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Abstract

Background—Activation of porcine endothelial cells (PECs) is the mechanistic centerpiece of 

xenograft rejection. This study sought to characterize the immuno-phenotype of human T cells in 

response to PECs and to explore the immuno-modulation of B7 and mTOR blockade of T cells 

and/or PECs during xeno-responses.

Methods—Rapid memory T-cell (TM) responses to PECs were assessed by an intracellular 

cytokine staining. T-cell proliferation to PEC with or without belatacept or rapamycin were 

evaluated by a mixed lymphocyte-endothelial cell reaction (MLER). Additionally, rapamycin-

pretreated PECs were used in MLER. Cell phenotypes were analyzed by flow cytometry.

Results—TNF-α/IFN-γ producers were detected in CD8+ cells stimulated by human 

endothelium but not PECs. MLER showed proliferation of CD4+ and CD8+ cells with 

predominantly memory subsets. Purified memory and naïve cells proliferated following PEC-

stimulation with an increased frequency of TM in PEC-stimulated naïve cells. Proliferating 

cells upregulated PD-1 and CD2 expression. Belatacept partially inhibited T-cell proliferation 

with reduced CD2 expression and frequency of the CD8+CD2highCD28− subset. Rapamycin 

dramatically inhibited PEC-induced T cell proliferation, and rapamycin-preconditioned PECs 

failed to induce T-cell proliferation. PD-1 blockade did not restore T-cell proliferation to 

rapamycin-preconditioned PECs.

Conclusions—Humans lack rapid TM–mediated responses to PECs, but induce T-cell 

proliferative responses characterized largely as TM with increasing CD2 and PD-1 expression. 

B7-CD28 and mTOR blockade of T cells exhibit dramatic inhibitory effects in altering xeno-

proliferating cells. Rapamycin alter PEC xeno-immunogenicity leading to inhibition of xeno-

specific T-cell proliferation independent of PD-1-PD ligand interaction.
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1. INTRODUCTION

Clinical allo-transplantation is limited by the supply of donor allografts. The use of pigs has 

been proposed as a potential source of donors due to their unlimited supply, variable size, 

similar physiology, and practicality of breeding in a specific pathogen-free environment(1–2). 

Hyperacute rejection (HAR) of discordant xenografts(3) mediated by natural Gal alpha 

(1,3) Gal antigen-specific antibodies(4–5) can be overcome via many methods(6–8), exposing 

cell-mediated immunity and delayed xenograft rejection. This is characterized by activation 

of endothelial cells with infiltration of activated macrophages and natural killer cells, 

interstitial fibrin deposition, and eventual microvascular thrombosis(9–10). A significant 

prolongation of functional xenografts has also been achieved in genetically modified pig–to–

nonhuman primates(11–14). In this instance, xenograft rejection occurs by both humoral and 

cell-mediated mechanisms.

PECs represent the first barrier between hosts and their xenograft. They can be activated 

during cellular and humoral rejection processes and play a key role in subsequent 

cellular rejection by acting as antigen-presenting cells, initiating xenospecific T-cell 

responses by engaging in direct and indirect xenoantigen presentation(15–17) and providing 

costimulation(18–20). Indeed, infiltrating T cells have been detected in primates with 

prolonged xenografts(11–12), suggesting that xenoreactive T cells may play a pivotal role 

directly targeting porcine xenografts(7,9). Unlike naïve T cells, which require antigen 

recognition and costimulation(21), the stimulation necessary for the activation of pathogen-

specific TM is reduced(22), and these T cells respond heterologously to alloantigen(23–24), 

resulting in costimulation blockade–resistant rejection (CoBRR)(24–25). In contrast, it is 

unknown whether porcine-specific TM exist in humans without prior xenoantigen exposure, 

and/or whether heterologously stimulated T cells, characterized as effector and terminally 

differentiated effector TM (24–27), can recognize and rapidly cross-react with PECs.

Costimulation blockade (CoB) targeting CD154/CD40 pathway has been evaluated 

in pig-to-primate models and demonstrated significant prolongation of xenograft 

survival(12–14, 28–29). However, the use of CD154 mAb is not clinically applicable due to 

thromboembolic complications in human and primates(30–31). Belatacept, a B7 inhibitor, 

has been approved by FDA for use in clinical kidney allotransplantation(32–33), and the use 

of belatacept/rapamycin-based maintenance regimen post-depletional induction effectively 

reduce the risk of TM–mediated CoBRR without significant side effects(34–35). Indeed, B7–

CoB reduces the adaptive response in a pig-to-baboon xenotransplant model(37).

