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Antigen-specific transplantation tolerance in the absence of im-
munosuppressive drugs is a rarely achieved goal. Immune re-
sponses to Y chromosome-encoded transplantation antigens (HY)
can have life-threatening consequences in the clinic. Here, we have
adopted a procedure developed in T cell antigen receptor (TCR)-
transgenic mice to convert naive T cells into male-specific Foxp3+
regulatory T cells (Tregs) in WT female mice. For this purpose,
female mice were infused by osmotic minipumps with a single class
Il MHC-presented HY peptide and Tregs visualized by tetramer
staining. As a result, animals developed Treg-mediated long-term
tolerance to all HY transplantation antigens, irrespective of
whether they were recognized by CD4 or CD8 T cells, on skin or
hematopoietic grafts from male donors.

Foxp3 | induction of tolerance | transplantation tolerance

everal mechanisms account for self-nonself discrimination

by the immune system: Clonal deletion of autoreactive T cells
within the thymus represents one important mechanism. Despite
its high efficiency, it is insufficient to prevent the accumulation
of self-reactive T cells in peripheral lymphoid tissues. These
escapees can be kept in check by CD4*CD25* Foxp3-expressing
regulatory T cells (Tregs), which suppress their activation and
effector function (1-3). Importantly, upon antigenic stimulation,
Tregs can control responses of neighboring T cells with different
antigen specificity in vivo (2, 4, 5).

Avariety of experiments indicated that Tregs can delay or cure
mice of diabetes, colitis, and graft-versus-host disease (GVHD)
or interfere with graft rejection (6-14). Some of these experi-
ments indicate that the efficacy of Treg-based immune therapy
crucially depends on the antigen specificity of Tregs. On the
other hand, one of the major limitations to devise strategies for
the clinical use of Tregs is the difficulty in obtaining antigen-
specific Tregs.

Antigen-specific Foxp3* Tregs can be induced by either
expressing antigens in certain tissue, such as thymic epithelial
cells, or delivering antigen under subimmunogenic conditions
(15-18). In T cell antigen receptor (TCR)-transgenic mice,
foreign TCR agonist peptides, when supplied over a 2-week
period through infusion by implanted osmotic minipumps or by
antigen-DEC205 fusion antibodies targeting dendritic cells,
could be used to instruct naive T cells to become Foxp3™ Tregs,
which mediated tolerance and could persist for long periods of
time in the absence of their inducing antigen (17, 18).

The de novo induction of antigen-specific Foxp3™ Tregs has been
documented unambiguously with T cells with transgenic TCRs
specific for a limited number of antigens (17, 18), consistent with
earlier work that reported the accumulation of Tregs under similar
experimental conditions (19-21). It is important to establish that
lessons learned from artificial transgenic systems can be translated
to nontransgenic organisms. Such a task requires visualization of
Tregs with defined antigen specificity in WT mice, where the very
low frequency of T cells with a given antigen specificity makes it
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difficult especially because antigen-induced conversion takes place
mostly in nondividing cells (17, 18).

Here, we attempted to generate HY-specific Tregs with the
goal to interfere with HY antigen-specific graft rejection, which
represents a serious complication in human transplantation (22)
and can be conveniently studied in mice. In H-2" mice, the
HY-specific response is largely restricted to single immunodom-
inant class II and class I MHC-presented epitopes (22, 23).
Because the supply of antigen by implanted osmotic minipumps
is effective in inducing Tregs over a wide dose range of peptides,
whereas delivery via DEC205 fusion antibodies works in a
narrow dose range, C57BL/6 (B6) female mice were infused with
the immunodominant class I MHC-presented HY peptide with
osmotic minipumps. The impact of peptide infusion on both CD4
and CD8 T cell responses was directly analyzed by visualizing
male-specific CD8 and CD4 T cells with the aid of MHC class
I and class II HY peptide tetramers.

The results show that the supply of peptide under subimmu-
nogenic conditions can induce complete transplantation toler-
ance in WT mice by converting naive HY-specific CD4* T cells
into Foxp3* Tregs, which in turn suppress the response of
male-specific CD4 and CD8 T cells even when the latter
recognize peptides from a different HY protein.

