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Acceleration of pancreatic tumorigenesis under
immunosuppressive microenvironment induced by
Reg3g overexpression

Xiulan Liu1,6, Zhongshi Zhou1,6, Qi Cheng1, Hongjie Wang2, Hui Cao1, Qianqian Xu1, Yali Tuo1, Li Jiang3, You Zou4, Hongyu Ren*,5 and

Ming Xiang*,1

Reg3g is a potential risk for pancreatic ductal adenocarcinoma (PDAC). We previously demonstrated that Reg3g promoted

pancreatic carcinogenesis via a STAT3 signaling pathway in a murine model of chronic pancreatitis. Whether the immune response

is involved in tumorigenesis induced by Reg3g remains unknown. In this study, Reg3g-regulated tumor immunity was evaluated in

tumor-implanted murine models, immune cells, and tumor microenvironment. In mice that had been orthotopically or ectopically

implanted with Panc02 cells, Reg3g overexpression increased EGFR and Ki67, diminished MHC-I and caspase-3 expression, and

accelerated growth of tumors. By interacting with PD-1/PD-L1, Reg3g also promoted differentiation of Tregs and recruitment of

MDSC, retarded maturation of DCs and inactivation of CD8+ T cells, and suppressed cross-priming of CD8+ T-cell responses by DCs

in tumor-bearing mice. Knockdown of Reg3g delayed tumor development in normal mice, but not in CD8+ T-cell-deficient mice. In

vitro, Reg3g upregulated EGFR in DCs, activated heme oxygenase-1 (Hmox1) involved JAK2/STAT3 signaling, raised levels of Th2

cytokines in and suppressed maturation of DCs, and enhanced tumor cell proliferation. These results reveal a novel role of Reg3g

as an immunosuppressive promoter that weakens tumor-specific antigenicity and suppresses antitumor effects of CD8+ T cells in a

murine model of pancreatic cancer. Reg3g produces these effects by activating the JAK2/STAT3 signaling pathway in DCs,

triggering the generation of an immunosuppressive tumor microenvironment.
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Pancreatic ductal adenocarcinoma (PDAC) is a malignant

tumor of the exocrine pancreas. It is most often diagnosed in

the later stages with metastasis. During the initiation and

development of PDAC, immunosuppressive T cells, tumor-

infiltrating Tregs1 and cytokines2 accumulate in tumor tissue,

forming a unique tumor microenvironment (TME), which

suppresses activation of both innate and adaptive elements

of immune surveillance.3 In particular, DCs, the professional

antigen-presenting cells, have a central role in balancing

tumor immune responses between tolerance induction and

immune activation.4 Specifically, the tumor cells induce the

secretion of cytokines, such as IL-10 and TGF-β,5which inhibit

the maturation of DCs and their activity on CD8+ T cells,

promoting tumor progression.6

We had previously reported7 that REG3A, the human

homolog of mouse Reg3g, accelerated PDAC cell proliferation

and tumor formation by activating an EGFR-mediated

REG3A-JAK2/STAT3-positive feedback loop. We also found

that, in mice, enhanced Reg3g expression exacerbated

pancreatic cancer development in chronic pancreatitis through

multiple mechanisms including suppression of T-lymphocyte

proliferation and DCs function.8 The RegIII family comprises

three secretion molecules: Reg3α, Reg3β, and Reg3g. Their

expressions have been reported to be elevated in acute and

chronic pancreatitis, inflammatory bowel disease, and liver

injury.9 Recently, increasing attention has been paid to their

overexpression in human cancer cells as well. Among the

family members, Reg3β is present in PDAC and colorectal

carcinoma.10,11 Reg3β exhibited antiapoptotic effects and

induced tumor-related macrophage polarization via activation

of STAT3 signaling. This facilitated the production of tolerant

CD4+ T cells, resulting in systemic tolerance and tumor

immune escape.12,13We had reported14 that Reg3g promoted

β-cell regeneration and postponed the emergence of type 1

diabetes by inducing Treg differentiation and inhibiting DCs

maturation in type 1 diabetes. Reg family molecules are highly

conserved in regulated innate immune cells involved in

PDAC.7 Accordingly, we hypothesized that Reg3g enhances

pancreatic tumorigenesis by associating with regulating

tumor-associated innate immune cells to promote tumor
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immune escape. The results of this study generally support

the hypothesis, revealing a novel mechanism for pancreatic

tumor promotion by Reg3g.

Results

Reg3g enhanced pancreatic tumor growth and altered

the composition of immune cells in the TME. To validate

whether Reg3g, the mouse homolog of human REG3A,

modulates pancreatic tumor growth via alteration of the TME

composition in vivo, we established Reg3g-conditioned

Panc02 cells, which exhibited upregulated Reg3g

(Supplementary Figure S1a), and then implanted them into

mice. Panc02 cells transfected by pEZ-Lv201-NEG7 showed

no difference in Reg3g expression of Panc02 cells compared

with control (Supplementary Figure S1a). However, Reg3g

overexpression sped up the formation of pancreatic tumors

as confirmed by histologic analysis (Figures 1a and b).

Immunohistochemical and western blot analysis indicated

that Reg3g overexpression recruited MDSCs marked with Gr-

1 and Tregs marked with Foxp3, and upregulated the

expression of PD-L1 (B7-H1) and MHC-I, but lowered the

infiltration of CD8+ T cells in tumors. These results are

consistent with the clinical data obtained from the GEO

database that REG3A expression levels are elevated in

human PDAC tissues (Figures 1c and d and Supplementary

Figures S2a–c).

