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CD4+CD25+ regulatory T (Treg) cells suppress naive T cell responses, prevent
autoimmunity, and delay allograft rejection. It is not known, however, whether Treg cells
suppress allograft rejection mediated by memory T cells, as the latter mount faster and
stronger immune responses than their naive counterparts. Here we show that antigeninduced, but not naive, Treg cells suppress allograft rejection mediated by memory CD8+ T
cells. Suppression was allospecific, as Treg cells induced by third-party antigens did not
delay allograft rejection. In vivo and in vitro analyses revealed that the apoptosis of
allospecific memory CD8+ T cells is significantly increased in the presence of antigeninduced Treg cells, while their proliferation remains unaffected. Importantly, neither
suppression of allograft rejection nor enhanced apoptosis of memory CD8+ T cells was
observed when Treg cells lacked CD30 or when CD30 ligand–CD30 interaction was
blocked with anti–CD30 ligand Ab. This study therefore provides direct evidence that
pathogenic memory T cells are amenable to suppression in an antigen-specific manner and
identifies CD30 as a molecule that is critical for the regulation of memory T cell responses.
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CD4+CD25+ regulatory T (Treg) cells suppress naive T cell responses, prevent autoimmunity, and delay
allograft rejection. It is not known, however, whether Treg cells suppress allograft rejection mediated
by memory T cells, as the latter mount faster and stronger immune responses than their naive counterparts. Here we show that antigen-induced, but not naive, Treg cells suppress allograft rejection mediated by memory CD8+ T cells. Suppression was allospecific, as Treg cells induced by third-party antigens did not delay allograft rejection. In vivo and in vitro analyses revealed that the apoptosis of
allospecific memory CD8+ T cells is significantly increased in the presence of antigen-induced Treg cells,
while their proliferation remains unaffected. Importantly, neither suppression of allograft rejection
nor enhanced apoptosis of memory CD8+ T cells was observed when Treg cells lacked CD30 or when
CD30 ligand–CD30 interaction was blocked with anti–CD30 ligand Ab. This study therefore provides
direct evidence that pathogenic memory T cells are amenable to suppression in an antigen-specific manner and identifies CD30 as a molecule that is critical for the regulation of memory T cell responses.
J. Clin. Invest. 113:310–317 (2004). doi:10.1172/JCI200419727.

Introduction
Thymus-derived CD4+CD25+ regulatory T (Treg) cells
play a key role in the maintenance of immunologic tolerance to both self- and foreign antigens by suppressing aggressive T cell responses (1). Treg cells represent
a small fraction (5–10%) of CD4+ T cells and constitutively express the α chain of the IL-2 receptor (CD25)
(2), the CTL-associated antigen-4 (CTLA4) (3), and the
transcription factor Foxp3 (4). Depletion of Treg cells
in normal mice leads to autoimmune disease (2), while
the induction of endogenous Treg cells or the adoptive
transfer of exogenous Treg cells prevents autoimmunity and allograft rejection in several animal models
(5–10). Although Treg cells suppress naive T cell
responses in vitro and in vivo (1, 8, 11), it is not known
whether they suppress allograft rejection mediated by
Received for publication August 5, 2003, and accepted in revised form
November 11, 2003.
Address correspondence to: Zhenhua Dai, 333 Cedar Street,
Laboratory for Medicine and Pediatrics 2073, PO Box 208029,
New Haven, Connecticut 06520, USA.
Phone: (203) 737-2601; Fax: (203) 737-1801;
E-mail: zhenhua.dai@yale.edu.
Conflict of interest: The authors have declared that no conflict of
interest exists.
Nonstandard abbreviations used: regulatory T (Treg); CTLassociated antigen-4 (CTLA4); T cell receptor (TCR); TNF
receptor (TNFR); CD30 ligand (CD30L); C57BL/6 (B6);
alymphoplasia/alymphoplastic (aly); recombination-activating
gene-2 (Rag2); donor-specific splenocyte transfusion (DST);
third-party splenocyte transfusion (TPT); phycoerythrin (PE)
peridinin chlorophyll-a protein (PerCP).

310

The Journal of Clinical Investigation

|

memory T cells, given that memory T cells respond
more vigorously and under less stringent conditions to
foreign antigens than do their naive counterparts.
Addressing this question is of clinical import, since
memory T cells contribute to disease pathogenesis in
autoimmunity and transplantation and interfere with
the induction of immunologic tolerance (12).