Results

Induction of Transplantation Tolerance to Male Tissues in WT Mice. To
test whether peptide infusion of WT animals would result in
antigen-specific tolerance, B6 female mice were s.c. implanted
with osmotic minipumps infusing daily for 14 days either 1 or
10 wg of the immunodominant [-AP-restricted, DbY-encoded
HY peptide, NAGFNSNRANSSRSS (HY peptide), or PBS.
Peptide-infused and PBS-infused female mice were subsequently
grafted with male skin. HY peptide-infused female mice re-
tained their grafts indefinitely irrespective of the supplied pep-
tide dose (Fig. 14). In contrast, control mice rejected male skin
within 5-10 weeks (Fig. 14). All subsequent experiments were
carried out by using a daily dose of 10 ug of HY peptide.

To test whether tolerance to male leucocytes also could be
achieved, peptide-infused or control female mice were injected
with an equal mixture of male and female spleen cells, each
labeled with different 5,6-carboxyfluorescein diacetate-
succinimidyl ester (CFSE) intensity to enable in vivo tracing.
Peripheral blood lymphocytes (PBLs) of recipient mice were
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Fig. 1. Induction of transplantation tolerance to male tissues in WT female
mice. (A) Twenty female mice were implanted with osmotic minipumps in-
fusing either the HY peptide (filled squares, 10 pg/day; open triangles, 1
prg/day) or PBS (filled diamonds) over a 2-week period. Mice were subse-
quently grafted with male skin and monitored for graft rejection. (B) B6
control as well as B6 female mice that were supplied with 10 ug/day of HY
peptide as described in A (n = 5, each group) were injected with a mixture of
CFSE'*" male and CFSEM female B6 spleen cells. The ratio of male to female
injected hematopoietic cells among PBLs was determined by FACS. Each
symbol represents an individual mouse. (C) Two hundred rad-irradiated con-
trol (n = 8) or peptide-infused (n = 7) B6 female mice received 5 X 10° B6
Thy1.1 BM cells. PBLs collected when indicated were stained for Thy1.1 and
Thy1.2 surface markers, and the ratio of male to female cells was determined
by FACS. Each symbol represents an individual mouse. Data are representative
of at least four independent experiments.

subsequently monitored in 7-day intervals. In control mice, the
ratio of male to female CFSE-labeled cells declined rapidly,
resulting in complete elimination of male cells after 3 weeks,
whereas in peptide-infused mice the ratio remained constant,
indicating that mice had become tolerant to HY-expressing cells
(Fig. 1B).

To test whether this procedure was suited to establish stable
mixed hematopoietic chimerism after bone marrow (BM) trans-
plantation, we injected male Thyl.1 B6 BM cells into sublethally
irradiated HY peptide-infused or control B6 (Thyl.2) female
mice. In the blood of control mice, the ratio of male to female
cells was low (Fig. 1C). In contrast, stable mixed hematopoietic
chimerism was observed in peptide-infused recipients (Fig. 1C).

Reduced Frequency of HY-Specific T Cells and Male-Specific Cytokine
Response in Female Mice Tolerized to Male Tissue. Tracking of
antigen-specific T cells is required to identify mechanisms
regulating antigen-specific immune responses. Studies in trans-
genic models have provided significant advances in this regard.
Yet, findings made in transgenic animals cannot always be
reproduced in WT animals. Indeed, WT animals contain only a
tiny proportion of T cells with a given antigen specificity, which
may respond differently than the more frequent cells with
transgenic TCRs.

To identify HY peptide-specific CD4 T cells, we generated HY
peptide-loaded I-AP tetramers (HY-IAD tetramers) [for details,
see supporting information (SI) Materials and Methods]. In naive

