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Abstract

Background: We have achieved greater than a 6-month survival of a life-supporting kidney co-

transplanted with a vascularized thymic graft into non-human primates (NHP). Although we have 

achieved pig-specific unresponsiveness in vitro, immunosuppression was not able to be fully 

weaned. Studies in mice and humanized mice suggest that a hybrid pig thymus (Hyb-thy) 

containing host thymic epithelial cells (TECs) can optimize intra-thymic selection, achieving 

xenograft tolerance with improved reconstitution of T cell function.

Methods: We have tested the feasibility of preparation of a Hyb-thy that contains NHP TECs in 

the donor thymic grafts. We first prepared the Hyb-thy in the donor pigs 2–3 weeks before xeno-

Tx. We performed 6 cases of Hyb-thy preparation in six juvenile miniature swine. Two pigs 

received non-manipulated cynomolgus monkey thymic cells that were isolated from an excised 

atrophic thymus via injection into their thymic lobes (Group 1). The remaining four received 

thymic cells that were isolated from non-atrophic thymic glands (Groups 2 and 3). Pigs in Group 2 

received un-manipulated thymic cells in one thymic lobe, as well as CD2 positive cell-depleted 

TEC-enriched cells in the contralateral lobe. Pigs in Group 3 received TEC-enriched cells alone.

Results: All thymus-injected pigs received tacrolimus and rapamycin until endpoint (POD16). 

We detected cynomolgus monkey TEC networks in pig thymus from Groups 1 and 3, while pigs in 

Group 2 rejected the thymic cells. We demonstrated preparation of Hyb-thy in pigs using 

tacrolimus plus rapamycin therapy.

Conclusion: Our results suggest that enrichment of TEC from the excised NHP thymus 

facilitated NHP TEC engraftment in pig thymus.
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Introduction

Recent technological advancements in genomic manipulation have markedly improved the 

efficiency of multiple gene manipulations in porcine xeno-transplantation (xeno-Tx) donors 
1, 2. Utilizing this technology, xeno-Tx from multi-transgenic alpha-1,3-galactosyltransferase 

knockout (GalT-KO) pigs has demonstrated marked prolongation of renal xenograft survival 

ranging from days to greater than six months in a life-supporting model 3–5 , >12 months in 

islets in induced diabetes in NHPs 6–10 , and >2 years of a heterotopic non-life-supporting 

cardiac xenograft in pig-to-baboon models 10. More recently, six months’ survival of 

baboons bearing life-supporting porcine cardiac grafts in baboons has been reported 11. 

These results have since allowed xeno-Tx to become a much more realistic strategy in 

regards to solving the organ shortage crisis. However, in order to prevent rejection, 

continuous administration of multiple immunosuppressive drugs is still required. Even 

though these current immunosuppressive regimens seem to be controlling the T cell 

responses 3–5, 10, 12, it appears that low levels of T cell-dependent antibodies 13, 14 and the 

activation of innate immune responses 15 still led to xenograft rejection. Shin et al. reported 

that >500 days engrafted pig islets in NHPs were fully rejected by activated immune cells, 

particularly CD4+ and CD8+ T cells, when immunosuppressive maintenance drugs were 

discontinued 16. Therefore, approaches utilizing specific tolerance induction must be 

included to avoid persistent immune reactivity.

Thymic Tx has proven to be a powerful strategy to induce T cell tolerance across both 

allogeneic and xenogeneic barriers in pig-to-pig, pig-to-mouse and pig-to-humanized mouse 

models 17181920. We have developed two techniques for transplanting a vascularized thymic 

graft which allow the donor thymus to function immediately after revascularization. One 

technique is “composite thymo-kidney (TK)” 21 and the other is “vascularized thymic lobe 

graft (VTL)” 22. Using these two techniques, we have demonstrated that vascularized thymic 

tissue can successfully induce tolerance and support thymopoiesis across fully allogeneic 

barriers in MGH miniature swine 232425. By extending this strategy to pig-to-baboon 

models, we have recently achieved survival of a life-supporting TK for over 6 months 26. 

Notably, multiple recipients bearing a functional TK for over 3 months developed donor 

specific unresponsiveness at the T and B cell levels 2627. Although new thymic emigrants 

(CD4+/CD31+/CD45+) were developed (Yamada K et al. manuscript in preparation) beyond 

2 months following transplantation, we have not yet been able to fully stop 

immunosuppression, although we have been successful with tapering it markedly 26. 

Therefore, additional strategies are required for the rapid induction of tolerance in the pig-to- 

NHP model.

