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ABSTRACT
Tumor microenvironment (TME) promotes immune suppression through recruiting and expanding
suppressive immune cells such as regulatory T cells (Tregs) to facilitate cancer progression. In this study,
we identify a novel CD39C gdTreg in human colorectal cancer (CRC). CD39C gdTregs are the predominant
regulatory T cells and have more potent immunosuppressive activity than CD4C or CD8C Tregs via the
adenosine-mediated pathway but independent of TGF-b or IL-10. They also secrete cytokines including IL-
17A and GM-CSF, which may chemoattract myeloid-derived suppressive cells (MDSCs), thus establishing
an immunosuppressive network. We further demonstrate that tumor-derived TGF-b1 induces CD39C gdT
cells from paired normal colon tissues to produce more adenosine and become potent
immunosuppressive T cells. Moreover, CD39C gdTreg infiltration is positively correlated with TNM stage
and other unfavorable clinicopathological features, implicating that CD39C gdTregs are one of the key
players in establishment of immunosuppressive TME in human CRC that may be critical for tumor
immunotherapy.
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Introduction

Human colorectal cancer (CRC) is one of the most common
fatal malignancies worldwide. Accumulating evidence has dem-
onstrated that tumor microenvironment (TME) has an intimate
relationship with the initiation, promotion, and progression of
CRC via multiple mechanisms such as promoting angiogenesis
and immune suppression.1 Immune cells are the core compo-
nents of the TME.2 However, different profiles of infiltrating
immune cells are correlated with differential clinical outcomes
in human CRC.3 Within the TME, tumor cells and stromal cells
can recruit and differentiate immune cells into an immunosup-
pressive status, such as regulatory T cells (Tregs), tumor-associ-
ated macrophages (TAMs), and myeloid-derived suppressor
cells (MDSCs) through secretion of cytokines, chemokines, and
a variety of metabolites.4 Those immunosuppressive cells thus
establish an immunosuppressive network,5,6 which inhibits
antitumor effector immune cells such as CD8C T lymphocytes
and cytotoxic functions of natural killer (NK) cells, subse-
quently promoting tumor progression.

Recent studies have demonstrated that increased proportion of
tumor-infiltrating Tregs predicts a poor prognosis of patients
with cancer.6,7 Thus, the development of therapeutic modalities to
relieve immunosuppression from Tregs on effector immune cell
populations seems promising. Currently, depletion of Tregs
through CD25 such as daclizumab and ONTAK has been used in
clinical trials, yielding somewhat promising results.8,9 In addition,
other approaches including vaccines that decrease the frequency
and function of Tregs have also shown limited clinical benefits for
cancer patients.10,11 However, the role of Tregs in human CRC
patients is still controversial.12-16 Given the inconsistent results
concerning the prognostic value of Tregs in patients with CRC, it
is not surprising that there is to date no clinical trial reporting
effective immunotherapies targeting Tregs in CRC. Therefore, it
is drastically needed to understand the exact role of those regula-
tory T cells in human CRC. Since regulatory T cells are heteroge-
neous population, it is tempting to speculate that there may be
another immunosuppressive T-cell population that plays a pivotal
role in facilitating CRC progression and immune evasion.
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In this study, we found that approximately 50% of tumor-
infiltrating gdT cells express high levels of CD39 molecule.
Surprisingly, tumor-infiltrating CD39C gdT cells are the pre-
dominant regulatory T cells in human CRC and exhibit potent,
direct immunosuppressive function on effector T cells via the
adenosine-mediated pathway (CD39C gdTregs). Those CD39C

gdTregs could be induced by tumor-derived TGF-b1 to gener-
ate more exogenous adenosine, and exert inhibitory function.
In addition, CD39C gdTreg infiltration in tumor is positively
associated with advanced TNM stage and other unfavorable
clinicopathological features of CRC. Thus, we have unraveled
novel regulatory gdT cells in human CRC that may promote
immune suppression and tumor progression.

Results

Tumor-infiltrating CD39C gdT cells are the potent
immunosuppressive T cells in human CRC

In human CRC tissues, we found that approximately 50% of
gdT cells expressed high level of CD39 (Fig. 1A). In addition,
CD39C gdT cells were significantly increased in the tumor tis-
sues compared with the paired normal tissues (Fig. 1B). Previ-
ous studies have demonstrated that CD39C immune cells
exhibit immunosuppressive phenotype with an immunoregula-
tory property.17-19 Indeed, CD39C gdT cells expressed high lev-
els of transcription factor Forkhead box P3 (FOXP3), cytotoxic
T-like antigen-4 (CTLA-4), and programmed death-1 (PD-1);
of which, the levels of CTLA-4 and PD-1 were significantly
higher than those on CD39C CD4C and CD39C CD8C T cells
(Fig. 1C and D), suggesting that CD39C gdT cells may possess
an immunosuppressive function. We also found that CD39C

gdT cells were abundant and their absolute number in CD3C T
cells was significantly more than CD4C CD25C CD127low con-
ventional CD4C Treg cells in the tumor tissues (Fig. 1E). Next,
we examined their immunosuppressive function on effector T
cells.17 We sorted CD39C gdT cells and conventional CD4C

Tregs, which expressed markedly high level (approximately
90%) of CD45RO and low level (about 10%) of CD45RA
(Fig. S1) from tumor tissues and then co-cultured with alloge-
neic peripheral blood CD3C T cells stimulated with CD3 and
CD28 mAbs. As shown in Fig. 1F, CD39C gdT cells and con-
ventional Tregs exhibited potent immunosuppressive function
on T cells. In addition, CD39C gdT cells exerted more potent
immunosuppressive activity than conventional CD4C Tregs
(Fig. 1F), suggesting that CD39C gdT cells are the predominant
immunosuppressive T cells in human CRC.