3480 | www.pnas.org/cgi/doi/10.1073/pnas.0800149105

female and male mice, very few, if any, tetramer® CD4" cells
could be detected (Fig. 2.4 and B), reflecting the low frequency
of HY-specific CD4 T cells in WT female mice and the expected
negative selection of such cells in male mice. HY-TAP tetramer™
cells also could not be detected in peptide-infused female mice,
indicating that peptide infusion resulted in limited expansion of
HY-specific cells (Fig. 24), which is in agreement with a
previous study using transgenic mice (17). The picture was
different when peptide-infused and naive B6 female mice were
immunized with 15 X 10° male Thy1.1 B6 spleen cells (peptide
infused, immunized and immunized control, respectively) and
analyzed 1-8 weeks after immunization. When CD4-enriched
splenocytes were stained with CD4 and CD44 antibodies and
HY-IAP tetramers, excluding 7-aminoactinomycin D (7TAAD)*,
B220*, CD8™, Thyl.1% cells, CD4*CD44MHY-IA* cells were
now discernible, but their frequency and number were reduced
by 4- to 20-fold in peptide-infused, immunized versus immunized
control mice regardless of the time point of observation (Fig. 2B)
(data not shown). With regard to the kinetics of the HY-specific
CD4 response, in both groups of mice, HY-IAP* CD4 cells were
first visualized 5 days after immunization, underwent expansion
(reaching a peak at 3 weeks), and declined progressively there-
after. In addition, in both groups, HY peptide-specific CD4 T
cells displayed the phenotype of activated/memory T cells (i.e.,
they were CD62L1°*CD45RB"°¥CD69™) (data not shown). Be-
cause the brightness of Thyl.1 staining permitted its distinction
from other exclusion markers with the same emission wave-
length, it also became evident that peptide-infused, immunized
mice contained 30- to 90-fold more male Thyl.1" cells than
immunized control mice (Fig. 2B), again indicating male cell
rejection in the latter, but not the former, recipients.

To determine whether infusion of the MHC class II-restricted
HY peptide also can affect HY-specific CD8 responses, CD8*
splenocytes from naive, immunized control and HY peptide-
infused female mice were analyzed for binding of D tetramers
loaded with the immunodominant MHC class I (DP)-restricted,
Uty-encoded HY peptide, WMHHNMDLI (HY-DP tetramers).
No tetramer-specific CDS cells could be detected in naive female
mice, whereas an HY-DP tetramer™ CDS8 T cell population was
readily observed in immunized control mice (Fig. 2C). In the
latter mice, HY-DP tetramer™ CDS8 T cells became detectable 2
weeks after immunization, peaked at 4-5 weeks, and contracted
thereafter. Yet small numbers of tetramer™ CD8 cells could still
be found 16 weeks after immunization (data not shown). In
contrast, HY-DP tetramer™ CD8 T cells were completely absent
in peptide-infused, immunized female mice over a period of 2-16
weeks after immunization (Fig. 2C) (data not shown). Thus,
infusion of an I-AP-presented peptide prevented an HY-DP-
specific CD8 response.

To examine whether HY-IAP* cells in peptide-infused, im-
munized female mice were functionally active, we compared
HY-TAP* cells from immunized control and peptide-infused
female mice for their capacity to produce IL-2. When cultured
in the absence of HY peptide, HY-IA"*, but not HY-IAP~, CD4
T cells from immunized control mice secreted IL-2 (SI Fig. 6).
This secretion likely reflected the fact that male antigen was
presented by splenic antigen-presenting cells. In contrast, only a
very small proportion of HY-IA®* CD4 T cells from peptide-
infused, immunized mice was found to produce IL-2 (SI Fig. 6).
Furthermore, in response to exogenously added peptide, 60% of
HY-IAY*" CD4 T cells from immunized control mice, but only
15% of HY-IAP* CD4 T cells from peptide-infused, immunized
mice, produced IL-2 (SI Fig. 6).

Induction of HY Peptide-Specific, Foxp3* Tregs in HY Peptide-Infused
Female Mice. Because antigen-specific Tregs could be induced by
peptide infusion in TCR-transgenic mice (17), we quantified by
real-time PCR the levels of Foxp3 mRNA relative to that of B-actin
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Fig.2. Frequency of HY-specific T cells in B6 mice. (A) CD4-enriched splenocytes from B6 control male, female, and peptide-infused female mice were stained
with 7AAD as well as B220, and CD8 PerCP-labeled mAbs for exclusion and assayed for IAP-HY tetramer binding and CD4/CD44 expression. (B) CD4-enriched
splenocytes from control, male Thy1.1 cell-immunized control as well as peptide-infused B6 female mice were stained as in A with the addition of Thy1.1 PerCP
mADb. Immunized mice were analyzed 3 weeks after male cell injection. (C) CD8-enriched splenocytes from control, immunized control as well as peptide-infused
B6 female mice were stained with 7AAD, B220, CD4, Thy1.1, as well as with D*-HY tetramers and CD8/CD44 mAbs. Immunized mice were analyzed 4 weeks after
male cell injection. Percentage and absolute number of gated cells are depicted inside and above plots, respectively. Data are representative of >15 independent

experiments.

