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Alloreactive memory T cells may be refractory to many of the
tolerance-inducing strategies that are effective against naive T cells
and thus present a significant barrier to long-term allograft sur-
vival. Because CD4�CD25� regulatory T cells (Tregs) are critical
elements of many approaches to successful induction/maintenance
of transplantation tolerance, we used MHC class I and II alloreactive
TCR-transgenic models to explore the ability of antigen-specific
Tregs to control antigen-specific memory T cell responses. Upon
coadoptive transfer into RAG-1�/� mice, we found that Tregs
effectively suppressed the ability of naive T cells to reject skin
grafts, but neither antigen-unprimed nor antigen-primed Tregs
suppressed rejection by memory T cells. Interestingly, different
mechanisms appeared to be active in the ability of Tregs to control
naive T cell-mediated graft rejection in the class II versus class I
alloreactive models. In the former case, we observed decreased
early expansion of effector cells in lymphoid tissue. In contrast, in
the class I model, an effect of Tregs on early proliferation and
expansion was not observed. However, at a late time point,
significant differences in cell numbers were seen, suggesting
effects on responding T cell survival. Overall, these data indicate
that the relative resistance of both CD4� and CD8� alloreactive
memory T cells to regulation may mediate resistance to tolerance
induction seen in hosts with preexisting alloantigen-specific im-
munity and further indicate the multiplicity of mechanisms by
which Tregs may control alloimmune responses in vivo.

suppression � tolerance � transplantation

Donor-specific tolerance, which is readily achieved by many
means in inbred rodent models, has been difficult to reproduce

in outbred rodents and primates. Memory T cells, derived from
prior exposure to alloantigen or generated by heterologous immu-
nity or lymphopenia-induced proliferation, are believed to be an
important part of this barrier (1–3). Compared with naive T cells,
memory T cells respond more rapidly after TCR activation, respond
to lower concentrations of antigen, and are less dependent on CD28
costimulation (4, 5). Additionally, they are relatively long-lived in
the periphery and can mount immune responses within parenchy-
mal tissues directly without a need for prior priming in lymphoid
organs (4–9).

Deletion and regulation play key roles in the induction and
maintenance of tolerance (10). Although both CD4� and CD8�

memory T cells are relatively resistant to apoptosis and antibody-
mediated deletional therapy (7, 8, 11, 12), our knowledge about the
susceptibility of memory T cells to regulation in the context of
transplantation is incomplete. Naturally occurring CD4�CD25�

regulatory T cells (Tregs) are an extensively characterized cell type
within the Treg pool and are required for transplantation tolerance
in many model systems (13, 14). Such Tregs have been demon-
strated to have multiple effects on T cell responses to alloantigen,
including suppression of proliferation, cytokine production, sur-
vival, and alloreactive T cell migration to the graft (15–18). How-
ever, the behavior of Tregs in the context of transplantation has
primarily been investigated in models using inbred nonsensitized

mice. In the single study that examined Tregs and memory cells, it
was reported that polyclonal CD4�CD25� Tregs from donor
splenocyte transfusion (DST)-treated animals, but not from unma-
nipulated mice, were capable of controlling graft rejection medi-
ated by memory T cells in splenectomized alymphopenic mice (19).

Here we used alloreactive CD4 and CD8 TCR-transgenic (Tg)
mice to investigate the issue of regulation of memory T cell
responses in transplantation by using systems where alloantigen-
reactive T cells can be identified and the number, specificity, and
affinity for alloantigen are defined and controlled. We show that,
unlike naive T cells, alloreactive memory T cells are comparatively
resistant to regulation because neither CD4� nor CD8� memory T
cells could be prevented from rejecting skin allografts by
CD4�CD25� Tregs. Consistent with this, memory CD4� and
CD8� T cells are less susceptible in vitro and in vivo to inhibition of
proliferation, cytokine production, and survival after alloantigen
challenge. These data suggest that part of the barrier to tolerance
induction presented by memory cells may be mediated by resistance
to regulation.