Flow cytometry analysis (FACS) revealed that Reg3g

overexpression also decreased the population of CD3+CD8+

T cells, and augmented the frequency of Tregs in the spleen

and lymph node (Figure 1e) of the orthotopic pancreatic tumor

mice. These findings were consistent with results obtained

from the GEO database that REG3A is negatively correlated

with CD8A in lymph nodes of PDAC patients (Supplementary

Figure S2f). In addition, Reg3g recruited MDSCs (CD11b+

Gr-1+) and enhanced the expression of CTLA-4 and PD-1 in

Figure 1 Reg3g promoted tumor growth in orthotopic pancreatic tumor mouse by unbalancing T-cell ratios and dendritic cell (DC) maturation. Panc02 cells were cultured with
or without Reg3g lentiviral particles and implanted (2 × 105/50 μl) into the pancreas of C57BL/6 mice. Mice were killed and tumors were collected 21 days after injection.
(a) Representative pictures of pancreatic tumors and pancreatic sections stained with hematoxylin–eosin in the control, model, and Reg3g groups. (b) Average tumor volumes
and weights in each group. (c) Expressions of MHC-I, CD8, Reg3g, PD-L1, Gr-1, and Foxp3 in tumors were assessed by immunohistochemistry. They were quantificated by mean
density, which was equal to integrated optical density of brown areas divided by whole areas. (d) The expression of MHC-I and Reg3g in tumors were analyzed by western blot.
(e) The percentage of CD8+ T cells and regulatory T cells (Tregs) was detected by fluorescence-activated cell sorting (FACS) in the spleen and lymph node of control, model, and
Reg3g mice. (f) The expression levels of CD86, MHC-II, CCR7, and PD-L1 on DCs surfaces, and the phagocytic capacity of DCs were measured by FACS. (g) Levels of
granzyme B, IL-10, interferon-γ (IFN-γ), and tumor growth factor-β (TGF-β) in the serum were detected by enzyme-linked immunosorbent assay (ELISA). Data were presented as
means± S.D. from at least three independent experiments. *Po0.05 compared with control; #Po0.05, ##Po0.01 compared with the model group
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T cells, but hampered the expression of TCR (Supplementary

Figure S3). We also found that Reg3g overexpression lowered

CD86 expression, enhanced endo-/phagocytic function deter-

mined by the extent of FITC-dextran upregulation, inhibited

migration assessed by CCR7 downregulation, and increased

expression of PD-L1 (Figure 1f) in DCs from bone marrow of

the orthotopic pancreatic tumor mice.

Reg3g elicited Th2-mediated immunosuppression.

Inflammation plays a critical role in tumorigenesis.15 The

hallmarks of cancer-related inflammation include the pre-

sence of inflammatory cells and inflammatory mediators such

as cytokines. We found that Reg3g overexpression

decreased serum levels of the cytokines granzyme B and

IFN-γ, but elevated TGF-β and IL-10 (Figure 1g). Consistent

with its effects on cytokine secretion, Reg3g overexpression

also reduced tumor expressions of mRNAs for Th1 cytokines

IFN-γ and IL-12, and increased mRNAs for Th2 cytokines

such as TGF-β and IL-10 (Figure 1g and Supplementary

Figure S1b). Importantly, these results were consistent with

previously observed effects of REG3A on IFN-γ, IL-12, and

TGF-β secretion of human PDAC tissues (Supplementary

Figure S2d). The diminished production of Th1 cytokines

such as IFN-γ and IL-12 suggests that Reg3g inhibited both

tumoricidal activity of CD8+ T cells and DC-induced antitumor

immunity.

Downregulation of Reg3g impaired pancreatic cancer

tumor growth. To further characterize the role of Reg3g in

tumor growth, we treated tumor-bearing mice (TBM) with

shReg3g or pReg3g lentiviral particles to induce Reg3g

downregulation or overexpression, confirmed by western blot

(Figure 2d). The results showed that Reg3g downregulation

inhibited tumor growth, whereas Reg3g overexpression

increased tumor growth (Figures 2a–c). In the controls,

pEZ-Lv201-NEG had no effect on tumor growth compared

with the model group (Figure 2c). Histologic studies revealed

that there were areas of vacuoles and necrosis in tumor

tissue of shReg3g-treated mice (Figure 2d). Treatment with

Reg3g lentivirus diminished the amount of CD8+ T cells in

tumors of TBM, whereas shReg3g treatment increased it

(Figure 2d).

Reg3g restrained tumoricidal activity of CD8+ T cells and

DCs maturation. To further investigate the role of CD8+

T cells in Reg3g-mediated tumor progression, we treated

TBM with anti-CD8 mAb or shReg3g lentiviral particles. We

found that deficiency of CD8+ T cells in TBM resulted in a

significant increase in tumor volumes. Suppression of Reg3g

failed to inhibit tumor growth in the absence of CD8+ T cells

(Figure 2e). The absence of CD8+ T cells in the spleen and

lymph node (Figure 2g) was accompanied by lower serum

levels of granzyme B and IFN-γ and elevated levels of IL-10

and TGF-β (Figure 2f). The data indicated that downregula-

tion of Reg3g inhibited tumor growth, and that CD8+ T-cell

deletion abolished the effect.

We also found that Reg3g overexpression robustly sup-

pressed cytotoxic T-lymphocyte (CTL) activity, especially at a

CD8+ T-cell: Panc02 ratio of 20 : 1 (Figure 3a). In addition, the

number of tumor-infiltrating MDSCs and Tregs and

immunosuppressive markers of CTLA-4 and PD-1 on T cells

were suppressed in shReg3g mice, but the frequency of CD8+

T cells and the expression of TCR in T cells were increased

(Figures 3b and c). Thus, Reg3g overexpression and

suppression produced opposite effects on PD-L1 expression

and DC maturation, migration, and endo/phagocytic function

(Figures 3d and e).