in sorted HY-IAP* cells from immunized control and peptide-
infused WT female mice. Total HY-IAP" cells from peptide-
infused, immunized mice contained ~100-fold more Foxp3 mRNA
than HY-IAP* cells from immunized control mice and ~25% of
that found in polyclonal CD4*CD25" cells from WT mice (Fig.
3A4). This finding suggested that HY peptide-specific CD4 T cells
from peptide-infused, immunized mice were composed of Foxp3™
and Foxp3~ cells, which was verified by GITR extracellular and
Foxp3 intracellular staining. Because HY-TIAP tetramer staining of
CD4 T cells is severely disturbed by cell-fixation procedures,
B220"7AAD CDS8 Thyl.1 CD4*tetramer* cells from male
Thyl.1 immunized control and peptide-infused female mice were
sorted to 99% purity, mixed with sorted Thy1.1* carrier cells, fixed,
and stained for Foxp3. CD4* Thy1.1" cells from immunized control
mice presented with rare Foxp3™ cells, whereas cells from peptide-
infused, immunized mice consistently segregated into a larger
Foxp3~GITR!*Y population and a smaller (10-30%)
Foxp3*GITR" population (Fig. 3B). Foxp3~ HY-IAP* CD4 T cells
were CD25~, whereas Foxp3"CD4"HY-IAY" cells expressed
CD25, albeit at levels insufficient to distinguish all Foxp3* from
Foxp3~ cells (Fig. 3C). Thus, peptide infusion followed by immu-
nization yields a much higher frequency of HY-specific Foxp3*
CD4 T cells than immunization alone in WT mice. These results do
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not entirely rule out the possibility that in WT mice the frequency
of Tregs increased by preferential expansion of preexisting Tregs
after peptide infusion, rather than conversion of naive T cells into
Tregs. If this assumption were true, Foxp3* cells should expand
better in response to peptide infusion than naive T cells.

This possibility was tested by using RAG-27/~ HY peptide-
specific TCR-transgenic (Marilyn) female mice, in which immu-
nization is not required because of the high frequency of
transgenic cells. In HY peptide-infused Marilyn female mice,
~20% of CD4*TCRB* cells expressed intracellular Foxp3 and
high levels of GITR (SI Fig. 74). Cells with that phenotype were
not found in control Marilyn mice (SI Fig. 74), in which all
CD4"TCRB cells stained with HY-IAP tetramers (SI Fig. 7C).
Foxp3*CD4* cells from peptide-infused Marilyn mice expressed
CD25 at levels similar to those observed in peptide-infused,
immunized WT mice (Fig. 3C and SI Fig. 7B). Thus, peptide
infusion can convert naive T cells with an HY-specific transgenic
TCR into Tregs. To compare the proliferation of naive T cells
versus preexisting Tregs upon peptide infusion, the same number
of Foxp3-GFP* and Foxp3-GFP~ VB6" CD4 T cells from
RAG-2 competent Marilyn mice with a Foxp3-GFP reporter
transgene were transferred into Thyl-mismatched B6 hosts. As
shown in Fig. 44, peptide infusion resulted in a reduced recovery

Gated on CD4*IAP-HY* cells

CD4*Foxp3*

072 | | {068 C
@ | /”\D CD4*Foxp3-

235 | T 1233
- r #@

GITR

CD25

Fig. 3. Induction of HY-specific Foxp3* Tregs in WT female mice. (A) IAP-HY tetramer* CD4* cells from male cell-immunized control and peptide-infused B6

female mice as well as CD47CD25" cells from B6 female mice were FACS purified. Foxp3-specific mRNA levels of each sample were quantified by Tagman
quantitative PCR and normalized to B8 actin-mRNA levels by using fluorescent probes. (B) IAP-HY tetramer®™ CD4* cells from immunized, control and
peptide-infused B6 female mice were FACS purified and assayed for extracellular GITR and intracellular Foxp3 expression levels. The percentage of Foxp3™ cells
is shown. (C) Dot plots show extracellular CD25 expression levels by Foxp3* and Foxp3~ IAP-HY tetramer* CD4* cells of peptide-infused, immunized B6 female
mice. Numbers show percentage of cells. FACS data are representative of at least 10 independent experiments.
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Fig. 4. Induction of HY-specific Foxp3™ cells from naive Foxp3~ CD4 T cells. (A) Foxp3-GFP* and Foxp3-GFP~ V67 CD4* cells from RAG-2*/~ Marilyn mice with
a Foxp3-GFP reporter were enumerated and examined for Foxp3 and intracellular Ki-67 expression by FACS 14 days after adoptive transfer into Thy1.1 B6 female
mice and HY peptide infusion. Percentage and absolute number (average + SD of four mice per group) of gated cells are depicted inside and above plots,
respectively. (B) Sorted CD4*Foxp3-GFP~ cells from Foxp3-GFP reporter, Thy1.2 female mice, and CD4*CD25" cells from Thy1.1 B6 female mice were coinjected
into Thy1.2 B6 nude female mice. Recipient mice were either immunized with male Thy1.1 B6 spleen cells or HY peptide-infused for 2 weeks and subsequently
immunized. Then, 3 weeks after male cell immunization, 7ZAAD~B220-CD8 Thy1.1~, HY-IAP tetramer*Thy1.2*CD4* cells were examined for the expression of

