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Abstract

The National Institutes of Health (NIH) has long supported using nonhuman primate (NHP) 

models for research on kidney, pancreatic islet, heart, and lung transplantation. The primary 

purpose of this research has been to develop new treatments for down-modulating or preventing 

deleterious immune responses after transplantation in human patients. Here, we discuss NIH-

funded NHP studies of immune cell depletion, costimulation blockade, regulatory cell therapy, 

desensitization, and mixed hematopoietic chimerism that either preceded clinical trials or 

prevented the human application of therapies that were toxic or ineffective.

INTRODUCTION

Despite excellent short-term outcomes after organ transplantation with current 

immunosuppressive drug regimens, long-term outcomes remain disappointing due to chronic 

rejection of allografts (organ transplants from genetically nonidentical donors of the same 

species) and the morbidities of lifelong immunosuppression. To address these challenges, 

the development of new, less toxic, targeted therapeutics to prevent rejection or to establish 

and maintain immune tolerance to allografts is required. Many immunomodulating therapies 

lead to allograft tolerance in rodent models, but few successfully translate to nonhuman 

primate (NHP) models or to humans (1). The NHP model represents a compelling means to 

rigorously evaluate candidate immunosuppressive strategies as an ethical precursor to human 
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clinical trials. NHP experimentation meets a critical need in the translation of tolerance 

protocols to the clinic by rigorously evaluating candidate tolerance strategies aimed at the 

withdrawal of standard-of-care immunosuppression before they are applied in human 

clinical trials. Favorable NHP results are mandatory before initiating a human trial that 

includes complete immunosuppression withdrawal. Genetic similarities to humans, 

emerging molecular tools to assess NHP histocompatibility complex antigens, and cross-

reactivity between drug targets of humans and NHPs confer on NHP models an ability to 

test drugs and therapeutic strategies intended for human patients undergoing transplantation 

(2).

In 1976, the National Heart, Lung, and Blood Institute of the National Institutes of Health 

(NIH) funded one of the first grants that included research on tolerance induction in NHP 

kidney and heart transplant recipients. It generated preliminary data that ultimately led to 

immunological tolerance in a small number of human kidney transplant recipients (3). In 

1999, the National Institute of Allergy and Infectious Diseases (NIAID), with cofunding by 

the National Institute of Diabetes and Digestive and Kidney Diseases, established the 

Nonhuman Primate Transplantation Tolerance Cooperative Study Group to develop and 

evaluate new immunosuppressive drug regimens and to develop biomarkers for rejection and 

tolerance of kidney, pancreatic islet, and (since 2004) heart and lung transplants.

These models have substantially improved over the years with refinements in surgical 

techniques, postoperative care, colony management, and advances in NHP major 

histocompatibility complex (MHC) typing. In addition, filling a critical need in NHP 

research, the NIH’s NHP Reagent Resource (www.nhpreagents.org/NHP/default.aspx) 

works with investigators to develop and provide NHP-specific research reagents and 

immunotherapeutics for a range of research fields. Whereas no animal model perfectly 

mirrors clinical events in humans, here we present examples illustrating that NHP research is 

a critical and necessary step in the development of human therapeutics for transplantation 

(Fig. 1).

COSTIMULATION BLOCKADE IMMUNOTHERAPEUTICS IN 

TRANSPLANTATION

The costimulatory pathways represent one of the most effective targets for new transplant 

immunotherapeutics to date. The application of costimulation blockade in transplant models 

began with the finding that combined CD28-CD80/CD86 and CD40-CD154 blockade 

prevented allogeneic skin graft rejection in mice (4, 5). The subsequent demonstration of the 

power of costimulation blockade in an NHP renal allograft model (6) spurred efforts to 

develop CTLA4-Ig (CD80/CD86 blockade) and anti-CD154/CD40 antibody for clinical use 

(Table 1). It also catalyzed the establishment of NIAID’s Immune Tolerance Network for 

clinical trials of new strategies to induce tolerance in allergy, asthma, autoimmune disease, 

and kidney and islet transplantation.

