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Human CD39hi regulatory T cells present stronger
stability and function under inflammatory conditions

Jian Gu1,4, Xuhao Ni1,4, Xiongxiong Pan1, Hao Lu1, Yunjie Lu1,2, Jie Zhao1, Song Guo Zheng3,
Keli L Hippen2, Xuehao Wang1 and Ling Lu1

Autoimmune diseases are characterized by an imbalance between regulatory T cells and effector T-cell subsets, such as
Th1 and Th17 cells. Studies have confirmed that natural CD4+Foxp3+ Tregs were unstable and dysfunctional in the
presence of pro-inflammatory cytokines. In the current study, human CD39hi Tregs and CD39low Tregs were sorted from
Tregs in vitro after 7 days of expansion. The functions of both Treg subsets were investigated under inflammatory
conditions in vitro and in vivo. In the presence of IL-1β and IL-6, cultured CD4+CD39hi Tregs maintained stable forkhead
box protein 3 expression, whereas CD4+CD39low Tregs lost Foxp3 expression and trans-differentiated into Th1 or Th17
cells. Decreased IL-1βR and IL-6R expression on the CD39hi Tregs was the primary mechanism responsible for Treg
stability. In addition, reduced activation of downstream molecules, such as STAT1 and STAT3, through the modulation
of CpG demethylation played an important role. Finally, human CD4+CD39hi Tregs but not CD4+CD39low Tregs protected
against xenograft versus host disease in model mice. These results strongly implied the physiological importance of CD39
expression and suggested that manipulation of CD39hi Tregs might represent a novel strategy for the treatment of
autoimmune diseases.
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INTRODUCTION

Regulatory T cells (Tregs) play an essential role in maintaining
immunologic homeostasis.1,2 Various autoimmune diseases in mice,
including autoimmune diabetes,3 experimental arthritis4 and acute
graft versus host disease (GvHD),5 can be treated with Tregs.
Although their importance for proper immune regulation is
undeniable, the stability of the Treg lineage has recently become a
topic of debate.6 Large losses of the signature Treg transcription
factor forkhead box protein 3 (Foxp3) and Treg functions have been
observed under various inflammatory conditions.
CD39 is an ectoenzyme that hydrolyses adenosine triphosphate

and adenosine diphosphate into adenosine monophosphate
(AMP).7 CD39 is primarily localized on the surfaces of endothelial
cells and circulating platelets and has been implicated in the
suppressive function of Tregs.8 However, the pathological impor-
tance of CD39 to the stability of the Foxp3+ population remains
unclear.

Tregs can be expanded in a GMP facility by 4300-fold, which
is adequate for cell therapy (1–10× 106/kg). However, the
methods used to improve the stability and functionality of this
expanded population are still being devised. In this study, CD39hi

and CD39low Tregs were isolated and cultured with the addition
of interleukin (IL)-1β and IL-6. Xeno-GvHD models were used to
examine the in vivo stability and functionality of the CD39hi and
CD39low Treg subsets. Our results strongly suggest that CD39hi

Tregs may provide more effective clinical benefits for cell therapy-
based strategies to prevent and control autoimmune diseases.

MATERIALS AND METHODS

Treg isolation and expansion
Peripheral blood mononuclear cells (PBMCs) were prepared from
the heparinized venous blood of healthy adult volun-
teers by Ficoll-Hypaque (GE, Fairfield, CT, USA) density gradient
centrifugation. Human CD4+CD127− T cells were sorted by
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depleting CD8, CD19, CD14 and CD127 cells using an auto-MACS
(Miltenyi, San Diego, CA, USA), whereas CD4+CD25+CD127−

Tregs were sorted with anti-CD25 beads (Miltenyi, 497% purity).
The Tregs were activated and expanded using anti-CD3/CD28
beads (Dynal, 1 bead to 2 cells) and IL-2 (R&D Systems, Los
Angeles, CA, USA, 300 U/ml) for 7 days. Then, the CD39hi and
CD39low Foxp3 cells were sorted from the expanded Tregs.