Foxp3-GFP.

of donor cells in recipients injected with Foxp3-GFP™* cells
versus Foxp3-GFP~ cells. In the latter, some of the Foxp3-GFP~
cells had become Foxp3-GFP* as expected from the conversion
observed in peptide-infused RAG-27/~ Marilyn mice. In both
groups, the proportion of donor cells stained with Ki-67, a
nuclear protein expressed in cycling cells, was about the same
(Fig.4A). Thus, these data indicate that, with cells expressing the
same TCR, Foxp3™ cells have no proliferative advantage over
Foxp3~ cells in response to peptide infusion.

Further experiments directly addressed the conversion of
polyclonal HY-specific cells. Foxp3-GFP~ cells from H-2Y,
Thyl.2* female mice expressing a Foxp3-GFP reporter were
transferred into B6 nude mice (H-2°, Thy1.2"), together with
CD4*7CD25" T cells from Thyl.1 B6 mice (H-2°, Thyl.1%), to
have a combination of distinguishable non-Tregs and Tregs in
the host. Mice were then either immunized with Thyl.1 B6 male
spleen cells (controls) or peptide infused and then immunized.
Three weeks after immunization with male cells, control mice
had fewer Thyl.17" cells than HY peptide-infused mice, indicat-
ing rejection of male cells (Fig. 4B). When HY-IAP*Thy1.2*
female cells were analyzed for the expression of Foxp3, 18% of
peptide-infused but <1% of control mice exhibited GFP expres-
sion (Fig. 4B). Collectively, the data presented in this section
show that antigen-specific polyclonal naive T cells that exist with
a low frequency in WT mice can be converted into Tregs by
peptide infusion and, subsequently, expanded by immunization.

In Vitro Suppressive Activity of HY-Specific, Foxp3* Tregs in HY
Peptide-Infused Marilyn Female Mice. The proliferative and sup-
pressive activity of HY-specific CD4 T cells from peptide-
infused as well as control RAG-27/~ Marilyn female mice was
assessed in vitro because insufficient numbers for adoptive
transfer experiments were obtained from peptide-infused WT
mice (for details, see SI Materials and Methods). In the absence
of peptide, neither CFSE-labeled naive CD4*TCRB™ cells nor
CFSE-labeled CD4"TCRBTGITRM (Foxp3™*; see SI Fig. 74) or
CD4*TCRB*GITR"Y (Foxp3~; see SI Fig. 74) cells from
control and peptide-infused Marilyn mice, respectively, divided
in vitro (SI Fig. 84). In the presence of the peptide, 80% of naive
CD4*TCRpB™* cells underwent proliferation (SI Fig. 84). In
contrast, CD4*TCRBTGITR" and CD4+*TCRBTGITR!*¥ cells
from peptide-infused mice remained either undivided or exhib-
ited marginal proliferation, respectively (SI Fig. 84). To distin-
guish naive cells from those obtained after peptide infusion in
coculture experiments, CD4*TCRB™ cells of control Marilyn
mice were labeled with CFSE (green dye), whereas GITR" and
GITR'®Y CD4*TCRB™" cells of peptide-infused mice were la-
beled with 5-(and-6)-(((4-chloromethyl)benzoyl)amino)tet-
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ramethylrhodamine (CMT-MR; orange dye). Addition of the
GITRPM subset to CFSE ™ naive T cells abolished the proliferation
of the latter, indicating that CD4*TCRB"GITRM cells were able
to suppress proliferation of naive T cells in vitro (SI Fig. 8B).
GITR™" cells also exhibited some suppressive function in vitro,
which may reflect the ongoing differentiation of these cells into
Foxp3* Tregs (SI Fig. 8B).