Therefore, we sought to characterize the phenotype of xenospecific T cells responding 

to PECs and evaluate the immunosuppressive agent belatacept and rapamycin, an mTOR 

inhibitor, in suppressing xenoreactive T cell–mediated responses in vitro. Herein, we 

have evaluated the rapid heterologous TM–mediated responses(36–37) and T cell–mediated 

proliferative responses to PECs, characterized their maturation state by surface phenotype, 

and assessed their susceptibility to belatacept or rapamycin. These agents have been 

studied given their use in allograft settings as alternative to calcineurin inhibitor-based 

immunosuppression(32–35). We failed to detect dual cytokine producers, an effector 

memory T-cell response to PECs. In contrast, naïve and memory cells demonstrated 
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proliferation following PEC stimulation, and proliferating cells were predominately TM 

subset with significant increase of PD-1 and CD2 expression when compared with 

nonproliferating cells. Belatacept significantly controlled xenoreactive T-cell proliferation 

with a concomitant reduction of CD2 expression. mTOR blockade not only alters 

xenospecific T-cell proliferative responses, but also modulates PEC immunogenicity. 

Interestingly, the inhibitory effects of PECs with mTOR inhibition was not regulated 

by PD-1/PD ligand interaction. These findings may be relevant in evaluating belatacept/

rapamycin-based maintenance immunosuppressive therapy in preventing xenogeneic T cell–

mediated rejection.

2. MATERIALS and METHODS

2.1 Reagents

The fluorochrome-labeled monoclonal antibodies (mAbs) specific for human T-cell surface 

and intracellular molecules (supplementary document) were used for phenotype analysis. 

Dulbecco’s modified eagle medium (DMEM), and RPMI-1640 medium were obtained from 

Life Technologies (Carlsbad, CA). Human endothelial cells (HECs) and culture medium 

were purchased from Cell Applications (San Diego CA).

2.2 Cells

PECs, isolated from aortas, were cultured in DMEM containing 10% FBS followed by 

subculture as previously described(21,24). Primary HECs were expanded in endothelial 

culture medium. HECs and PECs at passage-4 were diluted with FBS containing 10% 

dimethyl sulfoxide at 5×105 cells/mL followed by step-down frozen in a −80°C freezer, and 

stored at −180 °C.

Normal human individuals were enrolled under an institutional review board–approved 

protocol (Pro00062495) following informed consent. Blood was collected into a vacutainer 

tube containing Ficoll gel followed by centrifugation according to manufacturer’s protocol 

(BD Biosciences). Peripheral blood mononuclear cells (PBMCs) were collected.

CD14+ monocytes were isolated from PBMCs using positive selection kit (Miltenyi Biotec, 

Cambridge, MA). Cells were resuspended in medium containing 10% FBS. Naïve and 

memory cells were purified from PBMCs using negative selection method after purification 

of CD14+ cells. Briefly, pan-T cells were purified from PBMCs using negative isolation 

kit. Cells were stained mAbs, and then sorted into naïve (CD45RA+CCR7+) and memory 

(CD45RA−CCR7+, CD45RA−CCR7−, and CD45RA+CCR7−) subsets using a FACSAria 

Sorter (BD Biosciences). The purity of T cell subsets was over 90% as measured by flow 

cytometry.

2.3 Xenogeneic stimulation and intracellular cytokine staining (ICCS) for rapid memory T 
cell response

Effector memory cells, defined as CD45RA−CCR7− and or CD45RO+ cells, are 

polyfunctional with rapid production of multi-cytokines following exposure to 

antigens(36–37). We performed ICCS to assess the rapid TM–mediated response as previously 
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described(26–27). Briefly, defrosted PBMCs (viability >85%) were resuspended in culture 

medium. 5×105 PBMCs were added to 24-well plates containing PEC monolayers, cultured 

for 2 hours, 1 μL/mL of GolgiPlug was added to cultures, and continued to stimulate 

for additional 12 hours. In a selected experiment, PBMCs, stimulated with allogeneic 

HECs, were used as controls for rapid memory responses. PBMCs were harvested post-

stimulation, and surfaced-stained with mAbs followed by fixation/permeabilization with 

Cytofix/Cytoperm. Cells were intracellularly stained with mAbs specific for TNF-α and 

IFN-γ and analyzed using flow cytometry (Fortesa, BD Biosciences). Data analysis was 

performed using FlowJo software (Tree Star, San Carlos, CA).

2.4 Detection of cytokines/chemokines during PBMC–PEC interaction

To evaluate the production of cytokine/chemokine during the initial interaction between 

PBMCs and PECs, the culture supernatants were collected from MLER and unstimulated 

negative control PBMCs after 24-hour interaction. The supernatants were diluted with 

buffer, and the cytokine and chemokine levels were measured by bead-based multiplex kit 

according to manufacturer’s protocol (Invitrogen, Carlsbad, CA).