Treatment of Tregs with IL-1β and IL-6 in vitro
In some experiments, Tregs were re-stimulated with anti-CD3/28
beads (Dynal beads, 1 bead to 2 cells), IL-2 (R&D Systems, 20 U/
ml)± IL-6 (R&D Systems, 10–30 ng/ml) and IL-1β (R&D Sys-
tems, 10 ng/ml) for 3 days. This low dose of IL-2 was chosen to
facilitate the IL-1β and IL-6–mediated conversion of Tregs into
Th17 cells. High doses of IL-2 in culture have been shown to
stabilize the expression of Foxp3 and inhibit the differentiation of
Foxp3+ Tregs.9

Suppressive assay in vitro
PBMCs were prepared from the heparinized venous blood of
healthy adult volunteers. The PBMCs were labelled with CFSE
(Invitrogen, Carlsbad, CA, USA) and stimulated with anti-CD3
mAb-coated beads (Dynal) at a 1:1 bead to PBMC ratio. Tregs
were added at varying ratios, and the cultures were incubated at
37 °C. On day 4, the cells were stained with APC-conjugated anti-
CD8 and examined using flow cytometry.

Intracellular staining by flow cytometry
For intracellular cytokine staining, the cells were stimulated with
phorbol myristate acetate (0.25 μg/ml) and ionomycin (0.25 μg/ml)
for 5 h and brefeldin A (5 μg/ml) for 4 h. Then, the cells were
stained to assess surface markers, such as CD4 and CD25
(eBioscience, Santa Clara, CA, USA), followed by further fixation,
permeabilization and staining to detect Foxp3, IL-17A, IFN-γ and
IL-6 (Biolegend, San Diego, CA, USA) expression.

Quantitative real-time PCR
RNA was extracted from the harvested cells using the RNA Simple
Total RNA kit (Tiangen Biotech, Beijing, China) according to the
manufacturer’s instructions. cDNA was synthesized using the RT-
Master Mix (TaKaRa, Mountain View, CA, USA) and amplified
by quantitative reverse transcription PCR (RT-PCR) in an ABI
Prism system (Applied Biosystems, Foster City, CA, USA). The
data were analysed using the relative gene expression method and
normalized to the glyceraldehyde-3-phosphate dehydrogenase Ct
values in the samples. Each sample was measured in triplicate.
The primer sequences used for the PCR amplification were as
follows:

IL-17, 5′-TGAAAACACAGAAGTAACGTCCG-3′ and 5′-CCCA
GGAGGAAATTGTAATGGGA-3′; IL-1β receptor, 5′-TACCACTC
TGATTGTGGACTGC-3′ and 5′-CCCCT;TCTCTGATTCGTTTG
GAT-3′; and IL-6 receptor, 5′-CATTGCCATTGTTCTGAGGTTC-3′
and 5′-AGTAGTCTGTATTGCGA-3′.

Xeno-GvHD model generation
NOD/scid/IL2r common γ chain− /−(NOG) mice were obtained
from Jackson Laboratory (Bar Harbor, ME, USA). The mice
received a single dose of 200 cGy of gamma irradiation from a

linear accelerator before the same-day injection of human PBMCs.
Some irradiated mice received PBS instead of human PBMCs and
served as the control group. All experiments were performed
according to the guidelines of the Institutional Animal Committee
of Nanjing Medical University.

Western blotting analysis
Proteins were extracted from the harvested cells and the protein
concentration was determined using the BCA assay (Pierce,
Boston, MA, USA). Protein samples (30 μg) were resolved by
SDS-polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane. The following antibodies
were used: STAT1 (Cell Signalling Technology, Beverly, MA, USA,
#9170), STAT3 (Abcam, Cambridge, UK, Ab7966), p-STAT1
(Cell Signalling Technology, #7649), and p-STAT3 (Abcam,
Ab131103). The results were visualized with Kodak autoradio-
graphy film (Kodak XAR film, Molendinar, Japan).

