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Abstract
Background—Xenogeneic thymus transplantation is an effective approach to achieving T cell
tolerance across highly disparate xenogeneic species barriers. We have previously demonstrated that
phenotypically normal, specifically tolerant human T cells are generated in porcine thymic grafts. In
this study, we assessed the diversity of the human T cell repertoire generated in porcine thymic
xenografts. We also examined the ability of porcine thymus grafts to coexist with human thymus
grafts.

Methods—Fetal swine (SW) or human (HU) thymus with human fetal liver (FL) fragments were
transplanted under the kidney capsule of 3Gy irradiated NOD/SCID mouse recipients. Thymus tissue
was harvested approximately 16 weeks post-transplant for analysis of mixed lymphocyte reactions
and spectratyping of human CD4 and CD8 single positive (SP) thymocytes.

Results—TCR β genes of human CD4 and CD8 SP cells developing in HU and SW thymus grafts
showed similar, normal CDR3 length distributions. Human T cells developing in SW thymus grafts
showed specific unresponsiveness to the MHC of the donor swine, in MLR assays. In 2 of 3 animals
receiving SW and HU thymus grafts under opposite kidney capsules, both grafts functioned. In
animals with surviving SW grafts, thymocytes from the SW but not the HU grafts showed specific
unresponsiveness to the SW donor.

Conclusion—SW thymus grafts support generation of human T cells with a diverse TCR repertoire.
Human thymocytes in human thymus grafts are not tolerized by the presence of an additional porcine
thymus, but tolerance might be achieved by post-thymic encounter with porcine antigens.
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Introduction
The inadequate supply of allogeneic donors presents a major obstacle to clinical organ and
tissue transplantation, and xenogeneic transplantation has the potential to overcome this
limitation (1). Because of similarities in size and physiology, the pig is considered to be one
of the most attractive candidate xenograft source animals for transplantation to humans. While
natural antibodies against α1,3Gal (Gal) have presented a major barrier to successful pig to
primate xenotransplantation, the recent development of Gal transferase (GalT) knockout pigs
(2) has provided a solution to this problem (3). Nevertheless, organ grafts from GalT knockout
pigs have undergone rejection despite the use of substantial immunosuppession (4,5), making
it likely that T cell tolerance will be necessary for safe and effective pig to human
xenotransplantation.

We have developed a strategy for inducing T cell tolerance across the most disparate species
barriers, involving xenogeneic thymic transplantation. Thymectomized mice that receive fetal
or neonatal porcine thymus grafts demonstrate recipient T cell repopulation within the
xenogeneic thymus graft (6–8). Normal mouse T cells maturing within the thymus graft
repopulate the peripheral immune system, conferring immunocompetence (9) and, importantly,
donor-specific tolerance (8).

This approach was subsequently extended to the pig-to-human species combination, in which
normal human thymopoiesis occurred in porcine thymic tissue grafted with human FL tissue
into immunodeficient mice. Importantly, human T cells developing in porcine thymus grafts
demonstrated specific tolerance to the MHC of the porcine thymus donor with normal reactivity
to allogeneic pig and human antigens (10). The thymic transplantation approach has further
been extended to a large animal allogeneic transplantation model, in which T cells from swine
receiving SLA mismatched donor thymus grafts developed donor-specific unresponsiveness
(11). More recently, this strategy has been extended to a pig-to baboon model (12–14),
providing the first demonstration that pig to primate renal transplants can avoid all rejection
processes when GalT knockout pigs were used as source animals (3).

In normal animals, T cell progenitors from the bone marrow undergo thymopoiesis, which
involves generation of T cell receptor (TCR) heterodimers composed of somatically rearranged
α and β chains. These heterodimers are first expressed at the CD4/CD8 “double-positive” (DP)
stage of T cell ontogeny in the thymus. TCR diversity is generated by the random rearrangement
of variable, diversity and joining gene segments as well as α and β chain pairing (15,16). DP
thymocytes undergo positive and negative selection in the thymus and mature into CD4 or
CD8 “single positive” (SP) cells if they survive these selective processes. Consequently, the
repertoire of TCRs expressed by thymic and consequently peripheral SP T cells differs
markedly from that of DP thymocytes.