Accumulation of Foxp3+ HY-Specific Tregs in Graft-Draining Lymph
Nodes of Peptide-Infused WT Female Mice Transplanted with Male
Skin. Examination of HY-specific Tregs in spleen and draining
lymph nodes of male skin-grafted peptide-infused female mice
showed that the proportion of Foxp3* HY-specific CD4 cells was
17% in the spleen, but 30% in the draining nodes, suggesting
preferential accumulation of HY-specific Tregs either by specific
homing and/or local expansion in antigen-draining nodes (SI Fig.
9). In contrast, the proportion of Foxp3™ HY-specific Tregs
remained marginal in both tissues of male skin-grafted control
mice (SI Fig. 9). Thus, the grafting of skin efficiently expanded
HY-specific T cells as well as Tregs, and 30% of Tregs among
HY-specific cells in graft-draining nodes were sufficient to
prevent graft rejection.

Fate of HY-Specific CD4 and CD8 T Cells in the Context of Dominant
Tolerance. Because T cell deletion and/or anergy also could have
contributed to the absence of HY-specific CD4 and CD8 T cell
responses in peptide-infused WT female mice, we addressed
whether induced Tregs can suppress these responses. Briefly,
30,000 CFSE™" naive HY-specific Thyl.2* CD4 or CD8 T cells
were coinjected with 15 X 10° Thy1.1 B6 male cells into control
or HY peptide-infused Thyl.1 B6 WT female mice. RAG-27/~
Marilyn female mice as well as RAG-27/~ female mice with a
transgenic TCR specific for immunodominant D*-WMHHN-
MDLI complexes were used as a source of naive CD4 and CDS§
T cells, respectively.

When transferred into control mice, the number of HY-
specific CD4 T cells increased ~400-fold, reaching a peak 5 days
after immunization, and declined thereafter (SI Fig. 104). There
was less increase in the number of HY-specific CD4 T cells in
peptide-infused WT female mice (SI Fig. 104), which could
reflect reduced cell division and/or survival. With regard to
expansion, a deficit in the proliferation of Thyl.2*CD4* cells
was noted in peptide-infused mice at days 5, 7, and 10, compared
with Thyl.2*CD4* cells in control hosts (SI Fig. 10B). With
regard to activation markers, Thyl.2" cells rapidly acquired the
CD44MCD62L°% phenotype of mature effector CD4 cells in
control hosts, whereas CD44 up-regulation as well as CD62L
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Fig. 5. In vivo response of HY-specific TCR transgenic CD8 T cells in the
presence of induced WT Tregs. (A) CFSE-labeled CD8*Thy1.2* from B6 RAG-
2-/=, HY-specific, DP-restricted, TCR-transgenic female mice were enumerated
by FACS after coinjection with male Thy1.1 B6 cells into control (filled dia-
monds) or HY peptide-infused (open squares) Thy1.1 B6 female hosts. Data
represent the average (+ SD) of at least three independent experiments.
CFSE-labeled cells that were injected into nonimmunized female hosts re-
mained undivided and could be detected up to 10 days after injection. (B) CFSE
dilution of CD8*Thy1.2*-gated cells is shown for the same recipients as in A.
(C) CD25, CD44, and CD62L expression by transferred CD8*Thy1.2" cells in
male Thy1.1 cell-immunized peptide-infused (filled area, continuous line) or
control (open area, continuous line) WT Thy1.1 hosts as well as by host
CD4*Thy1.2~ (naive) cells (dashed line). FACS data are representative of at
least three independent experiments for each time point.

down-regulation by Thyl.2" cells were markedly delayed in
peptide-infused hosts (SI Fig. 10C).

In similar experiments, HY-specific Thyl.2* CD8 T cells ex-
panded gradually, resulting in an ~40-fold increase by day 10, in
contrast to a 3-fold increase in peptide-infused WT female mice
(Fig. 54). At days 7 and 10, CD8"Thyl.2" cells had divided
extensively in control hosts and became mostly CFSE~, whereas
CD8*Thyl.2* cells in peptide-infused hosts showed proliferation
arrest and a decline in number, suggesting cell death (Fig. 5 A and
B). Furthermore, by day 10, about half of donor CD8 cells had
differentiated into CD62L'°¥CD44M effector cells in control hosts,
whereas CD62L was not down-regulated in peptide-infused recip-
ients (Fig. 5C).
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These results were reproducible when HY-specific T cells were
injected 2 weeks after removal of peptide-delivering pumps,
indicating survival of the induced Tregs in the absence of peptide
infusion, compatible with the notion of a considerable lifespan
of antigen-induced Tregs.