TSDR methylation status assay
Genomic DNA was extracted using the DNA Extraction kit
(Beyotime, Shanghai, China) and processed using the EZ DNA
Methylation-Direct kit (Zymo Research, Irvine, CA, China) follow-
ing the manufacturers’ protocols. Purified bisulfite-treated DNA
was used for the bisulfite-sequencing PCR with the following treg-
specific demethylation region (TSDR) amplification PCR primers:
5′-TTG GGT TAA GTT TGT TGT AGG ATA G-3′ and 5′-ATC
TAA ACC CTA TTA TCA CAA CCC C-3′. The PCR products
were purified and cloned; single clones were selected for sequen-
cing. All sequencing results of the bisulfite-converted TSDR region
were analysed on the BDPC DNA methylation analysis platform.
The average methylation status of the CpG sites in the TSDR region
were statistically analysed.

Statistics
Differences in the Kaplan–Meier survival curves were analysed
with the log-rank test and other statistical comparisons with the
indicated group. The statistical analyses were performed with
Student’s t-test or analysis of variance using the GraphPad Prism
software (La Jolla, CA, USA).

RESULTS

Human CD39hi Tregs sustained higher Foxp3 expression
levels and stronger suppressive abilities even in the presence
of inflammatory cytokines in vitro
Tregs isolated from human PBMCs were cultured for 7 days with
IL-2 and anti-CD3/CD28 beads. The cells were harvested and
stratified into two populations as follows: cells with stronger CD39
expression (defined as CD39hi Tregs) and the remainder (defined as
CD39low Tregs). After culture for 7 days, 87% of the cells were CD4+

Foxp3+; although most of the cells were CD39 positive, half of the
cells expressed higher CD39 levels compared with the rest of the cells
(Supplementary Figure 1A). The phenotype analysis indicated that
Treg markers such as Foxp3 and Helios were similarly expressed in
both subsets. CD39hi Tregs expressed higher PD-L1, CD25 and
cytotoxic T lymphocyte-associated protein 4 (CTLA-4) levels but
lower GITR and CD127 levels compared with the CD39low Tregs
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(Supplementary Figure 1B). The CD39hi Tregs secreted more IL-10
than the CD39low Tregs, although TGF-β expression did not
significantly differ between the groups (Supplementary Figure 1C).
The CFSE co-culture assay was performed to estimate the suppres-
sive ability of the two Treg subsets. Tregs were co-incubated with
CFSE-labelled fresh PBMCs in the presence of anti-CD3 beads. The
CD39hi Tregs showed stronger suppressive activity at any ratio
compared with the CD39low Tregs (Figure 1a). As confirmed from
previous reports, the combination of IL-1β and IL-6 was important
for trans-differentiation because either cytokine alone induced much
less Th1/Th17 conversion.9 Without cytokine addition, the CD39hi

and CD39low Tregs expressed similar levels of Foxp3; however, IL-1β
and IL-6 stimulation downregulated the Foxp3 level in human
CD39low Tregs (from 72.2±4.7 to 36±3.6%) compared with
CD39hi Tregs (from 71.5±3.1 to 62±4.2%), which corresponded
to decreased resistance to Th1 and Th17 cell conversion (Figure 1b).
Because the suppressive function of Tregs is important for the
potential therapeutic benefit, CFSE co-culture assays were performed
to estimate the suppressive abilities of the CD39hi and CD39low Tregs
following the addition of inflammatory cytokines. DMSO or
cytokine-treated Tregs were co-incubated with CFSE-labelled fresh
PBMCs at a 1:5 ratio in the presence of anti-CD3 beads. Although
no significant difference was detected in the suppressive functions of
the CD39hi and CD39low Tregs under cytokine-free conditions, the
CD39low Tregs lost their ability to suppress PBMC proliferation
upon the addition of IL-1β and IL-6, whereas only a slight decrease
in the CFSE dilution was observed in the CD39hi Treg group
(Figure 1c).