Evidence for polyclonality of the human SP T cell populations developing in porcine xenogenic
swine thymus grafts was obtained by demonstrating the use of multiple TCR-Vβ chains (10).
While the demonstration of a normal Vβ usage pattern by human SP T cells developing in
porcine thymus grafts suggests that the repertoire is polyclonal, a more definitive approach to
addressing this question involves the analysis of CDR3 lengths, which, based on the variable
number of N insertions that may occur during the TCR rearrangement process, should follow
a normal distribution for TCR using a given Vβ in a polyclonal repertoire (17,18). In contrast,
skewing of CDR3 length distributions within some or all of the Vβ families would suggest that
the T cell repertoire might lack normal diversity (19,20). Thus, we have now performed
spectratyping analysis to compare CDR3 length distributions among human SP thymocytes
developing in porcine versus human thymus grafts in immunodeficient mice. In addition, we
have begun to address the requirements for and mechanisms of donor-specific tolerance
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achieved among human T cells developing in porcine thymic grafts by examining the effect
of a human thymus graft on survival of porcine thymus grafts. Our results have implications
for the clinical application of thymic transplantation as an approach to xenogeneic tolerance
induction.

Materials and Methods
Animals and tissues

NOD/SCID mice were purchased from the Jackson Laboratory (Bar Harbor, Maine). Fetal
human tissue was obtained from Advanced Bioscience Resource (Alameda, CA) with approval
from the Massachusetts General Hospital Institutional Review Board. Fetal porcine tissue was
harvested from pregnant sows, which were obtained from our MHC-defined miniature swine
colony maintained at Tufts University School of Veterinary Medicine (Grafton, MA).
SLAdd sows were used as thymic donors. PBL were prepared from the blood of MHC-matched
SLAdd and fully MHC-mismatched SLAcc pigs as described (21,22).

Transplantation
NOD/SCID mouse recipients were maintained in microisolator cages and received 3-Gy total
body irradiation on day 0. Human (HU) fetal thymic (THY) and liver (FL) fragments
(gestational week 17) and second trimester (gestational day 50–72) miniature swine (SW) fetal
THY fragments (approximately 0.5 × 0.5 × 1 mm) were transplanted under the kidney capsule
via a midline laparotomy incision on the same day. All surgical procedures, including harvest
of porcine tissue, were performed under general anesthesia using sterile conditions as described
(7). In accordance with the recent demonstration that human peripheral T cell reconstitution is
enhanced in HU THY/FL NOD/SCID mice (HU/HU mice) by the i.v. co-administration of
CD34+ cells collected from the donor FL (23), we also injected donor CD34+ cells i.v. to
recipients of SW or HU THY plus HU FL fragments (SW/HU and HU/HU mice, respectively).
CD34+ cells were collected from cell suspensions prepared from the fetal liver of the fetal
human thymus and liver donor using anti-human CD34 microbeads (Miltenyi Biotec, Auburn,
CA,) and magnetic cell sorting (MACS) according to the manufacturer’s instructions. The
purity of CD34+ cells (>95%) was confirmed by flow cytometry. 2–5×105 CD34 positive cells
were injected i.v. on the day of thymus transplantation.

Histology
Formalin-fixed and paraffin-embedded and processed THY/FL grafted tissue was sectioned
and then stained with hematoxylin and eosin (H&E) and examined microscopically using
standard methods. Serial sections were performed to examine most of the tissue.

CD4 and CD8 SP thymocytes isolation
Thymocytes suspensions were prepared as described (10) from human HU/HU and SW/HU
grafts at 16 to 20 weeks following implantation under the kidney capsules of NOD/SCID mice.
The cells were magnetically labeled with anti-human CD4 microbeads (Miltenyi Biotec) or
anti-human CD8 microbeads (Miltenyi Biotec), and negatively selected CD4 or CD8 single
positive cells were collected with MACS for spectratyping. These selected cell populations
contained >80% CD4 or CD8 SP target populations.

Spectratyping
Total RNA was extracted directly from 1~2×106 CD4 or CD8 single positive thymocytes, and
single-strand cDNA synthesis was performed using SuperScript III (Invitrogen, CA, USA)
according to the manufacturer’s instructions. Amplification reactions were performed using a
TCR β chain constant region primer and individual variable region (Vβ1-24) primers as
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described (24). Products were then used for run-off reactions with Jβ-specific FAM-labeled
primer (Integrated DNA Technologies, Coralville, IA) (25). The labeled products were then
used for TCR Vβ length analysis. The size and area of the peaks corresponding to the DNA
products were determined using the ABI 3100 Genetic Analyzer (Applied Biosystems, Foster
City, CA) and analyzed using Applied Biosystems Genotyper 3.7 NT at Harvard Partners
Center for Genetics and Genomics High Throughput Genotyping Facility (Brigham and
Women’s Hospital Boston, MA).

