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A transplanted organ is always rejected in the absence of any immunosuppressive

treatment due to vigorous alloimmunity. However, continuously global

immunosuppression with a conventional immunosuppressant may result in severe

side effects, including nephrotoxicity, tumors and infections. Tregs have been widely

used to inhibit allograft rejection, especially in animal models. However, it’s well accepted

that administration of Tregs alone is not satisfactory in immune-competent wild-type

animals. Therefore, it’s imperative to promote Treg therapies under the cover of other

approaches, including costimulatory blockade. In the present study, we demonstrated

that administration of in vitro-expanded CD8+CD122+PD-1+ Tregs synergized with

costimulatory blockade of CD40/CD154, but not B7/CD28, to prolong skin allograft

survival in wild-type mice and to reduce cellular infiltration in skin allografts as well. Treg

treatment and blockade of CD40/CD154, but not B7/CD28, also exhibited an additive

effect on suppression of T cell proliferation in vitro and pro-inflammatory cytokine

expression in skin allografts. Importantly, blocking B7/CD28, but not CD40/CD154,

costimulation decreased the number of transferred CD8+CD122+PD-1+ Tregs

and their expression of IL-10 in recipient mice. Furthermore, it’s B7/CD28, but not

CD40/CD154, costimulatory blockade that dramatically reduced IL-10 production by

CD8+CD122+PD-1+ Tregs in vitro, suggesting that B7/CD28, but not CD40/CD154,

costimulation is critical for their production of IL-10. Indeed, infusion of IL-10-deficient

CD8+CD122+PD-1+ Tregs failed to synergize with anti-CD154 Ab treatment to further

prolong allograft survival. Our data may explain why blocking B7/CD28 costimulatory

pathway does not boost IL-10-dependent Treg suppression of alloimmunity. Thus, these

findings could be implicated in clinical organ transplantation.
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INTRODUCTION

Organ transplantation provides an ultimate solution for patients with end-stage organ diseases (1,
2). However, transplanted patients usually need continuous immunosuppression with traditional
immunosuppressive agents in order to suppress transplant rejection. Although conventional
immunosuppressive drugs can inhibit allograft rejection and improve transplantation outcome
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via different mechanisms (3), continuously global
immunosuppression may cause severe side effects, including
nephrotoxicity, tumors, and infections. Previous studies have
demonstrated that CD8+CD122+ T cells also are regulatory
T cells (Tregs) that control immunological homeostasis,
inhibit conventional T cell responsiveness (4–9) and regulate
autoimmune responses (10, 11), including experimental
autoimmune encephalomyelitis (11–13), Graves’ disease (14),
and Colitis (9). We recently found that CD8+CD122+ Tregs
were more potent in suppression of allograft rejection than were
CD4+FoxP3+ Tregs (15). Furthermore, we have shown that a
PD-1+ component within CD8+CD122+ population is mainly
responsible for suppression mediated by CD8+CD122+ Tregs
(16). However, cellular therapies with either CD8+CD122+ or
CD4+CD25+ Tregs alone usually do not achieve satisfactory
outcome in immune-competent wild-type animals. Therefore,
it is necessary to further boost the suppressive effects of
CD8+CD122+ PD-1+ Tregs under the cover of additional
measures, including costimulatory blockade.

In this study, we investigated the joint effects of administration
of CD8+CD122+PD-1+ Tregs and conventional costimulatory
blockade on allograft rejection and alloimmunity. We found
that CD8+CD122+PD-1+ Tregs synergized with costimulatory
blockade of CD40/CD154, but not B7/CD28, to prolong skin
allograft survival in wild-type mice. Administration of the
Tregs and CD154 blockade also exhibited an additive effect on
suppression of T cell proliferation in vitro and pro-inflammatory
cytokine expression in skin allografts. We further demonstrated
that costimulatory blockade of B7/CD28, but not CD40/CD154,
negatively impacted adoptively transferred Treg expansion
in vivo and their production of IL-10 in vitro. Finally, the additive
effects of CD8+CD122+PD-1+ Tregs and the costimulatory
blockade on allograft survival are largely dependent on IL-10
expression by the Tregs.