Human CD39hi Tregs expressed less IL-1βR and IL-6R and
became resistant to IL-1β/IL-6-driven Th1 and Th17
conversion
IL-17A and IFN-γ production in CD39low Tregs following IL-1β
and IL-6 re-stimulation was elevated compared with the group re-
stimulated without these cytokines. Interestingly, the trend in
IL-17A and IFN-γ expression observed in the CD39hi Tregs was
similar under both the normal and inflammatory conditions
(Figure 2a). The IL-1β and IL-6 receptors are necessary to bind
the cytokines and activate downstream signals. Thus, we tested the
expression of IL-1βR and IL-6R in the two Treg subsets under
different conditions. Fresh Tregs expressed low levels of IL-6R,
whereas IL-1βR was not detected. The IL-1βR level did not
significantly change, but the IL-6R expression level increased upon
TCR stimulation. Interestingly, IL-1βR and IL-6R expression
significantly increased following cytokine stimulation for 3 days
in the CD39low Tregs, indicating that these cytokines regulated the
CD39low Tregs through the expression and activation of their
receptors. The expression levels of both receptors were only slightly
increased on the activated and expanded CD39hi Tregs (Figure 2b).
These results confirmed the previous findings in mouse Tregs and
implied that the stability of Tregs was partially ascribed to the
downregulation of IL-1βR and IL-6R.10

Stronger STAT1 and STAT3 phosphorylation and CpG
methylation of the Foxp3 gene was detected in CD39low

Tregs compared with CD39hi Tregs
A previous study indicated that the functions of IL-1β and IL-6
depended on the activation of STAT1 and STAT3.11 To determine

Figure 1 Human CD39hi Tregs sustained the Foxp3 expression level and suppressive ability even in the presence of inflammatory cytokines
in vitro. CFSE-labelled PBMCs were co-cultured with the CD39hi and CD39low Treg subsets in the presence of anti-CD3 mAb-coated beads
for 3 days. The cells were stained with an anti-human CD8 antibody and assessed with flow cytometry. (a) The suppressive activity of
various primed cell subsets on CFSE-labelled CD8+ cells at different T suppressor to T-effector ratios is shown. T only refers to T cells
without any other cell subsets or beads and the baseline indicates the co-culture of T cells with beads but not Tregs. (b) Left panel:
representative histogram of Foxp3 frequencies for both Treg subsets with or without the addition of inflammatory cytokines. Right panel:
the percentage of CD25+Foxp3+ T cells with or without the addition of inflammatory cytokines. The data are the mean± s.e.m. of four
independent experiments. (c) Representative histogram plot of the suppressive ability of the Treg subsets for CFSE-labelled CD8+ cells
examined by flow cytometry. The result is representative of four independent experiments. *Po0.05; **Po0.01.
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the mechanism by which the CD39low Tregs were less stable than
their CD39hi counterparts following IL-1β and IL-6 stimulation, we
measured STAT1, p-STAT1, STAT3 and p-STAT3 protein expres-
sion in the CD39low and CD39hi Tregs subjected to IL-1β and IL-6
stimulation. The STAT1 and STAT3 phosphorylation levels were
substantially lower in the CD39hi Tregs than in the CD39low Tregs
(Figure 2c). The epigenetic regulation of the Foxp3 locus through
the demethylation of CpG islands has been recognized as an
important hallmark for Treg stability and functionality.12 We used
bisulfite sequence analysis to examine the methylation status of the
CD39low Tregs and CD39hi Tregs in the presence or absence of
IL-1β and IL-6. As expected, freshly isolated Tregs exhibited few
methylated CpG sites (94.8±1.4%); after cell expansion and
sorting, the CD39low Tregs showed a lower methylation level
(83.3±2.7%) than the CD39hi Tregs (84.9±3.2%). When IL-1β
and IL-6 were added to the culture, the CD39low Tregs exhibited a
significant decrease (72.6±4.6%) in methylated CpG sites, whereas

the methylation level of the CD39hi Tregs (77.6± 3.2%) was better
maintained (Figure 2d).

Human CD39hi Tregs but not CD39low Tregs protected
against xeno-GvHD in vivo
Our in vitro findings that CD39hi Tregs were more stable and
functional than CD39low Tregs prompted us to investigate
whether the CD39hi Tregs were also better than the CD39low

Tregs in vivo. We analysed the immunosuppressive capacities of
the CD39hi and CD39low Tregs in the mouse xeno-GvHD model
with the Tregs serving as the major rescued population. Co-transfer
of the CD39hi Tregs with PBMCs significantly prolonged mouse
survival compared with the CD39low Treg and PBMC-alone groups,
with a mean survival of 60.0±7.44 days compared with 19.8±7.33
and 23.8±7.33 days, respectively (Figure 3a). Unexpectedly, the
CD39low Tregs lost their protective ability, indicating that the
CD39low Tregs were not stable and functional in vivo.

