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Introduction
The development of  effective immunosuppressive agents has significantly improved short-term outcomes 
following organ transplantation. However, long-term administration of  these medications is associated 
with various side effects, which significantly increase morbidity and mortality in transplant recipients. 
Moreover, despite having powerful immunosuppressive effects, these medications often fail to prevent the 
development of  chronic rejection, which eventually leads to graft loss (1–3). Induction of  tolerance could 
potentially overcome these limitations by eliminating the requirement for maintenance immunosuppres-
sion, thereby improving the long-term results of  organ transplantation. We have previously reported a 
nonmyeloablative conditioning regimen for combined kidney and bone marrow transplantation (CKBMT) 
that is capable of  inducing mixed chimerism and renal allograft tolerance in nonhuman primates (NHPs) 
(4–6). The protocol has been successfully translated to human recipients of  both HLA-matched and HLA-
mismatched kidney transplants (7–10). An analogous protocol has also been used successfully to induce 
tolerance in NHP lung transplantation (11).

In earlier murine studies, induction of  durable mixed chimerism was required for induction of  MHC 
fully mismatched skin allograft tolerance (12). Stable chimerism in those studies led to persistent deletion 
of  anti-donor T cells in the thymus, while transient chimerism failed to induce skin allograft tolerance 
(13–15). However, when similar nonmyeloablative conditioning regimens were used in NHPs and humans, 
only transient mixed chimerism was achieved, and it typically became undetectable within 1 or 2 months 
after donor bone marrow transplantation (DBMT). The pretransplant presence of  heterologous memory  
T cells, and more significantly, the peri-transplant inflammatory responses observed in NHPs and humans, 
may contribute to the difficulty of  inducing durable chimerism in this population (16, 17). Nevertheless, 
the majority of  NHP and human recipients achieved long-term renal allograft tolerance despite the loss of  

Successful induction of allograft tolerance has been achieved in nonhuman primates (NHPs) 
and humans via induction of transient hematopoietic chimerism. Since allograft tolerance was 
achieved in these recipients without durable chimerism, peripheral mechanisms are postulated to 
play a major role. Here, we report our studies of T cell immunity in NHP recipients that achieved 
long-term tolerance versus those that rejected the allograft (AR). All kidney, heart, and lung 
transplant recipients underwent simultaneous or delayed donor bone marrow transplantation 
(DBMT) following conditioning with a nonmyeloablative regimen. After DBMT, mixed lymphocyte 
culture with CFSE consistently revealed donor-specific loss of CD8+ T cell responses in tolerant 
(TOL) recipients, while marked CD4+ T cell proliferation in response to donor antigens was found 
to persist. Interestingly, a significant proportion of the proliferated CD4+ cells were FOXP3+ in TOL 
recipients, but not in AR or naive NHPs. In TOL recipients, CD4+FOXP3+ cell proliferation against 
donor antigens was greater than that observed against third-party antigens. Finally, the expanded 
Tregs appeared to be induced Tregs (iTregs) that were converted from non-Tregs. These data provide 
support for the hypothesis that specific induction of iTregs by donor antigens is key to long-term 
allograft tolerance induced by transient mixed chimerism.
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hematopoietic chimerism (4–6, 8, 10). Since the chimerism was transient, we postulated that peripheral 
tolerance, rather than central deletion, was the major pathway for induction and maintenance of  renal 
allograft tolerance. Unfortunately, little is known to date about precise mechanisms of  allograft tolerance 
after induction of  transient chimerism in NHPs and humans. In clinical trials, transient enrichment of  
Tregs in the peripheral blood (18) and significantly higher FOXP3 mRNA in renal allografts (8) have been 
found in tolerant recipients, but the immunological significance of  these findings is not known. Although 
we recently reported a trend of  reduction in the number of  donor-reactive T cell clones in the tolerant 
recipients (19), substantial numbers of  donor-reactive clones were still detectable. The critical importance 
of  regulatory mechanisms of  tolerance was also supported by our recent studies demonstrating that stable 
renal allograft tolerance induced in NHPs after transient hematopoietic chimerism could be abrogated by 
IL-2 infusion (20).

To further elucidate the mechanism of  long-term allograft tolerance via this approach, we compared T 
cell immunity in NHP recipients that achieved long-term renal or lung allograft survival to that observed in 
NHPs that rejected their allograft.