Tumor-infiltrating CD39C gdT cells express higher levels of
immunosuppression-related molecules

Since CD39C gdT cells have not been discovered previously in
cancers, we then extensively examined their phenotype. We first
examined their phenotype in the tumor tissues as compared
with the paired normal tissues. As shown in Fig. 2A and B,
tumor-infiltrating CD39C gdT cells expressed remarkably
higher levels of CTLA-4, PD-1, FOXP3, CD25, and CD161 as
well as chemokine receptor CCR6, glucocorticoid-induced
tumor necrosis factor receptor related gene (GITR), PD-L1 (the

ligand of PD-1), and cytotoxic receptor NKp44, whereas they
expressed significantly lower levels of immune effector marker
TRAIL, NKp46, and co-stimulation marker CD80. Other sur-
face markers such as NKp30, NKG2D, CD122, CD83, and
CD86 were not significantly different (Fig. S2A). They predomi-
nately expressed Vd1 TCR (Fig. S2B). Furthermore, we found
that tumor-infiltrating CD39C gdT cells produced significantly
more IL-10, IL-17A, GM-CSF, TGF-b1, TNF-a, S100A9 and
less IFNg and IL-2 (Fig. 2C and D). However, CD39C gdT cells
from tumor and the paired normal tissues secreted similar levels
of IL-4, IL-8, IL-9, perforin, and granzyme B (Fig. S2C).

We next compared the phenotype of CD39C gdT cells with
CD39¡ gdT cells in the tumor. It was noted that CD39C gdT
cells expressed higher levels of FOXP3, CD25, CTLA-4, PD-1,
PD-L1, CD161, GITR, NKp44, and NKp46 (Fig. S3A and B).
There were no significant differences in the expression levels
of CCR6, CD80, CD83, CD86, TRAIL, NKG2D, NKp30, and
CD122 (Fig. S3E). Furthermore, CD39C gdT cells produced
more IL-10, IL-17A, GM-CSF, TGF-b1, TNF-a and less IFNg
than CD39¡ gdT cells (Fig. S3C and D), whereas these two
subpopulations produced similar levels of IL-2, IL-4, IL-8,
IL-9, S100A9, perforin, and granzyme B (Fig. S3E). Collec-
tively, it appears that tumor-infiltrating CD39C gdT cells
exhibit much greater immune regulatory phenotype than
CD39C gdT cells from the paired normal tissues or tumor-
infiltrating CD39¡ gdT cells.

Tumor-infiltrating CD39C gdT cells have potent
immunosuppressive activity compared with other
regulatory T cells in human CRC

Our initial study demonstrated that tumor-infiltrating CD39C

gdT cells had potent immunosuppressive activity as compared
with conventional CD4C Tregs (Fig. 1F). We next examined
different subsets of regulatory T cells within the CRC. We
sorted CD39C gdT cells from the tumor and paired normal tis-
sues. In addition, CD39¡ gdT, CD4C Treg, and CD39C CD8C

T cells were also sorted from the tumor tissues. As shown in
Fig. 3A and B, tumor-infiltrating CD39C gdT cells significantly
inhibited T-cell proliferation. Furthermore, tumor-infiltrating
CD39C gdT cells exhibited more potent inhibitory effect than
all other T-cell subsets (Fig. 3A and B).

Additionally, we found that tumor-infiltrating CD39C gdT
cells remarkably inhibited perforin and granzyme B secretion
by CD8C T cells (Fig. 3C) and IFNg production by CD4C T
cells (Fig. 3D). Interestingly, tumor-infiltrating CD39C gdT
cells rendered much greater immunosuppressive property than
other immunosuppressive T cells, including CD39C CD4C20,21

and CD39C CD8C T cells18,22,23 (Fig. 3C and D). Taken
together, these data suggest that CD39C gdT cells are the pre-
dominant regulatory T cells in human CRC not only in quan-
tity but also in quality.

CD39C gdT regulatory cells (CD39C gdTregs) function
directly via the adenosine-mediated pathway

Previous studies have shown that Tregs inhibit effector T cells via
IL-1024,25 and/or transforming growth factor (TGF)-b24,26 How-
ever, we found that IL-10 level was very low under all co-culture
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Figure 1. Tumor-infiltrating CD39C gdT cells are abundant and express higher immunosuppression-related molecules in human colorectal cancer. (A) Representa-
tive flow cytometric analysis of CD39 expression in gdT cells in the tumor tissues. Flow plots were gated on CD45C CD3C TCRgdC cells. (B) Representative flow
cytometric analysis of CD39C gdT cells in the tumor and paired normal tissues. Plots were gated on CD45C CD3C T cells. Bar diagram summarizes the percentages
of CD39C gdT cells in the CD45C CD3C cells. N: normal tissue; T: tumor tissue. Data are shown as mean § SEM; n D 109; ���p < 0.001. (C, D) Single-cell suspen-
sions from tumors were stained with a panel of antibodies and analyzed by FCM. Flow plots were gated on CD45C CD3C TCRgdC CD39C, CD45C CD3C CD4C