Clinical development of CD80/CD86 blockade was heavily informed by work in NHP 

models, including the adoption of extended rather than short-term costimulation blockade to 

prevent rejection (7). Reduced efficacy in NHPs as compared to rodent models led to the 
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realization that a more potent form of CTLA4-Ig was needed, and ultimately, this led to the 

development of the biologic belatacept. Subsequent testing in NHP allograft models 

supported CTLA4-Ig’s clinical translation (8, 9). Compared to the immunosuppressive drug 

cyclosporine (a calcineurin inhibitor), belatacept demonstrated improved renal allograft 

function in two phase 3 clinical trials after 2 years (10). This led to U.S. Food and Drug 

Administration (FDA) approval of belatacept for use in human kidney transplantation (Fig. 

2). Translation of NHP studies to a pancreatic islet transplantation clinical trial confirmed 

the efficacy of immunosuppression with belatacept in the absence of maintenance therapy 

with a calcineurin inhibitor. This trial relied on anti-thymocyte globulin (ATG) induction 

with belatacept plus rapamycin and mycophenolate maintenance therapy. This drug 

combination resulted in insulin independence for more than 1 year in four of five patients 

after allogeneic islet transplant from single donors (11, 12).

When similar efforts to block CD40 ligand with anti-CD154 antibody resulted in thrombotic 

complications in both NHPs and humans (13), the development focus shifted to direct 

blockade of CD40. After encouraging NHP transplant results (14–18), new antibodies 

against CD40 are in clinical trials, with results pending (ClinicalTrials.gov NCT01780844 

and NCT02217410). As described below, immunotherapeutics administered in combination 

with belatacept or anti-CD40 antibody are currently under investigation in NHP models, 

reflecting the value of this preclinical system for optimization of therapeutics before clinical 

application.

INDUCTION OF MIXED CHIMERISM IN TRANSPLANTATION

In a murine model, nonmyeloablative conditioning followed by bone marrow transplantation 

(BMT) led to mixed chimerism and subsequent tolerance to an allogeneic skin graft (19). 

Mixed chimerism implies stable coexistence of donor and recipient lymphohematopoietic 

cells in a transplant recipient. Translating this approach to NHP kidney transplantation 

required successive modifications of the conditioning regimen, finally including total body 

irradiation, thymic irradiation, and ATG, followed by combined BMT and kidney 

transplantation, splenectomy, and short-term cyclosporine immunosuppressive treatment 

(20). Most (9 of 13) NHP transplant recipients had long-term normal renal function without 

maintenance immunosuppression despite losing chimerism within months of BMT, 

indicating that long-term tolerance relied upon peripheral rather than central tolerance 

mechanisms. The same regimen did not achieve tolerance of cardiac allografts (21), 

suggesting that organ-specific differences influence the effectiveness of transient mixed 

chimerism to induce tolerance. Murine studies demonstrating that costimulation blockade 

promoted durable chimerism (22) led to the successful use of anti-CD154 antibody without 

splenectomy in NHP studies, although chimerism remained transient (23). When this 

costimulation blockade mixed-chimerism approach was applied to islet allografts, monkeys 

failed to achieve tolerance (24) unless transplanted with a kidney as a composite allograft 

(25). Similarly, a kidney cotransplanted with a heart under the mixed-chimerism protocol 

conferred tolerance to both the kidney and heart (26). Although activation and expansion of 

host T regulatory cells (Tregs) occurs, understanding the underlying mechanisms whereby a 

renal allograft confers tolerance to a cotransplanted heart or to islets is an area of active 

research (26).
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The early NHP results led to clinical application in human leukocyte antigen (HLA)–

mismatched living-donor kidney transplantation. Using a human-adapted conditioning 

regimen that included cyclophosphamide, anti-CD2 antibody, and rituximab, 10 patients 

received kidney transplants simultaneously with donor BMT. Three patients lost their grafts 

due to antibody-mediated rejection at 10 days, thrombotic microangiopathy at 6 months, and 

cellular rejection at 3 years after transplantation (27). Immunosuppressive drugs were 

weaned from the remaining seven patients. Three of these seven required reinstitution of 

maintenance immunosuppression because of recurrent disease or chronic rejection at 6, 8, 

and 9 years after transplantation. The other four recipients remained off all 

immunosuppression for periods of up to 15 years. These results demonstrate that like NHPs, 

but unlike mice, some humans can develop long-lasting tolerance even after loss of 

chimerism (28). However, the morbidity associated with this conditioning regimen prevents 

widespread application. Current NHP research efforts are focused on minimizing toxicity of 

this regimen.