The mechanisms responsible for Treg cell–mediated
inhibition of the immune response remain to be defined,
despite evidence that cell-cell contact, competition for
growth factors, and the production of cytokines such as
IL-4, IL-10, and TGF-β may mediate suppression (6,
13–17). In particular, little is known about the costimulatory pathways required for Treg cells to acquire their
suppressive function upon encountering antigen. Previous studies have demonstrated that activation through
the T cell receptor (TCR) is required for Treg cells to
become suppressive (18), but that CD28/B7, OX40/
OX40L, and 4-1BB/4-1BBL costimulatory interactions
are not critical (3, 19). In addition, the role of CTLA4 signaling in Treg cell suppressor function remains controversial (1). CD30, a member of the TNF receptor (TNFR)
superfamily, is expressed on activated T and B lymphocytes and certain Treg cell populations (20–22). The ligand for CD30 (CD30L, or CD153) is expressed on activated T cells, neutrophils, eosinophils, and resting B cells
(20). Although earlier in vitro studies have shown that
the engagement of CD30 by its ligand provides costimulatory signals to activated T cells and enhances cytokine
production and secondary proliferative responses (21),
the in vivo role of CD30 remains unclear. For example,
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CD30-deficient (CD30–/–) mice have a normal number
and phenotype of mature T cells in the periphery and
lack obvious immunologic abnormalities (23). Recent
studies suggest that CD30+ T cells, present at sites of
inflammation in autoimmune diseases such as rheumatoid arthritis, may serve a regulatory role (24). However,
direct evidence that CD30 is required for or contributes
to immune regulation is lacking.
In this study, we set out to investigate whether
CD4+CD25+ Treg cells are capable of suppressing memory responses in a murine transplantation model. We
found that antigen-induced, but not naive, Treg cells
suppress allograft rejection mediated by memory CD8+
T cells in an antigen-specific manner. Suppression was
associated with increased apoptosis of allospecific memory CD8+ T cells in the graft and was largely dependent
on the presence of CD30 on Treg cells. These findings
define what we believe to be a novel role for CD30 in regulating immune responses and highlight the role of Treg
cells in suppressing memory T cell recall.

Methods
Mice. C57BL/6 (B6) mice homozygous for the mutation
that leads to alymphoplasia (aly) were purchased from
CLEA Japan Inc. (Osaka, Japan) (25). 2C TCR-transgenic
B6 mice on a recombination-activating gene-2 knockout
(Rag2–/–) background (2C.Rag–/–) were generated by
backcrossing of 2C transgenic mice onto Rag2–/– mice
(The Jackson Laboratory, Bar Harbor, Maine, USA). The
CD30–/– B6 mouse colony was a gift from Tak Mak (University of Toronto, Toronto, Ontario, Canada). WT
BALB/c mice, WT C3H/HeJ mice, and WT B6 mice were
purchased from The Jackson Laboratory. All mice were
housed in a specific pathogen–free environment, and
animal protocols were approved by Yale University Institutional Animal Care and Use Committee.
Mouse surgery. Skin and cardiac donors were 6- to 8week-old BALB/c (H-2d) mice, and allograft recipients
were 6- to 8-week-old splenectomized aly B6 mice or
WT B6 mice (H-2b). Splenectomy was performed 2
weeks before transplantation. Fully vascularized heterotopic heart transplantation was performed as
described (26). Cardiac-allograft rejection was defined
as cessation of palpable cardiac contractions. Fullthickness trunk skin was transplanted to the dorsal
flank area of recipient mice. Skin rejection was defined
as graft necrosis greater than 90%.
Treg and memory T cell preparation and phenotyping. To
induce antigen-specific Treg cells, WT or CD30–/– B6
mice were treated with donor-specific splenocyte transfusion (DST) using irradiated BALB/c spleen cells, treated with third-party splenocyte transfusion (TPT) using
irradiated C3H/HeJ spleen cells, or left noninjected. Four
weeks later, spleen cells were pooled and enriched for
CD4+ T cells by positive selection on a magnetic cell separator (autoMACS; Miltenyi Biotec Inc., Auburn, California, USA). Cells were then stained with anti-CD4–phycoerythrin (anti-CD4–PE) and anti-CD25–FITC Ab’s,
and CD4+CD25+ Treg cells were sorted using a FACSVanThe Journal of Clinical Investigation
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tage (BD Biosciences, Mountain View, California, USA).
The purity of CD4+CD25+ cells was greater than 95%. For
Treg phenotyping, cells stained with anti-CD4–PE and
anti-CD25–FITC Ab’s were further labeled with antiCD30–biotin or anti-CTLA4–biotin Ab’s followed by
streptavidin–peridinin chlorophyll-a protein (streptavidin-PerCP), or labeled with anti-CD62L–allophycocyanin or anti-CD45RB–biotin Ab’s followed by streptavidin-allophycocyanin (all Ab’s were from Pharmingen,
San Diego, California, USA).
Memory CD8+ T cells were purified from WT,
CD30–/–, or transgenic 2C.Rag–/– mice 10 weeks after
DST or TPT (1 × 107 cells per mouse) by autoMACS and
FACSVantage. Briefly, CD8+ T cells were first isolated
from spleen cells by autoMACS using positive selection.