CD39C, or CD45C CD3C CD8C CD39C T cells (C). Representative histograms are shown. Bar diagram summarizes the percentages of FOXP3C cells, CTLA-4C cells,
and PD-1C cells in CD39C gdT, CD39C CD4C T, and CD39C CD8C T cells, respectively (D). Data are shown as mean § SEM; n D 5; ns: no significance; �p < 0.05;
��p < 0.01. (E) Representative flow cytometric analysis of CD39C gdT and CD4C Treg cells in tumor tissue. Flow plots of CD39C gdT cells were gated on CD45C

CD3C TCRgdC cells, and CD4C Tregs was identified as CD45C CD3C CD4C CD25C CD127low cells (left panel). Bar diagram summarizes the absolute numbers of
CD39C gdT and CD4C Treg cells in the CD45C CD3C cells (105) (right panel). Data are shown as mean § SEM; n D 8; ��p < 0.01. (F) Sorted CD39C gdT, CD4C

Treg cells from tumors were in vitro co-cultured with CFSE-labeled allogeneic CD3C T cells in the presence of CD3 and CD28 mAbs. CD3C T-cell proliferation was
evaluated on day 6 by FCM (left panel). Bar diagram summarizes the percentages of proliferated cells (CFSElow) in CD3C T cells (right panel). T: tumor tissue. Data
are shown as mean § SEM; n D 5; �p < 0.05; ��p < 0.01.
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conditions (Fig. S4A). In vitro blocking assay indicated that
CD39C gdTreg-mediated T-cell suppression was not affected by
IL-10 (Fig. S4B) or TGF-b neutralizing mAbs (Fig. S5). Next, we
investigated whether co-inhibitory markers such as CTLA-4 and
PD-1 on CD39C gdTregs play a role in the immunosuppressive
function. Surprisingly, CTLA-4 and PD-1 blocking mAbs only
showed marginal effect on their suppressive function (Fig. S6A
and B), suggesting that neither CTLA-4 nor PD-1 is the key medi-
ator in immunosuppression of CD39C gdTregs.

Previous studies have shown that CD39 and CD73 as ecto-
nucleotidase can collaboratively hydrolyze extracellular ATP/
ADP to adenosine.27,28 Adenosine, which is present at
increased concentrations in cancer tissue,29,30 has a crucial role
in the activity alteration of immune cells including Tregs31 and
CD8C T cells.32 We found that a large fraction of CD39C gdT
cells co-expressed CD73 (Fig. 4A). Strikingly, we found the
concentration of extracellular adenosine was more than 10-fold
increase in supernatants derived from CRC tissues over that

Figure 2. Phenotype of CD39C gdT cells in CRC versus paired normal tissue. (A, B) Representative flow cytometric analysis of phenotype of CD39C gdT cells in tumor and
paired normal tissues. Flow plots were gated on CD45C CD3C TCRgdC CD39C cells (A). Bar diagram summarizes the percentages of indicated markers in CD39C gdT cells
(B). N: normal tissue; T: tumor tissue. Data are shown as mean § SEM; n D 5; �p < 0.05; ��p < 0.01; ���p < 0.001; ����p < 0.0001. (C, D) Representative flow cytometric
analysis of cytokine production by CD39C gdT cells in tumor and paired normal tissues. Flow plots were gated on CD45C CD3C TCRgdC CD39C cells (C). Bar diagram sum-
marizes the percentages of indicated cytokines in CD39C gdT cells (D). N: normal tissue; T: tumor tissue. Data are shown as mean § SEM; n D 5; ��p < 0.01; ���p < 0.001;
����p < 0.0001.
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from paired normal tissues (Fig. 4B), and tumor cells expressed
high level of CD73 and remarkably low level of CD39 in tumor
tissue compared with tumor-infiltrating gdT cells (Fig. S7), sug-
gesting that CD39C gdTregs might contribute to a considerable
extent to such higher level of adenosine in tumor tissue. We
also found that the level of extracellular adenosine from co-cul-
ture of tumor-infiltrating CD39C gdT cells was significantly

higher than that from co-cultures with other cell subsets
(Fig. 4C). To examine whether adenosine is involved in immu-
nosuppression mediated by CD39C gdTregs, we added two
adenosine receptor antagonists A2A (SCH58261) and A2B
(PSB603) in the co-culture system. Strikingly, effector T-cell
inhibition by CD39C gdTregs was almost completely blocked
by SCH58261 and PSB603 (Fig. 4D). In addition, inhibition of