While robust tolerance is induced by xenogeneic thymic Tx 1718, sixty percent of grafted 

nude mice and 10% of grafted thymectomized B6 mice developed a clinical illness 

resembling chronic graft-versus-host disease in T cell-depleted, thymectomized mice that 

received fetal pig thymus grafts. This is thought to be due to the incomplete negative 

selection of host tissue-specific antigens and insufficient development of T regulatory cells 

(Tregs) with those specificities 28. It was subsequently found that this can be overcome by 

injecting recipient TECs into the porcine thymus graft 29. More recent data have 
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demonstrated that a hybrid pig thymus containing human hematopoietic stem cell donor 

TECs (Hyb-thy) optimizes intra-thymic selection of human T cells which are tolerant of 

both the pig and human in humanized mouse models (Maharlooei MK. Data presented in the 

IXA 2017). Likewise, we hypothesize that Tx of a vascularized hybrid pig VTL (Hyb-VTL) 

graft, which contains the recipient baboon’s TECs, into the recipient baboon will permit 

rapid and stable induction of tolerance with rapid development of thymopoiesis as well as 

thymic selection. However, our technique for transplanting a vascularized thymic graft is 

specifically designed for large animals as we use pigs as donors, and it would not be possible 

to perform this procedure in a pig-to-humanized mouse model. Therefore, we first examined 

whether preparation of Hyb-thy is both technically and immunologically feasible in pigs for 

transplant as a Hyb-VTL graft. In this study, we determined the optimal conditions as well 

as an immunosuppressive regimen to prepare Hyb-VTL which is specifically designed for 

pig-to-NHP Tx as well as possible future clinical trials. Results in this study demonstrate 

that NHP thymic TECs successfully engraft in miniature swine cervical thymic lobes, 

indicating the success of Hyb-VTL graft preparation.

Materials and Methods.

Animals

Recipients: CLAWN miniature swine (n=6) between the ages of 5 and 6 months old and 

weighing between 12.0 to 20.9 kg were obtained from the Miniature Swine Research 

Institute, Isa, Kagoshima, Japan 30.

Donors: Cynomolgus monkeys were used as a source of NHP thymic cells. Male 

cynomolgus monkeys (n=3) between the ages of 3 to 4 years old, weighing between 3.7 kg 

and 4.9 kg, were purchased from the Shin Nippon Biomedical Laboratories, Ltd., 

Kagoshima, Japan. The study protocol was approved by the Ethical Committee of the 

Faculty of Medicine at Kagoshima University in Japan, and all animal care and procedures 

were performed in accordance with the guidelines of 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.

Experimental follow up period following NHP thymic cell implantation: Since 

our protocol for transplanting pig kidneys with VTL xeno-Tx (K+VTL xeno-Tx) includes a 

host thymectomy 2–3 weeks prior to K+VTL xeno-Tx 2731, we used this same 2–3 week 

period in this experiment to prepare the Hyb-VTL in the donor swine. In order to determine 

whether this period is feasible for preparation of a Hyb-VTL, we set the end points of this 

study at 16 days after cynomolgus monkey thymic cell implantation into the thymic lobes of 

the miniature swine.

Experimental Groups: Miniature swine recipients were divided into 3 groups depending 

on the proportion of injected NHP thymic tissues (Table 1). Animals in Group 1 (n=2) 

received digested NHP thymic cells injected into their cervical thymic lobes using a 24-

gauge needle (details in Surgical Procedures). Animals in Group 2 (n=2) received injections 

of (1) NHP CD2-depleted thymic cells into the right cervical thymic lobes and (2) NHP non-
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depleted thymic cells into the left cervical thymic lobes to determine the effects of 

thymocyte depletion from injected populations. CD2 sorting of thymic cells was performed 

using negative selection with anti-human CD2 Ab (abcam, ab185791, MA) 32 and MACS 

(Milteny Biotech, CA). Animals in Group 3 (n=2) received an injection of CD2-negative 

cells at all three sites in the recipient’s right thymic lobes. The number of cells injected into 

each site is shown in Table 1.

Immunosuppressive regimen: Since we found that pig anti-cynomolgus monkey T cell 

responses are similar to swine anti-swine allogeneic responses and that pigs also have 

preformed IgM against cynomolgus monkeys (data in Results section), we started rapamycin 

and tacrolimus therapy prior to injection of the thymic cells into the pig recipients (Fig. 1). 

All miniature swine received rapamycin at 1.0 mg/kg/day through a G-tube and 0.1–0.15 

mg/kg/day of tacrolimus via continuous infusion through a central line to adjust levels 

between 30 and 35 ng/ml, starting 13 days before the cynomolgus monkey thymic injection 

and continuing until post-operative day (POD) 16 (Fig. 1). This target level was determined 

based on our previous study on the induction of tolerance of fully mismatched kidneys in 

miniature swine 33.