2.5 Xenogeneic mixed lymphocyte-endothelial cell reaction (MLER)

To investigate the xenogeneic T cell proliferation, a Violet Proliferation Dye-450 

(VPD-450)-based MLER was performed using the method described previously(38). Briefly, 

PECs were cultured in 24-well plates until confluence. In selected experiments, confluent 

PECs were pretreated with 10 ng/mL rapamycin, followed by extensive washes to remove 

rapamycin residual. 5×105 VPD-450-labeled PBMCs were added to each well containing 

PEC monolayers and cultured for 6 days. In selected experiments, 100 μg/mL of belatacept, 

10 ng/mL of rapamycin, and 100 μg/mL of anti-PD-1 mAb were added to MLER. To 

assess proliferation of naïve and memory cells to PECs, purified naïve and memory cells 

were labeled with VPD-450, and 5×105 cells were incubated with PECs with or without 

1×105 autologous CD14+ cells. Cells were harvested at day 6 of incubation and surface 

stained with mAb cocktail. Cells were analyzed using flow cytometry, and data analysis was 

performed using FlowJo software.

2.6 Statistical analysis

Two-sample Student’s t-test was performed to determine the statistical significance for 

inhibitor effects of regents on both CD4+ and CD8+ cells in response to xenogeneic 

stimulation. A p value of less than 0.05 was considered statistically significant.

3 RESULTS

3.1 Humans lack rapid TM–mediated responses to porcine xenogeneic antigens

Heterologous T cell–mediated immunity, responses to viral and other antigens that cross-

react with allo-antigens, may alter the size of the donor-specific repertoire(23–24). Allo-

specific TM–mediated responses are characterized as capable of primarily rapid producing 

cytokines(32–33). Previous studies have demonstrated that allo-reactive multi-cytokine 

producers are largely CD8+CCR7−CD45RA− and CCR7−CD45RA+ TM lacking CD28 

but not CD57 expression(25–27). Nevertheless, it is unknown whether xenospecific TM 
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are present in humans without previous exposure to xenoantigens. Therefore, we first 

investigated the xenospecific TM in response to PECs and HECs respectively, using ICCS 

assays.

We evaluated normal individuals (n=14) for rapid TM–mediated response to PEC. As 

shown in Figure 1a, PEC-stimulated PBMCs from all individuals did not demonstrate 

significant increase of TNF-α/IFN-γ dual or single cytokine producers when compared 

with unstimulated cells. PBMCs from three individuals were tested against PECs and three 

different lots of HECs followed by ICCS (Figure 1b). As anticipated, these individuals 

showed rapid TM–mediated response to HECs as determined by increased TNF-α single and 

TNF-α/IFN-γ dual producers in CCR7−CD45RA− and CCR7−CD45RA+ subsets consistant 

with previously reported(26–27). In contrast, their TM–mediated responses against PECs 

were undetectable when compared with resting cells. Additionally, these allo-specific 

CD8+ TM dual-cytokine producers expressed CD57 but lack CD28 expression (Figure 1c), 

which confirms previous reports(25). These findings suggest that unlike cross-reactivity of 

heterologous T-cell immunity to alloantigens, these TM may be unable to mount rapid 

responses to PECs.

3.2 Human cytokine/chemokine production during early PBMC–PEC interaction

Previous studies have suggested that initial innate immune response(9–10,15,39) and natural 

killer (NK) cell–mediated responses(15,39) may play critical roles in DXR. Therefore, 

we measured cytokines and chemokines in supernatants after 24 hours of PBMC–PEC 

co-culture. As shown in Figure 2a, all subjects demonstrated significant production of 

IL-8 when compared with unstimulated cells. In contrast, IL-1-beta, CCL4, and IL-12 

were undetectable following stimulation of PBMCs by PECs. Furthermore, the production 

of TNF-α, IFN-γ, and IL-6 were not observed during 24-hour PBMC–PEC co-culture, 

confirming the lack of rapid TM–mediated responses to PEC, an observation in ICCS 

analysis (Figure 2b). CCL5 (Rantes) was also not increased after PEC stimulation when 

compared with unstimulated PBMCs.

3.3 The proliferating xenospecific response is mediated by memory cells

We first evaluated the proliferative responses of PBMCs to PECs by a VPD-450–based 

MLER (Figure S1). As anticipated, both CD4+ and CD8+ cells from PBMCs demonstrated 

significant proliferative responses to PEC when compared with unstimulated PBMCs, and a 

highest proliferative response was observed in CD8+ population (Figure 3).