Figure 3. CD39C gdT cells are the predominant immunosuppressive T cells in CRC. (A, B) Sorted CD39C gdT, CD39¡ gdT, CD4C Treg, CD39C CD8C T cells from tumor tis-
sue and CD39C gdT cells from paired normal tissue were in vitro co-cultured with CFSE-labeled allogeneic CD3C T cells in the presence of CD3 and CD28 mAbs, respec-
tively. CD3C T cell proliferation was evaluated on day 6 by FCM (A). Bar diagram summarizes the percentages of proliferated cells (CFSElow) in CD3C T cells (B). N: normal
tissue; T: tumor tissue. Data are shown as mean§ SEM; nD 5; �p< 0.05; ��p< 0.01; ���p< 0.001. (C) Sorted CD39C gdT, CD39¡ gdT, CD39C CD4C T, CD39C CD8C T cells
from tumor tissue and CD39C gdT cells from paired normal tissue were in vitro co-cultured with allogeneic CD8C T cells in the presence of CD3 and CD28 mAbs. Concen-
trations of perforin (left panel) and granzyme B (right panel) in the supernatants were detected on day 6 by ELISA. N: normal tissue; T: tumor tissue. Data are shown as
mean § SEM; n D 5; �p < 0.05; ��p < 0.01; ���p < 0.001; ����p < 0.0001. (D) Sorted CD39C gdT, CD39¡ gdT, CD39C CD4C T, CD39C CD8C T cells from tumor tissue and
CD39C gdT cells from paired normal tissue were in vitro co-cultured with allogeneic CD4C T cells in the presence of CD3 and CD28 mAbs. IFNg levels in the supernatants
were detected on day 6 by ELISA. N: normal tissue; T: tumor tissue. Data are shown as mean § SEM; n D 5; �p < 0.05; ��p < 0.01; ���p < 0.001.
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Figure 4. CD39C gdT regulatory cells (CD39C gdTreg) exhibit direct immunosuppression via the adenosine-mediated pathway. (A) Representative flow cytometric anal-
ysis of CD39 and CD73 expression on gdT cells in tumor tissue. Flow plots were gated on CD45C CD3C TCRgdC cells. (B) Concentrations of adenosine in the superna-
tants from 1 g of tumor and paired normal tissues were detected by HPLC. N: normal tissue; T: tumor tissue. Data are shown as mean § SEM; n D 5; ��p < 0.01. (C)
HPLC assay to measure adenosine concentrations in the supernatants of Fig. 3A on day 6. N: normal tissue; T: tumor tissue. Data are shown as mean § SEM; n D 5;
�p < 0.05; ��p < 0.01. (D) Sorted CD39C gdT, CD39¡ gdT, CD4C Treg, CD39C CD8C T cells from tumor tissue and CD39C gdT cells from paired normal tissue were in
vitro co-cultured with CFSE-labeled allogeneic CD3C T cells in the presence of CD3 and CD28 mAbs, pretreated with or without A2A (SCH58261) and A2B (PSB603)
adenosine receptor antagonists. CD3C T-cell proliferation was evaluated on day 6 by FCM (upper panel). Bar diagram summarizes the percentages of proliferated cells
(CFSElow) in CD3C T cells (lower panel). N: normal tissue; T: tumor tissue. Data are shown as mean § SEM; n D 5; ns: no significance; �p < 0.05; ��p < 0.01; ���p <

0.001. (E) Sorted CD39C gdT, CD39¡ gdT, CD39C CD4C T, CD39C CD8C T cells from tumor tissue and CD39C gdT cells from paired normal tissue were in vitro co-cul-
tured with allogeneic CD4C and CD8C T cells in the presence of CD3 and CD28 mAbs, pretreated with or without A2A (SCH58261) and A2B (PSB603) adenosine recep-
tor antagonists. IFNg (left panel) or perforin (right panel) levels in the supernatants were detected on day 6 by ELISA. N: normal tissue; T: tumor tissue. Data are shown
as mean § SEM; n D 5; �p < 0.05; ��p < 0.01; ���p < 0.001; ����p < 0.0001.
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IFNg production by CD4C T cells and perforin secretion by
CD8C T cells were also ameliorated by the addition of
SCH58261 and PSB603 (Fig. 4E), suggesting that the adeno-
sine-mediated signaling pathway plays a critical role in immu-
nosuppression of CD39C gdTregs. In addition, we found that
CD73 blocking mAb almost completely inhibited the immuno-
suppression and adenosine generation of CD39C gdTregs
(Fig. S8). It appears that all other regulatory T-cell-mediated
suppressive activity was also affected at various degrees in the
presence of two adenosine receptor antagonists.

Tumor-derived TGF-b1 induces CD39C gdTreg
differentiation with excessive adenosine production

TGF-b1 plays a crucial role in the induction of CD4C

Tregs.33,34 Given the much greater immunosuppressive ability
of tumor-infiltrating CD39C gdT cells than those from the
paired normal tissues, we reasoned that the TME (e.g., TGF-
b1) might be involved in the induction of CD39C gdTregs. We
found that the mRNA and the protein expression levels of
TGF-b1 in the CRC tissues were significantly higher than those
in the paired normal tissues (Fig. 5A and B). We also found
that CD39C gdT cells from the normal tissues pretreated with
tumor supernatants (TS) exhibited potent immunosuppressive
activity (Fig. 5C and D). The immunosuppressive effect was
abrogated when TGF-b1 neutralizing mAb was added. In addi-
tion, CD39C gdT cells co-cultured with TS produced high levels
of exogenous adenosine, which was also significantly inhibited
by TGF-b1 neutralizing mAb (Fig. 5E). To further determine
the role of TGF-b1 in the induction of CD39C gdTregs, we
directly stimulated CD39C gdT cells from the normal tissues
with varying concentrations of TGF-b1. We found that TGF-
b1 induced CD39C gdTregs with higher adenosine secretion in
a dose-dependent manner (Fig. 5F–H). In addition, both TS
and TGF-b1 could induce CD39 expression on CD39¡ gdT
cells from the normal tissues (Fig. S9).

