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Abstract

Background—Three costimulation-blockade-based regimens have been explored after 

transplantation of hearts from pigs of varying genetic backgrounds to determine whether CTLA4-

Ig (abatacept) or anti-CD40mAb+CTLA4-Ig (belatacept) can successfully replace anti-

CD154mAb.

Methods—All pigs were on an α1,3-galactosyltransferase gene-knockout/CD46 transgenic 

(GTKO.CD46) background. Hearts transplanted into Group A baboons (n=4) expressed additional 

CD55, and those into Group B (n=3) expressed human thrombomodulin (TBM). 

Immunosuppression included anti-thymocyte globulin with anti-CD154mAb (Regimen 1: n=2) or 
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abatacept (Regimen 2: n=2) or anti-CD40mAb+belatacept (Regimen 3: n=2). Regimens1/2 

included induction anti-CD20mAb and continuous heparin. One further baboon in Group B 

(B16311) received a modified Regimen 1. Baboons were followed by clinical/laboratory 

monitoring of immune/coagulation parameters. At biopsy, graft failure, or euthanasia, the graft 

was examined by microscopy.

Results—Group A baboons survived 15–33 days, whereas Group B survived 52, 99 and 130 

days, respectively. Thrombocytopenia and reduction in fibrinogen occurred within 21 days in 

Group A, suggesting thrombotic microangiopathy (TM), confirmed by histopathology. In Group 

B, with follow-up for >4m, areas of myofiber degeneration and scarring were seen in 2 hearts at 

necropsy. A T cell response was documented only in baboons receiving Regimen 2.

Conclusions—The combination of anti-CD40mAb+belatacept proved effective in preventing a 

T cell response. Expression of TBM prevented thrombocytopenia, and may possibly delay the 

development of TM and/or consumptive coagulopathy.
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INTRODUCTION

The availability of α1,3-galactosyltransferase gene-knockout (GTKO) pigs (1, 2) enabled 

pig hearts to function heterotopically in baboons for <6m (3–5). Using costimulation 

blockade, graft failure was from thrombotic microangiopathy (TM) in the longer-term 

survivors (6, 7). With added anti-CD20mAb, Mohiuddin et al. reported up to 8m survival of 

hearts from GTKO pigs transgenic for the human complement-regulatory protein CD46 

(membrane cofactor protein) (8). Recently, based on early work by others (9–11), hearts 

expressing human thrombomodulin (TBM) have functioned for >1y, but required a 

continuous heparin infusion (12, 13).

We report the transplantation of hearts from GTKO.CD46 pigs that expressed either a 

second human complement-regulatory protein, CD55 (14), or TBM (15–18). We report 

results from three immunosuppressive regimens, based on (i) an anti-CD154mAb, (ii) 

CTLA4-Ig (abatacept), or (iii) a combination of an anti-CD40mAb and a high-affinity 

variant of CTLA4-Ig (belatacept), respectively. The aims were to determine whether (i) 

expression of TBM delayed/prevented TM, and (ii) a costimulation-based regimen without 

anti-CD154mAb successfully prevented an adaptive immune response.

The omission of anti-CD154mAb (with its thrombogenic effect [19–21]) and the expression 

of TBM on the pig organ enabled us to manage these recipients without continuous heparin, 

thus enabling removal of intravascular catheters, reducing the incidence of catheter-related 

complications. Anti-CD40mAb+belatacept prevented a T cell response as effectively as anti-

CD154mAb. Our results support the premise that TBM expression delayed features of TM.
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METHODS

Animals

Pigs—Homozygous GTKO pigs transgenic for CD46 and either CD55 (n=4; Group A) or 

TBM (n=3; Group B) (17, 22), all of blood group O (nonA), 10–20 kg, were sources of 

hearts (Table 1). All pigs were provided by Revivicor (Blacksburg, VA), although two of the 

TBM pigs were cloned from cells provided by LMU (Munich, Germany) where the TBM 

transgene was on Revivicor’s GTKO.CD46 background (17, 23). Tissues from all major 

organs were negative for Galα1, 3Gal expression and positive for CD46 and CD55 (>85%, 

by flow cytometry).