To assess the phenotype of xeno-proliferating T cells in response to PECs, CD4+, and CD8+ 

cells were interrogated based on surface markers, including CD2, CD28, CCR7, CD45RA, 

and PD-1. The proliferating cells were largely TM (Figure 4a). In a comprehensive analysis, 

CD4+ and CD8+ proliferating cells were segregated into four subsets based on CCR7 

(CD197) and CD45RA expression (Figure 4b): naïve (TN), central memory (TC), terminally 

differential effector memory (TEMRA), and effector memory (TEM)(25–27,40). As shown 

in Figure 4c, both proliferating CD4+ and CD8+ cells demonstrated significantly higher 

frequencies of TEM and TC and lower frequencies of TN subsets when compared with 

nonproliferating and unstimulated PBMCs.
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To further investigate the originating phenotype of proliferating cells induced by PEC 

stimulation, purified naïve and memory cells were stimulated by PECs with or without 

autologous CD14+ monocytes. Previous studies have suggested that monocytes may act 

as antigen-presenting cells in inducing T-cell proliferative responses (indirect recognition 

and costimulation) to alloantigens and xenoantigens(41–42). As shown in Figure 4d, both 

naïve and memory CD4+ cells proliferated in response to PEC with or without autologous 

monocytes. The proliferation of memory CD4+ cells was significantly higher than naïve 

cells. However, the proliferation of CD4+ cells to PECs was not augmented by autologous 

CD14+ monocytes. Similarly, the significant proliferation of naïve and memory CD8+ cells 

in response to PECs was observed in the absence of autologous CD14+ monocytes (Figure 

4e). Autologous CD14+ monocytes failed to enhance the proliferative responses of naïve 

and memory CD8+ cells to PECs. Indeed, the proliferating cells from PEC-stimulated CD4+ 

and CD8+ TM maintained their memory phenotype (data not shown). In contrast, a large 

proportion of the proliferating cells derived from TN after PEC stimulation became TM 

particularly TEM phenotype (Figure 4f).

3.4 Proliferating xenoreactive T cells upregulate CD2 expression

Previous studies have suggested that as costimulatory and adhesion molecules, CD2 play 

an important role in PEC-induced human T cell activation(15–16, 43). Indeed, activated 

allo-specific T cells characterized as differentiated multi-cytokine producers express a high 

level of CD2, and this differentiated TM activation may be costimulation-independent and 

resistant to CoB(25–27, 45). To specifically evaluate the CD2 expression of xenospecific 

proliferating T cell subsets, PBMCs and purified naïve and memory cells were stimulated 

with PECs and interrogated for CD2 expression on proliferating and nonproliferating 

cells. As shown in Figure 5a, the CD2 expression on unstimulated CD4+ and CD8+ cells 

was similar to nonproliferating cells in PEC-stimulated PBMCs. In contrast, proliferating 

CD4+ but not CD8+ cells significantly upregulated CD2 expression (Figure 5a). Further 

analysis of proliferating naïve and memory CD4+ cells following PEC stimulation with or 

without autologous CD14+ cells demonstrated significant increase of CD2 expression when 

compared with nonproliferating and unstimulated cells (Figure 5b). In contrast, proliferating 

CD8+ cells from PEC-stimulated naïve but not memory cells showed higher CD2 expression 

than nonproliferating and unstimulated cells (Figure 5b).

Activation of differentiated TM may be costimulation-independent as defined by lacking 

CD28 expression, and this subset is resistant to B7-CoB following exposure to 

alloantigens(26–27, 44). The xenospecific proliferating cells were analyzed based on CD28 

and CD2 expression as described previously(27). As shown in Figure 5c, proliferating 

CD4+ and CD8+ cells in PEC-stimulated PBMCs were largely CD2hiCD28+ cells. The 

CD2hiCD28− subset in proliferating CD8+ cells was significantly higher than unstimulated 

and nonproliferating cells. Moreover, a significant increase of CD2hiCD28+ subset was 

observed in proliferating cells of PEC-activated naïve and memory cells with or without 

CD14+ monocytes (Figure 5d).
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3.5 Proliferating xenoreactive T cells upregulate PD-1 expression

Programmed death-1 (PD-1), an inducible negative regulator of immune responses(45), may 

play a critical role in regulating allo-specific immunity(46–47). Recent study has identified 

that CD4+CD57+PD-1− subset may underline CoBRR in kidney transplant patients receiving 

belatacept-therapy without depletional induction(25). Both CD4+ and CD8+ proliferating 

cells from PEC-activated PBMCs, purified naïve, and memory cells were evaluated after 

segregating into four distinct subsets based on CD57 and PD-1 expression (Figure 6a). As 

shown in Figure 6b, proliferating CD4+ cells were predominantly PD-1–expressing cells 

without significant increase of the CD57+PD-1− subset. In contrast, although PD-1+ cells 

increased significantly in proliferating CD8+ cells when compared with nonproliferating 

cells, CD57−PD-1− cells were a predominant subset. Furthermore, a significant increase of 

frequency of PD1+CD57− subset in proliferating CD4+ and CD8+ cells was revealed in both 

naïve and memory cells following PEC stimulation with or without autologous CD14+ cells 

(Figure 6c).

To further investigate the role of PD-1–expressing cells, which may play a critical role 

in negatively regulating xenospecific proliferative responses, PD-1 was blocked with PD-1–

specific mAb (Figure 6d) during PBMC–PEC co-cultures in selective experiments. As 

shown in Figure 6e, both CD4+ and CD8+ cells with PD-1 blockade did not demonstrate 

enhanced proliferative responses when compared with cells without of PD-1–specific 

antibody.