TGF-b1 can be secreted by different cell subsets including
tumor cells. Indeed, human CRC SW480 cell line expressed
remarkably high mRNA and protein levels of TGF-b1, but not
TGF-b2 or TGF-b3 (Fig. 6A and B). Knockdown of TGF-b1 by
siRNA significantly reduced both the mRNA and protein
expression levels of TGF-b1 in SW480 cells (Fig. 6C and D).
Similarly, CD39C gdT cells from normal tissues co-cultured
with SW480 remarkably inhibited CD3C T-cell proliferation
with significant more adenosine secretion, whereas TGF-b1
neutralizing mAb and TGF-b1 siRNA knockdown significantly
decreased the property of SW480 in the induction of CD39C

gdTregs (Fig. 6E–G). Taken together, these data suggest that
tumor-derived TGF-b1 induces CD39C gdTregs with increased
exogenous adenosine production, thus exhibiting more potent
immunosuppressive activity.

Tumor-infiltrating CD39C gdTregs correlate positively with
malignant clinicopathological features in CRC

Since tumor-infiltrating CD39C gdTregs are predominant regu-
latory T cells with more potent immunosuppressive activity
than other regulatory T cells in human CRC, we next investi-
gated the implication of CD39C gdTregs to clinical features of

human CRC. We collected and analyzed clinical data from 109
CRC patients and found that the frequency of tumor-infiltrat-
ing CD39C gdTregs was substantially and positively correlated
with advanced TNM stage. Similar results were observed when
the percentage of tumor-infiltrating CD39C gdTregs in CD3C

cells was analyzed (Fig. 7A). Moreover, the frequency and the
percentage of tumor-infiltrating CD39C gdTregs were posi-
tively correlated with other clinicopathological features, includ-
ing tumor size, tumor invasion, lymph node metastasis,
lymphatic/or vascular invasion, and serum CEA levels
(Fig. 7B–F) but not with tumor differentiation, perineuronal
invasion, or mismatch repair (MMR) status (Fig. S10). These
findings suggest that tumor-infiltrating CD39C gdTregs are
associated with tumor invasiveness and progression. Thus, the
frequency of tumor-infiltrating CD39C gdTregs may be a prog-
nostic factor in human CRC.

Discussion

Tregs are highly enriched in the TME and are considered to be
a pivotal mediator of immune suppression, therefore facilitat-
ing tumor progression. In this study, we identify novel CD39C

gdTregs, which are significantly increased in human CRC.
CD39C gdTregs express high levels of CTLA-4, PD-1, FOXP3,
and CD25 and secrete cytokines including IL-10, IL-17A, and
GM-CSF. Tumor-infiltrating CD39C gdTregs are abundant in
the TME and exhibit potent immunosuppressive activity than
conventional CD4C Tregs or other regulatory T cells. It appears
that tumor-derived TGF-b1 induces CD39C gdTreg differentia-
tion with more exogenous adenosine production. More impor-
tantly, CD39C gdTregs are positively correlated with malignant
clinicopathological features of human CRC. These findings sug-
gest that novel CD39C gdTregs are the critical regulatory T cells
in human CRC that promote tumor progression.

TME promotes tumor progression and metastasis through
multiple mechanisms such as the induction of regulatory T cells
and immune evasion.35,36 Although conventional Tregs are
thought to be the major immunosuppressive T cells in many
types of cancer, the role of Tregs in human CRC is not conclu-
sive. In addition, it is unknown whether other regulatory T cells
exist in human CRC. Previous studies have shown that gd1 T
cells are the major immunosuppressive T cells in human breast
cancer.37,38 In this study, we unexpectedly discover that CD39C

gdTregs are the major regulatory T cells within the human
CRC. CD39C gdTregs not only are more in numbers compared
with CD4C Tregs but also exhibit more potent immunosup-
pressive activity than CD4C Tregs. CD39C gdTregs are
expanded in the tumor tissues and are induced and differenti-
ated by tumor-derived TGF-b1. This notion is supported by
three lines of evidence. First, we show that freshly isolated
human CRC tissues contain high levels of TGF-b1 which can
induce CD39C gdT cells of paired normal colon tissues differ-
entiation into CD39C gdTregs and this induction can be
blocked by anti-TGF-b1 neutralizing mAb. Second, we show
that co-cultures of CD39C gdT cells from normal colon tissues
with TGF-b1-producing human colon cancer SW480 cell line,
but not TGF-b1-knockdown SW480 cells, induce CD39C