Preparation of digested NHP thymic cells to administer into thymic lobes of 
recipient swine—A schematic diagram of the preparation of thymic tissue is shown in 

Fig. 2. Resected cynomolgus monkey thymic tissue was cut into small pieces (2 square mm) 

with sterile scissors. Thymic pieces were transferred to a 50ml conical with 10 ml of 

digestion buffer which contained 1U/ml liberase with 0.1% DNAse I in RPMI by dissolving 

5mg liberase (26 U) in 26ml RPMI and 0.26ml DNase 1mg/ml (10% DNase). The pieces 

were then incubated for 60 minutes at 37 °C. The digested thymic tissues were filtered with 

a mesh to remove remaining fibrotic or fatty tissue. Eluted thymic cells were centrifuged at 

1600 rpm/5 min and washed with HBSS (Invitrogen, Grand Island, NY). Non-sorted thymic 

cells were injected into the cervical thymic lobes of pigs in Group 1 and Group 2. All 

porcine thymocytes express CD2 34. Therefore, in order to determine the effects of 

thymocytes on engraftment in Groups 2 and 3, CD2 negative selection was performed to 

prepare a TEC-enriched population. Anti-human CD2 monoclonal antibody (Abcam, 

ab185791, MA) 32 was used to collect the CD2 negative population using MACS separation 

methods (Milteny Biotech, CA) 3536. >97% of cells were CD2 negative in the eluted 

population (Fig. 2).

Surgical Procedures: The following surgical procedures were performed in the operating 

room under general anesthesia. All swine received central venous lines inserted into bilateral 

external jugular veins 14 days prior to thymic injection. One line was used specifically for 

administration of tacrolimus via 24-hour continuous infusion pumps 37, and the other was 

used for blood collection. Gastric tubes (G-tube) were placed into the recipient’s stomach 

via the abdominal wall for administration of rapamycin (Pfizer Inc., Philadelphia). NHP 

donor thymic tissues were obtained via thymectomy on the day of thymic injection. Details 

of preparation of thymic tissues and enrichment of TECs are described in a previous section. 

Thymic injections into cervical lobes of miniature swine were performed via cervical 

incision in the recipients on the same day as thymectomy of the cynomolgus monkey donors 
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(POD 0). Thymic tissue was injected into cervical thymic lobes using a 24-g angio-catheter. 

Thymic capsules of the injection sites were closed with 7–0 prolene to prevent leakage of 

injected cells as well as to mark the injection sites. The cervical incision was closed with 3–

0 Vicryl sutures. The right column in Table 1 indicates the sites and numbers of NHP thymic 

cells injected into miniature swine recipients. Thymic biopsies were performed via a 2–3-

inch cervical incision at POD 4 or 7 and POD 16 after thymic tissue injection.

Laboratory assessment: To assess the condition of the animals, complete blood count 

(CBC) and blood chemistry were assessed twice a week until termination (POD 16). 

Immunologic assessments were performed by carboxyfluorescein diacetate succinimidyl 

ester (CFSE) - mixed lymphocyte reaction (MLR) assays as well as anti-donor antibody 

development in sera of recipients (pre and POD 16). Histological examination to elucidate 

the chimeric formation of cynomolgus monkey donor thymic cells in pig thymus was 

performed by hematoxylin and eosin (H&E) as well as immunostaining (described below).

Preparation of PBMC in swine and NHP: PBMCs were prepared from freshly 

collected, heparinized whole blood. Mononuclear cells were obtained by gradient 

centrifugation using HISTOPAQUE (Sigma, St Louis, MO). The cells were washed once 

with HBSS (Invitrogen, Grand Island, NY). Contaminating red cells were lysed with ACK 

buffer (B&B Research Laboratory, Fiskeville, RI) for swine PBMC, and with 1.26 Mm 

CaCl2 containing FACS™ lysing Solution (BD Biosciences, San Jose) for cynomolgus 

monkey PBMC, and the cells were washed again with HBSS and re-suspended in tissue 

culture medium. All cell suspensions were stored at 4 °C.

Assessment of immuno-responses by CFSE-MLR—MLR cultures were performed 

as previously reported 38. CFSE MLR assays were performed by plating 2×106 CFSE-

labeled pig PBMC as responder cells, in triplicate in 24-well flat-bottom plates (Costar, 

Corning, NY). Cells were stimulated with 2×106 stimulator cells (irradiated with 3000 cGy). 