Results and Discussion
Experimental Models. To study the ability of Tregs to control
alloreactive memory T cell responses, we used two lines of well
defined alloreactive TCR-Tg mice: ABM and BM3 mice. ABM
mice are on a B6 background and carry TCR transgenes, which
encode specificity for the MHC class II molecule I-Abm12 (20).
Antigen-reactive cells are CD4�V�2�V�8�, comprise �90–95%
of the peripheral repertoire of adult mice, and are sufficient to
induce bm12 skin graft rejection upon adoptive transfer into
immunodeficient mice (20). Moreover, we have shown recently that
ABM CD4�V�2�V�8�CD25� cells express foxp3 and exhibit
regulatory function in vitro and in vivo, which is specific for I-Abm12

(13), thereby enabling us to investigate the activity of a clonal
population of Tregs with known antigen-specificity.

BM3.RAG-1�/� (H2k) carry TCR transgenes that encode reac-
tivity for the MHC class I molecule H2Kb (21). BM3 CD8� T cells
can be identified by using the anticlonotypic mAb, Ti98 (22), and
acutely reject H2Kb� skin allografts when adoptively transferred
into immunodeficient mice (23). BM3 T cells do not express foxp3
and, therefore, do not possess intrinsic regulatory activity (data not
shown).

Together this body of work indicates the suitability of each of
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these models for our studies to compare the ability of clonal and
polyclonal populations of CD4�CD25�foxp3� Tregs to control
rejection initiated by naive and memory direct pathway CD4� and
CD8� T cells, where the specificity and affinity of naive and
memory T cells were defined.

Skin Graft Rejection Mediated by Memory T Cells Is Relatively Resis-
tant to Regulation. We used skin transplantation models with the
previously mentioned alloreactive, TCR-Tg CD4� and CD8� T
cells to test the susceptibility of memory T cells to regulation in vivo.
Naive or memory CD4� or CD8� TCR-Tg T cells (defined
respectively as CD44� cells from unmanipulated mice and CD44�

T cells from mice that rejected the antigen-specific allograft) (see
Materials and Methods), together with CD4�CD25� Tregs from
unmanipulated mice, were coadoptively transferred into congenic
B6 RAG-1�/� or CBA RAG-1�/� animals, which then received
skin allografts 1 day later (Fig. 1). Consistent with previous studies
(23), naive ABM and BM3 T cells were able to effect prompt graft
rejection (Fig. 1). The cotransfer of ABM Tregs, a clonal popula-
tion, along with naive ABM T cells significantly delayed rejection
induced by the naive T cells. In striking contrast, ABM Tregs had
no effect on memory T cell-induced graft rejection (Fig. 1A).
Similar findings were observed in the BM3 system, where Tregs
isolated from naive CBA mice were able to prevent the rejection of
skin allografts mediated by naive BM3 T cells (Fig. 1C), but not by
memory BM3 T cells (data not shown).

We considered the possibility that Tregs derived from animals
tolerized to the relevant alloantigen (i.e., displayed long-term
allograft acceptance) might be better able to control memory T cell
responses than Tregs from naive mice. Thus, in the next set of
experiments, we used Tregs from ABM mice tolerized to bm12 skin
grafts by treatment with DST plus CTLA4Ig plus anti-CD154 plus
rapamycin or Treg from CBA mice tolerized by pretreatment with
a nondepleting anti-CD4 (YTS177) and a DST 28 days before Treg
isolation (Fig. 1 B and C). As was the case with Tregs isolated from
unmanipulated mice, Tregs from tolerized mice prevented skin
allograft rejection elicited by naive ABM or BM3 T cells, but
remained unable to block memory ABM or BM3 T cell-mediated
skin graft rejection (Fig. 1 B and C).