Discussion

MHC class II tetramer staining proved crucial to obtain evidence
that antigen-specific, Foxp3-expressing Tregs can be induced from
naive T cells in WT mice by infusion of subimmunogenic doses of
a TCR agonist peptide ligand. The data show that HY peptide-
infused female mice tolerate male skin grafts, spleen cells, and BM
transplants and that converted HY-specific, Foxp3* Treg can
expand after immunization. HY-specific immune responses can
amount to a severe complication in clinical transplantation. The
results reported here demonstrate that such reactions are prevent-
able by HY peptide infusion. In fact, the detailed studies show that
this protocol generates dominant tolerance that diminishes the
expansion of HY-specific CD4 T cells and largely prevents expan-
sion and survival of HY-specific CD8 T cells that normally follow
exposure to male transplantation antigens.

Peptide infusion is accompanied by the generation of HY
peptide-specific, Foxp3* Tregs, which are difficult to visualize after
their induction because the conversion is not accompanied by
extensive division (17, 18) and therefore must be expanded by
immunization with male cells. The Foxp3* HY-specific Tregs
generated in WT mice exhibit limited CD25 up-regulation, which
prevented the use of CD25 to distinguish Foxp3* from Foxp3~
HY-specific CD4 T cells. Nevertheless, these observations are
consistent with the analysis of Foxp3-GFP reporter mice, which
demonstrated the existence of a significant proportion of
CD25"%Foxp3™* cells endowed with a suppressive activity as potent
as that of CD25"Foxp3™ cells (24). Peptide-induced GITRM Tregs
were anergic in vitro and suppressed proliferation of naive T cells.
The GITR® subset exhibited both reduced proliferation and
suppressive activity in vitro because some of the GITR cells do
express Foxp3 and therefore will suppress the proliferation of other
GITR"" Foxp3~ cells. Alternatively, the peptide infusion may
initially generate anergic cells that subsequently up-regulate Foxp3
to become Tregs, and the GITRYCD25"" and GITRMCD25M
cells may represent distinct stages along this pathway. In any case,
the result indicates that Foxp3* cells converted from naive HY-
specific T cells are suppressive in vitro.

These observations raise important questions with regard to
the mechanisms of tolerance in vivo [i.e., with regard to cell-
intrinsic or recessive mechanisms (anergy, deletion) or cell-
extrinsic or dominant mechanisms by Tregs]. Although it is
difficult to determine after the fact (i.e., peptide infusion and
immunization), it can be addressed by the transfer of naive,
male-specific CD4 or CDS cells concomitantly with immuniza-
tion by male antigens into WT female mice already harboring
induced HY-specific Tregs. These results show that dominant
tolerance mechanisms limit the expansion and accumulation of
male-specific CD4 and CD8 T cells by lessening their prolifer-
ation, affecting the survival of expanded cells and their acqui-
sition of a memory phenotype. Thus, transplantation tolerance
in HY peptide-infused mice can be described as being mediated
by Tregs, although it cannot be excluded that, during the process
of peptide infusion in WT mice, cell-intrinsic mechanisms such
as anergy, which initially contributes to Treg generation, and
deletion of male-specific CD4 T cells may be equally involved.

Tolerance to male tissue also was achieved by intranasal
infusion of HY peptide (25). However, the nature of the cells
mediating tolerance in that system remained unknown. Our BM
reconstitution experiments revealed an increase of alloengraft-
ment in tolerized female mice. This observation is in agreement
with previously published studies suggesting that BM engraft-
ment and immune reconstitution can be enhanced in the pres-
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ence of Tregs (7, 26, 27), although the antigen specificity of such
Tregs was not known. One important conclusion of the present
work is that the induction of male-specific Tregs by infusion with
a single class I MHC-presented HY peptide induces long-lasting
tolerance to all HY transplantation antigens represented by
different Dby and Uty proteins encoded by different genes and
recognized by CD4 and CDS8 T cells, respectively. Thus, the
induction of male-specific Tregs in female BM donors or female
recipients of male transplants may have significant benefits in
clinical transplantation.