Figure 2 CD39hi Tregs decreased IL-1βR and IL-6R expression and downstream molecule activation and modulated CpG methylation when
stimulated with IL-1β and IL-6 compared with CD39low Tregs. CD39hi Tregs and CD39low Tregs were stimulated with IL-1β and IL-6 for
3 days. Then, the expression of IL-1βR and IL-6R and downstream signalling molecules was examined. (a) Representative IFN-γ and IL-17
frequencies of Tregs in the presence of IL-1β and IL-6 from four separate experiments. (b) The expression of IL-1β receptors and IL-6
receptors determined by RT-PCR. Black bars represent day 3 post expansion with TCR stimulus and white bars represent ex vivo cells. The
CD39low Treg vehicle was arbitrarily assigned as 1 and the other values were normalized to this value. (c) Left panel: the expanded Tregs
were stimulated with IL-1β and IL-6 for 30 min and the levels of phosphorylated STAT1 and STAT3 were determined by western blotting.
The data are representative of four separate experiments with similar results. Right panel: relative phosphorylation level (mean± s.e.m. of four
separate experiments) of STAT1 and STAT3 normalized to the expression of the total STAT1 and STAT3 protein. The DMSO vehicle was
arbitrarily assigned as 1 and the other values were normalized to this value. (d) Methylation status of CpG motifs of the TSDR of the Foxp3
locus in the aforementioned harvested Tregs was detected with bisulfite sequencing PCR. The percentages are the average methylation
values within the TSDR. The left panel shows the methylation level under cytokine-free conditions, whereas inflammatory cytokines are added
in the right panel. The data are shown as the mean± s.e.m. of four independent experiments. **Po0.01, ***Po0.001.
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Correspondingly, significantly lower expansion of allo-human
T cells and delayed severe weight loss were observed after CD39hi

Treg transfusion compared with the CD39low Treg group
(Figures 3b and c). Regarding inflammatory cytokines, CD39hi

Treg treatment led to a reduction in IL-6, IL-17, IFN-γ and TNF-
α production by CD4+ splenic T lymphocytes, whereas the cells
produced a similar amount of IL-4 compared with the CD39low

group (Supplementary Figure 2A). Self-tolerance is maintained by
stable thymic Foxp3+CD4+ T cells with a higher affinity for self-
antigens. To test the stability of the injected Tregs, both CD39hi and
CD39low Tregs were labelled with CFSE before injection into xeno-
GvHD model mice. After 7 days, the mice were euthanized and the
cells isolated from the spleen were analysed using flow cytometry.
Notably, we observed a marked decrease in Foxp3 expression in the
CD39low Treg group compared with the CD39hi Treg group
(Supplementary Figure 2B). In contrast, the CD39hi Tregs expressed
less IL-17 than the CD39low Tregs (Figure 3d). To investigate the
pathogenic role of the injected Tregs, CFSE+ cells were sorted from
the spleen and lymph nodes (LNs) 1 week after Treg injection. The
RT-PCR analysis revealed that the CD39low Tregs expressed much

higher IL-17 mRNA expression levels than the CD39hi group
(Figure 3e). We hypothesized that the self-reactive T cells derived
from the CD4+Foxp3+ T cells after the loss of Foxp3 expression
significantly promoted the inflammatory effect. The CD39low Tregs
proliferated more in vivo than the CD39hi Tregs, suggesting that a
higher amount of converted T cells were detected 1 week after
injection with the CD39low Tregs (Figure 3f).