Three-color flow cytometry measurements (FCM) were carried out on a FACSVerse (Becton 

Dickinson, Mountain View, CA) using standard Cell Quest acquisition and analysis 

software. Stimulation index (SI) as a measure of the allo-specific reactivity of responder 

cells were determined by CFSE fluorescence intensities as previously described 39, 40.

Assessment of anti-donor antibodies—Anti-NHP IgM and IgG antibodies (Ab) in the 

serum samples were assessed by indirect FACS as previously reported 23.

Histologic assessment of engraftment of NHP donor thymic epithelial cells 
(TECs) in swine thymic lobes—All miniature swine recipients underwent thymic 

biopsies on POD 16. Samples were prepared by 10% formalin fixation and paraffin 

embedding, followed by H&E. To detect TECs, immunohistochemistry for cytokeratin (CK) 

was performed using monoclonal mouse anti-human cytokeratin Ab (AE1/AE3, DAKO). In 

addition, to assess the network construction of NHP TECs and porcine TECs in pig thymic 

lobes, double immunostaining with anti-cytokeratin Ab (AE1/AE3 or WSS) and anti-HLA 

class I (anti-HLA ABC Ab, W6/32, GeneTex, Irvine, CA) was performed. To determine 

thymopoiesis around NHP TECs, double immunostaining for pig CD1 Ab (76–7-4)) and CK 

Ab (AE1/AE3) was performed, and accumulation of pig CD1 cells in and around CK+ TECs 
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with linear structures was analyzed. All biopsy samples were assessed by a blinded 

pathologist using light microscopy.

Results

Pigs have anti-cynomolgus monkey cellular responses as well as preformed antibodies

SLA types of CLAWN miniature swine were either SLA C1, C2 or mixed SLA 38. We tested 

C1-type and C2 type CLAWN miniature swine anti-cynomolgus monkey, anti-allogeneic 

CLAWN or anti-human MLR responses. As shown in Fig 3A and B, both naïve C1 and C2 

CLAWN miniature swine had anti-cynomolgus monkey MLR responses similar to allo 

CLAWN or human MLR responses. We also tested anti-cynomolgus monkey preformed 

IgM and IgG Ab using the actual recipients’ sera that were collected prior to starting 

immunosuppression. Although no CLAWN pigs (n=6) had anti-cynomolgus monkey 

preformed IgG, all had anti-cynomolgus monkey IgM preformed natural antibodies (nAb).

Tacrolimus levels were not different between the three groups

All miniature swine survived throughout the experimental period without any side effects 

from immunosuppression and surgery. Blood levels of tacrolimus averaged at 34.8 ± 9.4 

ng/ml in Group 1, 31.8±2.1 ng/ml in Group 2, and 33.8±2.4 ng/ml in Group 3. More 

specifically, blood levels of tacrolimus during the period before NHP thymic injections 

(from day −14 to Day 0) were an average at 36.4±10.3 ng/ml in Group 1, 35.4±2.7 ng/ml in 

Group 2, and 32.2±4.0 ng/ml in Group 3. Blood levels of tacrolimus after thymic injection 

(Day 0 to POD 16) were 32.5±7.9 ng/ml, 28.4±1.7 ng/ml, and 32.0±1.0 ng/ml respectively. 

Assays for blood concentration of rapamycin were not available in our laboratory.

Engraftment of NHP TECs in miniature swine thymi in Groups 1 and 3 but not 
in Group 2—Excised porcine thymic lobes with thymic injection sites in Group 1 animals 

showed successful engraftment of NHP TECs (Fig. 4). Although the age of the cynomolgus 

monkey used in Group 1 was similar to the ages of the animals in Groups 2 and 3, the 

thymus of the cynomolgus monkey in Group 1 was grossly atrophic. Only 12.8×106 thymic 

cells were isolated from the atrophic cynomolgus monkey thymus, as opposed to >100×106 

thymic cells from each of the thymi from Groups 2 and 3, which were grossly non-atrophic 

(Table 1). Fig 4 panels show the recipient thymic samples from pig #28023 which are 

similar to the other pig (#28022) in Group 1. No injection sites in the pig thymus (Fig. 4A 

and B) had well identified lobular structures. Many cytokeratin positive (CK+) native pig 

cells were differentiated in the round-shaped medullar zones in the center of each lobule (Fig 

4B). The thymic injection sites, which were marked with a 7–0 prolene suture at the time of 

injection, showed loss of lobular structure (Fig. 4C) as well as many CK+ cells with linear 

structures (Fig. 4D, E and F). With a high-power view (Fig. 4F), morphologically Hassall’s 

body as well as a well-maintained round structure of medullary area were found beside the 

linear structure. Post-injection findings of the other pig (#28022) were similar.