Reg3g overexpression suppressed the cross-priming of

DCs and CD8+ T-cell responses by activating the JAK2/

STAT3 signaling pathway. To characterize effects of Reg3g

on the maturation and function of DCs, we collected DCs

from TBM and incubated them with 100 ng/ml Reg3g for 12

and 24 h. The effective dose of Reg3g had been established

in a previous study (data not shown). Reg3g increased the

production of the anti-inflammatory cytokines TGF-β and

IL-10, but inhibited the production of the inflammatory

cytokines IFN-γ and IL-12 (Figure 4a). To further investigate

how Reg3g regulated tumor inflammatory responses through

DCs, we isolated DCs from control, TBM, and Reg3g-

overexpressed TBM. The expressions of MHC-II and CD86

on DCs were lower in the Reg3g-overexpressed TBM

compared with the TBM (Figure 4b). When we cultured

DCs with conditioned medium from Panc02 cells, mimicking

TME, we found that Reg3g suppressed CD86 on DCs

(Figure 4b) in vitro as well.

To determine effects of Reg3g overexpression on the

presentation of antigens by DCs to T cells, the stimulatory

capacity of DCs was assessed by the mixed leukocyte

reaction (MLR). DCs from Reg3g-overexpressed TBM effec-

tively restricted responder T-cell proliferation, even at very low

DC–T-cell ratios (Figure 4c). We next collected DCs from

control mice or TBM in the presence or absence of Reg3g and

cocultured them with CD8+ T cells from control mice. As

predicted, we found that Reg3g suppressed the secretion of

IFN-γ and granzyme B from CD8+ T cells, consistent with low

numbers and immunostimulatory activities of CD8+ T cells, in

some cases reaching levels below those of the controls

(Figure 4d).

Interestingly, we observed that Reg3g overexpression

strongly activated pSTAT3 and pJAK2 in DCs, resulting in

inhibition of DC maturation (Figure 5a). However, Reg3g

overexpression had no significant effect on the basal JAK2/

STAT3 pathway in CD8+ T cells (Figure 5b). Consistent with

results obtained from MLR described above, these results

imply that Reg3g initially suppressed maturation of DCs and

subsequently interrupted cross-priming of CD8+ T-cell

responses, ultimately contributing to the development of an

aberrant tumor immune microenvironment.

Furthermore, we found that suppression of JAK2 by AG490

in DCs alleviated the inhibitory effect of Reg3g on the

maturation of DCs, and strongly attenuated the expression

of downstream gene Hmox1 and the secretion of IL-10 and

TGF-β in TME (Figures 5c, e, f, and h). Further, in the presence

of Reg3g, downregulation of JAK2 in DCs decreased the

expression of STAT3 protein and promoted the proliferation

and the secretion of IFN-γ and granzyme B of CD8+ T cells in

the TME (Figures 5d and g). Overall, the results are consistent

with the view that Reg3g suppresses T-cell proliferation and
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CTLs by activating the JAK2/STAT3 pathway in DCs, inhibiting

their immunostimulatory activities in the TBM.

Reg3g exerted an indirect functional effect on Panc02

cells by inhibiting DCs maturation in vitro. On the basis of

the in vitro results—that Reg3g inhibited DCs maturation in

TME—we further investigated whether Reg3g influenced

growth, cytokine secretion, migration, or invasion of Panc02

cells directly, or indirectly through its effects on DC matura-

tion. Reg3g administration (0–200 ng/ml) dose-dependently

increased Panc02 cell proliferation (Figure 6a). A concentra-

tion of 100 ng/ml was then selected for further investigations

of effects of Reg3g on Panc02 cell growth.

Panc02 cells were incubated with conditioned media from

four groups: (1) DC; (2) DC-Reg3g; (3) Reg3g+DC; and (4)

Reg3g. Incubation with conditioned media from either DC-

Reg3g or Reg3g+DC increased the viability of Panc02 cells

(Figure 6a), enhanced their expressions of Ki67, decreased

their expressions of caspase-3 (Figure 6b), and promoted the

secretion of IL-10 and TGF-β and migration and invasion of

Panc02 cells (Figures 6c–e). Reg3g also promoted the

expression of EGFR in the cytoplasm and membranes of

DCs (Figures 6f and g). In a previous report from this

laboratory,7 EGFR had been identified as a mediator in the

Reg3g/STAT3 pathway. We observed here that Reg3g

promoted the expression of pSTAT3 in DCs, and that EGFR

Figure 2 Reg3g increased tumor volume and decreased the percentage of CD8+ T cells. Various kinds of lentiviral particles were injected intraperitoneally into TBM as
described in Materials and methods section. (a) Representative photographs of mice treated with PBS, Reg3g lentivirus, or shReg3g lentivirus. (b and c) Representative images
of tumors and the average tumor volumes of mice in each group. (d) The expression of Reg3g in tumors was analyzed by western blot. In addition, representative pictures of
tumors were analyzed by hematoxylin and eosin (H&E) staining, and the expression of CD8 in tumors was evaluated by immunohistochemistry. (e) Anti-CD8 antibody or shReg3g
lentiviral particles was given intraperitoneally to TBM. Mice were killed and tumors were collected 19 days after injection. Average tumor volumes of mice in model, shReg3g, anti-
CD8, and anti-CD8+shReg3g groups. (f) Levels of granzyme B, interleukin-10 (IL-10), interferon-γ (IFN-γ), and tumor growth factor-β (TGF-β) in the serum were detected by
enzyme-linked immunosorbent assay (ELISA). (g) Representative fluorescence-activated cell sorting (FACS) staining for CD4 and CD8 on gated CD3+ T cells and the proportion
of CD8+ T cells out of total CD3+ T cells in the spleen and lymph nodes isolated from TBM. Data were expressed as means± S.D. from at least three independent experiments.
#Po0.05, ##Po0.01 compared with the model group; ΔPo0.05, ΔΔPo0.01 compared with shReg3g
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interference with an EGFR-specific inhibitor (Erlotinib HCL)

inhibited the effect (Supplementary Figure S5a), confirming

that EGFR mediated the activity of Reg3g.7

Notably, increasing concentrations of anti-Reg3g did not

affect the viability of Panc02 cells (Supplementary

Figure S4a). In fact, neutralization of Reg3g protein by anti-

Reg3g for 24 h, at the ratio of 1:1000, appeared to increase

Panc02 cell viability compared with the viability of untreated

DCs, but the difference was not significant compared to DCs

with Reg3g (Supplementary Figure S4b). Overall, the results

confirmed that Reg3g indirectly promoted the proliferation of

Panc02 cells by acting on DCs with immature phenotypes,

increasing the secretion of IL-10 and TGF-β.