MATERIALS AND METHODS

Animals
C57BL/6 and BALB/c mice (6–8 week-old and male weighing
20 ± 3 g) were purchased from Guangdong Medical Laboratory
Animal Center (Guangzhou, Guangdong, China) while IL-10–/–
and Thy1.1+ mice in a C57BL/6 background were purchased
from the Jackson Laboratory (Bar Harbor, ME). All mice
were housed in specific pathogen-free rooms with controlled
conditions. All experiments were approved by the Institutional
Animal Ethical Committee of Guangdong Provincial Academy
of Chinese Medical Sciences.

Skin Transplantation
Skin donors were 6–8 week-old BALB/c mice while skin
recipients were C57BL/6 mice with the similar ages. Full-
thickness trunk skin with an approximate size of 10 mm2 was
transplanted to the dorsal flank area of recipientmice and secured
with a bandage of Band-Aid (Johnson Johnson, New Brunswick,
NJ). The bandage was removed 8 days after transplantation.
Skin allograft rejection was monitored daily and defined as graft
necrosis > 90%, as described previously (17).

Preparation and Purification of
CD8+CD122+PD-1+ Tregs
To isolate CD8+CD122+ cells, splenocytes from C57BL/6 mice
were isolated and stained with anti-CD8-PE and anti-CD122-
FITC Abs (BD Biosciences). CD8+CD122+ cells were then
purified using FACSAria III cell sorter (BD Biosciences). Cells (4
× 105 cells/well) were then stimulated with irradiated (3,000 rad)
and T-cell-depleted BALB/c splenocytes (4 × 105 cells/well) in
96-well plates in complete RPMI-1640 medium (Gibico, USA),
containing 10% fetal bovine serum, 100 U/ml penicillin and
100µg/ml streptomycin, in the presence of IL-2 (5 ng/ml) and
IL-15 (10 ng/ml) for 5 days. The cells were stained with anti-
CD8-PE, anti-CD122-FITC, and anti-PD-1-APC Abs (all from
BD Biosciences) and analyzed via a FACSCalibur. For adoptive
transfer experiments, CD8+CD122+PD-1+ Tregs were finally
sorted from the cultured cells via FACSAria III cell sorter. The
purity of sorted cells was typically >96%.

Treatment of Mice
C57BL/6 mice were transplanted with BALB/c skin and then
treated i.p with either CTLA4-Ig or MR1 (Anti-CD154) (Bio-
X-Cell, West Lebanon, NH) at 0.25mg on days 0, 2, 4, 6, and 8
following skin transplantation. Some recipient mice received i.v.
2 × 106 CD8+CD122+PD-1+ Tregs upon skin transplantation
with or without the treatment with CTLA4-Ig or MR1. Others
were treated i.p with anti-IL-10 Abs at 0.1mg also on days 0, 2, 4,
6, and 8 following skin transplantation.

Histological Analysis
Skin grafts of recipient mice were harvested, fixed with 4%
paraformaldehyde for around 24–48 h and then embedded in
paraffin. The 3µm sections of skin tissues were then made and
stained with Hematoxylin and Eosin (H&E).

Treg Suppression of T Cell Proliferation in
an MLR in vitro
Nylonwood-enriched T cells (4 × 105 cells/well) from C57BL/6
mice, as responders, were cultured with irradiated BALB/c
spleen cells (stimulators: 4 × 105 cells/well) in 96-well plates
(Corning Costar, NY) in the complete RPMI-1640 medium
(10% FCS, 2mM glutamine, 100 U/ml penicillin, and 100µg/ml
streptomycin). In some groups, CD8+CD122+PD-1+ Tregs (2
× 105 cells/well) from C57BL/6 mice were also added to the
culture as suppressors in the absence or presence of MR1 or
CTLA4-Ig (2.5µg/ml). Five days later, cells were harvested and
analyzed using a Scintillation counter (PerkinElmer, Meriden,
CT). Cells were pulsed with [3H]-Thymidine for the last 8 h
before harvesting.

Flow Cytometric Analysis
To track transferred Thy1.1+ Tregs in recipient mice, draining
lymph node (LN) and spleen cells were harvested, stained with
anti-CD8-PE and anti-Thy1.1-FITC antibodies (BD Biosciences,
USA) and analyzed to quantify CD8+Thy1.1+ Tregs using a flow
cytometer (FACSCalibur, BD Biosciences).
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TABLE 1 | Primer sequences of target genes.