Results
Renal and lung allograft tolerance induced by transient multilineage chimerism. Seven kidney and 2 lung allograft 
NHP recipients that achieved long-term (>250 days) transplant survival without maintenance immunosup-
pression (TOL) were evaluated in the current mechanistic studies (Table 1 and Figure 1). The transplant 
outcome of  these recipients has been reported previously (11, 21–23). After conditioning, recipients devel-
oped transient pancytopenia, which recovered by day 30 in the lymphoid cells and by day 20 in the myeloid 
cells (Figure 2A). Eight of  the 9 recipients developed multilineage transient chimerism, while 1 recipient 
(M8014) developed chimerism only in the myeloid lineage (Figure 2B and Table 1). Except for M4012, 
which received the lung allograft and developed persistent chimerism for more than 2 years (Figure 2C), 
chimerism typically became undetectable by flow cytometry by day 100. Although M3208 and M6007 
developed minor transplant glomerulopathy with low anti–B cell donor-specific antibodies (DSAs), no 
diagnostic abnormality was found in the kidney or lung allografts of  the other 7 recipients (Figure 2, D and 
E, and Table 1). For comparison, we included 5 kidney recipients that had rejected the allograft despite 
receiving the same conditioning regimen. Since heart allograft recipients receiving the same treatment and 
DBMT consistently failed to acquire tolerance despite successful induction of  comparable chimerism (24), 

Table 1. Nonhuman primate study subjects

Group Monkey # Allograft Chimerism Graft SurvivalA Histology
TOL M3312 Kidney + >446 NDAR

M4808 Kidney + >728 NDAR
M8907 Kidney + >996 NDAR
M3208 Kidney + >791 No ACR, TG, CUO
M6007 Kidney + >1133 No ACR, TG
M8014 Kidney  +B >250 NDAR
M8314 KidneyC + >270 NDAR
M912 Lung + >464 NDAR

M4012 Lung + >299 NDAR
AR M406 Kidney – 47 ACR

M1009 Kidney ND 62 ACR
M913 Kidney – 124 ACR

M4514 Kidney + 127 ACR
M5114 Kidney  +D 345 ACR
M4609 Heart ND 117 ACR
M3113 Heart  +B 151 ACR
M5212 Heart  +B 147 ACR

ADays after bone marrow transplantation. BMyeloid chimerism alone. CHeart allograft from the same donor was also cotransplanted. 
DDetected by PCR. ND, not determined; NDAR, no diagnostic abnormality; ACR, acute cellular rejection; TG, transplant glomerulopathy; CUO, 
chronic ureteral obstruction.
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we also included 3 heterotopic heart recipients that lost their allografts due to acute rejection (AR). In the 
AR recipients, multilineage chimerism was detectable in only 1 recipient (M4514) (Table 1 and Figure 1).

Peripheral blood lymphocyte subsets among the TOL, AR, and naive NHPs. We first characterized the makeup 
of  the peripheral blood lymphocyte (PBL) subsets in TOL, AR, and naive recipients. The study revealed 
no significant difference in the number of  CD3+CD4+ T cells, CD3+CD8+ T cells, B cells (CD3–CD20+), or 
Tregs (CD4+CD25+FOXP3+) in the peripheral blood of  TOL, AR, and naive recipients (Figure 3, A–C, E, 
and F). In contrast, the number of  NK cells (CD3–CD8+CD16+NKG2a+) was significantly lower in TOL 
recipients compared with naive NHPs (Figure 3D).

Sustained anti-donor CD4+ T cell responses in the tolerant recipients despite loss of  anti-donor CD8+ T cell 
responses. We next evaluated T cell responses against donor antigens in both TOL and AR recipients and 
compared them with the T cell responses of  naive NHPs against MHC-mismatched allogeneic antigens. 
Isolated CD3+ cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) and cultured with 
irradiated self  or donor PBLs for 5 days, after which the cultured cells were stained for CD4 and CD8 for 
flow cytometric analysis. Anti-donor CD8+ T cell responses were found to be significantly lower in TOL 
compared with AR recipients (P < 0.05) (Figure 4, A and B). In contrast, marked CD4+ T cell proliferation 
was observed after mixed lymphocyte culture (MLC) with donor PBLs in TOL recipients, comparable to 
that observed in both the AR and naive NHPs (Figure 4, C and D).

Tregs expanded in donor-specific fashion in the tolerant recipients. To further identify which CD4+ T cell 
subsets were expanding, responder T cells were also stained for INF-γ, IL-4, IL-17, and FOXP3. Although 

Figure 1. MHC genotypes of donor-recipient pairs. The MHC class I (A and B loci) and II (DP, DQ, and DR loci) genes expressed 
by each recipient monkey and its respective donor are shown and color coded to highlight allelic differences. *Not identified. 
TOL, tolerant recipient; AR, recipients that developed acute rejection.
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expression of  INF-γ, IL-4, and IL-17 was limited (data not shown), a significantly higher proportion of  the 
proliferating CD4+ cells were FOXP3+ in TOL recipients, as compared to those in the AR and naive NHPs 
(P < 0.05) (Figure 5, A and B). Additionally, we evaluated T cell responses after polyclonal stimulation 
(anti-CD2/CD3/CD28 mAb) among the 3 groups. Similar Treg expansion was not observed with poly-
clonal stimulation, suggesting that alloantigen stimulation is essential for Treg expansion (Figure 5, C and 
D). To evaluate whether the Treg expansion observed in TOL was donor specific, isolated T cells from 7 
TOL recipients were cultured with irradiated self, donor, and multiple third-party PBLs. The study revealed 
significantly greater FOXP3+ cell proliferation observed after MLC with donor PBLs compared with third-
party PBLs (P < 0.001) (Figure 5E).