Cells were then incubated with anti-CD8–PE and antiCD44–FITC Ab’s (Pharmingen) and were sorted by the
FACS after gating of the CD8+CD44high population. The
purity of these cells was typically greater than 95% for
WT cells, and greater than 94% for 2C cells. The memory phenotype was further confirmed by staining with
anti-CD62L–APC and anti-CD25–APC (Pharmingen).
Ab treatment of mice. To block CD28/B7 and
CD40/CD40L costimulation and therefore suppress
the primary alloimmune response, WT mice were
injected intraperitoneally with both CTLA4-Ig (0.5 mg
on day 2) and MR1 (0.25 mg on days 0, 2, 4, and 6) after
transplantation. Both agents were provided by Christian Larsen (Emory University, Atlanta, Georgia, USA).
To block CD30/CD30L interaction, mice were injected
intraperitoneally with anti-CD30L blocking Ab
(Pharmingen) or isotype control Ab (rat IgG2b) (0.1 mg
on days 0, 2, 4, and 6 after transplantation).
Isolation of graft-infiltrating cells. Graft-infiltrating cells
were isolated as described previously (27). Briefly, transplanted mice were sacrificed, and cardiac allografts
were perfused in situ with heparinized 0.9% saline. Allografts were then minced and digested at 37°C for 30
minutes in 20 ml RPMI-1640 medium containing 10%
FCS and 250 U/ml collagenase (Sigma-Aldrich, St.
Louis, Missouri, USA). To clear the debris, cell suspensions were rapidly passed down a loosely packed glass
wool column (300 mg sterile glass wool in a 10-ml
syringe), then mixed with Percoll solution (SigmaAldrich) to a concentration of 30%, and centrifuged at
800 g for 15 minutes at room temperature. The pellet
was washed and resuspended before flow analysis.
In vivo analysis of memory T cell proliferation and apoptosis by BrdU labeling and TUNEL. Splenectomized aly mice
were pulsed intraperitoneally with 0.8 mg of BrdU
(Sigma-Aldrich) 7 days after transplantation. Twentyfour hours later, graft-infiltrating cells were isolated
and stained using anti-CD8–PE and 1B2, followed by
anti-mouse IgG1–biotin and streptavidin-PerCP
(Pharmingen). Cells were then fixed in 70% ethanol followed by 1% paraformaldehyde and incubated with 50
U/ml DNase I (Sigma-Aldrich). Cells were finally
stained with anti-BrdU–FITC (BD Biosciences) and
analyzed by flow cytometry. To detect apoptosis, graft-
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meabilized in 0.5% saponin before staining with
anti–IL-2–APC or anti–IL-10–APC (Pharmingen). To
measure memory recall, memory CD8+ T cells that were
cultured for 48 hours were first labeled with antiCD8–PE and anti-CD44–biotin (Pharmingen) followed
by streptavidin-PerCP. Cells were then fixed, permeabilized, and stained with anti–IFN-γ–FITC, and finally
analyzed by a FACSCalibur (BD Biosciences).

Figure 1
Antigen-induced Treg cells suppress allograft rejection mediated by
memory CD8+ T cells. (a) Splenectomized aly mice (H-2b), transplanted 1 day earlier with BALB/c skin grafts (H-2d), received 1 × 106
naive CD8+ T cells from WT B6 mice (H-2b) (open triangles, n = 5) or
2C mice (open diamonds, n = 5); or 1 × 106 memory CD8+ T cells
from WT B6 mice immunized with donor-specific splenocytes (H-2d)
(squares, n = 8) or with third-party splenocytes (H-2k) (open inverted
triangles, n = 6), or from 2C mice immunized with donor-specific
splenocytes (filled diamonds, n = 6). (b) The same splenectomized aly
mice received 1 × 106 Treg cells from naive (open circles, n = 5) or
DST-treated (filled circles, n = 5) WT mice either alone or in combination with donor-specific memory CD8+ T cells (M + naive Treg,
filled triangles, n = 6; or M + DST Treg, filled squares, n = 8). Control
mice received donor-specific memory CD8+ T cells either alone (open
squares, n = 8) or in combination with Treg cells from TPT-treated
mice (M + TPT Treg, crossed circles, n = 5). DST-induced Treg cells
suppressed CD8+ memory T cell–mediated skin allograft rejection
(filled vs. open squares, P < 0.05).

infiltrating cells were fixed in 2% paraformaldehyde,
permeabilized with 0.1% Triton X-100 solution, and
labeled with fluorescein-tagged dUTP by the TUNEL
method according to the manufacturer’s instructions
(Roche Diagnostics Corp., Indianapolis, Indiana, USA).
Analysis of memory T cell proliferation and apoptosis in vitro.