Flow cytometric analysis
Blood samples from recipient NOD/SCID mice were collected from the tail veins at 9 and 12
weeks after transplantation. Human and porcine PBL were prepared by centrifugation over a
Ficoll layer. Cells were washed with PBS twice, and then used for flow cytometry. The
following mAbs were used for staining: FITC-RPA-T4 (anti-human CD4), PE-RPA-T8 (anti-
human CD8), FITC-HIT3a (anti-human CD3) (all anti-human mAbs were purchased from
PharMingen, San Diego, CA), FITC-MSA-4 (anti-porcine CD2; all anti-porcine mAbs were
prepared in our laboratory), PE-30-F11 (anti-mouse CD45) (PharMingen) FITC-HOPC-1
(PharMingen), and PE-Rat IgG2a (PharMingen) (as negative controls). After 30 min of
incubation, cells were washed twice. All data were collected using a FACSCalibur (Becton
Dickinson, Mountain View, CA) and analyzed with Flowjow v6.2 (Tree Star, Inc., San Carlos,
CA) software. The anti-human, anti-mouse, and anti-porcine mAbs were used at dilutions
previously shown to be optimal for staining, without significant interspecies cross-reactivity.
Non-viable cells were excluded using the vital nucleic stain proidium iodide.

Mixed Lymphocyte Reactions
Thymocyte suspensions were prepared from HU/HU and SW/HU THY/FL grafts and washed
in AIM-V medium (Life Technologies, Gaithersburg, MD) supplemented with 10% (v/v)
human serum and 1% HEPES buffer. Triplicate wells containing 4 × 105 responders with 4 ×
105 allogeneic human PBL stimulators (30 Gy irradiated), or 4 × 105 xenogeneic SLAcc or
SLAdd PBL stimulators (30 Gy irradiated) in a total volume of 0.2 ml of medium were incubated
at 37°C for 4 days in 5% CO2. Cultures were pulsed with 1 μCi of 3H-TdR on the fifth day,
harvested on the sixth day with a Tomtec automated harvester, and assayed in a Pharmacia
LKB liquid scintillation counter. Results are expressed as the stimulation index (SI), which
equals: mean c.p.m. for test. sample/mean c.p.m. of unstimulated control sample.

Statistical analysis
The results were analyzed by the Mann Whitney test. A P value less than 0.05 was considered
to be statistically significant.

Results
Improved peripheral T cell reconstitution by i.v. injection of donor CD34+ cells in recipients
of SW THY grafts

Previous studies have shown that human immune reconstitution, including that of T cells, is
enhanced in HU/HU mice by the i.v. injection of CD34+ cells from the same human donor
(23). Therefore, to evaluate the effect of adding i.v. injection of human donor CD34 cells to
the previous regimen for achieving human T cell reconstitution in porcine thymic grafts (10),
2–5×105 CD34+ cells isolated from the human donor fetal liver (FL) were administrated i.v.
on the same day as swine or human fetal thymus and human FL transplantation (SW/HU or
HU/HU mice, respectively) under the kidney capsule. Reconstitution of human cell populations
in PBL was evaluated by flow cytometry. Compared to HU/HU or SW/HU mice not receiving
i.v. co-administration of CD34 cells, human T and B cells tended to appear in the periphery
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much earlier in both HU/HU and SW/HU mice receiving CD34 cells i.v.. At 9 weeks after
transplantation, average percentages of CD3 positive cells were 0.28±0.13 (±SEM) (n=11) and
1.03±0.65 (n=23) in HU/HU and SW/HU mice receiving CD34+ cells i.v., compared to 0.17
±0.06 (n=10) and 0.18±0.04 (n=14) in HU/HU and SW/HU mice not receiving CD34+ cells
i.v.. CD19 positive cells represented 0.99±0.28 and 1.4±0.25 percent, respectively, of PBL in
HU/HU and SW/HU mice that received CD34+ cells at 9 weeks after transplantation, compared
to 0.25±0.10 and 0.36±0.17 in HU/HU and SW/HU mice not receiving CD34+ cells i.v.
(p<0.05). While the increased T cell reconstitution in recipients of i.v. CD34 cells did not
achieve significance at 9 weeks, significantly increased repopulation of human T cells, B cells
and monocytes was detected in PBL of both SW/HU and HU/HU mice receiving human CD34
cells i.v. at 12 weeks after transplantation (Figure 1). The similar levels of human T cell
reconstitution in the periphery of SW/HU and HU/HU mice receiving human CD34+ cells i.v.
has been confirmed in several repeat experiments (T. Onoe and M. Sykes, unpublished data).