To extend mixed chimerism to recipients of deceased donor organs, researchers developed 

NHP delayed-tolerance protocols incorporating costimulation blockade wherein recipient 

conditioning and BMT occur months after organ transplant. This approach proved effective 

in inducing tolerance to kidney allografts after addition of CD8+ T cell–depleting 

monoclonal antibodies (29) and to lung allografts after addition of anti–interleukin-6 

receptor (IL-6R) monoclonal antibodies (30).

In NHP hematopoietic stem cell transplantation models of mixed chimerism, costimulation 

blockade with both belatacept and anti-CD154 antibody (31) or nondepleting anti-CD40 

antibody and CTLA4-Ig (32) prolonged chimerism and promoted engraftment in fully MHC 

disparate or one MHC haplotype-mismatched donors, respectively. These NHP results 

contributed to the application of CTLA4-Ig (abatacept) for the prevention of acute graft-

versus-host disease (GVHD) during unrelated donor hematopoietic stem cell transplantation 

(Clinicaltrials.gov NCT01743131) (33). Thus, whereas mixed-chimerism models were 

essential to achieving tolerance in some human recipients, current results highlight the need 

for additional NHP research to improve the safety and consistency of this transplant 

tolerance approach.

IMMUNE CELL DEPLETION IN TRANSPLANTATION

NHP experiments suggested that T cell depletion in lymph nodes in addition to blood using 

NHP-specific anti-CD3 immunotoxin could induce peripheral tolerance to most renal and 

skin allografts (34). Long-term follow-up of these “tolerant” monkeys revealed a high 

incidence of alloantibody development more than 1 year after kidney transplantation, 

chronic allograft injury, and eventual graft failure (mean >600 days after transplant) (35). 

Human translation of this principle of profound T cell depletion required switching from the 

anti-CD3 immunotoxin to alemtuzumab, a monoclonal antibody that targets human CD52 

(Table 1). Whereas alemtuzumab allowed for a reduction in maintenance 

immunosuppression (36), tolerance was not achieved in humans. Studies in both NHPs and 

humans revealed that T cell depletion was associated with homeostatic proliferation of 

inefficiently targeted memory T cells (37, 38) and increased expression of BAFF (the 
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cytokine B cell activating factor) resulting in B cell activation (39, 40); this suggested that 

additional immunosuppression would be required. A clinical trial of alemtuzumab for 

tolerance induction followed by belatacept maintenance therapy with or without rapamycin 

led to rejection-free survival of renal allografts, although tolerance was not directly tested 

(41). This research increased our understanding of the role of T memory cells in allograft 

rejection and as a barrier to tolerance. NHP studies helped to expand clinical use of T cell–

depleting reagents; today, T cell–depleting antibodies are used in 65% of kidney transplant 

patients in the United States (srtr.transplant.hrsa.gov) to reduce rejection and graft loss.

Induction therapy, that is, intense prophylactic immunosuppression delivered at the time of 

the transplant, with rituximab that depletes B cells, was beneficial in two NHP transplant 

models, but this success did not translate to humans. In an NHP cardiac transplant model, 

preemptive treatment with rituximab inhibited alloantibody production and reduced cardiac 

allograft vasculopathy (42). This encouraging finding led to the CTOT-11 clinical trial 

(ClinicalTrials.gov NCT011278745), which tested whether heart transplant patients 

receiving rituximab at the time of transplant would have less cardiac allograft vasculopathy, 

measured as the percent change in atheroma volume, compared to transplant recipients 

receiving placebo. Surprisingly, rituximab-treated patients had a greater percent change in 

atheroma volume compared to controls at 1 year after transplantation (43). NHP islet 

transplant recipients experienced long-term rejection-free survival when treated at the time 

of transplant with ATG and rituximab, followed by rapamycin maintenance 

immunosuppression (44). However, when islet transplant patients received the same therapy, 

the trial was terminated because of a lack of efficacy (ClinicalTrials.gov NCT00468442). In 

renal transplantation, recipients receiving rituximab and methylprednisolone followed by 

tacrolimus and mycophenolate mofetil maintenance therapy paradoxically experienced 

increased rejection, halting the clinical trial (45). Thus, whereas NHP B cell depletion 

experiments provided mechanistic insights to guide human transplant strategies, the benefits 

seen in NHP models did not translate to humans. Understanding the reasons behind these 

different outcomes will help to refine the translational potential of the NHP model.