gdTregs. Finally, CD39C gdT cells of normal colon tissues can
be differentiated into CD39C gdTregs by directly stimulation
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Figure 5. TGF-b1 in the tumor microenvironment induces CD39C gdTregs. (A, B) The relative mRNA level of TGF-b1 in the tumor and paired normal tissues was deter-
mined by RT-PCR and normalized to GAPDH (A). Concentrations of TGF-b1 in the tumor and paired normal tissue-derived supernatants were detected by ELISA (B). Data
are shown as mean § SEM; n D 5; N: normal tissue; T: tumor tissue; ��p < 0.01. (C–E) Sorted CD39C gdT cells from paired normal tissue were pretreated with medium,
TS, TS with anti-TGF-b1 mAb, or TS with control mAb in the presence of CD3 and CD28 mAbs. These CD39C gdT cells were washed and harvested on day 6, and then co-
cultured with CFSE-labeled allogeneic CD3C T cells in the presence of CD3 and CD28 mAbs for 6 d; CD3C T-cell proliferation was evaluated by FCM (C). Bar diagram sum-
marizes the percentages of proliferated cells (CFSElow) in CD3C T cells (D). Meanwhile, the concentrations of adenosine in the supernatants of co-culture system were
detected by HPLC (E). Data are shown as mean § SEM; n D 4; TS: tumor supernatant; ns: no significance; �p < 0.05; ��p < 0.01; ���p < 0.001. (F–H) Sorted CD39C gdT
cells from paired normal tissue were pretreated with varying concentrations of TGF-b1 in the presence of CD3 and CD28 mAbs. These CD39C gdT cells were washed and
harvested on day 6, and then co-cultured with CFSE-labeled allogeneic CD3C T cells in the presence of CD3 and CD28 mAbs for additional 6 d; CD3C T-cell proliferation
was evaluated by FCM (F). Bar diagram summarizes the percentages of proliferated cells (CFSElow) in CD3C T cells (G). Meanwhile, the concentrations of adenosine in the
supernatants of co-culture system were detected by HPLC (H). Data are shown as mean § SEM; n D 4; ns: no significance; �p < 0.05; ��p < 0.01.
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Figure 6. Tumor-derived TGF-b1 plays a pivotal role in the induction of CD39C gdTregs. (A, B) The relative mRNA levels of TGF-b1, TGF-b2, and TGF-b3 in SW480 cells
were determined by RT-PCR and normalized to GAPDH (A). Concentrations of TGF-b1, TGF-b2, and TGF-b3 in SW480 cells-derived supernatant were detected by ELISA
(B). Data are shown as mean § SEM; n D 5; ��p < 0.01. (C, D) The relative mRNA levels of TGF-b1 in SW480, vehicle pretreated SW480, control siRNA-transfected SW480,
and TGF-b1-siRNA-transfected SW480 cells were determined by RT-PCR and normalized to GAPDH (C). Concentrations of TGF-b1 in supernatants derived from different
treated SW480 cells were detected by ELISA respectively (D). Data are shown as mean § SEM; n D 5; ns: no significance; RT-PCR: real-time PCR; ��p < 0.01; ���p < 0.001.
(E–G) Sorted CD39C gdT cells from paired normal tissue were co-cultured with SW480 cells in the presence of TGF-b1 mAb or control mAb, vehicle pretreated SW480,
and control siRNA or TGF-b1-siRNA-transfected SW480 cells in the presence of CD3 and CD28 mAbs. These CD39C gdT cells were washed and harvested on day 4, and
then co-cultured with CFSE-labeled allogeneic CD3C T cells in the presence of CD3 and CD28 mAbs for additional 6 d; CD3C T-cell proliferation was evaluated by FCM (E).
Bar diagram summarizes the percentages of proliferated cells (CFSElow) in CD3C T cells (F). Meanwhile, the concentrations of adenosine in the supernatants of co-culture
system were detected by HPLC (G). Data are shown as mean § SEM; n D 4; ns: no significance; �p < 0.05; ��p< 0.01.
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with TGF-b1. Thus, the CRC microenvironment may favor the
induction of CD39C gdTregs by secretion of TGF-b1. This is
different from previous study on mouse showing that CD39C

gdT cells derived from axillary and inguinal lymph nodes are
induced by IL-2,17 further highlighting the differences between
humans and mice. However, the molecular mechanisms under-
lying TGF-b1-mediated acquisition of immunosuppressive
properties by CD39C gdTregs need further investigation.

Although TGF-b1 is critical in the induction of CD39C

gdTregs, immunosuppressive activity mediated by CD39C

gdTregs is independent of TGF-b. Recent studies have demon-
strated that adenosine not only plays a crucial role in establish-
ing immunosuppressive environment but also promotes tumor
cell migration and metastasis directly through activation of its
receptor.39,40 In this study, we demonstrate that CD39C

gdTregs function via the adenosine-mediated pathway and are
independent of TGF-b or IL-10. This inhibitory effect appears

to function via CD73 and A2A or A2B receptor.41,42 This is dif-
ferent from the conventional view that Tregs suppress effector
T cells in an IL-10-/or TGF-b-dependent manner.25,43 Interest-
ingly, a recent study reported that a subset of CRC-infiltrating
CD4C Tregs also express high CD39.44 However, it is unknown
whether this population is correlated with clinicopathological
characteristics in human CRC. CD39 expression on different
immune cells exhibits diverse functions. A recent study shows
that CD39 is only a surface marker and does not have func-
tion17, whereas other study indicates that co-expression of
CD39 and CD161 on human Th17 cells can boost sphingomye-
linase bioactivity to mediate downstream signals including
STAT3 and mTOR, suggesting that CD39 is a functional
marker on human Th17 cells.45 In addition, a recent study sug-
gests that CD39 is a marker for human exhausted CD8C T cells
possibly due to ectonucleotidase.46 In this study, we show that
CD39 is highly expressed on tumor-infiltrating gdT cells. More