Diverse repertoire of TCR of human CD4 and CD8 single positive (SP) T cells maturing in
porcine thymic xenografts

Spectratyping analysis was performed on SP thymocytes from 3 SW/HU and 2 HU/HU grafts
harvested 16–20 weeks following implantation in NOD/SCID mice and compared to that of
normal human peripheral CD4+ and CD8+ T cells. Similar Vβ were successfully amplified
from normal peripheral human T cells and from CD4 and CD8 single positive thymocytes of
both HU/HU and SW/HU grafts. One exception was Vβ10, which could not be amplified in
either CD4 or CD8 SP thymocytes from SW thymus, but was clearly amplified in SP
thymocytes from HU thymus grafts, Spectratypes from the amplified Vβ of CD4 (Figure 2a)
and CD8 (Figure 2c) SP cells from human thymic grafts followed a normal distribution. Human
TCR of CD4 and CD8 SP cells maturing in SW thymic xenografts also showed multiple peaks
with a similar, normal distribution to those seen for normal human T cells (Figure 2b and 2d,
respectively). These results indicate that TCR of human CD4 and CD8 SP cells show normal
polyclonality, regardless of whether they develop in human or porcine thymic grafts.

Coexistence of simultaneously-grafted porcine and human thymus grafts
To analyze tolerance of human T cells developing in xenogeneic porcine thymic grafts, MLR
assays were performed on graft thymocytes from HU/HU (Figure 3a) and SW/HU (SLAdd pig)
(Figure 3b) mice. Consistent with previous results (10), human T cells that developed in porcine
grafts showed specific tolerance to the MHC of the porcine donor in MLR, with responsiveness
both to human alloantigens and to non-donor, SLA-mismatched porcine xenoantigens (p<0.02
comparing anti-SLAdd to SLA-mismatched SLAcc porcine stimulators). In contrast, human T
cells developing in HU grafts showed similar responses to SLAdd and SLAcc. These data
confirm that human T cells developing in porcine thymic xenografts were specifically tolerant
to the porcine donor MHC antigens.

Next, we performed human and porcine dual grafting to analyze whether both xenogeneic
thymic grafts could be accepted in the same donor. Human and porcine fetal thymus grafts
were transplanted under the opposite kidney capsules along with a human fetal liver fragment
and i.v. CD34+ cells from the same human donor (HU+SW mice). Twenty weeks after grafting,
thymic grafts were harvested and human thymocytes and CD4 and CD8 profiles were analyzed
(Figure 4). As shown in Figure 5a, both grafts yielded measurable numbers of thymocytes in
2 of 3 dual graft recipients. In the third animal (#995), only the human thymus graft could be
found. The total thymocyte numbers in the porcine and human thymus grafts of dual graft
recipients were similar to the numbers detected in grafts of single graft recipients (Figure 4A).
As shown in Figure 4B, CD4 versus CD8 staining profiles were generally similar for recipients
of HU/HU, SW/HU and HU+SW double grafts.
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MLR responses were examined for thymocytes collected from swine and human grafts in
HU+SW dual-grafted mice. Human T cells in xenogeneic SLAdd thymic grafts showed
markedly and significantly reduced proliferative responses toward porcine donor SLAdd

compared to the third party SLAcc or allogeneic human stimulators (Figure 5b), demonstrating
xenogeneic donor-specific tolerance. In contrast, the human thymocytes in human thymus
grafts of all 3 doubly grafted recipients showed similar responses to the porcine donor
SLAdd as to third party porcine antigens and human alloantigens (Figure 5a). Histologically,
both human and porcine thymus grafts in dual graft recipients showed normal thymic
architecture with normal cortical and medullary structure (Figure 6).