The expanded Tregs after donor stimulation were derived from non-Treg cells. To identify the origin of  the 
expanded Tregs observed in the TOL recipients, we next performed a CFSE/MLC assay with sorted 
CD4+CD25high cells (Tregs) and CD4+CD25– cells (non-Tregs), in which the proportion of  FOXP3+ cells 
was greater than 90% and less than 0.9%, respectively (Figure 6A). CD4+CD25– cells (non-Tregs) were 
mixed populations of  naive (CD4+CD95–CD28+), effector memory (CD4+CD95+CD28–), and central 
memory (CD4+CD95+CD28+) T cells (data not shown). Sorted Tregs and non-Tregs from 2 TOL recipi-
ents (M4012 and M3312) were labeled with CFSE and cultured with irradiated donor PBLs in the presence 
of  IL-2 (200 IU/ml). No significant FOXP3+ cell proliferation was observed in MLC of  CD4+CD25high 
cells with donor stimulation in either recipient (Figure 6B). In contrast, substantial FOXP3+ cell prolifera-
tion was observed in MLC of  CD4+CD25– cells in both recipients (Figure 6B), suggesting that the Tregs 

Figure 2. Chimerism and histopathology of 
allografts in the tolerant recipients. After condi-
tioning, recipients developed transient pancyto-
penia but recovered by day 30 in the lymphoid 
cells and by day 20 in the myeloid cells (A); n = 9. 
Tolerant (TOL) recipients of kidney (B) and lung (C) 
allografts developed multilineage chimerism in 
both lymphoid and myeloid lineages. Chimerism 
in these recipients typically disappeared by day 60 
after donor bone marrow transplantation, except 
for M4012 whose lymphoid chimerism remained 
detectable (around 5%) until his euthanasia on day 
299. Representative biopsies or autopsies of the 
kidney (D) and the lung allografts (E) in the TOL 
recipients are shown. No diagnostic abnormality 
was found in either the kidney or lung allografts. 
Original magnification, ×100.
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proliferating after donor antigen stimulation were induced Tregs (iTregs) converted from non-Tregs. We 
also tested whether such Treg conversion could be observed by polyclonal αCD2/αCD3/αCD28 mAb 
stimulation. Although significant FOXP3+ cell expansion was observed from CD4+CD25high cells, conver-
sion from non-Treg to Treg was not observed with the polyclonal stimulation (Figure 6C). Finally, we 
sorted non-Tregs from 2 AR recipients (M4514 and M5114) and performed a CFSE/MLC assay with 
donor-antigen stimulation. Unlike tolerant NHPs, no iTreg conversion was observed with either donor or 
polyclonal stimulation (Figure 6, D and E).

TGF-β blockade inhibited Treg expansion and restored CD8 responses. To further elucidate the underlying 
mechanisms of  the Treg expansion observed in TOL recipients, we performed a CFSE/MLC assay with 
an anti–TGF-β monoclonal antibody. Isolated CD3+ cells from 2 TOL recipients (M8014 and M8314) were 
labeled with CFSE and cultured with irradiated donor PBLs in the presence of  anti–TGF-β or isotype 
control monoclonal antibody. Inhibition of  Treg expansion by TGF-β blockade was observed in both TOL 
recipients tested (Figure 7, A and B, CD4 gated). Interestingly, inhibition of  Treg expansion was associated 
with restoration of  CD8+ T cell responses in both recipients (Figure 7, A and B, CD8 gated). These results 
suggest that TGF-β is a critical cytokine for iTreg expansion, which renders inhibition of  anti-donor CD8+ 
T cell responses.