To confirm whether these linear structures were injected cynomolgus monkey TECs, we 

stained the injection site of porcine thymic tissue with CK (red) and human class I HLA-

ABC (green) (Fig. 4G). We detected HLA-ABC positive CK+ cells (yellow), indicating that 
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injected cynomolgus monkey CK cells were located between HLA-ABC negative CK cells 

(porcine CK. red). Moreover, we found pig CD1 positive cells (green) (Fig. 4H) in the area 

of the CK network of linear structures (red square in Fig. 4F), suggesting that early porcine 

thymopoiesis developed in the NHP TEC network of the porcine Hyb-thy.

In contrast to the Hyb-thy in Group 1, the thymic injection sites of the excised porcine 

thymic lobes in Group 2 (that received both CD2 positive thymic cells and CD2 negative 

thymic cells) showed evidence of hemorrhagic changes (Fig. 5). One (#28090) had obvious 

hemorrhagic changes around hypo-cellular lesions in the thymic injection sites of the CD2 

non-depleted thymic population (Fig. 5A), while focal hemorrhagic lesions were seen in the 

sites of the CD2 depleted population (Fig. 5B). Hypo-cellular lesions consisting of a small 

number of CK+ cells were discerned in both CD2 non-depleted as well as CD2 depleted 

sites. (Fig 5 C and D). The excised thymic tissue from the other pig (#28091. Fig. 5 E and F) 

showed slightly less obvious sites of hemorrhage, especially in the injection area of CD2-

depleted thymic cells (Fig. 5F) when compared to those found in #28090. A few scattered 

CK+ cells were also observed. (Fig. 5 G and H)

Group 3 received CD2 depleted thymic cells isolated from a cynomolgus monkey thymus 

that was grossly similar to thymic tissue from Group 2. The isolated CD2 depleted thymic 

population had less than 2.5% of CD2+ cells. As shown in Figure 6 A–D, the thymic 

structure of the injected sites showed similar findings to those of Group 1 (Fig. 4 A). 

Numerous linear structured CK+ cells were seen beside a native pig medulla (Fig. 6D). 

Double staining with CK (red) and human class I (green) showed that HLA class I+ CK+ 

cynomolgus monkey CK cells (yellow) made CK networks within HLA-class I negative 

porcine CK+ cells (red) in the injection sites (Fig. 6E) as well as in the pig medulla (Fig. 6F, 

G). In addition, pig CD1+ cells (green) accumulated in the area of the HLA-ABC+ 

cynomolgus monkey thymic epithelial network (Fig. 6H), suggesting that early porcine 

thymopoiesis developed in the NHP TEC network in the porcine Hyb-thy.

Immunologic assessments demonstrating sensitization in Group 2 but not 
Groups 1 and 3.

- Anti-donor cynomolgus monkey antibody responses

Sera from all recipients at pre (Day −14), Day 0, PODs 7 and 16 were tested for anti-donor 

pig IgM or IgG binding. As described in the earlier section, all pigs had preformed nAb IgM 

antibodies (nAb IgM) against donor monkey PBMC (Fig. 7 upper panels), while no IgG was 

detected by FCM analysis (Fig. 7 lower panels). Both recipients (IDs 28090 and 28091) in 

Group 2 developed elicited anti-donor IgM abs by POD 7 (+ in the upper panels of Fig. 7) 

and anti-donor IgG antibodies on POD 16 (+ in the lower panels of Fig. 7), indicating 

sensitization. Recipient #28090 had a much more marked right shift of anti-donor preformed 

IgM than the other (#28091). Interestingly, both #29003 and #29004 in Group 3 also had a 

marked right shift prior to thymic injection which did not cause rejection (Fig. 6). Neither of 

these pig recipients in Group 3 nor the pigs in Group 1 developed anti-donor elicited 

antibodies after thymic injection. Although it is not a marked change, #28023 in Group 1, 

#29003 and #29004 in Group 3 had a slightly left shift of IgM on POD 16 compared to POD 

7, suggesting immune modulation after thymic injection.
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- Anti-donor cynomolgus monkey MLR responses

Anti-donor T cell responses were assessed by MLR at Day 0 and at POD 16 following 

thymic injection. Unfortunately, we did not set up MLR prior to immunosuppression. 

However, all recipient pigs in this study were CLAWN miniature swine that were partially 

SLA inbred swine 38. Therefore, as a substitute, we assessed anti-cynomolgus monkey MLR 

responses as well as anti-allo CLAWN miniature swine and anti-human as described in the 

earlier section (Fig 3A and B).