Target genes Primer sequences (5′
→ 3′)

IFN-γ (forward) CACGGCACAGTCATTGAAAG

IFN-γ (reverse) CATCCTTTTGCCAGTTCCTC

TNF-α (forward) ACGGCATGGATCTCAAAGAC

TNF-α (reverse) GTGGGTGAGGAGCACGTAGT

IL-6 (forward) ACTTCCATCCAGTTGCCTTCTTGG

IL-6 (reverse) TTAAGCCTCCGACTTGTGAAGTGG

β-Actin (forward) TGTCCACCTTCCAGCAGATGT

β-Actin (reverse) TGTCCACCTTCCAGCAGATGT

Measurement of IL-10 via ELISA
CD8+CD122+PD-1+ Tregs (2× 105 cells/well) were cultured in
96-well plates in complete RPMI-1640 medium and stimulated
with anti-CD3 Ab (2.5µg/ml) and APCs at 37◦C with 5% CO2

for 5 days. APCs were T-cell-depleted syngeneic splenocytes
as antigen-presenting cells expressing costimulatory molecules.
In some groups, cells were also treated with either MR1 or
CTLA4-Ig (2.5µg/ml). The levels of IL-10 in the supernatant
were measured using ELISA according to the manufacturer’s
instructions (Boster, China). The absorbance was read at
450 nm in a microplate spectrophotometer (Thermo Fisher
Scientific, USA).

Quantitative Real-Time PCR (qRT-PCR)
Total mRNA from skin grafts was isolated using Trizol reagents
(Invitrogen, USA) and the mRNA was then transcribed to
cDNA using a PrimeScriptTM RT reagent kit (TAKARA Bio
Incorporation, Kusatsu, Japan) according to the instructions of
the manufacturer. The cDNA was analyzed for the expression
of cytokines using a Quantifast SYBR Green PCR kit (TAKARA
Bio Incorporation) via an ABI 7,500 Fast RealTime PCR System
(Thermo Fisher Scientific). The primer sequences were listed in
the Table 1. The relative mRNA expression levels of cytokines
were normalized against β-actin, and analysis was performed
through a comparative 211CT method. Values in control groups
were set as 1.0, and all data were shown as relative mRNA
expressions (fold changes).

Statistical Analysis
Comparisons of means were conducted using Student’s t-test
and one-way ANOVA. Data were presented as mean ± SD and
analyzed through GraphPad Prism 6 (GraphPad Software, USA).
The analysis of graft survival was performed using Kaplan–Meier
method (log-rank test). A value of P < 0.05 was considered
statistically significant.

RESULTS

Administration of Ag-Specific
CD8+CD122+PD-1+ Tregs Synergizes With
Costimulatory Blockade of CD40/CD154,
but Not B7/CD28, to Prolong Skin Allograft
Survival
To first generate and expand alloantigen-specific Tregs, FACS-
sorted CD8+CD122+ T cells derived from C57BL/6 mice

were cultured with irradiated and T-cell-depleted splenocytes
from BALB/c mice in the absence or presence of recombinant
IL-2 and/or IL-15 for 5 days. The percentages of PD-1+

cells within CD8+CD122+ population were determined via
flow cytometric analysis. We also calculated the absolute
numbers of CD8+CD122+PD-1+ Tregs. As shown in the
supplementary data (Figure 1SA), addition of IL-2, but not IL-
15, to the culture increased the percentages of PD-1+ cells within
CD8+CD122+ population. Interestingly, either IL-2 or IL-15
alone augmented the absolute numbers of CD8+CD122+PD-
1+ Tregs while IL-2 plus IL-15 further increased the Treg
numbers compared to either cytokine alone (Figure 1SB),
suggesting that both cytokines are needed to maximally
induce and expand alloantigen-specific CD8+CD122+PD-1+

Tregs in vitro.
To boost the effects of CD8+CD122+PD-1+ Tregs on

allograft survival in wild-type mice, C57BL/6 mice that received
the syngeneic Tregs were transplanted with BALB/c skin and
treated with either MR1 (anti-CD154 Ab) or CTLA4-Ig. As
shown in Figure 1A, administration of CD8+CD122+PD-1+