Reg3g activates the EGFR/JAK2/STAT3 signaling path-

way in tumors. According to our previous study,7 EGFR,

functioning as a REG3A receptor, mediated the REG3A

signal-promoting human pancreatic cancer cell growth and

JAK2/STAT3 activation. Here, we detected EGFR/JAK2/

STAT3 components in the implanted tumors and found that

Reg3g overexpression upregulated the expression of EGFR,

pJAK2, pSTAT3, Ki67, and Foxp3, but inhibited the level of

caspase-3 in both orthotopic and ectopic xenograft tumors

(Figures 7a and b). As expected, Reg3g knockdown

produced opposite results. To confirm that EGFR-driven

STAT3 signaling is one of the key mechanisms, we added an

EGFR-specific inhibitor to Panc02 cell media. The inhibitor

decreased the expression of pSTAT3. This response was not

reversed by Reg3g (Supplementary Figure S5b). These data

indicated that Reg3g activated the EGFR/JAK2/STAT3 signal

pathway in tumor cells, confirming results of our previous

study.7

Figure 3 Reg3g downregulation enhanced dendritic cell (DCs) maturation and antitumor effect of T cells. (a) CD8+ T cells cocultured with Panc02 cells in the ratio of 20 : 1,
40 : 1, and 80 : 1 for 24 h. The cytotoxic ability of CD8+ T cells were then detected by the release of lactic dehydrogenase (LDH). (b) The proportion of CD11bGr1, CD3PD-1 in the
spleen and CD3CD152, CD3TCR on CD3+ T cells gating in the spleen were measured by fluorescence-activated cell sorting (FACS). (c) The percentage of CD8+ on CD3+ T cells
gating in the spleen and CD4+CD25+Foxp3+Treg on CD4+ T cells gating in the spleen were detected by FACS. (d and e) The expression levels of CD86, MHC-II, and CCR7 on
CD11C+ cells and CD11CPD-L1 on DCs, and phagocytic function (the percentage of FITC-dextran in CD11C+ cells) of DCs were all assessed by FACS. Data were presented as
means± S.D. from at least three independent experiments.*Po0.05 compared with control; #Po0.05, ##Po0.01 compared with the model group
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Discussion

The results of this study support the view that Reg3g plays a

crucial role in accelerating PDAC progression16 by altering the

TME. Specifically, Reg3g promotes proliferation, migration,

invasion, and secretion of cytokines by Panc02 cells by

inhibiting DCsmaturation. Our study is thus consistent with the

report that inhibiting the maturation of DCs and disrupting the

cross-priming of DCs and T cells contribute to tumor growth

and tumor-promoting microenvironment formation.17

Reg3g is a soluble small protein, rarely secreted in the

normal pancreas, but markedly overexpressed during acute or

chronic pancreatitis. Its overexpression is marked by elevated

levels of pancreatitis-associated protein.18 Our group has

previously characterized the promotion by Reg3g of β-cell

regeneration and immunosuppression in type 1 diabetes.14

We also reported that Reg3g accelerated malignant

transformation in chronic pancreatitis and promoted pancrea-

tic carcinogenesis partly via immunosuppressive action.8

We analyzed the GEO data sets, which revealed that

increases of REG3A in PDAC tissues were associated with

fewer CD8A and T-cell cytokine imbalances. This is in

agreement with our previous study showing that REG3A

accelerated tumor growth via STAT3 signaling, and with our

present findings indicating that Reg3g promoted tumor growth

by suppressing immune responses.

Therefore, we established orthotopic or ectopic mouse

models of pancreatic cancer, and found that Reg3g over-

expression promoted tumor growth by accelerating Ki67 and

inhibiting the cell apoptosis-related protein caspase-3. These

changes were followed by increased production of Tregs,

immature DCs, and MDSCs along with higher levels of TGF-β

and IL-10 and reduced CD8+ T cells infiltration in tumors.

Further, 'Silencing' Reg3g increased the percentage of

Figure 4 Reg3g inhibited dendritic cell (DC) maturation and cross-priming with CD8+ T cells in TME. (a) DCs from TBM were coincubated with 100 ng/ml Reg3g for 12 or
24 h. The secretions of interferon-γ (IFN-γ), tumor growth factor-β (TGF-β), interleukin-12 (IL-12), and IL-10 in DC supernatants were quantified by enzyme-linked immunosorbent
assay (ELISA). (b) The expression of CD86 and MHC-II on CD11C+ DCs from control mice, TBM, and TBM treated with Reg3g lentiviral particles (TBM+Reg3g). In addition,
culture medium from Panc02 cells (TME), and 100 ng/ml Reg3g+TME, were added to DCs from control mice. The expression of CD86 and MHC-II on DCs was determined by
fluorescence-activated cell sorting (FACS). (c) T cells were cocultured with DCs at the ratio of 20 : 1, 20 : 2, and 20 : 4 for 24 h. The proliferation of T cells was then determined by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. (d) CD8+ T cells were cocultured with DCs from different groups for 24 h, and levels of granzyme B and
IFN-γ in the supernatant were determined by ELISA. Data were shown as means± S.D. from at least three independent experiments. *Po0.05, **Po0.01 compared with
control; #Po0.05, ##Po0.01 compared with the model group
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effector CD8+ T cells around the tumors and improved their

antitumor effects. The absence of CD8+ T cells in TBM

abolished the effect. In addition, treatment with Reg3g

promoted the upregulation of PD-1 in T cells, and of PD-L1

and EGFR in tumors, and decreased the expression of TCR in

T cells and MHC-I in tumors. These changes endowed tumors

with less antigenicity,19,20 resulting in decreased numbers of

DCs and CD8+ T cells involved in immune responses.