TBM transgenesis used two different techniques (Table 1). Two TBM expression vectors 

were constructed. Endothelium-specific expression of the human TBM coding DNA 

sequence (CDS) was driven by a 0.9 kb porcine ICAM-2 promoter fragment, preceded by a 

1.4 kb porcine ICAM-2 enhancer originating from intron 1 of the pig ICAM-2 gene. The 

expression cassette was flanked by multiple copies (two copies at the 5’ end and 4 copies at 

the 3’ end) of chicken beta-globin insulator. An additional TBM expression vector was built 

at LMU using an 8.9 kb region upstream of the porcine TBM gene as promoter for 

expression of the human TBM CDS. This vector also contained a neomycin resistance 

cassette located downstream of the bovine growth hormone polyadenylation cassette 

inserted behind the TBM CDS.

Linear plasmid fragments were prepared and used to transfect GTKO.CD46 porcine 

fibroblast cell lines, in which human CD46 is expressed as a minigene under control of the 

endogenous promoter (24). Transfected pig fibroblasts were selected by antibiotic resistance 

and either screened for the presence of the transgene by polymerase chain reaction (PCR) 

before nuclear transfer, or used directly for nuclear transfer. Derived fetuses or live pigs 

were screened by Southern analysis for presence of the transgenes. Southern-positive pigs or 

fetuses were screened for transgene expression by RT-PCR, immunofluorescence, and/or 

flow cytometry. One high-expressing ICAM2-TBM line and one moderate-expressing 

TBM-TBM line were used to produce the pigs used in these studies. TBM expression in the 

3 donor pigs was 96%, 26%, and 8%, respectively.

Baboons—Male baboons (n=7, Papio anubis, University of Oklahoma Health Sciences 

Center, Oklahoma City, OK), weighing 5–9 kg, of blood groups A, B and AB, were 

recipients of pig hearts (Table 1).

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). 

Protocols were approved by the University of Pittsburgh Institutional Animal Care and Use 

Committee.
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Surgical procedures

Anesthesia, intravascular catheter placement in baboons, heart excision in pigs, and 

heterotopic intra-abdominal pig heart transplantation in baboons have been described 

previously (3–5, 25). In 2 baboons (Group B), an open needle biopsy was obtained of the 

graft left ventricular myocardium approximately 3m after transplantation.

Immunosuppressive and supportive therapy

Baboons received one of three immunosuppressive/supportive regimens (Table 2). 

Regimens 2/3 were aimed at replacing anti-CD154mAb (19, 26). Regimen 2 (n=2) was 

directed towards blockade of the CD28:B7 pathway with abatacept. To eliminate other 

variability between Regimens 1/2, all baboons in both regimens received a heparin infusion 

and the anti-platelet agent, ketorolac (Table 2).

One further Group B baboon (B16311) is considered separately as it received a modification 

of Regimen 1 which did not include anti-CD20mAb (Table 1); in addition, the TBM 

promoter was different from that in the other two Group B pigs.

Regimen 3 (n=2) was directed towards blockade of both pathways by administering a 

mouse-rhesus chimeric anti-CD40 IgG4 mAb (2C10R4) (27) in combination with 

belatacept. (Belatacept was not available to us when Regimen 2 was investigated [28].) In 

Regimen 3, rapamycin replaced mycophenolate mofetil (MMF) in one case and tacrolimus 

in the other, simply because we administer MMF by a continuous i.v. infusion, whereas 

rapamycin or tacrolimus can be administered i.m.. In Regimen 3 the baboons did not receive 

i.v. heparin or ketorolac, but did receive low molecular weight heparin s.c. (Table 2).

Monitoring of recipient baboons—Graft contractions were monitored by palpation by 

two independent observers twice weekly and scored on a scale from 0–3 (with 3 being 

strong contractions). In baboons receiving heparin, activated clotting time was monitored. 