The IL-2/IL-6 balance played an important role in stabilizing
CD39low Treg functions in vivo
IL-2, which is a cytokine with pleiotropic effects, is critical for
immune cell activation and peripheral tolerance.13 IL-2 limits
CD4+CD8+IL-17+ T cells and protects lupus-prone mice from
multiple end-organ damage.14 In addition, iTregs promoted
tolerance in acute-GvHD mice following rapamycin and IL-2
treatment in vivo.15 We analysed the immunosuppressive capacity
of the administration of CD39low Treg in vivo with rhIL-2 (5 × 104

IU/mouse) every 3 days in xeno-GvHD mice.16 Co-transfer of the
CD39low Tregs with rhIL-2 significantly prolonged mouse survival
compared with the CD39low Treg group and the PBS treatment

Figure 3 CD39hi Tregs increased the survival of xeno-GvHD mice and CD39low Tregs reverted into Th17 cells in vivo. A total of 20×106

freshly isolated human PBMCs were injected intravenously into NOD/SCID mice. Some mice were co-injected with 5×106 CD39hi Tregs or
5×106 CD39low Tregs with the PBMCs. The CD39hi Tregs or CD39low Tregs were obtained as described above. Mice that received only PBS
injection were used as the control group. (a) The survival of the xeno-GvHD mice is shown. Kaplan–Meier survival curves depict the
percentage of live mice. (b) Peripheral blood was collected weekly, stained with anti-human CD3 antibodies and quantified by flow cytometry.
(c) The average weight is shown as the mean± s.e.m. (d) Representative contour plots of CD4+Foxp3+ and CD4+IL-17+ cells out of the CFSE
+ cell population of spleen lymphocytes. (e) Relative IL-17 mRNA expression of CFSE+ cells sorted from the spleens of CD39low and CD39hi

treated xeno-GvHD group mice 1 week after xeno-GvHD. (f) In vivo proliferative responses of CD39hi Tregs or CD39low Tregs from the spleens
of the xeno-GvHD mice. The numbers indicate the frequency of proliferating cells determined by the CFSE dilution. The weight loss data are
presented as the mean± s.e.m. from three independent experiments (n=8 for each group). *Po0.05; **Po0.01; ***Po0.001.
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group, with a mean survival of 47.0± 7.44 days compared with
22.8± 7.33 days and 18± 7.33 days, respectively (Figure 4a). As
expected, IL-2 controlled the weight loss of the xeno-GvHD mice
in the CD39low Treg group (Figure 4b). To investigate the
conversion of the CD39low Tregs, CFSE-labelled Tregs were
injected into the xeno-GvHD mouse model. After 1 week, CFSE+

cells were sorted from the spleens and LNs, and IL-17 mRNA
expression was evaluated via RT-PCR. IL-17 mRNA expression
was much higher in the CD39low Treg group than the CD39low

Treg and rhIL-2 groups (Figure 4c), indicating that IL-2 sustained
the stability of the CD39low Tregs in the inflammatory environ-
ment. Treatment of the CD39low Tregs with rhIL-2 led to lower
IL-6, IL-17 and IFN-γ expression by CD4+ splenic T lymphocytes,
whereas no significant difference in IL-4 expression was detected
between the groups (Figure 4d). Inflammatory factors and an
imbalance of homeostasis contribute to the severity of auto-
immune diseases. Interleukin-6 (IL-6), which is a cytokine that
plays an important role in immune responses, has been implicated
in the pathogenesis of autoimmune diseases.17 Therefore, we
analysed the immunosuppressive capacity of administration of the
CD39low Tregs in vivo with the humanized IL-6R inhibitor

tocilizumab (8mg/kg) in xeno-GvHD mice. Treatment with the
IL-6R inhibitor alone increased the survival and reduced the
severity of xeno-GvHD (Supplementary Figures 3A and B).
Importantly, the expansion of human CD3+ T cells was signifi-
cantly decreased (Supplementary Figure 3C). We also analysed the
conversion of the injected Tregs as described in Figure 4c. The
results revealed that the CD39low Tregs expressed higher IL-17
mRNA levels compared with the CD39low Treg and the tocilizu-
mab treated groups (Supplementary Figure 3D). Treatment of the
CD39low Tregs with tocilizumab also led to lower IFN-γ expression
by CD4+ splenic T cells compared with the CD39low Tregs alone,
whereas no significant difference was detected for IL-6 and IL-17
expression between the groups (Supplementary Figure 4E).