Discussion
We have previously demonstrated in thymectomized and T-cell-depleted mice that porcine
thymus grafts can replace the host thymus to support normal mouse thymopoiesis and
repopulate the peripheral T cell repertoire (7,8). Importantly, these murine T cells developing
in porcine thymus grafts show specific tolerance to the donor, even by the stringent test of skin
grafting (7,8). This approach has recently been extended to allogeneic and xenogeneic (pig to
baboon) large animal models (3), suggesting that it has considerable potential to promote the
success of xenotransplantation.

Positive selection in porcine thymic xenografts in immunocompetent mice is mediated entirely
by the porcine MHC of the thymic epithelium, but both porcine donor antigens and recipient
MHC antigens contribute to negative selection (26–29). Nevertheless, the murine T cells that
repopulate the periphery can recognize antigens presented by host MHC molecules and can
clear opportunistic infections (9). These data suggest that recipient mouse-restricted immune
reactivity reflects cross-reactivity on murine MHC of a broad repertoire of T cells selected in
the porcine thymus grafts.

More recently, we extended these findings to the pig/human combination using
immunodeficient mice and demonstrated that normal human thymopoiesis could take place in
xenogeneic porcine thymus grafts (10). These results were replicated here, with normal
proportions of all human thymocyte subsets in the swine thymus graft. The slight reduction in
percentages of DP and SP thymocytes and increase in “double negative” cells in the xenogeneic
grafts (Figure 4B) probably reflects the presence of porcine thymocytes that often persist long-
term in the porcine grafts, as we have previously reported (10). We also confirmed here that
the human T cells developing in porcine thymus grafts are tolerant to the xenogeneic source
animal in MLR assays. Remarkably, this unresponsiveness is specific for the MHC (the SLA)
of the xenograft donor, as these human T cells showed normal responses to SLA-mismatched
porcine stimulators, as well as to allogeneic human stimulators. In our previous study, the
failure to overcome tolerance to the donor porcine SLA with exogenous IL-2 suggested that
the tolerance was achieved by intrathymic deletion rather than by an anergy mechanism (10).
Similar TCR Vβ usage was observed in human thymocytes developing in porcine versus human
thymic grafts, suggesting that a polyclonal repertoire was generated in the xenogeneic thymus
graft.

We have now addressed the polyclonality of the human T cell repertoire developing in a
xenogeneic thymus in a more direct fashion, using spectratype analysis. Our studies reveal
similar, polyclonal, normal TCR repertoires among single positive human thymocytes
generated in xenogeneic porcine and autologous human thymus grafts. Given that all positive
selection of murine T cells in porcine thymus grafts in immunocompetent mice is mediated by
the porcine donor MHC, whereas negative selection is mediated by both mouse and pig MHC
(26–29), it is reasonable to assume that this diverse human TCR repertoire results from positive
selection by porcine thymic epithelium and negative selection on human, porcine and murine
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elements in the grafts, which we have previously shown to be present (10). The ability of a
porcine thymic epithelium to positively select human TCR may reflect in part the extensive
homology between SLA and HLA. SLA class Ia (30) and class Ib genes (31) show homology
to human class Ia and Ib molecules, respectively. Class II genes also showed strong homology
between SLA and HLA (32,33). However, we favor another explanation, given that murine T
cells positively selected by porcine thymic epithelium also show evidence for polyclonality
(see above) (29), despite the lower species homology of pig and mouse MHC molecules. TCR
structure seems to have evolved to have reactivity to MHC (34–36) and this evolution likely
occurred before mammalian speciation, resulting in conservation of inherent TCR MHC
reactivity between species. This reactivity may ensure the selection of a polyclonal repertoire
in the xenogeneic thymic environment.

While the failure to amplify Vβ10 from single positive cells in porcine thymus grafts might
suggest that this family of TCR could be deleted by a porcine endogenous superantigen, we
have previously succeeded in detecting Vβ10+ human thymocytes in porcine thymus grafts
(10), arguing against this possibility. Nevertheless, these previous studies involved whole
thymocyte cell suspensions rather than single positive thymocytes, and it is possible that
deletion due to a porcine endogenous superantigen occurs at the late double positive and/or
single positive stage.