Blood cell counts, chemistry, and coagulation parameters were measured initially daily and 

then less frequently (29). Blood cultures were performed whenever indicated. Anti-

CD154mAb, anti-CD40mAb, abatacept, and belatacept levels were not measured, but the 

dosages were based on previous studies by us and others (3–5, 19, 28, 30–37).

Immunological monitoring

These methods have been described previously (38–40), and included:-

(i) Flow cytometry to monitor T and B cell numbers (to determine the effect of anti-

thymocyte globulin). (ii) Flow cytometry to monitor binding of xenoreactive anti-nonGal 

antibodies (IgM and IgG) to aortic endothelial cells (AECs) from GTKO pigs (pAECs) (38, 

40). (iii) The CFSE-MLR (carboxyfluorescein succinimidyl ester-mixed lymphocyte 

reaction) was carried out with stored peripheral blood mononuclear cells (PBMCs) pre-

transplantation and at the time of euthanasia. (iv) Total complement activity.
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Histopathology and Immunohistopathology of pig heart grafts

Biopsies of xenografts were obtained at the time of euthanasia in all cases, and 3m after 

transplantation in 2 cases in Group B (41).

Statistical analysis

In view of the small number of experiments and the several variables, no statistical analyses 

were carried out.

RESULTS

Gal epitopes and transgene products on pAECs and PBMCs

GTKO.CD46.CD55 and GTKO.CD46.TBM pigs did not express Gal on either pAECs or 

PBMCs. High expression of CD46 in all pigs and of CD55 (in Group A) on pAECs was 

documented, with variable expression of TBM (in Group B) from 8% to 96% (Table 1).

Pig heart graft survival and complications

Recipient baboons survived from 15–130d (Table 1). All baboons were euthanized or died 

with functioning hearts, although function had deteriorated in most cases (Table 1). Mean 

survival in Group A was limited to 22d (median 21d), but was extended to 94d (median 99d) 

in Group B. Graft function deteriorated more quickly in Group A than Group B (Table 1). In 

Group A, there appeared no difference in survival between Regimens 1/2.

When compared with our previous studies (3–5, 19), the addition of anti-CD20mAb to 

Regimens 1/2 appeared to be associated with a particularly early incidence of infectious 

complications, but with no increase in graft survival. In addition, three baboons developed 

massive (n=2) or modest (n=1) ascites (Table 1). Graft function, determined by the strength 

of contractions by palpation, had weakened in all Group A hearts to a palpation score of 1 or 

2 (out of 3) within two weeks, whereas all Group B hearts retained a score of 3/3 at this time 

interval.

Immunologic Monitoring

T and B cell counts—In all baboons, after anti-thymocyte globulin on day -3, a profound 

depletion of T cells was observed for approximately one week, after which there was some 

recovery, which was quicker in baboons that received abatacept (Regimen 2) (suggesting 

that abatacept is not as T cell-depleting as the other costimulation-blockade agents). 

However, CD3+T cell counts were generally maintained <500/mm3, with CD4+ and CD8+ 

cell numbers frequently less than half of this, throughout the periods of follow-up, even 

beyond 4m. When anti-CD20mAb was added to the regimen (n=4), B cell subsets were also 

depleted dramatically, and in those receiving Regimen 2 remained almost undetectable 

throughout the period of follow-up.

CFSE-MLR—CFSE-MLR was carried out only in baboons receiving Regimen 3. [Previous 

studies had indicated that regimens based on anti-CD154mAb completely suppressed T cell 

proliferation (5, 19)]. Post-transplant, when stimulation of PBMCs, CD3+, CD4+, or CD8+ 

cells was against donor-specific cells, cell proliferation was greatly reduced (compared to 
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pre-transplantation), irrespective of the nature of the heart graft or immunosuppressive 

regimen (not shown).