Purified memory CD8+ T cells (CD8+CD44high) were cultured with Treg cells at a ratio of 1:2 (Treg/memory) in
24-well plates and transwell (Corning-Costar Corp.,
Cambridge, Massachusetts, USA) in complete RPMI1640 medium (10% FCS, 2 mM glutamine, 100 U/ml
penicillin, and 100 µg/ml streptomycin). Irradiated
BALB/c spleen cells were also added to the culture to
serve as APCs. Anti-FasL mAb was purchased from
Pharmingen. Forty-eight hours later, cells were analyzed
for apoptosis using the TUNEL method. To measure T
cell proliferation, cells were cultured in 96-well plates
and pulsed with [3H]-TdR for the last 6 hours. Cells were
then harvested and analyzed by a scintillation counter
(Perkin-Elmer Inc., Wellesley, Massachusetts, USA).
Intracellular cytokine staining. To determine Treg
cytokine profile, spleen T cells were first stained for surface markers with anti-CD4–PE and anti-CD25–FITC.
Cells were then fixed with 2% paraformaldehyde, per312
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Results
Antigen-induced CD4+CD25+ Treg cells suppress allograft rejection mediated by memory CD8+ T cells. We have recently
established a model of allograft rejection mediated by
memory T cells in the splenectomized alymphoplastic
(aly) mouse (28). The splenectomized aly mouse is devoid
of secondary lymphoid organs, does not mount a primary immune response, and does not reject an allograft
unless it receives effector or memory T cells from a congenic B6 mouse immunized with donor antigens (28,
29). Moreover, lymphopenia-triggered homeostatic proliferation, observed in T cell–deficient hosts such as
Rag–/– and SCID mice, does not occur in splenectomized
aly mice (30). Therefore, Treg cell phenomena can be
studied reliably in the splenectomized aly host without
the confounding effects of homeostatic proliferation.
To test whether Treg cells suppress the alloimmune
response mediated by memory CD8+ T cells, splenectomized aly mice were transplanted with BALB/c skin.
One day later, recipient mice received memory CD8+ T
cells and/or Treg cells. As shown in Figure 1a, donor-specific memory CD8+ T cells generated in WT or transgenic 2C.Rag–/– mice rejected skin allografts in splenectomized aly mice. Naive CD8+ T cells or irrelevant
memory CD8+ T cells generated against third-party antigens (H-2k) failed to reject allografts, indicating that only
donor-specific memory CD8+ T cells mediate rejection
in this model. Importantly, Treg cells from DST-treated,
but not naive, WT mice significantly delayed allograft
rejection when cotransferred with memory CD8+ T cells
(Figure 1b). The median allograft-survival time was 22
days in the group that received donor-specific memory
T cells alone (M), 24 days in the group that received
donor-specific memory T cells plus naive Treg cells (M +
naive Treg), and 60 days in the group that received
donor-specific memory T cells plus DST-induced Treg
cells (M + DST Treg). In contrast, Treg cells from mice
primed with third-party (H-2k) splenocyte transfusion
(M + TPT Treg) failed to significantly suppress allograft
rejection. As control, the transfer of either naive or DSTinduced Treg cells alone did not cause allograft rejection
(Figure 1b). These data indicate that antigen-induced,
but not naive, Treg cells are capable of inhibiting CD8+
T cell memory recall in an allospecific manner.
Phenotypic and functional characteristics of CD4+CD25+ Treg
cells. Recent studies suggest that CD30+ T cells play an
immunoregulatory role (24). To investigate whether
CD30 contributes to the regulation of the memory T cell
response in our model, we examined CD30 expression
on naive and DST-induced CD4+CD25+ Treg cells. As
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shown in Figure 2, a and b, Treg cells from naive mice
were CD30low, while Treg cells from DST-treated mice
were CD30high. This finding is consistent with a previous
publication by Zhang et al. (22) suggesting that the
increased expression of CD30 on DST-induced Treg cells
may be associated with their suppression. On the other
hand, the majority of naive and DST-induced Treg cells
were CD62Lhigh and CD45RBlow or CD45RBintermediate,
supporting the original findings by Thornton and Shevach (14). As expected, both naive and DST-induced Treg
cells expressed CTLA4. Intracellular cytokine profiling
showed that both naive and DST Treg cells expressed
IL-10 but not IL-2 (Figure 2c), as did CD30–/– Treg cells
(data not shown). Both WT and CD30–/– Treg cells suppressed anti-CD3–induced proliferation of CD4+CD25–
T cells in vitro (Figure 2d), indicating that they are similar to conventional Treg cells.