The double grafting experiments performed here may be relevant to the question of whether
or not recipient thymectomy will be needed to achieve xenogeneic tolerance through the
thymus transplantation approach. In immunocompetent, T cell-depleted mice, recipient
thymectomy was found to be essential for the successful engraftment and function of porcine
thymus xenografts (37). Recipient thymectomy was also found to be essential for xenogeneic
thymus engraftment in a pig to baboon model (13). In a separate ongoing study, we have
observed that untreated humanized mice are capable of rejecting porcine thymic tissue grafted
after human immune reconstitution has occurred (K. Habiro and Y. Yang, personal
communication). However, the data presented here show that two of three animals receiving
porcine thymus grafts simultaneously with human thymus tissue and human HSCs accepted
the pig thymus long-term, despite the lack of xenogeneic MLR tolerance observed among
thymocytes in the human graft. These studies raise the possibility that post-thymic mechanisms,
with or without a role for presentation of soluble porcine antigen in the human thymus, may
lead to tolerance of human thymocytes after they leave the human thymus graft. Not all self-
reactive thymocytes are normally deleted (38–40), and regulatory T cells play an important
role in suppressing autoreactivity of these cells (41). Likewise, regulatory cells developing in
porcine thymus grafts may suppress the ability of non-tolerant human T cells developing in
human thymus grafts to reject porcine thymic grafts. Indeed, thymic epithelium has been shown
to be capable of inducing dominant tolerance to its antigens in an allogeneic model (42). It is
also possible that the thymus is an immunoprotected site and that non-tolerant T cells generated
in the human thymus grafts simply “ignored” the porcine thymus grafts, which were healed in
by the time human T cells had developed in the human grafts. However, previous thymic
grafting studies in allogeneic mouse models showed that a second thymus graft could tolerize
T cells developing in a first thymus graft to minor antigens but not to MHC alloantigens (43).
Since we did not analyze tolerance of peripheral T cells in these mice, further studies will be
needed to address their tolerance.

The studies presented here demonstrate that the addition of human CD34 cells i.v. can enhance
human T cell reconstitution from a porcine graft. Improved human immune reconstitution,
including T cells, B cells, dendritic cells, the ability to reject xenografts and the ability to mount
specific class-switched antibody responses have recently been demonstrated in HU/HU mice
receiving i.v. injections of fetal CD34+ cells from the same human donor (23,44–46). The
presence of human APC in the periphery seems to enhance the survival and function of T cells

Shimizu et al. Page 7

Transplantation. Author manuscript; available in PMC 2009 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



generated in a human thymus graft, consistent with studies showing a need for self MHC/
peptide in the periphery (47). Our demonstration of a similar phenomenon in mice receiving
porcine thymic xenografts with human FL and CD34 cells, in which the thymic epithelium and
human APC in the periphery are completely MHC-mismatched, is somewhat surprising. We
hypothesize that because human T cells interact more efficiently with human than mouse APCs
in the periphery and because the human TCR repertoire developing in a porcine thymus is
diverse, that cross-reactivity with human MHC of TCR selected on porcine MHC allows human
APC to provide MHC/peptide signals that support the survival and function of the human T
cells. Our observations suggest an excellent model for dissecting the impact of disparity
between thymic epithelium (pig) and APC in the periphery (human) on human T cell function.
For example, several studies in rodents suggest that self-tolerance may be incomplete, with an
increased tendency to develop autoimmunity, when T cells develop in a xenogeneic thymus
graft (28,48–50) The improved understanding of immune function obtained from such studies
in humanized mice should help to bring the xenogeneic thymic transplantation approach closer
to clinical application for the induction of tolerance.
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HU  