CD39hi Tregs but not CD25hi Tregs exhibited sustained
Foxp3 levels and functional abilities after long-term Treg
expansion in vitro
Human Tregs need to be repeatedly expanded ex vivo to gain
sufficient cell numbers for clinical use. Therefore, we investigated
whether CD39hi Tregs showed stronger Foxp3 expression and
functional activity during the long-term expansion process.

Figure 4 The IL-2/IL-6 balance played an important role in stabilizing CD39low Treg functions in vivo. A total of 20×106 freshly isolated
human PBMCs were injected intravenously into NOD/SCID mice. Some mice were co-injected with 5×106 CD39low Tregs or 5×106

CD39low Tregs with recombinant IL-2. The CD39low Tregs were obtained as described above. (a) Survival and (b) average weights of the
GvHD mice are shown following treatment with the CD39 low Tregs with the addition of recombinant IL-2. (c) The CD39low Tregs were
stained with CFSE before recombinant IL-2 injection. After 1 week, CFSE+ cells from the spleens and LNs of the xeno-GvHD mice were
sorted. Relative IL-17 mRNA expression was detected by RT-PCR. (d) The mice were euthanized and cytokine expression in CD4+ splenic
T cells was determined by flow cytometry staining, including IL-17, IL-4, IFN-γ and IL-6. The data are shown as the mean± s.e.m. from
four independent experiments (n=8 for each group). **Po0.01; ***Po0.001.
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Because CD25hi Tregs also showed a stronger protective effect
compared with CD25low Tregs in the treatment of collagen-
induced arthritis (CIA),18 we compared the effect of the CD25hi

Tregs and CD39hi Tregs on Treg functions. CD4+CD25+CD127−

T cells were sorted and cultured with anti-CD3/CD28 beads (2:1)
for 12 days; then, the cells were re-stimulated with the beads for
9 days. IL-2 and rapamycin were added to the culture every 2 days
(Supplementary Figure 4A). Rapamycin was added to facilitate
long-term Treg culture and maintain Foxp3 expression. The cells
were harvested and the CD25hi and CD25low Tregs and CD39hi

and CD39low Tregs were sorted (Supplementary Figure 4B). The
CD39hi Tregs expressed higher Foxp3 levels than the CD39low

Tregs (88%± 4.2% vs 69%± 2.0%). Unexpectedly, the CD25hi

Tregs showed lower Foxp3 expression than the CD25low Tregs
(71%± 5.2% vs 89%± 3.1%). We also analysed CD39 expression
in the CD25hi and CD25low Treg subsets. Our results revealed that
the CD39 expression level in the CD25hi Tregs was slightly
decreased compared with the CD25low Tregs (Supplementary
Figure 4B). Because the suppressive ability of Tregs is important
for their function, CFSE co-culture assays were performed to
estimate the functions of the four Treg subsets. The Tregs were
co-incubated with CFSE-labelled fresh PBMCs in the presence of
anti-CD3 beads at a low ratio (1:20). The CD39hi Tregs showed
higher suppressive functions compared with the CD39low Tregs.
In addition, we observed a stronger suppressive effect in the
CD25low Tregs compared with the CD25hi Tregs (Supplementary
Figures 4C and D).
Finally, we analysed the co-expression of CD25 and CD39 in the

expanded Tregs. The results showed that most of the cells were
CD25 and CD39 double positive after 21 days of culture, although
the CD4+Foxp3+ cells expressed higher CD39 levels than the CD4+

Foxp3− cells. There was no difference in CD25 expression between
these Treg subsets (Supplementary Figure 5).