TARGETING T MEMORY CELLS IN TRANSPLANTATION

Evidence supports an important role for T memory cells in transplant rejection, yet 

immunosuppressive drugs that have been evaluated or approved for transplantation do not 

adequately target this population (46). Leukocyte functional antigen-1 (LFA-1) is a protein 

preferentially expressed by T memory cells. Promising results were achieved by blocking 

LFA-1 in an NHP islet transplant model (47). In an islet transplantation clinical trial, all 

eight recipients treated with efalizumab instead of a calcineurin inhibitor achieved stable 

insulin independence after one or two islet transplants (48). However, in an NHP renal 

allograft model, graft survival was not prolonged and protective immunity was compromised 

(49). Despite encouraging outcomes in islet transplantation, long-term use of efalizumab in 

the clinic for treatment of psoriasis was associated with the development of progressive 

multifocal leukoencephalopathy, leading to its voluntary withdrawal from the market (50). 

Other approaches to reduce T memory cells in NHPs, such as LFA3-Ig, have shown limited 

success (51). T cell memory responses, in particular, are more effectively modeled in NHPs 

compared to rodent models (2). Nonetheless, achieving a clinically translatable approach to 
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suppressing alloreactive T memory cells while maintaining protective immunity remains a 

challenge that requires a deeper mechanistic understanding of T memory cells and the 

complex effects of new immunosuppressive regimens on preexisting immunity.

IMMUNE REGULATORY CELL THERAPY IN TRANSPLANTATION

When donor-strain regulatory dendritic cells (DCregs) were administered to transiently 

immunodepleted rats 1 week before heart transplantation, permanent donor-specific 

tolerance was achieved in 50% of animals (52). In NHPs, addition of donor-derived DCregs 

to a regimen of short-term costimulation blockade and tapered rapamycin treatment 

improved renal allograft survival compared to animals treated similarly but without DCregs, 

and no evidence of sensitization was detected (53). A NIAID-sponsored phase 1 clinical trial 

using DCregs in living-donor kidney transplantation is currently enrolling participants 

(ClinicalTrials.gov NCT03726307).

Adoptive transfer of Tregs in rodent models of organ and islet transplantation or 

hematopoietic stem cell transplantation can prevent rejection or GVHD, respectively. The 

use of humanized mouse hematopoietic stem cell transplantation models provided sufficient 

data to support translation of Treg therapy to hematopoietic stem cell transplantation clinical 

trials (54). However, NHP data are crucial for clinical translation to organ transplantation 

that involves early immunosuppression withdrawal. Renal allograft studies from Japan and 

Canada provided the first NHP data on adoptive transfer of alloantigen-specific, recipient 

anergic T cells or Tregs, respectively. Although the immunosuppressive regimens differed, 

both protocols included splenectomy and reported prolonged renal allograft survival 

compared to control NHPs that did not receive anergic cells or Tregs (55, 56). More recently, 

NHP data demonstrated proof of principle that, absent early reactivation of cytomegalovirus, 

polyclonally expanded recipient Tregs can prolong nonmyeloablative mixed chimerism and 

promote long-term tolerance to a kidney allograft transplanted 4 months after BMT (57).

Unlike these renal allograft studies, however, NHP heart transplant studies using 

polyclonally expanded autologous or third-party (nondonor allogeneic) Tregs in a protocol 

including ATG depletion, anti–IL-6R antibody, short-term tacrolimus, and tapering 

rapamycin treatment resulted in declining cardiac allograft function. Combined analysis of 

both Treg-infused groups compared to controls revealed elevated proinflammatory cytokines, 