Proliferated cells after MLC with donor antigens suppressed T cell activation via cell-to-cell contact. In the final 
experiment, we evaluated the suppressive function of  T cells after MLC in 3 tolerant NHPs (M8907, 
M6007, and M8314). Although specific expansion of  Tregs was consistently observed in TOL recipients, 
expansion of  non-Tregs was also observed. Therefore, we evaluated the net immunological effect of  the 
entire proliferated T cell population after donor or third-party stimulation. In this functional assay, we 
first stimulated PBLs with donor or third-party antigens and then evaluated the suppressive function of  
CD4+ proliferated or nonproliferated cells. To test the suppressive function of  PBLs after MLC, we chose 

Figure 3. Lymphocyte subsets in the peripheral blood in tolerant, rejected, and naive nonhuman primates. The number of (A) lymphocytes, (B) CD3+CD8+ 
T cells, (C) CD3+CD4+ T cells, (D) NK cells (CD3–CD8+CD16+NKG2a+), (E) B cells (CD3–CD20+), and (F) the percentage of Tregs (CD4+CD25+FOXP3+) among 
peripheral CD4+ T cells. There was no significant difference in the number of lymphocytes, CD8+ T cells, CD4+ T cells, B cells, and Tregs in the peripheral 
blood among tolerant (TOL), acutely rejected (AR), and naive nonhuman primates (NHPs). The number of NK cells was significantly lower in tolerant NHPs 
compared to naive NHPs. These assays were performed at 516 ± 179 days in the TOL recipients and 165 ± 42 days in the AR recipients after bone marrow 
transplantation. Data are presented as the mean ± SEM. *P < 0.05, ANOVA and the Bonferroni multiple-comparison method was used to test for signifi-
cant differences among 3 groups; n = 6–8 per group.
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to evaluate inhibition of  T cell activation by anti-CD3/CD28 beads, since T cell responses against alloan-
tigens were neither sufficiently consistent nor robust. Two recipients (M8907 and M6007) demonstrated 
dose-dependent suppression of  T cell activation by the donor-primed proliferating cells (Figure 8, A and B).  
Although the suppression was less remarkable, the third-party-primed proliferating cells of  1 recipient 
(M8907) also showed dose-dependent suppression of  T cell activation (Figure 8A). In contrast, no suppres-
sion was observed with donor or third-party-primed nonproliferating cells (Figure 8, A and B).

In the third recipient, we evaluated whether the suppressive function of  the donor-primed CD4+ prolif-
erating cells depends on cell-to-cell contact. Isolated CD3+ cells from a TOL recipient (M8314) stained with 
CFSE were cultured with anti-CD2/CD3/CD28 beads with donor-primed proliferating CD4+ cells added 
either directly (contact) or by seeding onto Transwell permeable support cell culture inserts (no contact). 
Although inhibition of  CD8+ T cell proliferation was observed by direct contact with donor-primed CD4+ 
proliferating cells, no suppression was observed in the Transwell system (Figure 8C). These results may 
indicate that suppression by donor-primed proliferating CD4+ cells requires cell-to-cell contact.

Discussion
A number of  studies have associated increased levels of  peripheral blood or allograft-infiltrated Tregs 
with better clinical outcomes following kidney transplantation (25–27). In our NHP studies, however, 
with the exception of  NK cells, which were significantly lower in TOL recipients, we found no significant 
differences between the PBL subsets. Significantly lower NK cells in TOL recipients was unexpected and 
remains a matter for future investigation. Since we have previously observed Treg enrichment during 
the leukopenic period in TOL recipients (6, 28), it was also unexpected to us that there was no signifi-
cant difference in the number of  peripheral blood CD4+FOXP3+ cells among the TOL, AR, and naive 
recipients after recovery from leukopenia. Since our previous swine and human studies elicited a distinct 

Figure 4. Loss of anti-donor CD8+ T cell responses despite substantial anti-donor CD4+ T cell responses in tolerant recipients. The CD3+ cells isolated 
from tolerant (TOL), acutely rejected (AR), and naive nonhuman primates (NHPs) were labeled with CFSE and were cultured with irradiated self or donor 
peripheral blood lymphocytes (PBLs) for 5 days. Naive T cells were cultured with irradiated MHC-mismatched PBLs. Cultured cells were then stained for 
CD4 and CD8. Representative flow cytometric data (A, CD8; C, CD4) and mean of % proliferation relative to the response to the self (B, CD8; D, CD4) are 
shown. Anti-donor CD8+ T cell hyporesponsiveness was observed in the TOL recipients, which was significantly lower than those observed in the AR recipi-
ents (A and B). However, substantial anti-donor CD4+ T cell proliferation was observed in TOL, which was comparable to that observed in the AR and naive 
NHPs (C and D). Proliferated cells (%) = proliferated cells (%) with donor antigens – proliferated cells (%) with the self. These assays were performed at 520 
± 86 days in the TOL recipients and 175 ± 37 days in the AR recipients after bone marrow transplantation. Data are presented as the mean ± SEM.  
*P < 0.05, ANOVA and the Bonferroni multiple-comparison method was used to test for significant differences among 3 groups; n = 8 per group.
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anti-donor in vitro suppressive function in tolerant recipients only after priming with donor antigens (18, 
29), we hypothesized that stimulation with donor antigens would also be necessary to detect the suppres-
sive function of  Tregs in tolerant NHPs. In TOL recipients, loss of  an anti-donor CD8+ T cell response 
was consistently observed, although substantial anti-donor CD4+ T cell responses remained detectable. 
Nevertheless, a significant portion of  these proliferated cells in TOL recipients consisted of  FOXP3+, 
while FOXP3– cells predominated in AR or naive NHPs. In addition, FOXP3+ cell expansion in TOL 
recipients was donor specific, as significantly greater FOXP3+ cell expansion was observed following 
donor versus third-party stimulation. More interestingly, these expanded Tregs were iTregs, which were 
converted from CD4+CD25–FOXP3– non-Treg cells through allogeneic stimulation. These non-Treg cells 
were mixed populations of  naive (CD4+CD95–CD28+), effector memory (CD4+CD95+CD28–), and cen-
tral memory (CD4+CD95+CD28+) T cells. Studies are currently underway to identify which non-Treg 
subset preferentially transformed to Tregs.