CD30 expression on CD4+CD25+ Treg cells is critical for the
suppression of memory CD8+ T cell recall. To address
whether CD30 expression on Treg cells is necessary for
their suppressive function, DST-induced CD4+CD25+
Treg cells were generated in either WT or CD30–/– mice
and were cotransferred with memory CD8+ T cells to
splenectomized aly recipients that had received BALB/c
skin or heart grafts 1 day earlier. As shown in Figure 3,
a and b, WT Treg cells significantly delayed both skin
and heart graft rejection, while CD30–/– Treg cells failed
to do so. Likewise, the suppressive action of WT Treg
cells was largely abolished when a blocking anti-CD30L
mAb was administered to recipient mice at the time of
T cell cotransfer (Figure 3a). In contrast, CD30L blockade did not interfere with the generation of Treg cells,
as CD4+CD25+ T cells harvested from WT mice treated
with DST plus anti-CD30L were still capable of sup-

pressing allograft rejection (Figure 3c). Administration
of isotype control Ab’s did not alter the suppressive
function of Treg cells (data not shown). The size of the
CD4+CD25+ population was also comparable in
CD30–/– and WT mice either before or after DST (5–8%
of the CD4+ compartment). Taken together, these data
indicate that the CD30/CD30L interaction is required
for the suppressive function of antigen-induced Treg
cells but not for their generation. Finally, memory
CD8+ T cells derived from the immunized CD30–/–
mice mediated allograft rejection in splenectomized aly
mice at the same rate as did those from their WT counterparts (Figure 3, a and b), suggesting that CD30 does
not modulate memory CD8+ T cell function directly.
Antigen-induced CD4+CD25+ Treg cells suppress memory
CD8+ T cell recall in WT hosts. The data presented so far
demonstrate that antigen-induced Treg cells suppress
CD8+ memory recall in nonlymphoid tissues, as the
experiments were conducted in aly mice. It is unclear
whether the same applies to memory responses that
occur within secondary lymphoid organs. To test the latter possibility, we cotransferred memory CD8+ T cells and
DST-induced CD4+CD25+ Treg cells to WT recipients 1
day after heart transplantation. The recipients were treated at the time of transplantation with CTLA4-Ig and
MR1 to block the CD28/B7 and CD40/CD40L costimulatory pathways, respectively. Since these pathways are
required for naive but not memory T cell activation, this
model allowed us to study the recall of transferred memory T cells in the absence of confounding primary alloimmune responses in the host. As shown in Figure 3d, mice
that received memory CD8+ T cells alone rejected their
allografts within 18 days after cell transfer, while the
majority of control mice that received naive CD8+ T cells

Figure 2
Characterization of CD4+CD25+ Treg cells. (a) Freshly isolated spleen cells from naive or DST-treated WT mice were
stained for surface markers CD4, CD25, CD62L, CD45RB,
CTLA4, and CD30 and analyzed in histograms after gating on
the CD4+CD25+ T cell population. The dotted lines represent
isotype control Ab, and the solid gray and black lines represent naive and DST-induced Treg cells, respectively. One representative experiment of three is shown. (b) Median fluorescence intensity of CD30 on DST Treg cells is higher than on
naive Treg cells (*P < 0.05, ANOVA). (c) Freshly isolated
spleen cells were also stained for intracellular cytokine expression of IL-2 and IL-10 after gating on CD4+CD25+ T cells. (d)
Treg cells suppress anti-CD3–induced proliferation of
CD4+CD25– T cells. Purified CD4+CD25+ Treg cells (3 × 104)
were cultured with or without naive CD4+CD25– cells (6 × 104)
in the presence of soluble anti-CD3 (1.0 µg/ml) and APCs
(6 × 104) from BALB/c spleen cells for 72 hours. 50 U/ml of
IL-2 was added to Treg cell culture alone to test whether the
anergic status of Treg cells can be reversed. Results are presented as the mean of triplicate cultures.
The Journal of Clinical Investigation
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Figure 3
CD30 expression on Treg cells is critical for their suppression of allograft rejection mediated by memory CD8+ T cells. Splenectomized aly
mice, transplanted 1 day earlier with either BALB/c skin (a) or heart
(b) allografts, received 1 × 106 WT (open squares, n = 8) or CD30–/–
(open circles, n = 6) memory CD8+ T cells alone, WT memory CD8+
T cells (M) plus WT Treg cells (filled squares, n = 8), M plus CD30–/–
Treg cells (filled circles, n = 8), M plus anti-CD30L Ab (filled triangles, n = 5), and M plus both WT Treg cells and anti-CD30L Ab (open
triangles, n = 5). Suppression of rejection is diminished when Treg
cells lack CD30 (filled squares vs. filled circles, P < 0.05). (c) The
same mice received 1 × 106 WT memory CD8+ T cells (M) (open
squares, n = 8) alone or in combination with Treg cells generated in
WT mice that also received anti-CD30L Ab (filled diamonds, n = 5)
or isotype Ab (open diamonds, n = 5) at the time of DST treatment
for Treg cell induction. (d) Treg cells also suppress CD8+ memory
recall in WT hosts. WT B6 mice, transplanted 1 day earlier with
BALB/c heart allografts, received WT naive (open triangles, n = 6) or
WT memory (open squares, n = 6) CD8+ cells alone, WT memory
CD8+ cells (M) plus Treg cells from naive (open circles, n = 5) or DSTtreated (filled squares, n = 8) WT mice, and M plus DST-treated
CD30–/– Treg cells (filled circles, n = 8).