3.6 Belatacept partially inhibits xenogeneic T cell proliferation in response to PEC

Given that humans may lack cross-reactive heterologous TM-mediated immunity against 

PECs, the xenoreactive T-cell responses were phenotypically TEM and CD2highCD28+ 

subsets. Therefore, we postulated that these proliferating T cells may be susceptible to 

B7 inhibitor belatacept. PBMCs were stimulated with PEC monolayers in the presence 

or absence of belatacept, followed by detection of T-cell proliferation and evaluation of 

phenotype of proliferating cells (n=6). As expected (Figure 7a), the proliferation of both 

CD4+ and CD8+ cells in response to PEC in the presence of belatacept was markedly 

inhibited. Xeno-specific CD4+ but not CD8+ proliferating cells demonstrated reduction 

of CD2 expression when compared to proliferating cells without of B7-CoB (Figure 

7b). No significant changes were observed in CD2CD28 subsets in proliferating CD4+ 

cells with or without B7-CoB. Although belatacept did not decrease CD2 expression on 

proliferating CD8+ cells, the frequencies of CD2highCD28− and CD2highCD28+ subsets were 

significantly reduced following belatacept treatment when compared to proliferating cells 

without belatacept (Figure 7c).

3.7 mTOR inhibitor alters xenoreactive T cells and pig endothelial xeno-immunogenicity

The mTOR inhibitor rapamycin inhibits T cells by blocking IL-2 signaling(48), thereby 

facilitating activation-induced cell death and elimination of proliferating T cells clones(49). 

A recent study has suggested that mTOR inhibitor in combination with CD40 blockade is 

effective in prolongation of pig renal xenografts(50). Increasing evidence has suggested that 

mTOR inhibition may directly modulate endothelial surface molecules, cytokine production, 

and allorecognition(51–52). Therefore, we first evaluated the ability of rapamycin to inhibit 
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T-cell proliferation in response to PECs. As shown in Figure 8, the proliferative responses 

of human CD4+ and CD8+ cells to PECs were dramatically reduced in the presence of 

rapamycin, with a 74±10.7% inhibition of CD4+ T-cell proliferation and a 76.6±7.8% 

inhibition of CD8+ T-cell proliferation (Figure 8). To determine if rapamycin modulated this 

response at the PEC level, PBMCs were stimulated by rapamycin pre-treated PECs with 

or without PD-1–specific blocking mAb. As shown in Figure 8, rapamycin preconditioned 

PECs failed to induce CD4+ and CD8+ cell proliferation. Furthermore, blocking PD-1/PD-

ligand interaction with PD-1 specific mAb did not restore the proliferation of xenoreactive 

CD4+ and CD8+ T cells, suggesting that abrogation of human T-cell proliferative responses 

to PECs, induced by mTOR inhibition of PEC, is independent of PD-1/PD-ligand pathway.

4 DISCUSSION

As the first major interaction point between pig xenograft and host immunity, PECs are 

the major targets for circulating natural antibody and complement in the development 

of HAR(3–4). It is believed that PECs acting as antigen-presenting cells may play a 

key role in initiating T-cell activation via performing both direct and indirect antigen 

presentation(15–16, 18) and providing costimulation(19–20, 43). Certainly, TEM engage rapid 

responses following recognition of previously encountered pathogens(29–30). It is well-

established that the requirement for costimulation in the activation of pathogen-specific TM 

is reduced(22), and these heterologous TM can cross-react with alloantigens even without 

previous exposure(23–24) and mediate CoBRR in transplant patients(24–25). However, it 

was unknown if heterologous TM–mediated immunity could also recognize and rapidly 

respond to xenoantigens presented by PECs. In this study, we specifically evaluate rapid 

TM–mediated responses to PEC, and find that, unlike allo-reactive TM immunity(24–27) that 

demonstrated rapid responses to alloantigens, humans lack pre-existing xenospecific TM 

as determined by absence of rapid development of TNF-α/IFN-γ producers after primary 

exposure to PECs. Certainly, there is a lack of detectable T cell–producing cytokines in 

culture supernatants within first 24 hours after T cell–PEC interaction. These findings 

suggest the lack of cross-reactivity between porcine xenoantigens and heterologous TM–

mediated immunity. The early cell-mediated response is associated with upregulation 

of innate cell immunity–related cytokines, including IL-8 production with 24 hours post-

stimulation, confirming previous observation in in vivo studies(7–8, 10).

PECs can induce proliferation of human PBMCs(15–16, 18–19, 38) with production of cytokine 

and chemokine(53–54) via direct and indirect xenorecognition. In this study, we have 

specifically characterized the phenotype of primary proliferating xenoreactive T cells in 

response to PECs. First, we show that the xenospecific proliferating CD4+ and CD8+ 

cells are largely TEM cells when compared with nonproliferating cells and resting cells. 