Figure 7. Tumor-infiltrating CD39C gdTregs correlate with malignant clinicopathological features in CRC. (A) The CD39C gdT cells in tumor were analyzed by FCM. The
potential correlations between the frequency of CD39C gdTregs and TNM stage were analyzed. The frequencies of tumor-infiltrating CD39C gdTregs were positively cor-
related with TNM stage (left panel). CD39C gdT cell percentages in CD45C CD3C T cells were analyzed by FCM. The potential correlations between the CD39C gdT cell per-
centages and TNM stage were analyzed. The CD39C gdT cells percentages in CD45C CD3C T cells were positively correlated with TNM stage (right panel). Data are shown
as man § SEM; n D 109. (B–F) Potential correlations of CD39C gdTreg frequency and percentages with other clinicopathological features. Data are shown as mean §
SEM; CEA: carcinoembryonic antigen; n D 109.
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importantly, it functions as a ectonucleotidase,47 hydrolyzing
extracellular ATP/ADP in collaboration with CD73 to adeno-
sine that provides gdTregs with the capacity to exhibit local
inhibitory functionality. Our data are consistent with the cur-
rent findings that CD39C Tregs suppress antitumor immu-
nity,31,48,49 and CD39C CD8C T cells substantially inhibit IFNg
production by CD39¡ CD8C T in Crohn’s disease in mice via
the adenosine-mediated pathway.23 Moreover, we show that
CD39C gdTregs not only have direct immunosuppressive func-
tion on effector T cells but also secrete large amounts of IL-
17A, TNF-a, and GM-CSF, which may mobilize and recruit
PMN-MDSCs into the TME as we previously reported,50 thus
establishing an immunosuppressive network in CRC to pro-
mote tumor progression and metastasis.

In summary, our study has unraveled tumor-infiltrating
CD39C gdTregs as the predominant regulatory T cells and a
key mediator in human CRC. CD39C gdTregs are induced by
tumor-derived TGF-b1, exhibit potent immunosuppressive
effect via the adenosine-mediated pathway, and positively cor-
relate with unfavorable clinicopathological features of human
CRC. Although CD39C gdTregs did not show significant corre-
lation with tumors with MMR status, tumors with MMR defi-
ciency show trending lower CD39C gdTregs frequency. This
may be related to better immunotherapeutic efficacy shown in
CRC patients bearing MMR deficiency.51 Nevertheless, our
findings suggest that CD39C gdTregs may be a prognostic fac-
tor of human CRC and eradication of these cells may have a
potential for effective human CRC treatment.

Materials and methods

Clinical specimens

Tumor (T, homogeneous cellularity, without foci of necrosis)
and paired normal tissues (N) were obtained from 109 patients
with colorectal cancer who underwent surgical resection at the
Second Affiliated Hospital, Zhejiang University School of Med-
icine. Normal autologous tissue was obtained from a macro-
scopically normal part of the excised intestine, at least 5–10 cm
away from the tumor. None of the patients had received radio-
therapy or chemotherapy before operation. Peripheral blood
samples were obtained from healthy donors from the Zhejiang
Blood Center, all of whom were negative for antibodies against
hepatitis C virus, hepatitis B virus, HIV, and syphilis. All sam-
ples were anonymously coded in accordance with local ethical
guidelines (as stipulated by the Declaration of Helsinki), and
written informed consent was obtained and the protocol was
approved by the Review Board of the Second Affiliated Hospi-
tal, Zhejiang University School of Medicine.

Cell isolation and culture

Freshly excised tissues were cut into small pieces and then digested
in RPMI 1640 medium containing 2% FBS, type IV collagenase
(1 mg/mL), and hyaluronidase (10 ng/mL) for 2–2.5 h at 37 �C.
Total gdT, CD39C gdT, CD4C Treg (CD4C CD25C CD127low T
cells), CD39C CD4C T, and CD39C CD8C T cells in single-cell
suspensions were sorted by an Aria II cell sorter (BD Biosciences).
For CD3C, CD4C, and CD8C T-cell isolation, peripheral blood

mononuclear cells (PBMCs) were labeled with relative microbeads
(StemCell Technologies) and separated by magnetic activated cell
sorting (MACS) following the manufacturer’s instructions. The
purity of all sorted cells was greater than 90%.

Cancer cell line

Human CRC SW480 cell line was obtained from the Type Cul-
ture Collection of the Chinese Academy of Sciences, Shanghai,
China and maintained in RPMI-1640 medium containing 10%
fetal calf serum.

Flow cytometry (FCM)

For extracellular staining of immune markers, we prepared sin-
gle cell suspensions by mechanic dispersion and enzymatic
digestion of normal and tumor tissues. We preincubated fresh
tissue cells (1 £ 106/mL) in a mixture of PBS, 2% fetal calf
serum, and 0.1% (w/v) sodium azide with FcgIII/IIR-specific
antibody to block nonspecific binding and stained with differ-
ent combinations of fluorochrome-coupled antibodies
(Table S2). For intracellular staining, we followed the manufac-
turer’s protocol after 6-h incubation in the presence of Leuko-
cyte Activation Cocktail (BD PharMingen). Fluorescence data
were collected on a FACS Canto II system (BD Biosciences)
and analyzed with FlowJo software (Tree Star).