kept their allografts for more than 100 days. As in the aly
model, the cotransfer of DST-induced, but not naive,
CD4+CD25+ Treg cells significantly delayed allograft
rejection mediated by memory CD8+ T cells (Figure 3d).
These findings indicate that antigen-induced Treg cells
suppress CD8+ memory recall in WT mice with normal
secondary lymphoid organs and that suppression is not
dependent on CD28 and CD40 T cell costimulation.
Finally, WT hosts that received CD30–/– Treg cells rejected allografts at a significantly faster pace than those that
314
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received WT Treg cells, further confirming that CD30
expression on antigen-induced Treg cells is critical for the
suppression of memory CD8+ T cell recall.
Increased apoptosis of memory CD8+ T cells in the presence of
Treg cells in vivo. To investigate the mechanisms responsible for Treg cell–mediated suppression in vivo, TCRtransgenic memory CD8+ T cells from 2C.Rag–/– mice
were transferred to splenectomized aly mice that had
received a cardiac allograft 1 day earlier. 2C memory
CD8+ T cells can be tracked in vivo and identified by the
clonotypic Ab 1B2 and are therefore referred to as
1B2+CD8+. One week after adoptive transfer of memory
2C cells with or without DST-induced Treg cells, graftinfiltrating cells were isolated and analyzed for proliferation and apoptosis. As shown in Figure 4a, the percentage of proliferating (BrdU+) 1B2+CD8+ T cells in mice
that received memory 2C cells alone was similar to that
observed in mice that received both memory 2C cells and
WT Treg cells, indicating that antigen-induced Treg cells
did not inhibit memory CD8+ T cell proliferation in vivo.
Similarly, CD30–/– Treg cells did not affect memory
CD8+ T cell proliferation either. On the other hand, the
cotransfer of WT Treg cells significantly promoted the
apoptosis of memory CD8+ T cells, while the cotransfer
of CD30–/– Treg cells failed to do so (Figure 4b). Similar
results were obtained when grafts were analyzed 2 weeks
after the cotransfer of memory and Treg cells (data not
shown). In agreement with the apoptosis results, we
found that the absolute number of memory 1B2+CD8+
T cells retrieved from each graft was significantly lower
in mice that received both memory and WT Treg cells
than in mice that received memory T cells alone or memory cells plus CD30–/– Treg cells (Figure 4c). The failure
of CD30–/– Treg cells to suppress allograft rejection or to
promote the apoptosis of memory CD8+ T cells was not
due to defective Treg migration to the graft, as equal
numbers of CD4+CD25+ T cells were present in the graft
1 week after the adoptive transfer of either WT or
CD30–/– Treg cells (4.5 × 103 ± 0.7 × 103 per graft and
4.3 × 103 ± 0.4 × 103 per graft, respectively). CD4+CD25+
cells were barely detectable in grafts removed from mice
that received memory CD8+ T cells alone, indicating that
the intragraft CD4+CD25+ population is largely derived
from the transferred Treg population.
Treg cells promote memory CD8+ T cell apoptosis in vitro in a
contact-dependent manner. The in vivo data presented above
suggest that Treg cells induce the apoptosis of memory
CD8+ T cells. To further confirm this finding in vitro, we
placed memory CD8+ T cells in coculture with Treg cells
and quantitated the apoptosis of the CD8+CD44high population 48 hours later. As shown in Figure 5c, DSTinduced WT Treg cells augmented the apoptosis of memory CD8+ T cells approximately 2.5-fold, while naive WT
Treg and DST-induced CD30–/– Treg cells failed to do so.
This induction of apoptosis was antigen specific, as Treg
cells induced by a third-party alloantigen (TPT Treg, Figure 5c) did not promote memory CD8 cell apoptosis.
Blocking Fas/FasL interaction by an anti-FasL Ab did not
prevent memory cells from being killed by DST Treg cells,
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suggesting that Treg cells promote memory CD8+ T cell
death in a Fas-independent manner. The isotype control
Ab for anti-FasL did not affect the memory cell apoptosis (data not shown). The apoptosis of memory T cells
was not increased when they were cocultured with Treg
cells in transwell that separated Treg and memory cells
physically but allowed them to share same media. On the
other hand, Treg cells failed to significantly inhibit intracellular expression of IFN-γ in the memory cells (Figure
5a) and did not suppress their proliferation (Figure 5b).