In vitro studies have indicated that monocytes, as antigen-presenting cells, may play an 

important role in indirect xenorecognition and costimulation for T-cell responses(42). We 

find that purified TM with or without autologous monocytes proliferate in responses to 

PEC stimulation, and proliferating cells maintain their memory phenotype. In contrast, 

purified naïve cells also proliferate after PEC stimulation, with a significant proportion of 

proliferating cells becoming TEM cells. The presence of autologous monocytes does not 

augment proliferative responses of purified T cells when compared with T cell responses 
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in the absence of monocytes indicating that the direct xenorecognition and costimulation 

may play a major role in PEC-induced initial T-cell proliferation. We also find that these 

proliferating cells highly express CD2 molecule, a critical adhesion/costimulatory molecule 

for T-cell proliferation via direct xenorecognition and costimulation(16, 18 43). Furthermore, 

we find CD2highCD28+ cells are the predominant subset in primary proliferating CD4+ 

cells suggesting that this subset may be susceptible to B7-CoB. We also find that the 

primary proliferating CD8+ cells display an increasing frequency of CD2highCD28− cells, a 

subset identified previously as B7-CoB–resistant cells(26–27). Indeed, a previous study has 

found considerable contribution of CD4+CD4RO+ cells in response to PECs, suggesting that 

effectively controlling this subset may dramatically affect long-term xenograft survival(17). 

Increasing numbers of studies have suggested that B7-based regimens, as alternatives 

to calcineurin inhibitors, effectively prevent allograft rejection with depletional induction 

in human kidney transplantation(33–35), and the inhibition of T cell–dependent immune 

responses in vivo has been reported in nonhuman primate models(54–55). In this study, the 

primary proliferation of CD4+ and CD8+ cells in responses to PEC is dramatically inhibited 

by belatacept. We also find that B7-CoB alters the phenotype of xenoreactive proliferating 

cells with a significant reduction of CD2 expression on CD4+ cells and CD2highCD28− and 

CD2highCD28+ subsets in proliferating CD8+ cells.

Rapamycin, an mTOR complex-1 inhibitor, not only effectively prevents T cell–mediated 

allograft rejection when used as a maintenance immunosuppressive regiment with 

belatacept(34–35), but also may modulate human endothelium(56–58). In this study, we first 

demonstrate that rapamycin effectively inhibits primary xenospecific T-cell proliferative 

response to PECs. Certainly, the allo-specific proliferating cells may undergo activation-

induced cells death in the presence of mTOR inhibitor(49). Importantly, we also find that 

PECs, as xenoantigen presenting cells, are unable to induce primary T-cell proliferative 

responses after pretreatment of PEC with rapamycin. It has been well established that 

the interaction between PD-1 and PD ligand-1 can negatively regulate T cell–mediated 

allo-specific immunity(46–47). Previous studies have showed that HECs express PD-L1 

and upregulate PD-L1 expression after pretreatment with rapamycin(58). Indeed, both 

xenospecific proliferating CD4+ and CD8+ cells upregulate surface PD-1 expression after 

PEC stimulation. Therefore, we specifically investigated the role of PD-1/PD-L1 pathway 

in inhibiting PEC-induced primary T cell responses following pre-inhibition of PEC mTOR 

with rapamycin. We find that blockade of PD-1 expression with PD-1–specific antibody 

cannot restore the primary proliferative responses of human CD4+ and CD8+ cells to 

rapamycin-conditioned PECs, suggesting that inhibition of xenospecific T cell–mediated 

primary responses by rapamycin pretreated PECs is independent of PD-1/PD-L1 interaction. 

In an in vitro human endothelial-T cell model, rapamycin-treated HECs may active 

regulatory cells in preventing allo-specific responses(58). We are currently unable to exclude 

the possibility that human PD-1 may not interact directly with porcine PD-L1. Interestingly, 

a recent study has successfully generated human PD-L1 transgenic pigs and showed surface 

expression of PD-L1 on PBMCs, ECs, and fibroblasts exhibiting inhibitory effects on CD4+ 

cells(59).

Though genetically modified pigs show promise in prolonging xenograft survival, 

antibody-mediated acute humoral rejection and coagulation dysfunction(11–14, 28–30) 
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have remained barriers. Furthermore, the morbidity and mortality associated with the 

conventional immunosuppression necessary for xenograft survival is nontrivial(60). Previous 

study has found that the activation of PECs can be induced by activated human 

platelets expressing CD154(20) indicating the critical role of CD40/CD154 pathway 

in xeno-specific T cell activation. Indeed, immunotherapies specifically targeting CD40/

CD154 costimulatory molecules have resulted in dramatic prolongation of xenograft in 

primates(12–14, 28–29); however, blocking CD154/CD40 interaction with CD154 mAb is 

associated with thromboembolic complications in human and primates(31). The most 

recent study has demonstrated life-supporting cardiac xenograft for up to 195 days 

without significant thromboembolic events using monkey-specific anti-CD40 antibody or 

anti-CD154 PASylated Fab-based immunotherapy(13). Contrastingly, belatacept/rapamycin-

based maintenance regimen in combination with depletional induction has been approved as 

replacement to calcineurin inhibitor in kidney transplantation. This novel regimen not only 

effectively prevents T cell–mediated acute allograft rejection with preserved cell-mediated 

immunity, but also inhibits formation of donor-specific alloantibody(34–35). We reasoned 

that this novel regimen may effectively prevent xenoreactive T cell–mediated rejection and 

xenoantibody formation when combined with therapies specifically targeting coagulation 

dysfunction.