The TME of pancreatic cancer supports malignant progres-

sion of tumors. It is characterized by recruitment of immune

cells including T cells, macrophages, granulocytes, and

DCs.21 Hirooka et al.22 clarified the role of DCs in the initiation

and modulation of immune system responses. Patients with

higher numbers of infiltrating mature DCs in resectable

pancreatic cancer have more favorable outcomes.23,24 DCs

are potent antigen-presenting cells, and act as intermediaries

between the tumor and the resultant T-cell response.25,26 They

are also involved in cross-priming CD8+ T cells,27,28 which

adds to the immune response by enhancing the expressions

of MHC-II.29 Here, we report that Reg3g suppressed DC

maturation markers MHC-II and the costimulatory molecule

CD86, both in TBM and TME induced by administration of

Panc02 cell-conditioned medium. This was consistent with

previous reports30,31 that tumor cells were able to avoid

immunosurveillance by producing an immunosuppressive

environment that inhibits maturation and function of DCs.

We also found that Reg3g overexpression suppressed the

presentation of antigens by DCs to CD8+T cells, and Reg3g-

treated DCs effectively impaired responder T-cell proliferation,

even at very low ratios of DCs: T cells. This corresponded with

Figure 5 Reg3g inhibited dendritic cells (DCs) by activating /janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) signaling pathway. (a) The
expressions of phosphorylated (p)STAT3, STAT3, JAK2, and pJAK2 proteins in DCs were analyzed by western blot. (b) The expression of pSTAT3, STAT3, pJAK2, and JAK2 were
analyzed by western blot in CD8+ T cells separated using a negative CD8 Isolation Kit (Aubum, CA, USA) from the spleen of control, model, and Reg3g mice. (c and e) DCs were
treated with Reg3g+TME, AG490, AG490+TME, Reg3g+AG490, and Reg3g+AG490+TME, respectively. Fluorescence-activated cell sorting (FACS) analysis for the quantitative
percentage of CD86 and MHC-II, and the production of interlukin-10 (IL-10) and tumor growth factor-β (TGF-β) in the culture medium were detected by enzyme-linked
immunosorbent assay (ELISA). (d) CD8+ T cells were cocultured with DCs at the ratio of 10:1 for 24 h. The proliferation of T cells was then evaluated by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. (f and g) The protein expressions of STAT3 and pSTAT3 were identified by western blot. The levels of interferon-γ (IFN-γ)
and granzyme B in culture medium were estimated by ELISA. (h) The mRNA level of Hmox1 in DCs was analyzed by qRT-PCR. Data were shown as means± S.D. from at least
three independent experiments. *Po0.05, **Po0.01, ***Po0.001 compared with the control group; #Po0.05, ##Po0.01, ###Po0.001 compared with the model group (a and
b); #Po0.05, ##Po0.01 compared with Reg3g+TME group (c–g)
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an increase in the accumulation of effective tumor association

antigens and a decrease in tumor-specific T-cell activation.

Lower levels of IFN-γ and Granzyme B secretion were

associated with a decline in cytotoxic activity of CD8+T cells.

In addition, we also found that Reg3g elevated interactions

between inhibitor ligand PD-L1 in DCs and PD-1 in T cells,

resulting in the suppression of tumor-specific T-cell activation.

Thus, Reg3g seems to suppress cytotoxic activities of CD8+

T cells by regulating the maturation and function of DCs,

thereby blunting immune responses and promoting tumor

growth.

Cytokines derived from immune cells or cancer cells also

play key roles in tumor immune modulation. For example, the

level of IL-10 in tumors is correlated with induction and

activation of Tregs and MDSC.32,33 Decreased IL-12 expres-

sion and DC maturation inhibits CD8+ T-cell-dependent

antitumor immune responses.34 Tissue and serum levels of

IL-10 are elevated in PDAC patients.30,35 In this study, we

found that Reg3g treatment of TBM increased the percen-

tages of Th2 cytokines such as IL-10 and TGF-β. Conversely,

Reg3g treatment of orthotopic pancreatic tumor mice

decreased levels of Th1 cytokines such as IFN-γ, IL-12, and

TNF-α. The immunosuppressive microenvironment may thus

permit the pancreatic cancer cells to escape detection and

destruction.