Tregs alone did not significantly extend skin allograft survival
in wild-type mice (MST = 17 vs. 14 days, n = 8–9, P > 0.05)
while either CTLA4-Ig or MR1 treatment significantly prolonged
the allograft survival (MST = 29 vs. 14 days or 27 vs. 14 days,
n = 8–9, both P < 0.05). Interestingly, CD8+CD122+PD-1+

Tregs synergized with costimulatory blockade of CD40/CD154
(MST = 43 vs. 27, n = 8–9, P < 0.05), but not B7/CD28
(MST = 32 vs. 29, n = 8–9, P > 0.05), to prolong the allograft
survival compared to the costimulatory blockade alone. As a
control, isotype Ab did not alter skin allograft survival (data not
shown). A representative of the rejected (Figure 1B) or accepted
(Figure 1C) skin grafts was also shown. Furthermore, H&E
staining exhibited a significant reduction in cellular infiltration
in skin allografts after treatment with either CTLA4-Ig or
MR1 while cellular infiltration was further diminished after
simultaneous treatments with both CD8+CD122+PD-1+ Tregs
and MR1 (Figure 1D).

CD8+CD122+PD-1+ Tregs Cooperate With
Costimulatory Blockade of CD40/CD154,
but Not B7/CD28, to Inhibit T Cell
Proliferation in vitro
To determine if CD8+CD122+PD-1+ Tregs cooperate with the
costimulatory blockade to enhance suppression of alloimmune
responses in vitro, an MLR was set up to examine their joint
effects on T cell proliferation in vitro. In the MLRs, nylonwood-
enriched T cells were responders while CD8+CD122+PD-1+

Tregs were suppressors at a ratio of 1:2 (T suppressor vs. T
responder). As shown in Figure 2, CD8+CD122+PD-1+ Tregs
alone were capable of suppressing T cell proliferation to some
extent while either CTLA4-Ig or MR1 dramatically inhibited
T cell proliferation in vitro. However, the Tregs cooperated
with costimulatory blockade of CD40/CD154 (MR1), but not
B7/CD28 (CTLA4-Ig), to further suppress T cell proliferation
compared to either costimulatory blockade alone (Figure 2). As
a control, isotype Ab did not alter T cell proliferation in vitro.
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FIGURE 1 | Administration of CD8+CD122+PD-1+ Tregs synergizes with costimulatory blockade of CD40/CD154, but not B7/CD28, to suppress allograft rejection.

C57BL/6 mice that received syngeneic CD8+CD122+PD-1+ Tregs were transplanted with BALB/c skin and then treated with either MR1 (anti-CD154 Ab) or

CTLA4-Ig, as described in the methods. Skin allograft rejection was observed (n = 8–9) (A). A representative of rejected (B) and accepted (C) skin grafts was shown.

H&E staining was also performed to evaluate cellular infiltration in skin grafts 2 weeks after skin transplantation. One set of images from three separate experiments is

shown (D). *P < 0.05.

CD8+CD122+PD-1+ Tregs Cooperate With
Costimulatory Blockade of CD40/CD154,
but not B7/CD28, to Inhibit mRNA
Expression of Proinflammatory Cytokines
in Skin Allografts
To determine whether CD8+CD122+PD-1+ Tregs also
cooperate with the costimulatory blockade in suppression of
skin allograft inflammation, we measured mRNA expression of

IFN-γ, TNF-α, and IL-6 in skin allografts through RT-PCR assays
2 weeks after skin transplantation. As shown in Figure 3, the
mRNA levels of proinflammatory cytokines IFN-γ, TNF-α, and
IL-6 in skin allografts were significantly downregulated after the
treatment with either MR1 or CTLA4-Ig. Importantly, the Tregs
cooperated with costimulatory blockade of CD40/CD154 (MR1),
but not B7/CD28 (CTLA4-Ig), to further suppress the mRNA
expression of these pro-inflammatory cytokines compared to
either costimulatory blockade alone (Figure 3). These findings
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FIGURE 2 | CD8+CD122+PD-1+ Treg suppression of T cell proliferation

in vitro. MLRs were set up as described in the methods to measure

CD8+CD122+PD-1+ Treg suppression of T cell proliferation in vitro in the

presence of either MR1 or CTLA4-Ig. Cells were harvested and analyzed using

a Scintillation counter 5 days after the culture. Data are presented as mean ±

SD. One representative of three separate experiments is shown (*P < 0.05

and #P > 0.05).

exhibited additive effects of CD8+CD122+PD-1+ Tregs and
CD154 blockade in the context of alloimmune responsiveness.

