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Abstract. In the periphery of pancreatic ductal adenocar-
cinoma (PDAC), high accumulation of tumor-associated 
macrophages (TAMs), which exhibit M2 phenotype, has 
been shown to be correlated with extra-pancreatic invasion, 
lymph vessel invasion, lymph node involvement and short-
ened survival time. However, mechanisms by which tumor 
cells educate and reprogram TAMs remain largely unclear. 
The phenotype of TAMs in PDAC tissues was confirmed 
by immunofluoresence and confocal microscopy. Human 
CD14+ monocytes were incubated with recombinant human 
REG4 (rREG4) before being stimulated with LPS and IL-10 
and IL-6 were measured with ELISA. A panel of M1 and M2 
genes were measured by quantitative real-time PCR. Panc1, 
AsPC1 and BxPC3 cells were cultured in the conditioned 
medium (CM) and treated with REG4. The macrophages were 
infected with CREB shRNA or cultured by the CM of Panc1 
cells infected with REG4 shRNA. The expression of CD163, 
CD206 and REG4 and the phosphorylation levels of epidermal 
growth factor receptor (EGFR), AKT and cAMP response 
element-binding protein (CREB) in cells were assessed with 
western blotting. Cell proliferation and invasiveness were also 

assessed. The rREG4 or the conditioned medium of Panc1 cells 
which secreted REG4 induced the polarization macrophages 
to M2 phenotype. Treatment of human macrophages with 
REG4 resulted in phosphorylation of EGFR, AKT and CREB. 
The latter was responsible for REG4-mediated macrophage 
polarization to M2. The conditioned medium of macrophages 
treated with rREG4 promoted the proliferation and invasion 
of pancreatic cancer cell lines. REG4, overexpressed in PDAC 
and secreted by cancer cells, promoted macrophage polariza-
tion to M2, through at least in part, activation of ERK1/2 and 
CREB and changed the microenvironment to facilitate cancer 
growth and metastasis.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a devastating 
disease. Its aggressiveness contradicts the finding that majority 
of the tumor volume is not composed of neoplastic cells, but 
mediates the stroma/desmoplastic reaction to the cancer (1,2). 
In recent years, it has been well established that the desmo-
plastic reaction present in PDAC is not just a bystander, but 
also it is a source of different cellular and acellular factors 
that promote tumor progression, immunosuppression and 
metastasis (3,4). As a major immune cell type enriched in the 
stroma, tumor-associated macrophages (TAMs) play a key role 
in cancer-related inflammation, immune escape, matrix remod-
eling and metastasis (5-7). Increased numbers of TAMs in 
many cancers are linked to reduced patient survival. In PDAC, 
high accumulation of TAMs in the periphery of the tumor is 
correlated with extra-pancreatic invasion, lymph vessel inva-
sion, lymph node involvement and shortened survival time (8). 
Furthermore, the phenotype of TAMs is likely to change with 
the stage of tumor progression. M1 macrophages are mainly 
abundant in chronic inflammatory sites, where tumors are 
initiated and start to develop (9,10). However, during cancer 
progression, macrophages switch to an M2-like phenotype as 
the tumor begins to invade, vascularize and develop (11-13). 
In agreement with these findings, more M2 converted macro-
phages are found in patients with pancreatic cancer compared 
to patients with chronic pancreatitis. High numbers of M2 
macrophages are also associated with larger tumor size, early 
recurrence in the liver, local recurrence and shortened survival 
in patients with pancreatic cancer (8). These findings underline 
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the plasticity of macrophages within the pancreas depending 
on their activation. However, mechanisms by which tumor cells 
modulate the phenotype of TAMs remains largely unclear.