Taken together, these data provide evidence that antigeninduced Treg cells suppress the recall of memory CD8+ T
cells via induction of their apoptosis but not suppression
of proliferation. This proapoptotic function is dependent on the presence of CD30 on Treg cells and on direct
cell-cell contact, but independent of Fas/FasL interaction.

Discussion
We demonstrated here that antigen-induced, but not
naive, CD4+CD25+ Treg cells suppress allograft rejection mediated by memory CD8+ T cells. This suppression was allospecific, as Treg cells induced by thirdparty alloantigens did not delay allograft rejection. In
vitro and in vivo analyses revealed that antigen-induced
Treg cells promote the apoptosis of memory CD8+ T
cells but do not inhibit their proliferation, suggesting
that the apoptosis of memory T cells is an important
mechanism of immune regulation. Suppression of allograft rejection and enhanced memory T cell apoptosis
were dependent on the presence of CD30 on Treg cells
and on intact CD30/CD30L interaction. This study
therefore identifies CD30 as a molecule that is critical
for immune regulation and provides direct evidence
that pathogenic memory T cells are amenable to suppression in an antigen-specific manner.
Memory T cells constitute a threat to the long-term
survival of transplanted organs by mediating allograft
rejection despite ongoing immunosuppression (31).
Strategies to suppress allospecific memory T cells
without causing global immunodeficiency are lacking. Here, we demonstrate that Treg cells induced by
the administration of donor-specific transfusion are
capable of suppressing allograft rejection mediated by
memory CD8+ T cells in an allospecific manner. Our
findings are supported by a recent study by Kursar et
al., which provided evidence that CD8+ memory
responses to an infectious agent (Listeria monocytogenes) are inhibited by CD4+CD25+ Treg cells (32).
However, it is not clear in their study whether suppression was antigen specific. Moreover, they found
that both naive and antigen-induced Treg cells suppress memory recall, while we observed that memory
responses are inhibited only by antigen-induced Treg
cells. This discrepancy could be attributed to the fact
that they carried out their experiments in lymphocytedeficient (empty) SCID mice. Lymphopenia-triggered
homeostatic proliferation, which occurs in empty
hosts, could potentially alter the phenotype and function of transferred T cells.
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Several studies in transplantation have demonstrated
that regulatory lymphocytes, including CD4+CD25+ Treg
cells, effectively suppress primary alloimmune responses
and prevent allograft rejection in naive mice (10, 33). Suppression in the majority of these studies was allospecific
and was mediated by either naive or antigen-induced Treg
cells, although naive Treg cells were less efficient at delaying rejection (34, 35). Our results are consistent with
these studies in that suppression of memory T cells was
antigen specific. However, we found that antigeninduced, but not naive, Treg cells suppress memory

Figure 4
Treg cells promote the apoptosis of memory CD8+ T cells but do not
inhibit their proliferation in vivo. (a) Analysis of in vivo memory T cell
proliferation by BrdU labeling. Splenectomized aly mice, transplanted with a cardiac allograft, received 1B2+CD8+ memory T cells and/or
Treg cells and were pulsed intraperitoneally with BrdU 6 days after cell
transfer. Twenty-four hours later, graft-infiltrating cells were stained
for 1B2, CD8, and BrdU. The percentage of BrdU+ cells is shown in
the histograms after gating on 1B2+CD8+ cells. The dotted lines represent isotype control. One of three experiments is shown. (b) Analysis of in vivo memory T cell apoptosis by the TUNEL method. Graftinfiltrating cells from the mice similar to those described above were
stained for 1B2, CD8, and TUNEL. The percentage of TUNEL+ cells is
shown in histograms after gating on 1B2+CD8+ cells. The dotted lines
represent negative control. One of three experiments is shown. (c)
Absolute number of memory 1B2+CD8+ T cells per graft was calculated according to flow cytometry. One of three experiments is shown.
*P < 0.05 vs. the M + WT Treg group.
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Figure 5
Treg cells promote the apoptosis of memory CD8+ T cells in vitro in a
contact-dependent manner. (a) Purified memory CD8+ T cells
(CD8+CD44high) were cultured with Treg cells at a ratio of 1:2 (Treg/M)
in 24-well plates in the presence of irradiated BALB/c spleen cells
(APCs) for 48 hours. Intracellular expression of IFN-γ is shown in histograms after gating on CD8+CD44high cells. The shaded histogram
shows isotype control, and the dotted, gray, and black lines represent
memory cells (M) alone, M plus naive Treg cells, and M plus DST Treg
cells, respectively. (b) Memory CD8+ T cells were incubated as
described above. Their proliferation was measured by [3H]-TdR
uptakes. Results are presented as the mean of triplicate cultures. (c)
Memory CD8+ T cells were cultured with Treg cells (1:2, Treg/memory) in 24-well plates and transwell in the presence of APCs and the indicated agents (5 µg/ml anti-FasL) for 48 hours. Cells were then stained
for surface markers, fixed, permeabilized, and measured for apoptosis
by the TUNEL method. One of three experiments is presented; data are
expressed as percentage of apoptotic CD8+CD44high cells.