Figure 5. Allo-specific Treg expansion in tolerant recipients. CD3+ cells isolated from tolerant (TOL), acutely rejected (AR), and naive nonhuman primates 
(NHPs) were labeled with CFSE and were cultured with irradiated self, donor cells, or anti-CD2/CD3/CD28 mAbs for 5 days. Naive T cells were cultured with 
irradiated MHC-mismatched peripheral blood lymphocytes (PBLs). Cultured cells were then stained for CD4 and FOXP3. Representative flow cytometric 
data (A, anti-donor; C, anti-CD2/CD3/CD28) and mean of % proliferation relative to the response to the self (B, anti-donor; D, anti-CD2/CD3/CD28) are 
shown. Among these proliferated CD4+ cells after donor antigen stimulation, a significant proportion of proliferating CD4+ cells was FOXP3+ in TOL, while 
such FOXP3+ cell proliferation was minimal in the AR and naive monkeys (A and B). This Treg expansion appeared alloantigen specific as Treg expansion 
was not observed by polyclonal stimulation with anti-CD2/CD3/CD28 mAbs (C and D). To examine whether Treg expansion is a donor-specific response, 
CFSE-labeled recipient PBLs from the TOL recipients (n = 7) were cultured with self, donor, and multiple third-party cells for 5 days, after which cultured 
cells were stained with FOXP3. Significantly greater FOXP3+ cell proliferation was observed after MLC with the donor PBLs than following stimulation with 
third-party PBLs (E). Proliferated cells (%) = proliferated cells (%) with donor, third-party antigens or anti-CD2/CD3/CD28 mAbs – proliferated cells (%) 
with the self. These assays were performed at 520 ± 86 days in TOL recipients and 175 ± 37 days in AR recipients after bone marrow transplantation. Data 
are presented as the mean ± SEM. *P < 0.05, ANOVA and the Bonferroni multiple-comparison method was used to test for significant differences among 
3 groups; n = 8 (anti-donor) and n = 4 (anti-CD2/CD3/CD28 mAbs) per group. **P < 0.001, n = 7. For analysis of the donor-antigen specificity of Treg expan-
sion, we conducted a 2-way ANOVA with factors of animal (experimental unit) and source of cell (donor or third parties).
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In the functional assay of  T cells after MLC, only the proliferating cells had a suppressive effect,  
supporting the notion that regulatory cells need to be primed with donor antigen in order to exhibit a  
suppressive function. These observations concur with our previous swine and human studies (18, 29), 
which demonstrate that PBLs from tolerant recipients do not inhibit naive anti-donor cytotoxic T lympho-
cyte responses in primary CML cultures, whereas PBLs primed with donor antigen do inhibit the genera-
tion of  anti-donor cytotoxic T lymphocyte reactivity by naive PBLs (29).

Although recent studies have revealed considerable heterogeneity or plasticity in the Treg lineage (30), 
at least 2 major Treg subsets, natural (thymus-derived) Treg (nTreg) and iTreg, have been identified. In 
murine studies, iTregs were found to be inducible by donor splenocyte infusion with anti-CD4 mAb (31) or 
anti–CD40-ligand mAb, suggesting that iTregs are likely generated when sufficient T cell costimulation is 
prevented by costimulatory blockade (32, 33). Similarly, our approach to tolerance induction requires suf-
ficient donor antigen presentation by donor chimeric cells with concomitant costimulatory blockade, which 
may be analogous to the conditions required to generate iTregs.