Costimulatory Blockade of B7/CD28, but
Not CD40/CD154, Reduces the Numbers of
Adoptively Transferred CD8+CD122+PD-1+

Tregs and Their Expression of IL-10
To find out why there is an additive effect of CD8+CD122+PD-
1+ Tregs and costimulatory blockade of CD40/CD154 but
not B7/CD28, C57BL/6 mice received CD8+CD122+PD-1+

Tregs originally isolated from Thy1.1+ B6 mice and were
transplanted with BALB/c skin. They were also treated
with either MR1 or CTLA4-Ig. 2 weeks later, transferred
Thy1.1+ Tregs in recipient mice were quantified via FACS
analysis. As shown in Figure 4A, the numbers of transferred
Thy1.1+CD8+ Tregs in both LNs and the spleen were much
lower in recipient mice treated with CTLA4-Ig, but not
MR1, than in those treated or untreated with the isotype
Ab, suggesting that blocking B7/CD28, but not CD40/CD154,
costimulation suppresses CD8+CD122+PD-1+ Treg expansion
in vivo. On the other hand, intracellular staining also showed
that blocking B7/CD28 (CTLA4-Ig), but not CD40/CD154
(MR1), costimulation reduced the frequency of transferred
Thy1.1+CD8+ Tregs expressing IL-10 (Figures 4B,C).

Costimulatory Blockade of B7/CD28, but
Not CD40/CD154, Decreases IL-10
Production by CD8+CD122+PD-1+ Tregs
in vitro
Previous studies have shown that IL-10 is critical for the
suppressive capacity of CD8+CD122+ Tregs. To determine

whether the costimulatory blockade has an impact on IL-10
production by CD8+CD122+PD-1+ Tregs in vitro, they were
activated with anti-CD3 Ab in the presence of CD3-depleted
splenocytes serving as syngeneic APCs. Five days later, IL-
10 production in the supernatant was measured via ELISA.
As shown in Figure 5A, treatment with anti-CD3 Ab plus
APCs further increased IL-10 levels compared to anti-CD3
Ab treatment alone. Importantly, blocking B7/CD28 (CTLA4-
Ig), but not CD40/CD154 (MR1), costimulation significantly
lowered IL-10 level in the supernatant compared with isotype
Ab control, suggesting that B7/CD28, but not CD40/CD154,
costimulatory pathway is also critical for the production of IL-
10 by CD8+CD122+PD-1+ Tregs in vitro. On the other hand,
the similarly cultured Tregs were stained with annexin V and
analyzed for their death rates via FACS. As shown in Figure 5B,
blocking either B7/CD28 or CD40/CD40L did not promote Treg
apoptosis while Treg apoptotic rate in the media control group
without activation was much higher than that in other groups
with activation but without or with CTLA4-Ig/MR1. These
data indicate that blocking either B7/CD28 or CD40/CD40L
costimulation does not promote Treg apoptosis.

Cooperation in Suppression of Allograft
Rejection Between CD8+CD122+PD-1+

Tregs and Costimulatory Blockade of
CD154 Is Largely Dependent on IL-10
Since IL-10 plays an important role in CD8+CD122+ Treg-
mediated suppression (5), we asked whether CD8+CD122+PD-
1+ Tregs would cooperate with costimulatory blockade of
CD40/CD154 to suppress allograft rejection in an IL-10-
dependent manner. C57BL/6 mice received either IL-10-
replete or IL-10-deficient CD8+CD122+PD-1+ Tregs and were
transplanted with BALB/c skin. They were then treated with
or without MR1. Some recipient mice were also treated with
IL-10-neutralizing anti-IL-10 Ab following the Treg infusion.
As shown in Figure 6, administration of the Tregs alone did
not significantly alter skin allograft survival while MR1 indeed
significantly extended the allograft survival. Moreover, MR1 plus
Tregs further prolonged allograft survival compared to MR1
treatment alone. However, the additive effects of MR1 and the
Tregs on suppression of skin allograft rejection was largely
diminished when the Tregs lacked IL-10 or when recipient mice
were treated with neutralizing anti-IL-10 Ab, indicating that
cooperation between the Tregs and CD154 blockade is largely
dependent on CD8+CD122+PD-1+ Treg-derived IL-10.