In conclusion, this study demonstrates a lack of development of rapid cytokine-producing 

memory T cell responses in humans during initial interaction between T cells and PECs. 

Both purified naïve and memory cells with or without autologous CD14+ cells recognize 

and proliferate in response to PECs. We also define the phenotype of proliferating 

xenoreactive T cells in response to porcine endothelial xenoantigens with or without B7 

CoB. Rapamycin effectively inhibits xenospecific T-cell proliferative responses by either 

directly interfering with T cells or altering porcine endothelial immunogenicity. We also 

find that inhibition of xenoreactive T-cell proliferation by porcine endothelium pretreated 

with rapamycin is independent of negative regulation of PD-1/PD ligand interaction. 

These findings may be relevant in further investigations of belatacept/rapamycin-based 

maintenance immunosuppressive regimen in xenotransplantation.
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Abbreviation

PECs porcine endothelial cells

TM memory T cells

HAR Hyperacute rejection

FBS Fetal Bovine Serum
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MLER mixed lymphocyte-endothelial cell reaction

CoBRR costimulation blockade–resistant rejection

mAbs monoclonal antibodies

CoB costimulation blockade

ICCS intracellular cytokine staining

HECs human endothelial cells

mTOR mammalian target of rapamycin

TNF-α tumor necrosis factor-α

IFN-γ interferon-γ

mAb monoclonal antibody

PBMCs peripheral blood mononuclear cell

TN naïve T cells

TEMRA terminally differential effector memory T cells

TEM effector memory T cells

TC central memory T cells
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Figure 1. Assessment of xenospecific memory T cell responses.
(a) Human PBMCs were stimulated with PEC monolayers in the presence of protein 

transporter followed by ICCS to detect cytokine producers. T cells were analyzed based 

on CD3, CD4, and CD8 expression (top panel). The percentage of single and dual cytokine 

produces in PEC-stimulated CD4+ and CD8+ cells (bottom) is similar to unstimulated 

cells. (b) Human PBMCs were stimulated by PECs or HECs. CD8+ cells were interrogated 

for TNF-a and IFN-γ production. Top panel shows a representative sample demonstrating 

dual cytokine producers following stimulation with HECs but not xenogeneic PECs. The 

dual cytokine producers were examined for CD57 and CD28 expression. Three individuals 

demonstrated detectable rapid memory T cell–mediated immune responses to three primary 

HECs but lacked immune responses to PECs (bottom left). Allo-specific dual cytokine 

producers are largely CD57-expressing cells but lack CD28 expression.

Li et al. Page 15

Transplantation. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Detection of cytokine and chemokine production during early PBMC–PEC interaction.
Human PBMCs were stimulated by PECs for 24 hours, and the culture supernatants were 

measured with multiplex cytokine/chemokine detection kits. (a) A significant increase of 

IL-8 but not IL-1 beta, CCL4, and IL-12 was detected in PEC-stimulated PBMCs. (b) 

Cytokines related to memory T cell activation are barely detectable during 24-hour PBMC–

PEC interaction.
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Figure 3. Xenospecific proliferative responses of human PBMCs following PEC stimulation.
(a) VPD-450–labeled responder PBMCs were incubated with intact PEC monolayers, and 

CD4+ and CD8+ cells were interrogated for proliferation after 6 days through assessment 

of VPD-450 dilution. Representative results from one individual are shown in this panel. 

(b) The magnitude of proliferative responses of xenospecific CD4+ and CD8+ cells from all 

tested individuals after PEC stimulation are shown.
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Figure 4. Phenotypical dynamics of primed proliferating T cells in response to porcine 
endothelial cells.
(a) A representative experiment shows the distribution of major surface marker expression 

on xenospecific proliferating cells, nonproliferating cells, and cells without stimulation. The 

mean values for markers are visualized by each node using star charts. The height indicates 

the intensity of surface marker expression, and the specific colors (star charts) from each 

node represent cell clusters. The proliferating xenoreactive cells show distinguished clusters. 