Anti-pig antibodies and complement—There was no increase in xenoreactive IgM in 

any baboon (Figure 1A). IgG sensitization to nonGal antigens expressed on the pAECs did 

not occur in baboons receiving Regimens 1 or 3, but was seen in baboons receiving 

Regimen 2 (abatacept-based) (Figure 1B). There were no differences related to the genetic 

manipulation of the pig, where all were on a GTKO.CD46 background.

Coagulation dysfunction

Platelet counts, fibrinogen levels, D-dimer—After heart xenotransplantation, in our 

experience the development of thrombocytopenia and decreased fibrinogen are systemic 

indicators of TM and/or consumptive coagulopathy. There was a decrease in platelet count 

to <50,000/µL or <20% baseline within 14d in all recipients in Group A, but not in Group B 

(Figure 2A). After an initial increase due to the surgical procedure, fibrinogen levels 

decreased to <100 mg/dL or <50% baseline level within 21d in Group A, and were 

subsequently maintained at low levels (Figure 2B), but did not decrease in Group B. In both 

Groups A/B, D-dimer levels initially rose, and remained above the normal range (Figure 

2C).

Of note, no thrombocytopenia or reduction in fibrinogen was seen in the single baboon in 

Group B (B16311) that received an anti-CD154mAb-based regimen (Regimen 1), indicating 

that this agent is not the cause of these changes.

Two of the four Group A baboons developed sepsis which could possibly have been a factor 

in the loss of platelets and fibrinogen. However, one baboon in Group B developed 

pneumonia (for which it required euthanasia), and yet did not develop thrombocytopenia or 

a reduction in fibrinogen, suggesting that sepsis may not have been a dominant factor in the 

Group A baboons.

Histopathology and immunohistopathology of pig hearts

There were no features suggestive of acute cellular rejection (graft infiltrating cells), 

although eosinophils (but not neutrophils) were seen in three of the four hearts in Group A, 

but not in Group B, possibly indicating an inflammatory response. Despite their short 

survival (15–33d), all Group A hearts exhibited focal areas of thrombosis, myofiber loss, 

myocardial ischemia (necrosis) and infarction, vacuolization, and early fibrosis, suggesting 

ischemic injury (Figures 3A, B). In Group B, virtually normal histology was seen in one 

heart at 52d (in B16311) (Figure 3C), though patchy, focally extensive areas of fibrosis 

(scarring) were seen in the other two Group B baboons on biopsy at 3m and at the time of 

euthanasia at 14w and 18w, respectively (Figure 3D). However, thrombosed or recanalizing 

vessels were not apparent, casting doubt on the cause of the observed changes. 

Immunofluorescence indicated weak IgM, IgG, and complement (C3) deposition in all grafts 

in both groups (not shown). No attempt was made to determine expression of the transgenes 

in the explanted hearts.
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DISCUSSION

Unless immunosuppressive therapy is adequate, a T cell response develops after pig organ 

(or artery patch) transplantation in nonhuman primates, even if the graft is from a 

genetically-modified pig (19, 42). The adaptive immune response is prevented by anti-

CD154mAb-based therapy (3–5, 8, 19, 30). This present study explored (i) the effect of the 

replacement of anti-CD154mAb by either abatacept or anti-CD40mAb+belatacept, and (ii) 

the effect of TBM expression on the pig vascular endothelium.

The number of experiments is small, and there are several variables that make comparisons 

difficult, e.g., (i) replacement of anti-CD154mAb by abatacept or anti-CD40mAb

+belatacept, (ii) administration or not of an anti-CD20mAb, (iii) slight variation in 

adjunctive immunosuppressive therapy (e.g., MMF, tacrolimus, or rapamycin), and (iv) 

expression of either CD55 or TBM. However, we suggest that the following conclusions can 

reasonably be drawn.

1. Hearts from GTKO.CD46.TBM pigs are protected from hyperacute rejection in the 

absence of an anti-complement agent.

2. Although others have reported prolonged graft survival when an anti-CD20mAb 

was added to a costimulation blockade-based regimen (8), it was possibly 

associated with a higher incidence of (i) early infectious complications and (ii) 

ascites than we have seen previously (3–5). (Ascites does not appear to have been 

reported by others.) Although most infections were associated with positive blood 

cultures, no change had been made to our previous regimen of care of intravascular 

catheters or antibiotic prophylaxis. The ascites were not associated with 

hypoalbuminemia, and had not developed in previous baboons administered cobra 

venom factor.