The regenerating islet-derived (REG) family comprises 
secreted proteins that play a role in tissue regeneration and 
inflammation in digestive organs (14-16). Several studies have 
shown an upregulation of REG4 in pancreatic, colorectal, 
gastric, gall bladder and prostate cancer tissues compared to 
paired normal mucosa (17-22). REG4 is highly expressed in 
poorly differentiated pancreatic cancer cells, but is modestly 
expressed in moderately and well differentiated pancreatic 
cancer cells (23). As a secreted protein, REG4 can be detected 
in the serum; however, compared with healthy controls, serum 
levels of REG are higher in pancreatic cancer patients (24). 
The secreted REG4 appears to play a role in the invasiveness 
of PDAC, as recombinant REG4 significantly promotes the 
proliferation and invasiveness of pancreatic cancer cells (23). 
Studies in other cancer types, such as colorectal (25-27) and 
gastric cancer (28-30), also indicate an important role of 
REG4 in cancer proliferation and metastasis. However, as a 
protein secreted by cancer cells, whether REG4 plays a role 
in the differentiation or polarization of TAMs remains largely 
unclear.

In the present study, we demonstrated that recombinant 
REG4 or the conditioned medium of Panc1 cells, which 
secreted relative high level of REG4, induced the polariza-
tion of macrophages to M2 phenotype. We further showed 
that REG4 activated the epithelial growth factor receptor 
(EGFR)/AKT/cAMP response element binding protein (CREB) 
signaling cascade, which was required for REG4-mediated M2 
polarization. Finally, we showed that the conditioned medium 
of macrophages treated with recombinant REG4 promoted 
the proliferation and invasion of pancreatic cancer cell lines. 
These data provided the first evidence for the involvement of 
REG4 in the polarization of TAMs.

Materials and methods

Pancreatic cancer cell culture and conditioned medium 
(CM). Three pancreatic cancer cell lines, including Panc1, 
AsPC1 and BxPC3, were purchased from the Chinese 
Academy of Sciences Committee, Type Culture Collection 
Cell Bank. Cells were maintained in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) and antibiotics (100 u/ml penicillin and 
100 mg/ml streptomycin) in 5% CO2 atmosphere at 37˚C. 
All experiments were performed in glucose-free DMEM 
supplemented with 5 mM D-glucose, 2 mM L-glutamine 
and antibiotics as above (serum-free media, SFM). CM was 
obtained by culturing Panc1 cells to 70-80% confluence, 
washing twice and changing to SFM. CM was collected after 
48-h incubation, residual cells removed by centrifugation and 
aliquots stored at -80˚C until further use.

Monocyte purification, differentiation and CM prepara-
tion. Human monocytes were isolated and purified from 
peripheral blood mononuclear cells (PBMC) of buffy coats 
obtained from healthy donors under an IRB-approved 
protocol according to the manufacturer's instructions (GE 
Healthcare). After isolation from the PBMC using a CD14+ 

selection kit (Miltenyi Biotech, GmBH, Bergisch Gladbach, 
Germany), monocytes were cultured at a concentration of 
2x105/ml in RPMI-1640 medium (Gibco, Grand Island, NY, 
uSA), supplemented with 10% heat-inactivated fetal bovine 
serum (FBS; Sigma), 100 u/ml penicillin, 100 µg/ml strepto-
mycin, 2 mM L-glutamine and 20 µM beta-mercaptoethanol 
(all reagents were from Life Technologies, Shanghai, China). 
CD14+ cells (>95% monocytes) were cultured for 6 days 
in RPMI-1640 with 40% human plasma with GM-CSF 
(0.5 ng/ml) under 5-10% O2 and 5% CO2 at 37˚C in a humidi-
fied atmosphere in a chamber flushed with N2 under the 
control of a ProOX sensor and ProCO2 regulator (BioSpherix, 
Ltd., Lacona, NY, uSA). Cells were then activated for 24 h 
with REG4 (10 nM, unless otherwise indicated). On day 2, 
the CM was collected, centrifuged, filtered and stored at 
20˚C in aliquots. These were added to pancreatic cancer 
cells in the dose of 20%. The study was approved by the 
Ethics Committee of Shanghai Tenth People's Hospital fully 
complied with the Treaty of Helsinki. The participants in the 
present study provided informed consent with the ‘Ethics, 
consent and permissions’ heading.

