carried out pre-transplantation (pre-Tx) and during the last week of each 

study (post-Tx) (see Table 1). We could not detect any relationship between the result of the 
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MLR and the day of the assay, i.e., day 21–28 or 48 (C and D). (*We do not show the MLR 

data in Group 1A because we used a different method of measuring the MLR in Group 1A 

from that in other groups.
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Figure 5. Recipient baboon mean IgM (A) and IgG (B) antibody responses to GTKO or GTKO/
CD46 or GTKO/CD46/CIITA-DN pig artery patch grafts
Left panel shows the mean IgM and IgG antibody responses throughout the course of each 

experiment. Right panel shows the percentage change in IgM and IgG antibody responses at 

the end of each experiment. The single baboon with no IS developed anti-pig IgM (A) and 

IgG (B) antibody responses. In abatacept- or belatacept-based regimens (Groups 1A and 

2A), the antibody response was greatly attenuated, though there remained a modest IgG 

response; the IgG response in Group 2A was significantly reduced when compared with that 

in Group 1A (p<0.05), suggesting a beneficial effect of the CIITA-DN mutation. With the 

anti-CD40mAb+belatacept-based regimen, an elicited IgG antibody response was minimal 

or absent (Groups 1B or 2B, respectively),
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Figure 6. Histopathology of GTKO or GTKO/CD46 or GTKO/CD46/CIITA-DN pig artery 
patch grafts at euthanasia
(A) At euthanasia on day 28, the GTKO/CD46/CIITA-DN pig artery patch graft in the 

baboon with no IS showed a massive full-thickness infiltrate (eosinophilic, lymphocytic, and 

monocytic). (B) The pig grafts in Groups 1A and 2A showed a mild infiltration with mixed 

inflammatory cells (lymphocytes and monocytes). Cellular infiltration in the GTKO/CD46/

CIITA-DN graft was absent in Group 2B (day 28) (C), and minimal in Group 1B (day 28 or 

48) (in which a GTKO/CD46 graft was transplanted) (D). No obvious differences were 

observed in the grafts, whether the experiments were terminated on day 28 or 48. 

(Magnification x20)
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Table 1

Details of Group 1 and 2 Experiments

Baboon # Immunosuppressive Regimen Elective Graft Survival (days) IS Variations*

Group 1 (n=8; all received grafts from GTKO [Gp.1A] or GTKO/CD46 [Gp.1B] pigs) (a)

7608 1A 14* CVF, MMF

18408 1A 28 CVF, MMF

18208 1A 28 CVF, MMF

18608 1A 28 CVF, MMF

5412 1B 28 CVF, MMF

5912 1B 28 Rapamycin

12812 1B 48

12912 1B 48 Rapamycin

Group 2 (n=8; all received grafts from GTKO/CD46/CIITA pigs) (b, c)

19310 No IS 28

15911 2A 28 CVF, MMF

16011 2A 21* CVF, MMF

12612 2A 48 Rapamycin

12712 2A 48 Rapamycin

5812 2A 48 Rapamycin

16111 2B 28 CVF, MMF

16211 2B 28 CVF, MMF

Group3 (n=4; all received grafts from GTKO/CD46 pigs) (c)

5512 3 99 Rapamycin;Pneumonia;

5712 3 130 Tacrolimus;Graft failure;

17913 3 124 Rapamycin;Graft failure

18013 3 118 Rapamycin;Graft failure

(a)
Regimen 1A: ATG, CVF, MP, CTLA4-Ig (abatacept), MMF

(b)
Regimen 2A: ATG (+/−CVF), MP, CTLA4-Ig (abatacept or belatacept), MMF or rapamycin

(c)
Regimens 1B and 2B, and 3: ATG (+/−CVF), MP, anti-CD40mAb (2C10R4), CTLA4-Ig (belatacept), MMF, rapamycin, or tacrolimus

*
Euthanized after bleeding from a disrupted intra-arterial catheter
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Table 2

Details of immunosuppressive and supportive therapy

Dose Duration

Induction therapy

Thymoglobulin (ATG) * (Genzyme, Cambridge, 
MA)

1–10mg/kg i.v. days −3, −1 *

Cobra venom factor (Complement Technology, 
Tyler, Texas)

100 units/day i.v. days −1, 0, 1

Methylprednisolone (Pfizer, New York, NY) 5mg/kg i.v. before each dose of ATG, and on days −1, 0

Maintenance costimulation blockade

Abatacept (BMC, Princeton, NJ) 25mg/kg i.v. days −1, 0, 2, 4, 7,10,14, then every 14 days

or

Belatacept (BMC, Princeton, NJ) 20mg/kg i.v. days −1, 0, 4, 7, 14, then every 14days

Anti-CD40mAb (NIH NHP Resource Center, 
Boston, MA)

25mg/kg i.v. days −1, 0a, 4, 7, 10a, 14, then every 7 days

Maintenance pharmacologic immunosuppressive and supportive therapy

MMF (Genentech, South San Francisco, CA) 25–110mg/kg/day continuous i.v. infusion from day −3 (to maintain a 
constant blood level of 3–5μg/mL)

Rapamycin (LC, Laboratories, Woburn, MA) 0.01mg/kg i.m. x2/day to maintain a blood trough level of 10–15ng/mL

Tacrolimus (LC, Laboratories, Woburn, MA) 0.05–0.03mg/kg i.m. x2/day to maintain a blood trough level of 10–15ng/mL

Methylprednisolone (Astellas, Deerfield, IL) 5mg/kg i.v. tapering to 0.25mg/kg/day i.m.

*
Day-1 dose of ATG was given only if needed to reduce lymphocyte count <500×103/mm3.

a
Additional injection for heart baboons

Additional pharmacologic therapy
Famotidine 0.25mg/kg i.v. (administered when an intravascular catheter was present)
Ganciclovir 5mg/kg i.v. (administered when an intravascular catheter was present)
Valganciclovir 15mg/kg/day p.o.
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