Since we found that naive CLAWN miniature swine have not only cellular responses but 

also preformed nAb (Fig. 3), all miniature swine recipients received immunosuppression 

beginning at 13 days prior to thymic injection (Day −13. Fig. 1). All recipients had low 

MLR responses against the donor (orange bars) at Day 0 (Fig. 8A–F) on 

immunosuppression with tacrolimus and rapamycin that were started at day −13. Recipients 

in Group 1 and Group 3 maintained general hyporesponsiveness throughout the 

experimental period (up to POD 16) with the tacrolimus and rapamycin treatment (Fig. 8-A, 

B, E, F). As a positive control in each MLR assay, we utilized a naive CLAWN pig that was 

SLA-matched to the recipient against the donor cynomolgus monkey, which showed 

stimulation index >12 (Fig. 8 yellow bars). Notably, #28090 (Group 2) whose thymus 

showed marked hemorrhagic changes, restored anti-pig responses markedly at POD 16 (Fig. 

8C). The other animal in Group 2 also had higher anti-donor MLR responses compared to 

the naive SLA-matched pig against the donor at POD 16 (Fig. 8D, orange bar vs yellow bar)

Discussion

Experiments in a pig-to-mouse model have shown that within swine thymic tissue the T cell 

pool is positively selected only on pig MHC (SLA), which could result in impaired 

protective immunity for the host. Positive selection of maturing CD4+ T cells on a 

xenogeneic thymus graft was mediated exclusively by donor (swine) TECs 41, while 

negative selection was regulated by elements of both donor and recipient origin (donor 

APCs and TECs and host APCs) 424344. Cortical TECs (cTECs) are critically important to 

the development of T cells, while medullary TECs (mTECs) play an important role in the 

negative selection of tissue antigen (TSA)-specific T cells 45. Hyb-thy tissue that contains 

both pig and host TECs may optimize both positive selection by cTECs and negative 

selection by mTECs that express “tissue-specific” antigens under the control of the AIRE 

transcription factor 45. Since these mTECs and AIRE-driven antigens also positively select 

Tregs with specificity for them 46–51, the Tregs repertoire specific for the pig donor and the 

recipient would also be optimal in a hybrid thymus 29. With this hypothesis, Dr. Sykes’s lab 

was recently able to show that human/pig hybrid thymus achieved immune-tolerance to pig 

and human antigens in a pig-to-humanized mouse model (Maharlooei MK et al. IXA 2017). 

However, since we have demonstrated the necessity for donor thymic grafts to be 

transplanted as a vascularized graft into recipients in order to induce tolerance 23, our 

procedures of thymic Tx between pig-to-NHP as VTL Tx 253152 are totally different from 

pig-to-mice as thymic tissue Tx 41. Therefore, the present study is essential in order to 

determine the optimal conditions and an immunosuppressive regimen to prepare a Hyb-VTL 

specifically designed for pig-to-NHP.
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In this study, we prepared Hyb-VTL which contained histologically proven cynomolgus 

monkey TEC networks in pig thymic lobes 16 days after the injection of CD2 depleted 

thymic cells from cynomolgus monkeys with an immunosuppressive regimen comprised of 

tacrolimus and rapamycin. This 16-day period was set because our protocol of co-Tx of 

vascularized thymus either as composite TKs or VTL in pig-to-NHP models 27, 31, 53 

includes host thymectomy 2–3 weeks prior to xeno-KTx. This period appears to be sufficient 

to allow for NHP TEC to engraft in miniature swine thymi. The keys to successful 

preparation of Hyb-thy in pigs most likely consist of (1) Tx of NHP TECs into the intact 

thymus of pigs to minimize rejection from preformed nAb, and (2) minimization of cell 

mediated responses in the cynomolgus monkey recipient by pre-treatment of the recipients 

with tacrolimus and rapamycin as well as depletion of the cynomolgus monkey’s CD2+ 

thymocytes from the injected thymic cells.

By utilizing our two methods for vascularized thymic Tx, either as a composite TK 23 or a 

VTL 25, the successful induction of tolerance as well as T-cell development has been 

achieved in fully allogeneic swine models 23, 25 as well as marked prolongation of survival 

of xenogeneic kidneys 25, 52. In this study, we chose to inject thymic cells isolated from 

thymectomized cynomolgus monkeys directly into the pig cervical thymic glands to prepare 

Hyb-VTL grafts. The major advantage of choosing the Hyb-VTL preparation over 

composite Hyb-TK is that Hyb-VTL can be co-transplanted with any other organ (hearts, 

lungs and islets) while composite Hyb-TK applies only for kidney Tx. The hybrid VTL in 

miniature swine, by using techniques outlined in this study, can be transplanted as a Hyb-

VTL graft back into the thymectomized, injected TE host without changing the current 

preoperative regimen for XTx.