Graft Acceptance Is Associated with an Increase in Antigen-Specific
Tregs. We next asked whether induction of long-term graft accep-
tance was associated with changes in the numbers of antigen-

specific effector or Tregs in relevant secondary lymphoid tissues.
The ABM system was most suitable for this analysis because these
mice contain transgene-expressing Tregs. To this end, we analyzed
cells from the spleen and draining lymph nodes of three groups of
animals: (i) untransplanted (naive) ABM mice (24); (ii) primed
ABM mice, which received a bm12 skin allograft without treatment
(these grafts were rejected after �2 weeks, and the animals were
killed 10 weeks after transplantation (3); and (iii) tolerized ABM
mice, which received a bm12 skin allograft plus treatment with DST
plus CTLA4Ig plus anti-CD154 plus rapamycin (as per Fig. 1B).
This regimen was sufficient to enable long-term graft survival, and
animals were killed at 10 weeks.

As shown in Fig. 2, animals that accepted their grafts had a
statistically significant decrease in the percentage of total ABM
(V�2�CD4�) T cells in draining lymph nodes, compared with naive
ABM mice or ABM mice that rejected their grafts (Fig. 2A). This
finding was accompanied by a reciprocal increase in the percentage
of ABM Tregs (V�2�CD4�foxp3�) (Fig. 2B). The percentage of
non-ABM Tregs (V�2�CD4�foxp3�) did not change among the
three groups (Fig. 2C). No alterations were seen in the relative
frequencies of these cells in the spleen (data not shown).

Taken together, these data show that, although Tregs are able to
prevent skin allograft rejection mediated by naive T cells, both
alloreactive CD4� and CD8� memory T cells are resistant to
regulation by alloantigen-reactive Tregs. Moreover, graft accep-
tance by ABM mice is associated with an increase in the frequency
of antigen-specific (but not other) Tregs. This latter point, although
important by itself, also serves to further validate the use of the BM3
system, where Tregs do not express the transgene, for our studies
of Tregs and memory.

Resistance of Memory T Cells to Suppression by CD4�CD25� Tregs in
Vitro. The ability to isolate naive, memory, and Tregs with defined
specificities in the ABM system enabled us to use in vitro studies to
begin to dissect the mechanisms by which alloreactive T cells were
able to control naive but not memory T cell alloresponses.

We found that, although the in vitro proliferation of memory
ABM T cells in response to bm12 APCs could be inhibited in a
dose-dependent manner by Tregs, the degree of suppression was far
lower than that observed in naive ABM T cells (Fig. 3 A and B).
Similar trends were seen on cytokine production, where the high
levels of IL-2 and IFN-� made by memory T cells could only be

Fig. 1. Skin allograft rejection mediated by memory T cells is resistant to regulation. (A and B) TCR-Tg ABM CD4� naive or memory T cells (3.3 � 104) were
adoptively transferred to B6 RAG-1�/� mice, either alone or with 1 � 105TCR-Tg ABM CD25�CD4� Tregs. Tregs were either unprimed (A) or alloantigen-primed
(B) as described in the text. As a control group, Tregs were injected with CD25�CD4� T cells. Bm12 skin transplants were performed 1 day after adoptive transfer.
(C) TCR-Tg BM3 CD8� naive or memory T cells (1 � 105) were adoptively transferred to CBA RAG-1�/� mice, either alone or together with 3 � 105 polyclonal Tregs.
Tregs were either unprimed or isolated from mice that had received YTS177/DST pretreatment (primed) as described in the text. B10 skin transplants were
performed 1 day after adoptive transfer. P values comparing naive versus naive plus Tregs are as follows: A, P � 0.0025; B, P � 0.0062; C, P � 0.0011 (unprimed)
and P � 0.0002 (tolerized). P values comparing naive T cells plus Tregs versus memory T cells plus Tregs are as follows: A, P � 0.0001; B, P � 0.0028; C, P � 0.0018.
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effectively inhibited at 1:1 ratios of memory cells to Tregs (Fig. 3 D
and E). Last, we observed that Tregs strongly inhibited the survival
of naive T cells, with comparatively little effect on memory T cell
viability (Fig. 3C). Perhaps surprisingly, despite the ability of Tregs
to suppress skin allograft rejection mediated by naive, albeit not by
memory, BM3 T cells (Fig. 1) in vitro, the addition of Tregs failed
to inhibit either proliferation or cytokine production by either
population (data not shown). Taken together, these data suggest
that Tregs may inhibit naive but not memory CD4� T cell responses
at the level of T cell priming, but that the suppression mechanism
of alloreactive CD8� T cell responses may be distinct and not
accurately modeled in vitro.