3. Blockade of the CD28:B7 pathway alone (with abatacept) did not prevent the 

adaptive response, whereas blockade of both CD40:CD154 and CD28:B7 pathways 

with anti-CD40mAb+belatacept successfully prevented this response, and, in future 

studies, can replace an anti-CD154mAb-based regimen (4, 5, 8, 19, 26, 30). These 

observations correlate with our studies in pig artery patch transplantation, which 

have also indicated that CD28:B7 pathway blockade alone (with abatacept or 

belatacept) is inadequate to inhibit the adaptive response even when combined with 

MMF or rapamycin or corticosteroids (26). (We did not test anti-CD40mAb alone 

as our in vitro studies indicated a stronger suppressive effect of CTLA4-Ig. 

However, we [Iwase H, et al, unpublished] and others (12, 13) have subsequently 

obtained prolonged xenograft survival with high-dose anti-CD40mAb alone.)

Endothelial cells from GTKO pigs or from pigs expressing a human complement-

regulatory protein induce a weaker T cell response than do wild-type pig 

endothelial cells (43, 44), and this may be a factor in the successful inhibition of the 

adaptive response in the current study. Furthermore, thrombin induces a human T 

cell response that is not associated with SLA class II expression (45), and the 

expression of TBM in the pig hearts in the two baboons that received Regimen 3 

may also have been beneficial in this respect.
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4. The two Group B baboons that received Regimen 3 are the first we have been able 

to maintain for a relatively prolonged period of time (14–18w) without an 

indwelling intravascular catheter (which were removed within the first 30 days), 

which is a step towards clinical application.

5. TBM-expressing hearts (Group B) are possibly associated with delayed onset of 

features of TM, though this complication may slowly develop. This study supports, 

but does not definitively confirm, that TBM-expressing pig organs may have 

advantages. The number of experiments in Group B was too small for us to draw 

any conclusions in regard to outcome relating to the TBM promoter.

Importantly, in two cases, the delay in TM/graft injury occurred in the absence of 

heparinization, which is the first time we have achieved this (and was not the case in the 

recently-reported graft survival for >1y [12, 13]). The absence of thrombocytopenia or 

reduction in fibrinogen (with follow-up for >4m) suggests an absence of development of 

consumptive coagulopathy, which is in contrast to Group A and several previous studies (3–

5). This delay was observed whether anti-CD154mAb or anti-CD40mAb+belatacept had 

been administered, and so was not simply related to the absence of anti-CD154mAb in the 

regimen.

Furthermore, although TM was delayed after GTKO heart transplantation in baboons in 

Kuwaki’s series (3,4), all baboons in that series received continuous infusions of high-dose 

heparin (+/− aspirin), whereas in two of the present Group B baboons only low molecular 

weight heparin (+ aspirin) was administered. In addition to simple anticoagulation, heparin 

may have immunomodulatory actions beneficial to xenograft survival (46–49). In our 

platelet aggregation assay and following pig artery patch transplantation, heparin proved to 

be a strong inhibitor of thrombin, which is a key factor in the development of TM.

Graft survival was surprisingly poor in Group A, in which expression of CD46 and CD55 

would have been anticipated to protect the graft from early immune-mediated injury. As 

cobra venom factor was also administered to some of these baboons, complement-mediated 

injury was almost certainly prevented. We subsequently concluded that cobra venom factor 

is unnecessary when adequate complement-regulation is provided by the graft.

In two cases in Group A, the early positive blood cultures could possibly have been a factor 

in the development of features of consumptive coagulopathy, but these features were not 

seen in a Group B baboon that required euthanasia for sepsis/pneumonia.