It is a matter of debate as to whether Reg3g promotes the

proliferation, cytokine secretion, migration, and invasion of

Panc02 cells directly, or indirectly by influencing interactions

between DCs and tumor cells. In this study, we confirmed that

Reg3g promoted Panc02 cell proliferation and inhibited its

apoptosis directly (Figures 6a and b). However, we also provide

evidence supporting the second possibility. Conditioned media

from Reg3g-treated DCs of TBM inhibited apoptosis and

promoted Panc02 cell growth, consistent with in vivo results

Figure 6 Reg3g exerted an indirect functional effect on Panc02 cells via dendritic cell (DC) maturation in vitro. (a and b) After treatment of Panc02 cells with Reg3g in a dose-
dependent manner (1–200 ng/ml) for 24 h, Panc02 cells were incubated with DCs for 24 h. Cell viability was determined using the Cell Counting Kit-8 (CCK-8) assay. Expression of
caspase-3 and Ki67 were determined by western blot. (c) Levels of interleukin-10 (IL-10) and tumor growth factor-β (TGF-β) in Panc02 cells supernatant were measured by
enzyme-linked immunosorbent assay (ELISA). (d and e) Migration and invasion of Panc02 cells were assessed by crystal violet staining. Indexes of migration and invasion were
calculated using a Computerized Image Analysis System (ImageJ, Bethesda, MD, USA). (f) Epidermal growth factor receptor (EGFR) (red) level in DCs were determined by
immunofluorescent staining. Control: DCs from TBM; Reg3g: DCs from TBM in combination with 100 ng/ml Reg3g. (g) Quantitative assessment of EGFR expression in DCs. Data
were represented as means± S.D. from at least three independent experiments. *Po0.05, **Po0.01 compared with the control group
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showing tumor enhancement induced byReg3g overexpression.

Either conditioned media from DCs of Reg3g-overexpressed

TBM or conditioned media from Reg3g-treated DCs stimulated

the secretion of IL-10 and TGF-β, migration, and invasion of

Panc02 cells. These results confirmed that Reg3g hampered the

maturation of DCs, consequently producing immunosuppressive

conditions in the TME by increasing the secretion of IL-10 and

TGF-β and inhibiting CTL. To determine whether indirect effects

of Reg3g involves altering functions of cells other than DCs will

require additional studies.

Of interest, we found that Reg3g promoted EGFR expres-

sion in DCs. We previously reported that EGFR mediated the

Figure 7 Reg3g activated epidermal growth factor receptor/janus kinase 2/signal transducer and activator of transcription 3 (EGFR/JAK2/STAT3) signal pathway in tumors.
(a) Expressions of phosphorylated (p)STAT3, STAT3, pJAK2, JAK2, Foxp3, caspase-3, Ki67, and EGFR were analyzed by western blot in tumors of orthotopic (the left) or ectopic
(the right) pancreatic tumor mice. (b) The column chart was a quantitative analysis of the western blot corresponding to (a). (c) Reg3g promoted pancreatic tumor progression and
inhibited antitumor immunity by triggering the activation of STAT3 signaling. Data were represented as means± S.D. from at least three independent experiments. *Po0.05,
compared with the control group; #Po0.05, ##Po0.01 compared with the model group
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REG3A signal for PDAC cell growth and JAK2/STAT3

activation, thus functioning as a REG3A receptor.7 We

suggested that Reg3g inhibited the maturation and function

of DCs by activating EGFR and its downstream STAT3

signaling in DCs. Our further study revealed that Reg3g

upregulated Hmox1, a downstream gene of Reg3g/STAT3

signaling. As Hmox1 is not only an effector of the JAK2/STAT3

pathway but also is an inhibitor of DCs maturation,36,37 our

results indicated that Reg3g inhibited the maturation of DCs at

least in part by acting through the JAK2/STAT3 pathway. It was

reported that STAT3 activation in myeloid cells increased anti-

inflammatory actions of IL-10, whereas deletion of STAT3

resulted in severe enterocolitis.38 The inhibitory effects of IL-6

onDCs differentiation could be partially prevented by inhibition

of STAT3 by the JAK2 inhibitor AG490.39 In STAT3-deficient

mice,40 STAT3-dependent regenerating genes Reg3β and

Reg3g are also deleted, while colonic expression of SOCS3, a

direct downstream gene of STAT3, is significantly increased.

Consistent with these observations, our data here showed that

activation of STAT3 signaling by Reg3g in DCs enhanced the

secretion of IL-10 and TGF-β, resulting in T-cell imbalance and

inhibition of antitumor immune responses by CD8+ T cells.

In summary, our findings reveal an important and novel

tumor-promoting role of Reg3g in PDAC.We postulate that the

overexpression of Reg3g increases EGFR, but suppresses

tumor antigenicity by upregulating the levels of Ki67 and

inhibiting the expression of caspase-3 and MHC-I in tumors.

Reg3g also suppresses the maturation of DCs via activation of

the Hmox1 involved in JAK2/STAT3 signaling pathway, which

weakens cytotoxic activities of CD8+ T cells by promoting

PD-1 and PD-L1 expressions and interactions between cells.

Ultimately, Reg3g fosters a tumor environment consisting of

Th2 cytokines IL-10 and TGF-β and of Tregs and MDSCs,

accelerating tumor growth (Figure 7c).

Materials and Methods
Cell line and mice. The murine pancreatic adenocarcinoma cell line Panc02,
syngenic to C57BL/6 mice, was purchased from Shanghai Aolu Biological

Technology Co. Ltd (Shanghai, China). Panc02 cells were maintained at 37 °C

under a 5% CO2 environment in DMEM (Hyclone, Logan, UT, USA) enriched with

10% FBS and penicillin–streptomycin (100 U/ml) (Invitrogen, Carlsbad, CA, USA).
Sixty male C57BL/6 mice at the age of 6 weeks were purchased from Beijing HFK

Bio-Technology Co. Ltd (Beijing, China). The mice were purchased, shipped, housed,

cared for, and killed according to guidelines provided by the Institutional Animal Care

and Use Committee of Tongji Medical College.

Orthotopic or ectopic pancreatic tumor mouse model of
pancreatic cancer. Orthotopic mouse model: We transfected Panc02 cells
by pEZ-Lv201-Reg3g7 (pReg3g) to construct Reg3g-conditioned Panc02 cells.