Figure 6. The expanded Tregs after donor stimulation were derived from non-Treg cells. The isolated CD4+CD25high cells (Tregs) and CD4+CD25– cells 
(non-Tregs) from the tolerant (TOL) recipients (M4012: d299 pBMT and M3312: d441 pBMT) were labeled with CFSE and were cultured with irradiated donor 
peripheral blood lymphocytes (PBLs) or anti-CD2/CD3/CD28 mAbs in the presence of IL-2 (200 IU/ml). More than 90% of sorted CD4+CD25high cells were 
FOXP3 positive (A, left panel) and less than 0.9% of CD4+CD25– cells were FOXP3 positive (A, right panel). While no significant FOXP3+ cell proliferation 
was observed in mixed lymphocyte culture (MLC) of CD4+CD25high cells in either recipient (B, upper panels), substantial levels of FOXP3+ cells were detected 
from MLC of CD4+CD25– cells (B, lower panels). In sharp contrast, although significant FOXP3+ cell proliferation was observed in CD4+CD25high cells after 
polyclonal stimulation in both recipients (C, upper panels), no conversion from non-Treg to Treg was observed after polyclonal stimulation (C, lower panels). 
The isolated CD4+CD25– cells (non-Tregs) from the acute rejected recipients (AR) (M4514: d120 pBMT and M5114: d344 pBMT) were labeled with CFSE and 
were cultured with irradiated donor PBLs or anti-CD2/CD3/CD28 mAbs in the presence of IL-2 (200 IU/ml). Unlike TOL recipients, there was no conversion 
from non-Treg to Treg observed with both donor (D) and polyclonal stimulation (E). pBMT, post bone marrow transplantation.

http://dx.doi.org/10.1172/jci.insight.86419
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The current study revealed that iTreg expansion by donor antigen stimulation was inhibited by TGF-β 
blockade, suggesting that TGF-β is a critical cytokine for iTreg induction. Since some T cell subsets, such as 
Th3, have been shown to produce large amounts of  TGF-β (34), we hypothesize that donor-specific memory 
T cells, such as Th3, are generated in tolerant recipients and may produce sufficient amounts of  TGF-β upon 
encountering donor antigens, leading to conversion of  naive T cells to iTregs. In vivo, these memory T cells 
can be activated when they encounter donor MHC class II antigens expressed on allograft endothelium (35, 
36) or renal tubular epithelium (37) and produce TGF-β locally. This may lead to conversion of  naive T cells 
to Tregs in the renal allograft. Such local enrichment of  Tregs in the renal allograft has been observed in our 
previous studies (8, 38) and may be critically important to protect the allograft from rejection.

Our studies demonstrate that allograft tolerance induced by transient chimerism is organ specific. 
Successful induction of  allograft tolerance has been achieved in kidney and lung transplantation (4–6, 
11, 21, 22), but not in isolated heart transplantation (24). We have shown that induction of  heart allograft 
tolerance is possible with transient chimerism, if  a kidney allograft from the same donor is cotransplanted 
(38). Therefore, intrinsic factors contributed by the kidney allograft in this model may also be critical for 
the enrichment of  Tregs in the heart. In contrast to the heart, isolated lung allograft tolerance has been 
induced by transient chimerism, suggesting that the lung may also possess intrinsic factors similar to the 
kidney and hence be capable of  locally expanding Tregs.

A clinical observation relevant to our findings has been reported by Syed et al. They detected similar 
antigen-reactive Treg expansion in patients with peanut allergy who achieved tolerance to peanuts after 
immunotherapy (39). In their study, PBLs from tolerant patients were cultured with peanuts or other aller-
gens. After 7 days in culture, an increase of  Tregs was observed with peanut, but not with other allergens. 
Although it was not shown whether nTregs or iTregs contributed to this specific suppression of  allergic 
antigens, tolerant patients displayed specific Treg expansion after treatment, which may also suggest that it 
is possible to memorize tolerance to particular non-self  antigens.