In summary, anti-CD40mAb+belatacept proved as effective in preventing a T cell response 

as anti-CD154mAb, but allowed easier management of the baboon with fewer 

complications. In contrast to another report (8), anti-CD20mAb in this series was associated 

with a high incidence of early infection. TBM expression on the graft may possibly delay 

TM and/or consumptive coagulopathy.
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ABBREVIATIONS

AECs aortic endothelial cells

CFSE-MLR carboxyfluorescein succinimidyl ester-mixed lymphocyte reaction

GTKO α1,3-galactosyltransferase gene-knockout

MFI mean fluorescence intensity

MMF mycophenolate mofetil

P pig

PBMCs peripheral blood mononuclear cells

TBM thrombomodulin

TM thrombotic microangiopathy
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Figure 1. Xenoreactive IgM and IgG binding to GTKO pAECs in baboons receiving Regimens 1, 
2, and 3, and modified Regimen 1 (B16311)
No increase in IgM was observed in any of the baboons treated with any of the regimens 

(A). The baboons treated with Regimen 2 (abatacept-based) developed an elicited anti-pig 

IgG antibody response (B). An elicited IgG antibody response was not seen in baboons 

receiving Regimens 1 or 3 or modified Regimen 1 (B).
Relative mean fluorescence intensity (MFI) = MFI of anti-nonGal antibody / MFI of isotype 

control.
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Figure 2. Mean (+/− SE) platelet counts (A), fibrinogen (B), and D-dimer (C) in baboons of 
Groups A and B
(A) In Group A, thrombocytopenia developed within 21 days (95×103 /µl) post-transplant. 

In contrast, there was no decrease in platelet count in Group B.

(B) Fibrinogen level was dramatically decreased in Group A by day 21 (105 mg/dL), 

whereas no reduction of fibrinogen was observed in Group B.

(C) In both groups, there was an immediate rise in the D-dimer levels by day 3 (>2 ug/ml). 

This increased D-dimer level was sustained in Group A, although it slightly recovered in day 

14 (1.3 ug/ml), and then gradually increased throughout the post-transplant course in Group 

B.
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Figure 3. Histopathology and immunohistopathology in baboons of Groups A and B
(A) GTKO.CD46.CD55 pig heart in a baboon that received Regimen 1 (B19110) 33 days 

after transplantation. (Left) Areas of fibrosis/scar adjacent to infarcted myocardium. (Right) 
Vacuolated and attenuated myofibers adjacent to areas of frank infarction and focal small 

thrombus.

(B) GTKO.CD46.CD55 pig heart in a baboon that received Regimen 1 (B19010) 18 days 

after transplantation. (Left) large thrombus in ventricular lumen with evidence of re-

endothelialization. (Right) Focal area of eosinophilic myofiber degeneration.
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(C) Minimal features of myocardial ischemia or injury, with no cellular infiltrate in a 

GTKO.CD46.TBM pig heart in a baboon that received Regimen 1 (B16311) 52 days after 

transplantation. (TBM expression on the pig aortic endothelial cells was 96%).

(D) Patchy focally extensive areas of fibrosis (scarring) in a GTKO.CD46.TBM pig heart in 

a baboon that received Regimen 3 (B5512) 99 days after transplantation. (TBM expression 

on the pig aortic endothelial cells was 8%).
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Table 2

A: Comparison of Regimens 1, 2, and 3

Regimen 1 (n=3):

Induction: ATG, CVF (a), anti-CD20mAb, methylprednisolone

Maintenance: Anti-CD154mAb, MMF, methylprednisolone, heparin, ketorolac, ganciclovir (i.v. daily)

Regimen 2 (n=2):

Induction: ATG, CVF*, anti-CD20mAb, methylprednisolone

Maintenance: CTLA4-Ig (abatacept), MMF, methylprednisolone, heparin, ketorolac, ganciclovir (i.v. daily)

Regimen 3 (n=2):

Induction: ATG, methylprednisolone

Maintenance: Anti-CD40mAb + CTLA4-Ig (belatacept), rapamycin (B5512) or tacrolimus (B5712), methylprednisolone, low molecular weight 
heparin (c), ganciclovir (i.v. ×2 weekly), valganciclovir (p.o. daily)