An automatic meta clustering of the Flow-SOM nodes is indicated by the background 

color of the nodes. (b) CD4+ and CD8+ cells are segregated into TN (CCR7+CD45RA+), 

TC (CCR7+CD45RA−), TEMRA (CCR7−CD45RA+), and TEM (CCR7−CD45RA−) subsets 

based on surface expression for CD45RA and CCR7. (c) Proliferating CD4+ and CD8+ 

cells in response to PEC demonstrate significant increase of frequency for effector memory 

subset when compared with unstimulated cells and nonproliferating cells. (d) Proliferation 

of purified naïve and memory cells in response to PEC-stimulation in the presence or 

absence of autologous CD14+ monocytes is assessed by flow cytometry analysis. CD4+ 

memory T cells (TM) show significantly higher proliferative responses then naïve T cells 

(TN) following PEC-stimulation. However, the presence of autologous monocytes does not 

augment anti-PEC proliferation. (e) The CD8+ TN and TM cells proliferate in response to 

PECs, and the xenogeneic specific proliferation of both TN and TM cells is not enhanced 

by the presence of autologous CD14+ monocytes. (f) The phenotype of proliferating cells is 

assessed based on surface CD45RA/CCD7 expression. A significant increase of frequency 

of TEM subset is observed in PEC-stimulated naïve cells.
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Figure 5. Proliferating xenoreactive T cells upregulate CD2 expression.
(a) PBMCs were analyzed for mean fluorescence intensity (MFI) of CD2 expression 

following PEC stimulation. Histogram of representative samples (left) shows CD2 MFI 

on proliferating CD4+ and CD8+ cells (black) when compared with resting (light gray) 

and nonproliferating (dark gray) cells. The MFI of CD2 on proliferating CD4+ but not 

CD8+ cells from all tested individuals (right) is significantly higher than resting and 

nonproliferating cells. (b) Purified naïve and memory cells in the presence or absence 

of autologous CD14+ monocytes were assessed for MFI of CD2 expression following 

stimulation with PEC monolayers. (c) CD4+ and CD8+ cells were segregated into four 

subsets based on surface CD2 and CD28 expression (left). CD4+ proliferating cells show 

significantly higher levels of CD2hiCD28+ subpopulation when compared with resting and 

nonproliferating cells. The proliferating CD8+ cells are predominantly CD2hiCD28− and 

CD2hiCD28+ subsets. (d) Proliferating cells in PEC-stimulated naive and memory cells in 

the presence or absence of autologous CD14+ monocytes showed increasing frequency of 

CD2hiCD28+ cells. (* p<0.05, ** p<0.001, *** p<0.0001, ****p<0.00001)
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Figure 6. Upregulation of PD-1 expression on xenoreactive proliferating T cells.
(a) CD4+ and CD8+ cells are segregated into four subsets based on surface expression 

of PD-1 and CD57. (b) Both CD4+ and CD8+ cells significantly upregulate PD-1but not 

CD57 expression following stimulation by PECs. (c) Purified naïve and memory cells 

were analyzed for PD-1 expression following induction of proliferative responses by PECs. 

An increased PD-1 expression on proliferating cells was detected in CD4+ and CD8+ 

cells. (d) A representative sample shows that PD-1–specific antibody completely blocks 

PD-1 expression on CD4+ and CD8+ cells. (e) VPD-450–labeled responder PBMCs were 

stimulated with PEC in the absence or presence of PD-1 specific antibody for 6 days. A 

representative from one individual showed the xenoreactive T cell proliferation with or 

without PD-1 specific antibody (left). The blockade of PD-1 expression with PD-1 specific 

antibody is not effective to enhance xenoreactive T cell proliferation in response to PEC. (* 

p<0.05, ** p<0.001, *** p<0.0001, ****p<0.00001)
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Figure 7. B7 blockade dramatically inhibits primary xenospecific T-cell proliferation and alters 
phenotype of xenospecific proliferating T cells.
(a) VPD-450–based xenogeneic MLER was performed in the presence or absence of B7 

inhibitor belatacept. Human T-cell proliferation in response to PECs was dramatically 

inhibited by belatacept. (b) Costimulation blockade with belatacept significantly reduced 

the MFI of CD2 expression on xenoreactive CD4+ proliferating cells when compared 

with resting and nonproliferating cells. (c) Belatacept significantly alters frequency of 

CD8+CD2hiCD28− and CD8+CD2hiCD28+ subsets when compared with resting and 

nonproliferating cells (* p<0.05).
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Figure 8. Effects of mTOR blockade in preventing xenoreactive T-cell proliferative responses to 
PEC.
The primary proliferation of xenoreactive T cells in response to PEC was inhibited 

dramatically in the presence of mTOR inhibitor rapamycin. PECs, pretreated with 

rapamycin, are unable to induce xenoreactive T cell proliferative responses. The PD-1/PD 

ligand-1 blockade with PD-1–specific antibody fails to restore T-cell proliferation in 

response to rapamycin-pretreated PECs. PD-1 blockade does not inhibit PEC-induced T-cell 

proliferation.
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