In Vivo Suppressive Effect of CD25�CD4� Tregs on Memory T Cells. We
next analyzed the in vivo effects of Tregs on memory T cell
proliferation and cytokine production. For these studies, B6 RAG-
1�/� mice received bm12 skin grafts on day 0. Five days later, such
mice were adoptively transferred with carboxyfluorescein diacetate
succinimidyl ester (CFSE)-labeled Thy1.1� naive or memory ABM
T cells either alone or together with Thy1.2� ABM Tregs. Animals
were killed for analysis on days 10–11, and draining lymph nodes,
spleen, and skin were harvested. We observed that Tregs signifi-
cantly inhibited the accumulation of transferred naive ABM T cells
in draining lymph nodes (P � 0.05) (Fig. 4A Left). In contrast,
although far fewer numbers of memory T cells could be detected

Fig. 3. Resistance of memory T cells to in vitro regulation. (A) CFSE histograms of naive and memory ABM CD4� T cells in suppression assays (see Materials and
Methods) with variable numbers of ABM CD4�CD25� Tregs isolated from naive mice. (B and C) Mitotic events calculated from CFSE dilution curves and cell viability
measured by 7-AAD staining of naive and memory ABM T cells at 72 h were normalized to the value of the naive ABM T cell group without Tregs. (D and E) IL-2
(24 h) and IFN-� (72 h) secretion by naive and memory ABM T cells in suppression assays. These data (mean � SD) are representative of three to nine independent
experiments.

Fig. 2. Deletion of antigen-specific effector T cells and accumulation of antigen-specific regulatory T cells in long-term engrafted mice. (A–C) ABM mice were
either untransplanted or received bm12 skin grafts without (primed) or with (tolerized) treatment by DST plus CTLA4Ig plus anti-CD154 plus rapamycin (see
Materials and Methods). Ten weeks after transplantation, animals were killed, and lymph nodes and spleen were analyzed by flow cytometry for V�2, CD4, and
foxp3.
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in draining lymph nodes (or spleen) (data not shown), they could
nonetheless be quantified, and, importantly, their accumulation was
not significantly affected by Tregs (P � 0.05) (Fig. 4A Right).
Consistent with these results, Tregs were able to attenuate the
division of transferred naive T cells, but had little to no effect on
transferred memory T cells (Fig. 4 B and C). In addition to their
effects on cell numbers, Tregs reduced the frequency of naive ABM
T cells producing IFN-� by �50% (P � 0.05) (Fig. 4D Left), but
were relatively less effective at reducing IFN-� producing memory
ABM T cells (P � 0.05) (Fig. 4D Right). These results are distinct
from those seen in another system, where Tregs prevention of graft
rejection was associated with isolated inhibition of cytokine pro-
duction by antigen-reactive T cells without an effect on their
proliferation or accumulation (25).

The ability of Tregs to control naive and memory BM3 T cell
responses to skin allografts also was investigated. In contrast to

results obtained by using ABM T cells, Tregs from BM3 CBA
animals treated with a tolerizing protocol were unable to prevent
initial proliferation (day 10) of either naive or memory BM3 T cells
(Fig. 4F) in response to the skin allograft despite being able to
prevent rejection mediated by naive but not memory BM3 T cells
(Fig. 1C). Furthermore, to our surprise, the absolute number of
BM3 T cells was significantly increased by day 10 in draining lymph
nodes in mice that had received cotransfer of Tregs plus naive but
not memory BM3 T cells (Fig. 4E). This finding suggests a distinct
mechanism for the failure of BM3 versus ABM Tregs to control
memory T cell-mediated rejection. Therefore, we next investigated
the possibility that the presence of memory T cells might alter the
homing of Tregs to the graft.