B: Details of immunosuppressive and supportive therapy

Dose Duration

Induction therapy

Thymoglobulin (ATG) (a) 1–10 mg/kg i.v. days -3, -1 a

Cobra venom factor 100 units/day i.v. days -1, 0, 1

Methylprednisolone 5 mg/kg i.v. before each dose of ATG, and on days -1, 0, 1

Anti-CD20mAb (b) 20 mg/kg i.v. Single dose on day -2

Maintenance costimulation blockade

Anti-human CD154mAb (c) 25 mg/kg i.v days -1, 0, 4, 7, 10, 14, 19 and then every 7 days (Regimen 1 only)

OR

Abatacept (d) 25 mg/kg i.v days -1, 0, 2, 4, 7, 10, 14, 21 and then every 7 days (Regimen 2 only)

OR

Anti-CD40mAb (e)

Belatacept (f)
25 mg/kg i.v.
20 mg/kg i.v.

days -1, 0, 4, 7, 10, 14 and then every 7 days.
days -1, 0, 4, 7, 14 and then every 14 days (Regimen 3 only)

Maintenance pharmacologic immunosuppressive and supportive therapy

MMF 25–110 mg/kg/day continuous i.v. infusion from day -3 (to maintain a constant blood level of 3–5 
µg/mL)

Rapamycin 0.01 mg/kg i.m. ×2/day to maintain a blood trough level of 10–15 ng/mL

Tacrolimus 0.05-0.03 mg/kg i.m. ×2/day to maintain a blood trough level of 10–15 ng/mL

Methylprednisolone 5 mg/kg i.m. daily tapering to 0.25 mg/kg/day i.m. at 6 weeks
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B: Details of immunosuppressive and supportive therapy

Dose Duration

Heparin (g) 5–50 U/kg/h i.v. from day 0 (to maintain ACT at 200–250sec from day 3) (Regimens 1 and 2 
only)

Low molecular weight heparin 700 IU daily i.m. from day 1 (Regimen 3 only)

Ketorolac (h) 0.5 mg/kg i.v. before each dose of anti-CD154mAb or CTLA4-Ig, beginning on day -1 
(Regimens 1 and 2 only)

Ganciclovir 5 mg/kg/day i.v. in Regimen 3, it was administered daily for 14 days and then ×2 weekly

Valganciclovir 15 mg/kg/day ×2 daily p.o. in Regimen 3 only

(a)
Cobra venom factor was administered to one Group A baboon that had a particularly high level of anti-nonGal IgM, and so for consistency was 

administered to all 4 baboons in Group A and 1 in Group B. We subsequently concluded that cobra venom factor is unnecessary when adequate 
complement-regulation is provided by the graft, and it was omitted in the remaining 2 baboons in Group B.)

(b)
Rapamycin and tacrolimus were tested to determine whether there was a major difference in outcome.)

(c)
Although low molecular weight heparin alone is unlikely to prevent TM, we felt it might augment the effect of the expression of TBM.

(a)
Day-1 dose of ATG (Rabbit derived, Genzyme, Cambridge, MA) was given only if needed to reduce lymphocyte count <500×103/mm3.

(b)
Anti-CD20mAb (Rituxan, Biogen Idec/Genentech, South San Francisco, CA)

(c)
Anti-CD154mAb (Hu5c8 in a mouse/human IgG1 chimeric; NIH NHP Reagent Resource, Boston, MA) kindly provided by Dr. Keith Reimann.

(d)
Abatacept (Orencia; BMS, Princeton, NJ)

(e)
Anti-CD40mAb (2C10R4; NIH NHP Reagent Resource) kindly provided by Dr. Keith Reimann.

(f)
Belatacept (Nulojix; BMS, Princeton, NJ)

(g)
Heparin and ketorolac were given in Regimens 1 and 2 only.

Xenotransplantation. Author manuscript; available in PMC 2016 May 01.