T memory cells, and alloantibodies in treated recipients (58). This surprising result 

prevented untimely clinical application and underscores the need to optimize Treg products 

and protocols. In addition, we need a better understanding of Treg and T effector cell 

dynamics, particularly in the context of specific immunosuppressive regimens. As illustrated 

by several studies (59–61), the NHP model can be used to determine the influence of the 

immunosuppressive regimen and the phenotype, function, stability, timing, dosage, source, 

and antigen specificity of the Treg product on transplant outcomes. Numerous clinical trials 

of Treg therapy are in development or ongoing. Limited published data in human liver and 

renal transplant trials suggest that autologous Treg infusion is safe and not associated with 

increased rejection (62).
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Encouraging results in rodent models of experimental autoimmune encephalomyelitis led 

transplant researchers to adopt the use of 1-ethyl-3(3-dimethylaminoproply)carbodiimide 

(ECDI)–treated apoptotic leukocytes for the prevention of allograft rejection. In mouse islet 

and cardiac allograft models, ECDI-treated apoptotic donor lymphocytes promoted the 

induction of tolerance through clonal T cell deletion and anergy or immunoregulation (63). 

In an NHP islet allograft model, addition of ECDI-treated apoptotic donor lymphocytes to a 

regimen of anti–IL-6R antibody, ATG, and rapamycin prolonged islet survival, associated 

with Treg expansion, but did not induce tolerance (64). Ongoing work with this NHP model 

may help to pave the way for clinical translation of apoptotic donor lymphocyte therapy in 

transplantation.

ALLOANTIBODY AS A BARRIER TO TRANSPLANTATION

Immunization to MHC antigens (HLA in humans) either before or after organ 

transplantation remains a formidable obstacle to long-term allograft function. The 

appearance of de novo donor-specific antibody to MHC antigens in human and NHP 

transplant recipients correlates with antibody-mediated rejection, chronic graft injury, and 

graft loss (65–67). Investigators use NHPs to model antibody-mediated rejection, to 

understand its mechanisms, and to test therapeutic approaches for preventing rejection in 

sensitized hosts. For example, proteasome inhibitors that deplete plasma cells (differentiated 

B cells producing antibodies) and thereby reduce alloantibody have been associated with 

germinal center activation and rebound of antibody production after cessation of therapy in 

NHPs (68), consistent with observations in humans (69, 70). However, the addition of 

costimulation blockade to proteasome inhibition in sensitized NHPs decreased bone marrow 

plasma cells and lymph node T follicular helper cells, inhibited B cell activation and 

proliferation, lowered alloantibody levels, and prolonged renal allograft rejection-free 

survival (71). This finding remains to be translated to humans. In contrast, in a nonsensitized 

NHP model of de novo alloantibody production, proteasome inhibition was not necessary as 

costimulation blockade (with either belatacept or anti-CD40 antibody) prevented 

development of alloantibody and rejection (15). Similarly, in the clinic, a belatacept-based 

regimen is associated with lower incidence of de novo alloantibody production (2 to 4%) 

compared to cyclosporine-based regimens (18%) (72).

SUPPRESSING INFLAMMATION TO PREVENT ALLOGRAFT INJURY

Preventing or reducing inflammation associated with ischemia-reperfusion injury, brain 

death, and the surgical procedure might limit rejection and improve organ viability (73). α1-

Antitrypsin is a serine protease inhibitor that blunts expression of various proinflammatory 

cytokines and limits tissue damage caused by neutrophil elastase. Short-term, peritransplant 

treatment with α1-antitrypsin in monkeys undergoing autologous, marginal mass islet 

transplantation prevented islet loss and enabled long-term survival of islet grafts with 

improved rather than deteriorating graft function (74). These results contributed, in part, to 

the design of three ongoing clinical trials of α1-antitrypsin in islet transplantation 

(Clinicaltrials.gov NCT 02947087, NCT 02464878, and NCT 02713997).

Knechtle et al. Page 7

Sci Transl Med. Author manuscript; available in PMC 2020 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://Clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT02947087
https://clinicaltrials.gov/ct2/show/NCT02464878
https://clinicaltrials.gov/ct2/show/NCT02713997


IL-6 is a pleiotropic cytokine that amplifies the actions of proinflammatory mediators and 

facilitates the development of specific immunity. Blocking IL-6 in monkeys receiving 

orthotopic lung allografts was accompanied by a demonstrable increase in circulating 

Foxp3+ Tregs when administered with ATG (75). In a mixed-chimerism hematopoietic stem 

cell transplantation model, blocking IL-6 contributed to the first successful induction of 

long-term lung allograft tolerance in NHPs (30). On the basis of these NHP results and on 

human kidney transplant results with IL-6 blockade (76, 77), a NIAID-supported clinical 

trial testing the efficacy of IL-6 blockade to mitigate heart allograft rejection is in 

development.