We found that, although foxp3 expression (used as a surrogate
marker of Treg infiltration) within skin allografts was increased in
mice that received Tregs, there was no difference in foxp3 expres-

Fig. 4. Resistance of memory T cells to in vivo regulation. (A–D) B6 RAG-1�/� mice received bm12 skin grafts and 5 days later were adoptively transferred with
CFSE-labeled Thy1.1� naive or memory ABM T cells plus Thy1.2� ABM Tregs. Animals were killed on days 10 and 11 for analysis. (A) Total number of live,
alloantigen-reactive CD4� naive T cells, memory T cells, and Tregs (Thy1.1�CD3�) in draining lymph nodes of skin graft recipients. (Left) Animals receiving naive T cells
plusTregs. (Right)Animals receivingmemoryTcellsplusTregs.OpenbarsareeffectorTcells (naiveormemoryThy1.1� cells) fromanimals thatdidnot receivecotransfer
of Tregs. Filled bars are effector T cells from animals that also received cotransfer of Tregs. Hatched bars are Tregs in animals that received cotransfer of Tregs. (B and
C) CFSE histograms of transferred naive and memory T cells. (D) Transferred naive and memory ABM T cells were restimulated in vitro with PMA plus ionomycin for
5 h and then stained for intracellular IFN-�. (E and F) Naive or memory BM3 T cells were transferred to CBA RAG-1�/� mice with or without tolerized Tregs. All mice
received a B10 skin graft 1 day after cell transfer. (E) Total number of live, BM3 CD8� naive and memory T cells and polyclonal Tregs (CD4�) in draining lymph nodes
10 days after B10 skin transplantation. (F) CFSE histograms of live naive and memory CD8� BM3 T cells in the draining lymph nodes of mice 10 days after B10 skin
transplantation. These data show the mean number of BM3 T cells with one standard deviation (n � 2–3 mice per group). The data are representative of one to three
independent experiments.
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sion (and therefore graft infiltration) between mice that also
received either naive or memory BM3 T cells (Fig. 5A). Therefore,
altered homing of Tregs to the graft did not account for the inability
of such cells to regulate memory BM3 T cell-mediated rejection. In
addition, the infiltration of allografts by BM3 T cells was found to
be the same regardless of whether mice had received naive or
memory BM3 T cells with and without Tregs (data not shown).

We recently showed that alloreactive Tregs maintain BM3 T
cell tolerance to skin allografts by the late deletion of intra-
graft effector T cells, which ultimately results in a diminished
memory T cell pool (M.C.-G. and N.D.J., unpublished data).
Consistent with these data, we found that mice that had
received both naive BM3 T cells and Tregs had far lower
numbers of total or CD44� BM3 T cells 50 days after
transplantation than mice that received BM3 T cells alone (P �
0.05) (Fig. 5B). In clear contrast, in mice where Tregs failed to
control rejection mediated by memory BM3 T cells, the
number of total or CD44� BM3 T cells was undiminished and
was not significantly different, compared with mice that had
received memory BM3 T cell alone (P � 0.05) (Fig. 5B).
Therefore, these data suggest that memory T cells may be more
resistant to deletion by Tregs than naive T cells, resulting in
graft rejection proceeding unabated.

Concluding Remarks. In conclusion, we have shown that one of the
ways in which alloreactive memory T cells may form a barrier to
tolerance induction is through a reduced susceptibility to sup-
pression by alloreactive Tregs. The fact that high doses of ABM

Tregs had inhibitory effects of memory ABM T cell proliferation
and cytokine production raises the possibility that differences
seen between naive and memory T cells are quantitative and not
qualitative. Thus, extremely high numbers of Tregs might be able
to modulate memory T cell-mediated graft rejection, but such
numbers are not easily achievable either experimentally or
physiologically.