DISCUSSION

Tregs are essential to maintaining transplant tolerance (18–20).
Although CD4+CD25+FoxP3+ Tregs are a major subset of Tregs
(21–25), mounting evidence has shown that CD8+CD122+ T
cells also are Tregs that suppress T cell responses (4–9) and
autoimmunity (10, 11). Deletion of the transcription factor
Foxp3 (24, 25) has diminished the development and function
of conventional CD4+CD25+ Tregs. We have demonstrated
that CD8+CD122+ T cells are Tregs (16, 26, 27) that are even
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FIGURE 3 | CD8+CD122+PD-1+ Tregs synergizes with costimulatory blockade of CD40/CD154, but not B7/CD28, to suppress mRNA expression of

proinflammatory cytokines in skin allografts. mRNA expression of IFN-γ, TNF-α, and IL-6 in skin allografts was measured using RT-PCR assays 2 weeks after skin

transplantation and treatment with CD8+CD122+PD-1+ Tregs, MR1, or CTLA4-Ig. Data are presented as mean ± SD. One representative of three separate

experiments is shown (*P < 0.05).

more effective in suppression of allograft rejection than their
CD4+CD25+ counterparts (15). Further, PD-1+ component
within CD8+CD122+ population is largely responsible for
CD8+CD122+ Treg-mediated suppression (16). However, a
common problem with Treg therapies is that infusion of
Tregs alone does not achieve satisfactory outcome in immune-
competent wild-type animals. Therefore, it’s important to
enhance their potency of immunosuppression in normal
animals or humans by combining other measures, including
costimulatory blockade. Here, we found that administration
of CD8+CD122+PD-1+ Tregs synergized with costimulatory
blockade of CD40/CD154, but not B7/CD28, to prolong allograft
survival in wild-type mice. Blocking CD40/CD154, but not
B7/CD28, also cooperated with the Tregs to inhibit T cell
proliferation in vitro. Thus, this finding may be implicated in
clinical transplantation.

Based on our present study, it remains not totally clear
why CD8+CD122+PD-1+ Tregs cooperated with costimulatory
blockade of CD40/CD154, but not B7/CD28, in suppression

of allograft rejection and T-cell proliferation. We found that
costimulatory blockade of B7/CD28, but not CD40/CD154,
indeed reduced the numbers of transferred Thy1.1+ Tregs in
recipient mice, suggesting that B7/CD28, but not CD40/CD154,
costimulation is important for homeostatic proliferation or
expansion of CD8+CD122+PD-1+ Tregs. On the other hand, we
discovered that the costimulatory blockade of B7/CD28, but not
CD40/CD154, decreased IL-10 production by CD8+CD122+PD-
1+ Tregs in the presence of CD3 signaling and APCs in vitro and
also reduced IL-10 expression in transferred CD8+CD122+PD-
1+ Tregs in vivo, indicating that B7/CD28 costimulation is
required for the Tregs to produce IL-10. These results may
explain why there is no cooperation in their suppression
of alloimmunity between the Tregs and B7/CD28 blockade
given that IL-10 produced by the Tregs plays an important
role in CD8+CD122+PD1+ Treg-mediated suppression and
that B7/CD28 blockade inhibits their production of IL-10. On
the other hand, we found that B7/CD28 blockade did not
accelerate the Treg apoptosis in vitro. Therefore, B7/CD28
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FIGURE 4 | Costimulatory blockade of B7/CD28, but not CD40/CD154, reduces numbers of transferred CD8+CD122+PD-1+ Tregs and frequency of

IL-10-expressing Tregs in recipient mice. C57BL/6 mice received CD8+CD122+PD-1+ Tregs derived from Thy1.1+ mice (C57BL/6 background). They were then

transplanted with BALB/c skin and treated with either MR1 or CTLA4-Ig. Two weeks later, transferred CD8+Thy1.1+ Tregs were quantified via FACS analysis (A) or

stained for intracellular expression of IL-10. Histograms showing percentages of IL-10+ cells were gated on transferred CD8+Thy1.1+ population with one

representing set of FACS data (B). Data are presented as mean ± SD from one representative of three separate experiments (C). *P < 0.05.