Figure 7. TGF-β blockade inhib-
ited Treg expansion and restored 
anti-donor CD8 responses. CD3+ 
cells isolated from 2 tolerant (TOL) 
recipients, M8014: d212 pBMT (A) 
and M8314: d252 pBMT (B), were 
labeled with CFSE and cultured with 
irradiated donor peripheral blood 
lymphocytes in the presence of anti–
TGF-β (50 mg/ml) or isotype control 
monoclonal antibody (50 mg/ml) 
for 5 days. Cultured cells were then 
stained for CD4, CD8, and FOXP3. 
Although there was no difference 
in CD4+ T cell proliferation between 
anti–TGF-β and isotype control (A 
and B, left panels), TGF-β blockade 
inhibited the Treg expansion in the 2 
TOL recipients (A and B, middle pan-
els). Furthermore, inhibition of Treg 
expansion by anti–TGF-β blockade 
was associated with restoration of 
anti-donor CD8+ T cell responses in 
the 2 TOL recipients (A and B, right 
panels). pBMT, post bone marrow 
transplantation.
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This study, which demonstrates decreased CD8 responses in tolerant NHPs, despite persistent CD4 
anti-donor responses due to donor-specific expansion of  Tregs, provides support for the hypothesis 
that specific induction of  iTregs by donor antigens is key to long-term allograft tolerance induced by 
transient mixed chimerism. Additional studies will be necessary to conclude whether the suppressive 
function of  iTregs was donor specific, since CD3/CD28 bead–induced T cell activation was used to 
evaluate the suppressive function of  iTregs. However, since expansion of  iTregs was donor specific, 
one could presume that the eventual suppressive effects in vivo would also be donor specific. These 
data suggest that peripheral regulatory mechanisms, rather than central deletion, are responsible for 
the maintenance of  allograft tolerance in NHPs. Further studies to identify which of  the T cell subsets 
regulates iTreg conversion are in progress.

Figure 8. Peripheral blood lymphocytes of the tolerant recipients primed with donor antigens suppressed T cell 
activation. Peripheral blood lymphocytes (PBLs) from 3 recipients ,M8907: d821 pBMT (A), M6007: d930 pBMT (B), 
and M8314: d261 pBMT (C), in the tolerant (TOL) group were labeled with CFSE and cultured with irradiated donor or 
third-party PBLs. After 5 days of culture, CD4+CSFElow (proliferating) and CD4+CSFEhigh (nonproliferating) cells were sorted 
and added at a varying ratio into the recipient T cells in the presence of CD3/CD28 bead stimulation. (A and B) A dose-
dependent suppression of T cell activation was observed by donor-primed proliferating (CSFElow) cells in both recipients. 
Although less significant, third-party-primed proliferating cells of a recipient (M8907) also showed a dose-dependent 
suppression of T cell activation (A). However, such a dose-dependent suppression by the third-party-primed cells was 
not observed in the other recipient (M6007) (B). Nonproliferating cells primed with either donor or third-party antigens 
failed to suppress T cell activation. (C) To evaluate whether this suppressive function of the donor-primed CD4+ prolif-
erating cells depends on cell-to-cell contact, isolated CD3+ cells from a TOL recipient (M8314) stained with CFSE were 
cultured with CD3/CD28 beads. Donor-primed proliferating CD4+ (CSFElow) cells were added directly (contact) or seeded 
onto Transwell permeable support cell culture inserts (no contact). Since CD4+ cells consisted of both responder CD4+ 
cells and modulator CD4+ cells in this experiment, T cell activation was evaluated by CD8+ cell proliferation. The ratio of 
responder to modulator was 1 to 1. Although inhibition of CD8+ cell activation was observed by cell-to-cell contact, such 
inhibition was not observed in the Transwell system, which suggested that direct cell-to-cell contact is required for sup-
pressive function of donor-primed modulator cells. pBMT, post bone marrow transplantation.
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Methods
Animals. Cynomolgus monkeys weighing 4–7 kg were used (Charles River Primates). Nine monkeys that 
had achieved long-term (>250 days) allograft survival without maintenance immunosuppression (kidney 
[n = 7], lung [n = 2]) (TOL) were investigated. M3312 and M4012 shared 1 haplotype with the donor 
MHC. MHC genotypes of  the other 5 recipients were fully mismatched with the donor MHC genotypes. 
To compare immunologic responses with the TOL recipients, 5 kidney transplant recipients and 3 hetero-
topic heart recipients that received the same conditioning regimen and DBMT but rejected their allografts 
were included (Table 1 and Figure 1).

Cynomolgus MHC genotyping. MHC characterization was performed as previously described (40, 41). 
Briefly, genomic DNA was prepared from PBMCs and splenocytes. Panels of  17 microsatellite loci span-
ning ~5 Mb of  the MHC region were amplified from the genomic DNA with fluorescent-labeled PCR 
primers and fragment size analysis was determined. The microsatellite haplotypes for each animal were 
converted to predicted MHC genotypes based on previous cloning and sequencing work with cynomolgus 
monkeys (40, 41).