A number of previous studies have investigated mechanisms by
which Tregs control allograft rejection. These studies have shown
effects within both regional lymphoid tissue (13, 14) and grafts (26).
Our results are consistent with this finding, which indicates that, in
the ABM CD4-Tg model, Tregs have marked effects on graft
priming as manifest by a reduction of the early expansion of effector
cells in lymphoid tissue. In contrast, in the BM3 model, a Tregs
effect on early proliferation and expansion is not observed. How-
ever, at a later time point, significant differences in cell numbers are
seen, suggesting effects on BM3 survival. This difference may
reflect the fact that ABM Tregs are monoclonal, whereas CBA
Tregs are polyclonal. Thus, the latter population may vary in
specificity and potency and/or different mechanisms of suppression
of CD4 versus CD8 T cell responses.

Although the TCR-Tg approach used here cannot fully replicate
the complexity of a polyclonal allogeneic response, it allows for
precise identification of graft-reactive effector T cells and (in the
case of the ABM model) Tregs, which greatly enables the differ-
entiation between qualitative and quantitative effects. ABM Tregs
also have been shown to modulate polyclonal T cell-rejection
responses against the bm12 antigen (13), emphasizing the relevance
of this system. Our findings contrast with a previous study, which
concluded that CD8� memory T cell-mediated rejection was sus-
ceptible to tolerance (19). This may be caused by a variety of
differences in the models used and emphasizes the need to test
principles in multiple settings.

Materials and Methods
Mice. ABM mice (20), which are TCR-Tg mice (H2b) reactive to
I-Abm12, were backcrossed �15 generations on a B6 background.
BM3 TCR-Tg mice (BM3; H2k) were kindly provided by A. L.
Mellor (Medical College of Georgia, Augusta) (21) and were
crossed to a CBA RAG-1�/� background. Bm12, C57BL/6 (B6)
RAG-1�/�, and C57BL/10 (B10; H2b) mice were purchased from
The Jackson Laboratory. CBA RAG-1�/� mice, a generous gift of
D. Kioussis (Mill Hill, London), CBA.Ca (CBA; H2k), and B10
mice were bred in the Biomedical Services Unit (Oxford). All
experimental protocols were approved by the University of Penn-
sylvania Institutional Animal Care and Use Committee or per-
formed in accordance with the 1986 Animals (Scientific Procedure)
Act of the United Kingdom.

Flow Cytometry and Antibodies. Sorting was performed on a FACS-
Vantage or FACSAria, and flow-cytometric analyses were per-
formed on FACSCalibur, FACSort, or LSR II instruments (BD
Biosciences). All antibodies used in flow cytometry and immuno-
histochemistry were purchased from BD PharMingen or eBio-
science or were produced and labeled in house (Ti98) (22).

Preparation of Naive and Memory T Cells. ABM naive T cells
(V�2�CD25�CD44�) were isolated by FACS from lymph nodes
and spleens of unmanipulated ABM mice. Memory ABM T cells
(V�2�CD25�CD44�) were FACS-purified from ABM mice 60–
100 days after bm12 skin transplantation, at which time all animals
had rejected their grafts (median graft survival was �11 days).
Naive BM3 T cells (CD8�CD44�) were FACS-purified from BM3
RAG�/� mice. To obtain memory BM3 T cells, CBA RAG�/�

mice received both naive BM3 T cells and a B10 skin graft, and
CD8�CD44� cells were purified from such mice 100 days after
transplantation, at which time all animals had rejected their grafts
(median graft survival was 26 days).

Fig. 5. Tregs infiltrate skin allografts and block accumulation of naive but not
memory T cells. (A) Real-time PCR analysis was performed on skin allografts
harvested from CBA RAG�/� mice that had (Tnaive or Tmemory plus Treg) or had
not (Tnaive alone or Tmemory alone) received cotransfer of 3 � 105 CD25�CD4�

Tregs, along with a transfer of 1 � 105 BM3 T cells. Skin allografts were harvested
10 days after transplantation and analyzed for the expression of Foxp3. Results
are expressed as mRNA (units per HPRT) � SD. Two to three grafts were analyzed
per time point per experiment. (B) Mice generated as discussed previously were
killed 50 days after transplantation, and pooled peripheral lymphoid tissues were
analyzed for the number of BM3 T cells and CD44� BM3 T cells (two to three mice
analyzed per group). Data are presented as the mean � SD.
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Preparation of CD4�CD25� Tregs. For ABM experiments, unprimed
alloantigen-specific CD25�CD4� T cells (V�2�CD4�CD25�)
were sorted from unmanipulated ABM mice, and primed or
tolerized alloantigen-specific CD4�CD25� T cells were sorted from
ABM mice 60–100 days after rejection or tolerance induction to a
bm12 skin graft, respectively. Long-term engraftment was accom-
plished as follows: DST (D�3), 0.5 mg of human CTLA4Ig/MR-1
(D�3, D0, D3, and D7) (BioExpress), and 3 mg/kg rapamycin (D0,
D1, D2, and every other day until D14) (LC Laboratories). For BM3
T cell experiments, unprimed CD4�CD25� T cells were sorted
from unmanipulated CBA mice. Primed CD4�CD25� T cells were
purified either from CBA mice tolerized to a B10 cardiac graft (0.5
mg of MR-1, D0, D2, and D4) or DST/YTS177-pretreated CBA
mice (250 �l of B10 blood, D�27; 200 �g of YTS177, D�28 and D�27)
(a kind gift from Herman Waldmann, University of Oxford,
Oxford).

In Vitro Suppression Assays. CFSE-labeled naive or memory ABM
CD4� T cells (1 � 105) were cultured with 3 � 105-irradiated, T
cell-depleted bm12 splenocytes with or without unprimed or toler-
ized ABM CD4�CD25� Tregs. Mitotic events were calculated at
72 h as described (27). Survival rates were measured by 7-amino
actinomycin D (7-AAD). IL-2 and IFN-� were assayed by BD
OptEIA ELISA kit after 24 and 72 h, respectively.

Adoptive Transfer and Skin Graft Survival Analysis. Naive or memory
T cells were injected i.v. into RAG�/� mice alone or together with
Tregs. One day after adoptive transfer, full-thickness skin trans-
plantation was conducted. Graft rejection was defined as �80%
necrosis.

In Vivo Suppression Analysis on Proliferation, Survival, and Cytokine
Production. B6 RAG-1�/� animals received bm12 skin grafts. Five
days later, they were adoptively transferred with 5 � 105 CFSE-
labeled Thy1.1� naive or memory ABM CD4� T cells alone or
together with Thy1.2� ABM CD25�CD4� Tregs at a ratio of 1:2.
Draining lymph nodes were harvested 10–11 days after transplan-
tation. After in vitro restimulation by 10 ng/ml phorbol 12-myristate

13-acetate (PMA) (Sigma–Aldrich) and 1 �M ionomycin (Sigma–
Aldrich) for 5 h, harvested cells were stained for intracellular IFN-�
by using GolgiStop kit (BD Bioscience). BM3 CD8� naive or
memory T cells (1 � 105) were adoptively transferred to CBA
RAG�/� mice with or without 3 � 105 DST/YTS177-treated
CD4�CD25� Tregs 1 day before B10 skin transplantation. Drain-
ing lymph nodes and skin grafts were harvested 10 days after
transplantation.

Real-Time PCR. Skin grafts were harvested at different time points
after transplantation and snap frozen. DNase I-treated total RNA
was later isolated by using the Absolutely RNA Miniprep kit
(Stratagene) and reverse-transcribed by the M-MLV reverse tran-
scriptase (Invitrogen) as previously described (28). Real-time quan-
tification was performed by using the PRISM 7700 sequence
detection system (PE Applied Biosystem) using a fluorogenic probe
as described previously (28). Specific primers and probe for hypo-
xanthine phosphoribosyltransferase (HPRT) and foxp3 have been
previously described (23, 29). Samples were standardized for
HPRT, and quantification of the gene of interest was given by 2��Ct,
where ��Ct is obtained by calculating the difference between Ct of
the gene of interest and HPRT (30).

Statistical Analysis. Statistical analysis was performed by using the
two-tailed Mann–Whitney U test. Graft survival data were analyzed
by the log-rank test. P � 0.05 was considered statistically significant.
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