costimulation is required for Treg expansion and function,
which may explain why B7/CD28 blockade and the Treg
therapies should not be combined for suppression of allograft
rejection. It’s also unclear why transfer of the Tregs alone
does not satisfyingly extend allograft survival in immune-
competent mice, but became highly effective under the cover
of CD154 blockade. Perhaps, the adoptive transfer of the Tregs
is insufficient to inhibit vigorously acute alloimmune responses
in normal animals whereas the effects of the Tregs may emerge
only after acute allograft rejection is suppressed by CD154
costimulatory blockade.

Programmed death-1 (PD-1) is a co-inhibitory molecule
that is essential for the maintenance of immune tolerance and
suppression of autoimmune responses (28–34). Previous studies

have also shown that PD-1 molecule on CD8+ T cells is mainly
responsible for their exhaustion during chronic viral infection
while blocking PD-1 has restored the function of exhausted
CD8+ T cells (35–38). Based on results in our present study, it
is possible that some of the exhausted CD8+ T cells expressing
PD-1 may be Tregs that are likely responsible for depressed
immunity against chronic viral infection and the persistence of
the viral infection.

It is well accepted that antigen-specific Tregs are superior
to polyclonal Tregs in their suppression of alloimmunity and
autoimmunity (26, 39, 40) because the former can respond
vigorously and also rapidly and specifically migrate to a
target organ. Antigen-specific Tregs are also expected to cause
less side effects resulting from systemic immunosuppression
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FIGURE 5 | Costimulatory blockade of B7/CD28 decreases IL-10 production by CD8+CD122+PD-1+ Tregs in vitro but does alter their survival.

CD8+CD122+PD-1+ Tregs were activated in vitro with anti-CD3 Ab in the presence of CD3-depleted splenocytes serving as syngeneic APCs. MR1 or CTLA4-Ig was

also added to the culture in some groups. 5 days later, IL-10 production in the supernatant was measured via ELISA (A). In other experiments, the similarly cultured

cells were stained with annexin V and analyzed for their apoptosis (B). Data are presented as mean ± SD. One representative of three separate experiments is shown

(*P < 0.05).

FIGURE 6 | Synergy in suppression of allograft rejection between

CD8+CD122+PD-1+ Tregs and costimulatory blockade of CD154 is largely

dependent on IL-10. C57BL/6 mice that received IL-10-replete or

IL-10-deficient CD8+CD122+PD-1+ Tregs were transplanted with BALB/c

skin. They were also treated with MR1 (anti-CD154) while some received

anti-IL-10 Ab to neutralize IL-10. Skin allograft rejection was observed (n =

7–8, *P < 0.05).

than polyclonal Tregs (41). In the present study, we utilized
CD8+CD122+PD-1+ Tregs that were expanded in vitro in the
presence of donor splenocytes and recombinant IL-2/IL-15.

Donor-antigen-specific expansion likely has ensured their
allospecificity and efficacy in suppression of alloimmune
responses. On the other hand, addition of IL-2 to the cell
culture increased the frequency of PD-1+ components while IL-
15 further enhanced the expansion of the total Treg population,
indicating that they are memory-like CD8+CD122+ Tregs. It
remains to be confirmed whether these antigen-expanded Tregs
are actually more potent in suppression of allograft rejection than
their polyclonal counterparts.

In conclusion, there is clearly a cooperation between
infusion of CD8+CD122+PD-1+ Tregs and costimulatory
blockade of CD40/CD154, but not B7/CD28, in suppression
of allograft rejection in immune-competent wild-type mice.
The Tregs and CD154 blockade also exhibit an additive
effect on suppression of T cell proliferation in vitro and
pro-inflammatory cytokine expression in skin allografts.
Furthermore, costimulatory blockade of B7/CD28, but not
CD40/CD154, has a negative impact on adoptively transferred
CD8+CD122+PD-1+ Treg expansion in vivo and their
production of IL-10. These results may lay the groundwork
for a clinical trial for inhibition of human allograft rejection
by combined therapies with CD8+CD122+PD-1+ Tregs and
CD154 costimulatory blockade.
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