Organ and bone marrow transplantation. The procedures and the conditioning regimens were performed 
as described previously (4–6, 11, 22, 24, 42, 43). The kidney, lung, and heart allograft recipients received 
DBMT either simultaneously or 4 months after organ transplantation. Briefly, these recipients received a 
nonmyeloablative conditioning regimen that consisted of  total body irradiation with 1.5 Gy × 2 on days –6 
and –5 (relative to DBMT), thymic irradiation with 7 Gy on day –1, pretransplant anti-thymocyte globulin 
with or without anti-CD8 mAb, and DBMT on day 0 followed by anti-CD154 mAb (20 mg/kg on days 0 
and 2 followed by 10 mg/kg on days 5, 7, 9, and 12 after DBMT) or CTLA4Ig (20 mg/kg on days 0, 2, 5, 
and 15 after DBMT), and a 1-month post-transplant course of  cyclosporine. No immunosuppression was 
administered after 1 month. M4808 also received 10 mg/kg of  rituximab on days –14, –7, and 0 in addition 
to the conditioning regimen described above.

Flow cytometric analyses and detection of  chimerism. PBMCs, either isolated from the peripheral blood or 
harvested after a 5-day MLC, were analyzed via cell-surface staining using CD3 (SP34), CD4 (L200), CD8 
(SK1), CD20 (2H7), CD25 (M-A251) (all BD Pharmingen), CD16 (NKP15, BD Biosciences), and NKG2a 
(Z199, Beckman Coulter) antibodies. For chimerism analyses, we used an anti–MHC class I HLA mAb 
(H38, One Lambda, Inc.) that reacts specifically with an MHC class I antigen on donor but not recipient 
cells. To assess intracellular protein expression of  FOXP3, cells were permeabilized using Fixation/Per-
meabilization solution (eBioscience) and then stained with anti-FOXP3 mAb (PCH101, BD Pharmingen). 
Cells were analyzed on a FACSverse (BD Biosciences) or Accuri Flow Cytometer (BD Biosciences) using 
FlowJo software (FLOWJO LLC).

Mixed lymphocytes culture. T cells were purified by negative selection with a Pan T Cell Isolation Kit 
(Miltenyi Biotec). CD4+ T cells were sorted into Tregs (CD4+CD25high) and non-Tregs (CD4+CD25–) using 
a FACSAria cell sorter (BD Biosciences). The isolated T cells, CD4+CD25high cells, and CD4+CD25– cells 
were labeled with CFSE (Life Technologies) at a concentration of  3 μM per 107 cells at 37°C for 5 minutes 
and cultured in 96-well V-bottom plates with irradiated PBMCs or T cell activation beads (αCD2/αCD3/
αCD28 mAb) (Miltenyi Biotec). In experiments to identify the origin of  Tregs, human IL-2 (200 IU/ml) (BD 
Biosciences) was added to the MLC. For TGF-β blockade, anti–TGF-β monoclonal antibody (50 μg/ml) 
(1D11.16.8, Bio X Cell) and IgG1 isotype control monoclonal antibody (50 μg/ml) (MOPC-21, Bio X Cell) 
were used. After 5 days, cells were stained with antibodies and CFSE dilution was assessed by flow cytometry.

Assay for T cell suppressive function. CFSE-labeled cells from TOL monkeys were cultured with irradi-
ated donor or third-party PBMCs. After 4 days, cells were harvested and sorted on the FACSAria into 
CD4+CFSElow (nonproliferating) and CD4+CFSEhigh (proliferating) cells. PBLs isolated from TOL animals 
(stained with or without CFSE) were cultured in a 96-well or 24-well round bottom plate with stimula-
tion of  plate-bound anti-CD3 Ab (SP34, 10 μg/ml, BD Pharmingen) and soluble anti-CD28 mAb (28.2, 
10 μg/ml, BD Pharmingen). Donor-primed or third-party-primed, CD4+ proliferating or CD4+ nonpro-
liferating cells were added as modulators at varying ratios. In some experiments, these sorted cells were 
seeded onto 24-well Transwell permeable support cell culture inserts (Corning). The cells were cultured 
for 4 days. During the last 24 hours, the plates were pulsed with 1 μCi/well 3H-thymidine (Dupont) and 
its uptake was quantified in a beta counter. Results were expressed as stimulation index (SI) ratios, which 
were the mean cpm of  experimental/autologous stimulators. The cells stained with CFSE were cultured 
for 5 days and stained with CD8 antibody. CFSE dilution was assessed by flow cytometry.
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Statistics. ANOVA and the Bonferroni multiple-comparison method were used to test for significant 
differences among 3 groups using GraphPad Prism 5 (Graphpad Software, Inc.). For analysis for the donor 
antigen specificity of  Treg expansion, we conducted a 2-way ANOVA with factors of  animal (experimental 
unit) and source of  cell (donor or third parties). All tests were 2-sided and P less than 0.05 was considered 
statistically significant.

Study approval. All surgical procedures and postoperative care of  animals were performed in accor-
dance with National Institutes of  Health guidelines for the care and use of  primates and were approved by 
the Massachusetts General Hospital Institutional Animal Care and Use Committee.
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