RNA extraction and gene expression quantitative Real-
time PCR

Tissue and cell RNAs were extracted using RNeasy Mini Kit
(Qiagen) and reverse transcribed into cDNA by PrimeScript RT
reagent kit with gDNA Eraser (Takara). Real-time PCR was per-
formed with an ABI 7500 Fast real-time PCR system (Applied
Biosystems) according to the manufacturer’s instructions for the
target genes (Table S3). Data were calculated by the comparative
DDCT method with the GAPDH gene as endogenous control.

siRNA silencing

siRNA-mediated gene silencing was performed with validated
control or TGF-b1-specific siRNAs according to the manufac-
turer’s instructions (GenePharma).

For SW480 cells transfection, the siRNA was designed to
target the sequences of human TGF-b1 (sense: 50-CACUGCAA
GUGGACAUCAATT-30 antisense: 50-UUGAUGUCCACUUG
CAGUGTT-30). Scrambled siRNA (sense: 50-UUCUUCGAAG-
GUGUCACGUTT-30 antisense: 50-ACGUGACACGUUCG-
GAGAATT-30) was included as negative control.

Transfection of siRNA was conducted on six-well plates
with Lipofectamine 3000 (Invitrogen) as following the manu-
facturer’s instructions. After 48 h of transfection, the cells were
collected to perform real-time PCR analysis to confirm the
knockdown efficiency.

CD3C T-cell proliferation assay

For CD39C gdT cells mediated CD3C T-cell suppression exper-
iment, sorted tumor-infiltrating CD39C gdT cells were
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co-cultured with allogeneic peripheral blood CFSE (Invitro-
gen)-labeled CD3C T cells in the presence of anti-CD3 (Clone
HIT3a, 10 mg/mL) and anti-CD28 antibodies (Clone CD28.2,
10 mg/mL). At day 6, cells were harvested, and CFSElow CD3C

T cells were detected by FCM.

ELISA assay

For CD39C gdT cells mediated CD4C and CD8C T-cell suppres-
sion experiments, sorted tumor-infiltrating CD39C gdT cells
were co-cultured with allogeneic peripheral blood CD4C or
CD8C T cells in presence of anti-CD3 (Clone HIT3a, 10 mg/mL)
and anti-CD28 antibodies (Clone CD28.2, 10 mg/mL). At day 6,
supernatants were collected for IFNg (eBioscience), perforin
(Abcam), or granzyme B (eBioscience) detection by ELISA kits.
IL-10 levels were determined by ELISA kits in the supernatants
of CD3C T-cell proliferation assay. TGF-b1 (eBioscience), TGF-
b2 (eBioscience), and TGF-b3 (Lifespan) in the supernatants
derived from tumor, normal tissues, or SW480 were also mea-
sured by ELISA kits.

Blocking assay

Anti-IL-10 (Clone JES3-19F1, 0.1 mg/mL), anti-TGF-b neutral-
izing antibody (ab50716, 0.1 mg/mL), anti-CD73 (Clone 4G4,
20 mg/mL), anti-CTLA-4 (Clone L3D10, 0.5 mg/mL), anti-PD-
1 blocking antibody (Clone EH12.2H7, 0.5 mg/mL) or A2A
(SCH58261, CAS No. 160098-96-4, 0.1 mM) and A2B
(PSB603, CAS No. 1092351-10-4, 0.05 mM) adenosine receptor
antagonists were used to block the inhibitory function of
CD39C gdT cells in CD3C T-cell proliferation or cytokines
secretions by CD4C and CD8C T cells.

Extracellular adenosine detection

Adenosine concentrations were measured using a high-perfor-
mance liquid chromatography (HPLC) system equipped with
an Inertsil ODS-SP C18 chromatogram column (4.6 mm £
250 mm, 5 mm, Japan) using a mobile phase consisting of ace-
tonitrile and 0.04 M potassium dihydrogen phosphate at the
volume ratio of 5: 95. Identification and quantification of aden-
osine peaks were done by comparison to retention times of
known standards and peak integration and normalization.

In vitro CD39C gdT cells induction

CD39C gdT cells isolated from normal colon tissues were cul-
tured in medium, supernatants derived from tumor tissues
(TS), or recombinant human TGF-b1 (concentration gradient
as 500, 1,000, 2,000, 4,000 pg/mL, PeproTech), or co-cultured
with SW480 or TGF-b1-siRNA pretreating SW480 cells in the
presence of anti-CD3 (Clone HIT3a, 10 mg/mL) and anti-
CD28 antibodies (Clone CD28.2, 10 mg/mL). Anti-TGF-b1
neutralizing antibody (Clone 19D8, 0.1 mg/mL) was added
when needed. At day 6, CD39C gdT cells were washed, har-
vested, and then co-cultured with CFSE-labeled allogeneic
peripheral blood CD3C T cells for 6 d. Supernatants were col-
lected for adenosine assay; meanwhile, the CFSElow CD3C T
cells were detected by FCM.

Statistical analysis

Results were exhibited as means § SEM. Statistical analysis was
performed using GraphPad Prism software version 6. The sta-
tistical significance of differences between tumor and paired
normal tissue groups was determined by paired Student’s t-test;
otherwise unpaired Student’s t-test was applied. All data were
analyzed using two-tailed tests unless otherwise specified, and a
p value < 0.05 was considered statistically significant.
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