Because successful transplantation tolerance by means of
Treg-adoptive immunotherapy requires large numbers of cells
that are difficult to obtain by expanding existing Tregs, alterna-
tive approaches must be considered to generate such cells. If a
procedure as simple as peptide infusion, which permits de novo
induction of Tregs from mature T cells, prevents transplant
rejection or GVHD, it could offer a realistic opportunity to
induce tolerance to a variety of antigens such as allergens,
transplantation antigens, and antigens causing autoimmunity
while minimizing undesirable side effects often associated with
general immunosuppression.

Materials and Methods

Mice. Thy1.2and Thy1.1 B6 mice as well as B6 nude mice were from The Jackson
Laboratory. C57BL/10 RAG-2~/~ Marilyn mice (28) were a generous gift from
P. Matzinger (National Institutes of Health, Bethesda, MD). RAG-2 competent,
Foxp3-GFP-expressing Marilyn mice were obtained by crossing Marilyn with
Foxp3-GFP reporter mice (24). Female B6.SJL RAG-2~/~ HY-specific DP-
restricted TCR-transgenic mice (29) were from Taconic Farms. Mice were
maintained in a pathogen-free facility, and all procedures were in accordance
with the guidelines of the Committee on Animals of Harvard Medical School.

Cell-Staining Procedures. All staining reactions (for details, see S/ Materials and
Methods) were preceded by a 10-min incubation with a blockade mixture
made of 2.4G2 supernatant (Fc block) and 10% rat and mouse sera (Jackson
ImmunoResearch Laboratories ). Dead cells were systematically excluded by
7AAD or DAPI staining. For tetramer staining, spleen or lymph node cells were
enriched either for CD4 or CD8 T cells by using SpinSep CD4 or CD8 T cell-
enrichment kits (StemCell Technologies), respectively. Enriched populations
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were then stained with 20 ug/ml IAP-HY or 2.5 ug/ml Db-HY tetramer, respec-
tively, for 30 min at room temperature. mAbs and viability dyes were added
thereafter for 20 min on ice. For intracellular Foxp3 and Ki-67 stainings,
eBiosciences fixation and permeabilization reagents were used. For the IL-2
secretion assay, total splenocytes were incubated with the blockade mixture
and stained with IAP-HY tetramers prior in vitro culture. Subsequent stainings
were conducted according to IL-2 Secretion Assay kit (Miltenyi Biotec) instruc-
tions. Enumeration of cells, acquisition, and cell sorting were performed by
using a FACSAria and FACSDiva software (Becton Dickinson). Single-cell data
analyses used the FlowJo software (Tree Star).

Adoptive Transfer Experiments. RAG-2 competent, Foxp3-GFP*, or Foxp3-GFP~
VB6+CD4* Marilyn T cells were FACS-sorted and injected i.v (1.8 X 10° cells per
recipient) into Thy1.1 B6 female hosts infused with the HY peptide on the
same day. Then 1 X 107 Foxp3-GFP~CD4+ from Foxp3-GFP reporter female
mice were injected i.v. into B6 nude mice with 8.5 X 105 CD47CD25* cells from
Thy1.1 B6 female mice. Recipient nude mice were either immunized with
1.25 X 107 male Thy1.1 B6 spleen cells or peptide-infused and subsequently
immunized. CD4 or CD8 T cells from RAG2~/~ Marilyn and RAG-2~/~ HY-
specific DP-restricted TCR-transgenic female mice were sorted and labeled in
10 wM CFSE (Molecular Probes). Thy1.1 B6 female hosts were injected i.v. with
either CD4 or CD8 CFSE-labeled T cells (3 X 104 cells per recipient) and 1.5 X 107
B6 male Thy1.1 spleen cells. Splenocytes of recipient mice were analyzed by
FACS when indicated.

Skin Grafting, BM Engraftment, and in Vivo Killing Assay. B6 female mice were
grafted with full-thickness tail skin (=~1.0 cm?) from male B6 and bandaged for
7 days. Grafts were monitored weekly and scored as rejected when <10%
viable donor tissue remained. BM cells of B6 Thy1.1 male mice were injected
i.v. (5 X 108 cells per mouse) into 200 rad-irradiated B6 Thy1.2 female mice. For
the in vivo killing assay, splenocytes from female and male B6 mice were
labeled in 10 uM and 1 uM CFSE, respectively. Cells were then mixed at an
equal ratio and injected i.v. (2 X 107 cells per recipient) into B6 female mice.
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