RELEVANCE OF NHP TRANSPLANT STUDIES TO HUMANS

Over the past 40 years, NHP experiments have meaningfully informed immunosuppressive 

drug and regimen development for human transplantation and in many, but not all, cases 

have predicted efficacy, safety, and limitations of new therapies. New therapies introduced 

into human clinical transplantation practice after evaluation in NHP models include 

alemtuzumab, belatacept, and a regimen leading to transient mixed chimerism. With the 

support of encouraging NHP results, therapies such as anti-CD40 antibody, IL-6R blockade, 

and Treg/DCreg administration are currently in the planning stages for or are already in 

clinical trials. Other therapies, such as IL-15R blockade, showed promise in rodent studies 

but lacked efficacy in the NHP model and did not progress to transplant clinical trials (78). 

Compared to the rodent, similarities with respect to size, genetics, immunology, lifespan, 

and diverse immunological responses to their environment make the NHP a more relevant 

and predictive model for the development of transplant immunosuppression and tolerogenic 

therapies in humans.

Why NHP findings do not always predict human results is unclear, but may reflect 

seemingly minor differences in protocols, reagents, or interspecies immunobiology and 

pharmacokinetics (2). Advances in NHP MHC gene discovery and high-resolution MHC 

typing (79) improved viral immune management in immunosuppressed NHPs, and 

development of NHP-specific forms of immunotherapeutics has enhanced the scientific rigor 

and reproducibility of NHP transplant models. Determining preexisting, donor-specific 

alloreactive T memory cells in NHPs may enhance prediction and interpretation of 

outcomes. Moreover, similar determinations in human transplantation may allow for better 

modeling of clinical outcomes in NHPs (80). Recently developed methodologies like 

CYTOF (flow cytometry using antibodies labeled with metal ions and readout by time-of-

flight mass spectrometry), plasma cell culture, RNA expression, and exosome analysis 

applied to biobanked NHP samples may allow retrospective interpretations of experimental 

outcomes and more discerning prospective study design. These advances, coupled with 

emerging technologies in imaging, cell tracking, and single-cell analytics, will enhance our 

understanding of immune-mediated rejection and tolerance and should serve to make NHP 

models more predictive of human responses after transplantation while reinforcing NIH 

mandates to reduce and refine experimental animal use. As technologies and NHP resources 

continue to improve, NHP models have the potential to address persistent knowledge gaps in 

our understanding of the mechanistic contributions of inflammation and innate, memory, and 

regulatory immune cell populations in organ- and cell-specific transplant tolerance. NIH 
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support for NHP transplant tolerance research as a scientifically valid and ethical 

predecessor to clinical trials has contributed substantially to improvements in human health, 

and the benefits continue to accrue.
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Fig. 1. The transplantation research cycle.
The cycle begins with mechanistic diagnosis of the clinical problem of tissue rejection in 

human transplant patients. It progresses to a hypothesis regarding potential solutions. The 

next step involves testing in vitro experimental solutions and selecting the most promising 

new therapies for in vivo evaluation in murine models of organ transplantation. This is 

followed by more discriminating experimental evaluation of the therapy in nonhuman 

primate (NHP) transplant models. Successful NHP therapies progress to controlled human 

clinical trials before FDA approval for general clinical use in transplant patients.
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Fig. 2. Timeline for development of belatacept.
Blocking the CD28-CD80/CD86 costimulatory pathway has evolved from a mechanistic in 

vitro experimental tool to in vivo application for solid organ and islet transplantation, first in 

murine models and then in NHPs. In NHP transplant models, it was recognized that 

continuous therapy to prevent organ rejection would be more clinically useful than induction 

of tolerance and that a higher affinity molecule (belatacept) would be preferable to CTLA4-

Ig. The FDA approved belatacept for kidney transplantation in 2010, 24 years after CTLA4-

Ig was originally developed.
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