Lentiviral particles and cell infection. The lentiviral REG4 
shRNA, targeting human REG4 (NM_001159352), was 
purchased from Applied Biological Materials (Richmond, BC, 
uSA). The lentiviral CREB shRNA, targeting human CREB 
(NM_004379) was purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, uSA). For lentiviral infection, cells (1x105) 
in a 6-well plate were transfected with the lentiviral vector in 
the presence of 8 mg/ml polybrene (Sigma-Aldrich, St. Louis, 
MO, uSA). Forty-eight hours after infection, the medium was 
replaced with 2 ml of complete culture medium. The expres-
sion of REG4 or CREB was examined with western blot 
analysis.

ELISa cytokine analysis. ELISA kits for detection of secreted 
IL-6 and IL-10 in cell culture supernatants were purchased 
from R&D Systems and used according to the manufacturer's 
instructions.

RNa isolation, cDNa synthesis and RT-PCR. Total RNA 
was extracted from cells with an RNeasy Mini kit (qiagen) 
according to the manufacturer's instructions and subse-
quently transcribed into cDNA using PrimeScript® RT 
reagent kit (Bio-Rad Laboratories). Real-time PCR reactions 
were performed using an ABI 7900HT (Applied Biosystems) 
with customized primer sets for human M1 and M2 macro-
phage marker genes (p40, CXCL19, IL2Ra, CXCL10, p35, 
PLa1a, IDO, p19, CXCL11, IL6, CD1a, CXCL8, FaS, 
CCL5, TNFα, PDGF, CCR7, IGFBP4, IL15, aK3, TRaIL, 
IL18, BCL2a1, CD80, CD83, CD54, CD40, CD206, CERK, 
FCGR3a, CCL23, FN1, CD209, SLC11a9, LTa4H, CHN2, 
MS4a6a, DCL1, MSR1, FCGR1a, HRH1, CD36, CD163, 
EGR2, IL10, TGFβ1, IGF1, aLOX5 and SLC4a7). Data were 
analyzed using Bio-Rad's CFX Manager 2.0, and several 
housekeeping genes (GAPDH, HPRT, β-actin and 18S) 
were used for normalization. All experiments were related 
to untreated control. Heatmaps were generated in R (www.r-
project.org/) using donor median values. Rows and columns 
were subjected to unsupervised clustering using the distance 
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function: 1-cor(t(x)) applying Spearman's correlation. The 
color gradients are scaled for each gene.

In vitro invasion assay. Appropriate Matrigel (Becton-
Dickinson, Franklin Lakes, NJ, uSA) was added into the 
upper chamber of the Transwell apparatus with 8-µm pore size 
membrane (Costar, Cambridge, MA, uSA). After the Matrigel 
solidified at 37˚C, 1x105 cancer cells were seeded onto the 
Matrigel and incubated at 37˚C overnight. Membranes coated 
with Matrigel were removed with a cotton swab and fixed with 
100% methanol for 10 min. Giemsa stain (Sigma Chemicals) 
was added to the membrane with cells for 3 h and then washed 
with distilled water. The number of cells attached to the 
lower surface of the polycarbonate filter was counted at x400 
magnification under a light microscope. Each type of cell was 
assayed in triplicate.

Cell proliferation assay. Cells plated in a 96-well plate (2,000 
cells/well) were incubated for 1-7 days at 37˚C in an atmo-
sphere of 5% CO2 in air. Thereafter, 20 µl of CCK-8 solution 
was added to each well and incubated for an additional 4 h 
in the same condition. Then, absorbance at 450 nm was 
measured using a microplate reader, wherein the absorbance 
value indicated the proliferative capacity.

Western blotting. Human M1 or M2 cells, growing in 
6-well plates, were treated with 10 nM CCL19 or CCL21 
for different time intervals. Cells were lysed in ice-cold 
lysis buffer containing a protease inhibitor cocktail (Roche, 
Basel, Switzerland). The protein extracts were denatured 
in a boiling water bath for 5 min and then resolved by 
SDS-PAGE. Proteins were transferred to nitrocellulose 
membranes which were probed with primary antibodies 
overnight at 4˚C, followed by incubation with horseradish 
peroxidase (HRP)-conjugated secondary antibodies at room 
temperature for 60 min. Target proteins were detected with 
a chemiluminescence kit. Primary antibodies used include 
those against AKT (BD Biosciences, Franklin Lakes, NJ, 
uSA), phospho-AKT, EGFR, phospho-EGFR, CREB (Cell 
Signaling Technology, Danvers, MA, uSA), CD163, CD206, 
REG4 and β-actin (Sigma).