Despite the presence of preformed nAb (predominantly IgM) against cynomolgus monkeys 

in recipient pigs (Fig 3), the cynomolgus monkey’s TECs successfully engrafted, and we 

hypothesize that there are three possible reasons for this success. First, the engraftment of 

injected TEC might be associated with a thymus-blood barrier 54, which could act as a 

functional and selective barrier separating T-lymphocytes from circulating blood and cortical 

capillaries. Our colleagues have shown that thymoglobulin (r-ATG) used in vivo in pigs did 

not deplete thymocytes, and only background staining was observed in the pig thymus by 

subsequent immunofluorescence (IF). This was despite their demonstration of r-ATG bound 

to pig lymphocytes in peripheral lymph nodes by IF, as well as FCM analysis on PBMC and 

isolated thymocytes in vitro (Huang CA, personal communication). These data, when taken 

together, suggest that vascularized thymus is an immune privileged site. This is of 

consequence when cynomolgus monkey TECs are mixed with minced pig thymic tissue in a 

non-vascularized environment at the time of preparation, which may lead to rejection by 

circulating anti-donor NHP preformed nAb before the hybrid thymic tissue is reconstituted 

in a pig-to-NHP model 23. The second reason for successful TEC engraftment is the use of 

rapamycin and tacrolimus 13 days prior to the thymic cell injection. Heidt S et al has 

reported that rapamycin profoundly inhibits both B-cell proliferation and immunoglobulin 

production 55. Rapamycin induces B-cell apoptosis and reduces the number of B-cells 

capable of producing immunoglobulins 55. The third possible reason for engraftment is the 

use of CD2 depleted TEC-enriched thymic cells. Data from Groups 2 and 3 in this study 

show that CD2 thymocytes in cells isolated from the cynomolgus monkey thymic glands are 
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immunogenic. Injected NHP thymocytes could be activated in the pig thymus, which would 

in turn induce an inflammatory environment in the pig thymus. Data from Group 1 suggest 

atrophic thymus may be useful in this regard even without CD2 depletion. Although pig 

thymic irradiation can be considered, because we have previously reported that thymic 

irradiation interfered with the induction of tolerance of allogeneic VTL grafts 56, thymic 

irradiation is not preferable.

This is the first report of the preparation of a pig-NHP hybrid thymus in miniature swine. In 

this study, we demonstrated that hybrid thymus can be prepared in a 3-week period. 

Engrafted NHP TECs in pig thymi of pig donors will not be rejected after the Hyb-VTL 

graft is transplanted to the NHP as they are autologous TECs. The TECs in the Hyb-VTL 

should potentially provide not only active positive selection but also negative selection of 

tissue specific antigens (TSA) 27, 41–43, 45. Although the number of animals used in this 

study was small, we believe that the study should nevertheless be of value as a proof-of-

concept demonstration. Further studies will be carried out to investigate the function of the 

pig-NHP hybrid thymus, including potential recipient NHP responses to pig as well as 

TSAs. We also plan to perform experiments to test the effect of Tx of hybrid VTL grafts 

along with solid organs from GalT-KO pigs into baboons (Fig. 9).
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Abbreviations

TK thymokidney

TEC thymic epithelial cell

Hyb-thy hybrid thymus

NHP non-human primate

GalT-KO alpha-1,3-galactosyltransferase knockout

Tx transplantation

VTL vascularized thymic lobe

POD post-operative day

PBMC peripheral blood mononuclear cells

HBSS Hanks’ Balanced Salt Solution

CFSE carboxyfluorescein diacetate succinimidyl ester

MLR mixed lymphocyte reaction
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PBS phosphate buffered saline

FBS fetal bovine serum

H&E Hematoxylin and Eosin

CK cytokeratin

HLA Human leukocyte Antigen

MHC Major histocompatibility complex

SLA swine leukocyte antigen

Tregs T regulatory cells

nAb natural antibody
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Fig 1: 
Immunosuppressive protocol. All recipients received bilateral central line insertions and G-

tube placement on Day −13 and 0.1 mg/kg of rapamycin was given via G-tube every day. 