responses. It is possible that antigen-induced Treg cells
are more efficient at migrating to nonlymphoid tissues
where effector memory CD8+ T cells reside and, thus,
inhibit memory responses much more effectively than do
naive Treg cells. On the other hand, the suppression of
CD8+ memory recall by antigen-induced Treg cells in our
model is modest, since allograft rejection, though
delayed, ultimately occurred. The failure to completely
prevent allograft rejection could be due to two factors: the
ratio of Treg to memory cells, and inefficiency of Treg
cells’ suppression of memory recall compared with their
suppression of naive T cell responses. We used the ratio
of 1:1 in the adoptive transfer experiments, which is similar to a physiologic setting given that both CD4+CD25+
Treg and memory CD8+ T cells account for 5–10% of
their respective populations. Moreover, studies by others
have found that the ratio of 1:2 (Treg/effector) is suffi316
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cient to completely suppress naive T cell activation in
vitro (14). Therefore, it is likely that Treg cells can only
partially suppress memory T cell function, which is compatible with the general concept that memory T cells are
less susceptible to immune regulation or immunosuppression than their naive counterparts.
The mechanisms responsible for Treg cell–mediated
suppression are not fully understood. Previous studies
have provided evidence that suppression is dependent
on cell-cell contact, competition for growth factors, or
production of anti-inflammatory cytokines such as
IL-4, IL-10, and TGF-β, but many of these mechanisms
remain controversial (34, 36). In this study, we found
that the apoptosis of antigen-specific memory CD8+ T
cells that infiltrate the graft is enhanced when antigeninduced Treg cells are present. This was confirmed in
coculture experiments wherein antigen-induced Treg
cells promoted the apoptosis of memory CD8+ T cells,
while naive Treg cells, which did not suppress allograft
rejection, failed to do so. Importantly, Treg cells did not
influence the proliferation of antigen-specific CD8+ T
cells present in the graft. Lin et al. also observed that Treg
cells delay allograft rejection without inhibiting the proliferation of alloreactive CD8+ T cells (37). Our results
therefore suggest that the apoptosis of memory CD8+ T
cells is a critical mechanism by which Treg cells suppress
allograft rejection. Others have also provided evidence
that Treg cells suppress graft rejection by killing target
lymphocytes. Zhang et al. showed that a population of
double negative Treg cells prevents allograft rejection by
inducing the apoptosis of activated CD8+ T cells (22).
Elimination of activated T cells by Treg cells has also
been linked to suppression of autoimmunity in murine
experimental autoimmune encephalomyelitis (38). The
mechanism by which Treg cells induce the apoptosis of
memory CD8+ T cells is not known. Potential pathways
include killing via the Fas receptor or other members of
the TNFR family (22). We found in this study that the
expression of CD30 on antigen-induced Treg cells is critical for their ability to suppress allograft rejection and to
induce the apoptosis of allospecific CD8+ memory T
cells in vivo and in vitro. Their apoptosis induced by Treg
cells in vitro is dependent on cell-cell contact, but independent of the Fas pathway.
Although it appears that stimulation via the TCR is
required for Treg cells to acquire suppressive function
(18), the costimulatory pathways involved in this process
remain to be defined. Treg cells express CTLA4 constitutively, but the role of CTLA4/B7 interaction remains
controversial (1). Other costimulatory pathways such as
CD28/B7, OX40/OX40L, and 4-1BB/4-1BBL have all
been shown to be dispensable for Treg cell–mediated
suppression (3, 19), although CD28/B7 interaction is
critical for the development of Treg cells (39, 40). The
inducible costimulator pathway has also been shown to
be critical for the development of antigen-specific Treg
cells (41), while programmed death–1 plays a role in the
regulation of autoimmune diabetes (42). Recent studies
provided evidence that blocking the glucocorticoid-
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induced TNF receptor on Treg cells reverses suppression
and breaks self-tolerance (19, 43). We found here that
CD30, another member of the TNFR family, which is
upregulated on antigen-induced Treg cells, is critical for
the ability of these cells to suppress CD8+ memory recall.
Specifically, we observed that CD30–/– Treg cells do not
suppress allograft rejection nor induce the apoptosis of
CD8+ memory T cells. Likewise, blocking CD30/CD30L
interaction with anti-CD30L Ab’s abolished suppression
in vivo without interfering with Treg cell generation. It
is not clear, however, whether CD30 functions as a costimulatory molecule that is required for the acquisition
of suppressor function or as an effector molecule that
mediates suppression of T cell memory recall.
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