human

SW  
swine

TCR  
T cell receptor

FT  
fetal thymus

FL  
fetal liver

DP  
double positive

SP  
single positive

THY  
thymus
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Figure 1. Human leukocyte reconstitution in immunodeficient mice transplanted with human or
porcine fetal thymus with human fetal liver
NOD/SCID mice received 3Gy irradiation and human or swine thymus tissue with human fetal
liver under the kidney capsule on the same day. 2 to 5 × 105 human CD34 positive cells isolated
from the same human fetal liver were injected i.v. on the same day. Reconstitution of PBL by
human CD3+ (a), human CD19+ (b), and human CD14+ (c) cells at 12 weeks is shown. Cells
were analyzed in a lymphocyte forward-side scatter gate in (a) and (b). Forward-side scatter
gates for analyses in (c) included monocytes and granulocytes. Number of recipient mice were
n=10, n=11, n=14, and n=23 for HU/HU without CD34 injection, HU/HU with CD34 injection,
SW/HU without CD34 injection, SW/HU with CD34 injection, respectively. N.S., not
significantly different.
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Figure 2. Spectratyping of human CD4 and CD8 single positive T cells developing from the same
human fetal liver/CD34 cell donor in human versus porcine thymic grafts
Human CD4 or CD8 single positive (SP) thymocytes were collected from THY/FL grafts
between 16 to 20 weeks after transplantation of human or porcine thymus tissue with human
fetal liver under the kidney capsule and i.v. injection of CD34 cells from the same donor. Purity
of >80% CD4 SP cells was confirmed by flow cytometry for each sample analyzed. Purity of
>80% CD8 SP cells was confirmed by flow cytometry for each sample analyzed. RT-PCR was
performed using human Vβ1 to 24 primers, and spectratyping was performed after run-off
reaction with Jβ-specific FAM-labeled primer. Compared to CD4 and CD8 SP T cells
developing in human thymic grafts (a and c, repectively), CD4 and CD8 SP T cells developing
in porcine thymic grafts (b and d, respectively) showed similar, normal CDR3 length
distributions. CDR3 analysis was performed on each Vβ, from Vβ1 to Vβ24 with similar
results, except that Vβ10 could not be amplified from cells in porcine grafts. Spectratypes from
one representative animal of three SW/HU and two HU/HU grafts are shown.
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Figure 3. Human T cells developing in porcine thymus grafts are specifically tolerant toward
porcine donor MHC antigens
Either human (a) or swine (b) thymic grafts were transplanted under the kidney capsule of
recipient NOD/SCID mice together with donor human fetal liver tissue, and isolated human
CD34 positive cells from the same fetal liver were injected i.v.. Twenty weeks after
transplantation, thymocytes were harvested and used for the assay. MLR was performed using
third party human stimulators and stimulators expressing third party or donor SLA. Human T
cells developing in porcine thymus grafts (SLAdd) showed markedly reduced MLR responses
against SLAdd (DD) stimulators (b) compared to SLAcc (CC) or allogeneic human (Allogeneic
Human) stimulators. One representative result from each of 2 SW/HU and 2 HU/HU individual
mice is shown.
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Figure 4. Thymocytes in swine or human thymus grafts implanted as single or double grafts
A) Total thymocyte numbers. Swine or human thymus grafts, transplanted with human fetal
liver and human CD34 positive cells injected i.v., were harvested and thymocytes were counted
20 weeks after transplantation. Each bar represents one individual animal. B) Human
thymocyte subsets in thymic grafts 20 weeks after double graft implantation. Human (a) and
porcine (b) thymic grafts were harvested from HU/HU and SW/HU mice, respectively. Human
CD4 and CD8 cell populations were analyzed using flow cytometry. Similar thymocyte
populations were detected in human (c) and porcine (d) thymic grafts of HU+SW dual-grafted
mice. One representative result from 2 individual mice of each type is shown.
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Figure 5. Human T cells developing in porcine but not human thymus grafts of dual graft recipients
are specifically tolerant to porcine donor MHC antigens
Both human or swine thymic grafts were transplanted under opposite kidney capsules of
recipient NOD/SCID mice together with human fetal liver, and isolated human CD34 positive
cells from the same fetal donor were given i.v.. Twenty weeks later, thymocytes were harvested
from each human (a) and swine (b) thymic graft and used for the MLR assay. MLR was
performed using allogeneic human, third party SLA, and donor SLA stimulators. Human T
cells developing in swine (b) but not human (a) thymus grafts showed markedly and specifically
reduced MLR responses against donor-type SLAdd stimulators. One representative result from
2 individual HU+SW recipients is shown.
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Figure 6.
Histology and gross appearance of thymic grafts obtained at 20 weeks post-implantation from
a NOD/SCID mouse transplanted with both human and swine thymus grafts under opposite
kidney capsules. Both human (a) and swine (b) thymic grafts showed normal thymic
architecture with readily visible cortical and medullary structure (H-E staining).
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