PEZ-Lv201-Reg3g was composed of pEZ-Lv201 mammalian gene expression

vector system and a target gene Reg3g to build an overexpression system of

Reg3g. Panc02 (2 × 105, Model group) or Reg3g-overexpressed Panc02 cells

(2 × 105, Reg3g group) were transplanted into the tail of pancreas followed the

approach.12 Mice with tumor-free mice were regarded as control. All mice were

killed after 3 weeks of treatment.
Reg3g-conditioned Panc02 cells: In brief, we added 107 TU/ml of pReg3g

lentivirus to fresh RPMI 1640 culture medium in the presence of 8 μg/ml polybrene

(Sigma, St. Louis, MO, USA) when Panc02 cells were grown up to 50% in T25 flask

(~2.5 × 106 cells). About 48 h post infection, the medium was replaced with medium

containing 2 μg/ml puromycin (Sigma) for 24 h to make Reg3g-conditioned Panc02
cells. And, the MOI of Panc02 cells represent the ratio of input infectious units of

lentivirus to the number of cells available is 4.

Ectopic mouse model: Panc02 cells (2 × 106cells per mouse) were subcutaneously
implanted into the flank of C57BL/6 mice, designated TBM. After 5 days, the growth of
the tumor was detected, and mice were randomly divided into pReg3g and psi-
LVRU6MP-shReg3g (shReg3g) group.7 Meanwhile, the Reg3g group was
administered 0.1 ml PBS with 1 × 107 TU/ml of pReg3g lentiviral particles
intraperitoneally (GeneCopoeia, Rockville, MD, USA), and the other group was
given corresponding lentiviral particles intraperitoneally. Psi-LVRU6MP-shReg3g is a
lentiviral expression vector that expresses shRNA to downregulate mouse Reg3g. All
of the mice were killed after 2 weeks of treatment.
Anti-CD8 mAbs blocking: Panc02 (2 × 106) cells were subcutaneously implanted

into the flank. At the same time, 200 μg of anti-CD8 antibody (clone TIB210) was
injected intraperitoneally. Then, tumors were allowed to grow for 5 days and treated by
corresponding shReg3g lentiviral particles intraperitoneally.
Tumor size was measured every other day and the tumor volume was calculated

as follows: tumor volume (mm3)= (length × width2) × 0.5.

Cytokine measurement. The serum concentrations or cell culture super-
natant of cytokines including mouse IL-12, IL-10, TGF-β, granzyme B, and IFN-γ
were determined by ELISA Kits (eBioscience, San Diego, CA, USA).

Flow cytometry analysis. T-cell suspensions were isolated from the spleen
and lymph nodes, and were stained with antibodies against the following cell
surface antigens: APC-conjugated anti-mouse CD3, FITC-conjugated anti-mouse
CD4, PE-conjugated anti-mouse CD8, PE-conjugated anti-mouse Gr-1, APC-
conjugated anti-mouse CD11b, PE-conjugated anti-mouse TCR (eBioscience), PE-
conjugated anti-mouse PD-1, and PE-conjugated anti-mouse CD152 (CTLA-4; BD
Bioscience, San Jose, CA, USA). Tregs were detected from the spleen and lymph
nodes using a Mouse Regulatory T-Cell Staining Kit (eBioscience) according to the
manufacturer's instructions. DCs were isolated from the bone marrow and cells were
incubated with FITC-conjugated anti-CD86, APC-conjugated anti-CD11C, PE-
conjugated anti-MHC-II, FITC-dextran, PE-conjugated anti-CCR7, and anti-PD-L1
(eBioscience). The cells were analyzed by FACS, and the acquired data was
performed with FlowJo Software, version 9.1 (Tree Star, San Carlos, CA, USA).

Generation of DCs from bone marrow cells. DCs were isolated from
murine bone marrow precursors as reported previously.41 In brief, 2 × 107 cells were
cultured in 12-well plates, which were supplemented with RPMI 1640 medium
(HyClone, Beijing, China) added 10% FBS and GM-CSF (20 ng ml− 1; SAB,
Pearland, TX, USA) and IL-4 (10 ng ml− 1; SAB). The fresh medium containing GM-
CSF and IL-4 was added every other day. After 7 days, the cells were harvested for
MLR and FACS.

Measurement of tumoricidal activity of CD8+ T cells and MLR.
CD8+ T cells were isolated from spleens of control mice using a negative CD8+ T-
Cell Isolation Kit (MACS, Miltenyi Biotec Inc., Aubum, CA, USA). DCs obtained from
control mice or TBM were incubated with or without Reg3g protein (SAB), and then
were cocultured with CD8+ T cells at the ratio of 1 : 10 for 48 h (control, control
+Reg3g, TBM, and TBM+Reg3g groups). Levels of granzyme B and IFN-γ in cell
culture supernatants were detected by ELISA. For cytotoxic T-lymphocyte (CTL)
assays, CD8+ T cells were cocultured with Panc02 cells for 24 h (the ratios were
20 : 1, 40 : 1, and 80 : 1), and the secretion of LDH in the cell culture supernatant
was detected by a commercial kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).
MLR: DCs from different groups of mice were treated with 0.5 mg/ml mitomycin C

(Sigma, St. Louis, MO, USA) to prevent proliferation, and cocultured with T cells from
the spleen of control mice in the ratio of 1 : 20, 2 : 20, and 4 : 20 for 24 h.
Immunostimulatory activities of DCs were detected by MTT assay (Amersco, Solon,
OH, USA).