Tacrolimus was also administered at 0.1 ~ 0.15 mg/kg/day to maintain target blood levels 

between 30 to 35 ng/ml until the end of the experimental period. Thymic injection was done 

on Day 0, and thymic biopsies were performed on POD 16.
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Fig 2: 
Preparation of injected thymic cells from resected cynomolgus monkey’s thymus. FCM 

profile of CD2 staining of non-atrophic cynomolgus thymus; pre CD2 depletion (right top 

panel) and post CD2 depletion (right bottom panel).
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Fig 3: 
Immuno-responses of naive C1 and C2 CLAWN miniature swine. A, B) MLR responses of 

C1 and C2 CLAWN miniature swine against the Ag of self, allogeneic swine, cynomolgus 

monkey, and human as a third party. C) Anti-cynomolgus monkey preformed nAb of IgM 

(upper panel) and IgG (lower panel) in CLAWN miniature swine.
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Fig 4: 
Histologic findings of injected sites of cynomolgus monkey thymic cells in porcine cervical 

thymic lobes at POD 16 in Group 1 (#28022), demonstrating successful engraftment of 

injected cynomolgus monkey thymic cells. In non-injection sites of porcine thymus (A: HE 

staining, B: CK staining), well preserved cortex and medullary structure (A) was noted in 

thymic lobes with CK+ thymic epithelial cells (TECs) (arrows in B) in medulla. In the 

injection sites of porcine thymus (C: HE staining, D: CK staining), loss of lobular structure 

where many CK+ TECs with linear structures (arrowhead in D) were observed. Thymic 
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medulla with CK+ TECs also remained around these areas (E, F: CK staining) and linear 

structures of CK+ TECs were connected to CK+ TECs in thymic medulla. In double 

staining with CK and HLA class I (G), the network of injected cynomolgus monkey-TECs 

(yellow) and porcine TECs (red) were developed. In double staining with CK (red) and pig 

CD1 (green) (H), the porcine CD1+ cells accumulated around CK+ TECs with linear 

structure, suggesting thymopoiesis around cynomolgus monkey-TECs.
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Fig 5: 
Histologic findings of injected sites of cynomolgus monkeythymic cells in porcine cervical 

thymic lobes at POD 16 in Group 2 (#28090), demonstrating rejected cynomolgus monkey 

TEC in the porcine thymic lobe. A, B) HE staining of CD2 non depleted and CD2 depleted 

thymic cells in #28090 (x40). C, D) CK staining of the same fields of A and B (x40). E, F) 

HE staining of CD2 non depleted and CD2 depleted thymic cells in #28091 (x40). G-1 

shows CK staining of the same fields of E (x40), and G-2 shows a high-power view (x200). 
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H-1 shows CK staining of the same fields of F (x40), and H-2 shows a high-power view 

(x200).
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Fig 6: 
Histologic findings of injected sites of cynomolgus monkey-thymic cells in porcine cervical 

thymic lobes at POD 16 in Group 3 (#29003), demonstrating cynomolgus monkey-thymic 

TE network in the porcine thymic lobe. In injection sites in porcine thymus (A: HE staining, 

B-D: cytokeratin [CK] staining), hypocellular structure was seen where many CK+ TECs 

with linear structures were observed (A, B). Numerous linear structured CK+ cells were 

seen beside a native pig medulla (C, D). Double immunostaining with CK (red) and HLA 

class I (green) (E, F, G) showed the CK network of HLA class I+ CK+ cynomolgus monkey-
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TECs (yellow) and HLA-class I negative porcine TECs (red) in the injection sites (E) and in 

the pig medulla (F,G). In double immunostaining with HLA class I (red) and pig CD1 

(green) (H), pig CD1+ cells were accumulated in the area of the HLA class I+ network, 

suggesting thymopoiesis around cynomolgus monkey-TEC network.
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Fig 7: 
Anti-donor IgM and IgG Ab in pig recipients in Groups 1, 2 and 3 assessed by FCM. Upper 

panels show all pigs have preformed natural IgM Ab against cynomolgus monkey donors. 

Anti-donor IgM developed by POD 7 in Group 2, but no elicited ab developed in Groups 1 

and 3. Lower panels show no preformed natural IgG Ab was detected in pigs in Groups 1, 2 

and 3. However, anti-donor IgG developed at POD 16 in Group 2 while no elicited IgG Ab 

was found in pigs in Group 1 and Group 3.
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Fig 8: 
Results of MLR in pigs. All results were indicated as a stimulation index. A, B MLR 

responses on day 0 (14 days after tacrolimus and rapamycin have started) and POD 16 

against self (blue bars), donor cynomolgus monkeys (orange bars) and human (third party, 

gray bars) in Group 1 (A, B), Group 2 (C, D) and Group 3 (E, F). Responses of naive pig 

that was SLA-matched to the recipient anti-donor cynomolgus monkey are shown with a 

yellow bar in each assay.
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Fig. 9: 
Schematic diagram of preparation of Hyb VT in pig donors (Step 1) and transfer of Hyb 

VTL to the recipients for Hyb-VTL xeno transplantation. This study is to determine if Step 1 

was technically and immunologically feasible.
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