DISCUSSION

This study demonstrated that although CD39low Tregs lost their
suppressive functions upon the addition of IL-1β and IL-6 in vitro,
the CD39hi Tregs sustained their suppressive ability and exhibited
higher Foxp3 expression even within an inflammatory environ-
ment. We tested the functions of both Treg subsets in a xeno-
GvHD mouse model. The results revealed that mice injected with
the CD39hi Tregs showed much slower weight loss and a higher
survival index, thereby establishing the in vivo importance of
CD39+ Tregs in regulatory T cell conversion. The western blotting
and RT-PCR analysis demonstrated that the CD39low Tregs
exhibited much higher STAT1/STAT3 phosphorylation and CpG
methylation levels than the CD39hi Tregs.
The balance between anti-inflammatory cytokines (IL-2) and

pro-inflammatory cytokines (IL-1β and IL-6) regulates the
differentiation of Treg and Th17 cells from naive T cells19,20 as
well as Treg plasticity.21 Following the injection of rhIL-2 or the
IL-6R inhibitor tocilizumab in vivo, the CD39low Tregs showed a
much stronger protective ability and less pathogenic conversion
than the Tregs from the groups that did not receive rhIL-2 or the
IL-6R inhibitor injection. These data indicated that the IL-2 and
IL-6 balance was highly related to the stability of the CD39low

Tregs in the xeno-GvHD model.

To date, studies have demonstrated that CD25hi Tregs are a
more functional subset than their CD25low counterparts. CD25low

Tregs lose their suppressive ability in the presence of inflamma-
tory cytokines;18 however, unexpectedly, the CD25hi Tregs
showed reduced Foxp3 expression and a reduced suppressive
ability compared with the CD25low Tregs after 21 days of culture.
Higher Foxp3 expression was observed in the CD39hi Tregs
compared with the CD39low Tregs. The data from the in vitro
suppressive assays were consistent with the aforementioned Foxp3
expression studies. Thus, CD25 may be an activation marker for
T cells, especially stimulated Tregs. Stronger CD25 expression
may be related to over-activation of the TCR, which will result in
the loss of Foxp3 expression. Conversely, CD39 expression is
closely related to regulatory T cells and higher CD39 expression
may be an ideal marker for Treg stability and function. CD39
expression was increased in the CD25low Tregs but reduced in the
CD25hi Tregs. Because Tregs are strictly dependent on IL-2, IL-2R
expression may be modulated in the culture and may be
dependent on the presence of IL-2. In addition, the adenosine
produced by CD39hi Tregs may influence the level of CD25
expression. The data showed that CD39 sorting might be an
effective procedure to improve the function of GMP-level long-
term Treg production. Furthermore, these data imply that
CD39low Tregs, which are more readily converted into inflam-
matory T cells in vitro and in vivo, should be depleted before
clinical cell therapy to optimize the therapeutic benefits.

The results presented in this study suggest that the CD39/
adenosine pathway is important for the maintenance of the
balance between the activation and regulation of immune
responses. Studies have shown that CD39 is involved in many
immune disorders, such as HIV.22,23 The CD39+CD4+ Treg
subsets demonstrated a strong suppressive ability in mouse EAE
models.24 Human CD4+CD39+ Tregs produced adenosine upon
co-expression with surface CD73,25,26 and adaptive Tregs were
shown to suppress immune responses through adenosine.27

Different treatment regimens can increase CD39 expression in
Tregs in vitro and in vivo. For example, a recent study showed that
the percentage of functionally suppressive CD39+ Tregs increased
as a result of anti-IL-6R treatment in both CIA and rheumatoid
arthritis.28 A higher CD39+CD73+ frequency was detected follow-
ing treatment of tumours with TGF-β,29 and rapamycin promoted
the demethylation of Tregs in the TSDR region and increased
CD39+Foxp3+ expression and the suppressive activity.30,31 These
findings at least partially explain why the protocols described above
enhance Treg functions. Another report from our group showed
that CD39+ naive T cells were more readily skewed to the iTreg
phenotype and possessed enhanced proliferative and suppressive
abilities and resistance to cytokine expression.32 Although both
protocols are efficient at generating functional and stable Tregs, we
believe that our protocol reported here for sorting CD39hi Tregs
after in vitro Treg expansion will be more applicable because the
expanded Tregs will be subnormal for some patients; thus, sorting
CD39hi Tregs will not only improve Treg functions but also
provide a method to remedy the subnormality. Our findings in this
study present a new understanding of Treg stability and a new
method to improve Treg preparation before adoptive cell therapy.
Further characterization of the mechanisms underlying the
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conversion and function of CD39lowFoxp3+ T cells is needed for
the development of therapeutic strategies for immune regulation.
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