Western blot analysis, immunohistochemistry, and qRT-
PCR. Cells or tissues were lysed, separated, and transferred onto polyvinylidene
difluoride membranes. Membranes were incubated overnight at 4 °C with a 1 : 1000
dilution of anti-Reg3g (SAB), EGFR (SAB), Ki67 (Santa Cruz, Santa Cruz, CA,
USA), pSTAT3 (Ser727), caspase-3, Foxp3, MHC-I (SAB), anti-STAT3, JAK2, pJAK2
(Tyr1007/1008) (CST, Boston, MA, USA), HRP-conjugated secondary antibodies
were applied for 1–2 h at room temperature. Proteins were detected with an ECL
Chemiluminescence Detection Kit (Advansta, Menlo Park, CA, USA).
Pancreatic tumors were fixed and embedded in paraffin. Sections were blocked

and incubated with mouse PD-L1, Gr-1, MHC-I, CD8, Foxp3, and Reg3g antibody.
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Slides were washed and incubated with horseradish peroxidase-labeled anti-rabbit
secondary antibody. Later, slides were stained with H&E by standard procedures and
were visualized under microscope, and photographed.
Total RNA was isolated from tissues and cells with the MagZol reagent (Magen,

Shanghai, China). Then, first-strand cDNA was generated from the extracted total
RNA by All-in-one First-Strand cDNA Synthesis Kit (FulenGen, Guangzhou, China).
Quantitative real-time PCR (qRT-PCR) was performed with 2.5 μl of cDNA production
in a 20 μl reaction mixture using All-in-one qPCR Mix (FulenGen) with 3′ and 5′
primer at concentrations of 10 μmol−1. QRT-PCR was carried out in an ABI 7900
Real-Time PCR System (LineGenek, Bioer Technology Co., Ltd, Hangzhou, China),
with all target gene primers displayed in the Supplementary Material (Supplementary
Table S1). The mRNA levels of target genes were normalized using detection
of β-actin.

Cell migration and invasion assay. The in vitro migration and invasion
assay was performed using a 24-well transwell chamber (8 μm pore size; Corning
Costar, Cambridge, MA, USA, cat. no., 23510037) with a polycarbonate membrane.
The inserts were precoated with 30 μg of Matrigel (BD Bioscience) in the invasion
assay. Panc02 cells (5 × 104 cells/ml) were starved in serum-free media overnight,
and then introduced into the upper chamber. The basolateral chamber was filled
with the RPMI 1640 medium with 10% FBS. Cells were allowed to migrate through
polycarbonate transwell inserts (Corning, Shanghai, China) for 12 h (migration) or
24 h (invasion) at 37 °C. Non-migrating or non-invading cells were removed from the
top chamber by using a cotton swab. The cells remaining in the bottom chamber
were fixed with 4% paraformaldehyde for 15 min and stained with 1% crystal violet
in 2% ethanol for 20 min. Migrated cells were counted under the microscope (IX51,
Olympus, Tokyo, Japan) in three random fields.7

Cell growth and TME formation. Panc02 cells were incubated with:

1. media alone (control); conditioned media from DCs of TBM (DC); conditioned
media from DCs of Reg3g-treated TBM (DC-Reg3g); conditioned media from DCs
of TBM in combination with 100 ng/ml Reg3g (Reg3g+DC); and 100 ng/ml Reg3g
alone for 24 h to determine cell viability, secretion of IL-10, and TGF-β, migration
and invasion assessed by crystal violet staining.7 All experiments were performed
in duplicate for each sample.

2. media alone (control); incubated with 50 μM Erlotinib HCL (EGFR-specific
inhibitor; Selleck, Houston, TX, USA) for 24 h (Erlotinib); incubated with 100 ng/ml
Reg3g for 24 h (Reg3g); incubated with 50 μM Erlotinib HCl and 100 ng/ml Reg3g
for 24 h (Erlotinib+Reg3g).

DCs from TBM were exposed to:

1. PBS; 100 ng/ml Reg3g, respectively.
2. media alone (control); incubated with 50 μM Erlotinib HCL (EGFR-specific

inhibitor; Selleck) for 24 h (Erlotinib); incubated with 100 ng/ml Reg3g for 24 h
(Reg3g); incubated with 50 μM Erlotinib HCL and 100 ng/ml Reg3g for 24 h
(Erlotinib+Reg3g).

DCs from control mice were exposed to: TME, 10% Panc02-conditioned medium;
and Reg3g+TME, respectively. DCs were treated with 10 μM AG490 (Sigma) for
6 days to suppress the expression of STAT3.

Reg3g neutralization by antibody. The conditioned media from DCs of
TBM were treated with 100 ng/ml Reg3g for 24 h. To get rid of the interference of
Reg3g protein, we adopted the anti-Reg3g to neutralize the Reg3g protein. In brief,
we added anti-Reg3g (SAB) to the conditioned media treated with Reg3g protein in
the ratio of 1 : 10 000, 1 : 5000, 1:2500, 1 : 1000, 1 : 500, and 1 : 250 for 8 h, 12 h,
and 24 h, respectively. Then, 10% conditioned media incubated with Panc02 cells
for 24 h, respectively, to determine cell viability assessed by crystal violet staining.

Bioinformatics analysis. We retrieved the data set from the NCBI GEO
databank under accession number GSE28735, GSE62452 and GSE71989 to
identify the difference in the mRNA level of REG3A, CD8A, IFN-γ, IL-12, and TGF-β
between the tumors (n= 115, Po0.01) and normal tissues (n= 8, Po0.01). We
next analyzed the correlation of REG3A and CD8A in the lymph node of PDAC
under accession number GSE52171 (n= 20, Po0.05) using the SPSS 20.0
software (Chicago, IL, USA). The GSE74262 and GSE75838 were downloaded to

identify the potential target gene of STAT3 in maturation of DCs. Gene Ontology
function were conducted for these genes with DAVID online analyses.

Statistical analysis. Statistical analysis were performed by using a SPSS
11.0 software program (SPSS Software Products, Chicago, IL, USA). All data in this

study were expressed as mean± S.D. Expression of proteins on western blot was

quantified using the ImageJ analysis, which was also used in immunohistochemical
quantitative analysis. Differences between multiple groups were examined for

statistical significance using one-way analysis of variance (ANOVA). Differences
between two groups were examined for statistical significance using the Student’s t-

test. A P-value o0.01 denoted a statistically significant difference.
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