Immunofluoresence and confocal microscopy. All primary 
pancreatic cancer tissues and adjacent non-cancerous tissues 
were obtained from surgery with informed consent from the 
patients. Tissues were frozen in liquid nitrogen immediately 
after surgical removal. Human tumor sections (5 µm) were 
deparaffinized, rehydrated, and treated with 10 mM citrate 
buffer (pH 6.0) at 95˚C to retrieve antigens. After quenching 
endogenous peroxidase activity with H2O2 and blocking with 
10% normal horse serum, the sections were incubated with 
an antibody mixture containing a mouse monoclonal anti-
CD163 (Abcam) and a rabbit polyclonal anti-Iba1 (Abcam), 
followed by incubation with a mixture of Alexa Fluor® 488 
goat anti-mouse IgG and Cy3-conjugated goat anti-rabbit 
IgG. The slides were cover slipped using a mounting medium 
with DAPI (Vector Laboratories, Inc., Burlingame, CA, uSA) 
to identify the nuclei. Images were observed and captured 
using an LSM 710 laser scanning microscope (Carl Zeiss, 
Oberkochen, Germany) with a 40x1.3 numerical aperture oil 

immersion lens. All digital images were captured at the same 
settings. Final images were processed using Adobe PhotoShop 
software. 

Statistical analysis. The results were analyzed using the 
GraphPad Prism 5 software (GraphPad Software, Inc., 
San Diego, CA, uSA) and were presented in the form of 
mean ± SEM. unpaired Student's t-test and paired Student's 
t-test and one-way ANOVA with Tukey's post-hoc tests were 
used to determine statistic significance. P-value <0.05 was 
considered statistically significant.

Results

TaMs are M2 type in PDaC tissue. Previous studies have 
shown that TAMs in PDAC tissues are predominantly M2 
type, and high density of M2 type TAMs is associated with 
large tumor size, early recurrence in the liver, local recurrence 
and shortened survival time (8). To confirm the phenotype of 
TAMs in PDAC tissues, paraffin sections (5 µm) of PDAC 
tissues and adjacent non-cancerous tissues were immu-
nostained with a mixture of anti-CD68 (pan macrophage 
marker) and anti-CD163 (M2 macrophage marker), and the 
distribution of macrophages was observed with confocal 
microscopy. As shown in Fig. 1, a large number of CD68 
positive macrophages were observed in the PDAC tissues, 
and the majority of these cells expressed CD163, suggesting 
that these TAMs are M2 type. In contrast, though a few 
CD68 positive macrophages were detected in the adjacent 
non-cancerous tissue, these cells were negative for CD163. 
Thus, our data support the previous findings regarding the 
M2 phenotype of TAMs in PDAC tissue. 

Recombinant REG4 induces macrophage polarization to 
M2. To examine the effect of REG4 on macrophage polariza-
tion, human CD14+ monocytes from 3 different independent 
donors were incubated with GM-CSF for 6 days followed 
by incubation with various concentrations of recombinant 
REG4 (rREG4) for 1 day, before being stimulated with LPS 
(10 ng/ml) for 6 h to boost the production of cytokines. IL-10 
(M2 cytokine) and IL-6 (M1 cytokine) were measured with 
ELISA. As shown in Fig. 2A, rREG4 dose-dependently 
promoted the production of IL-10 (EC50=0.30±0.021 nM) 
and suppressed the production of IL-6 (IC50=0.47±0.017) in 
human macrophages. To confirm that the rREG4-induced 
cytokine change reflects the polarization of macrophages to 
M2 phenotype, the GM-CSF-differentiated macrophages 
were incubated with or without rEG4 (1 nM) for 24 h, and 
the expression of CD163 and CD206, two specific M2 macro-
phage markers, was assessed with western blot analysis. As 
shown in Fig. 2B, rREG4 treatment resulted in a significant 
increase in the cell surface expression of CD163 and CD206. 
The effect of rREG4 on macrophage polarization was further 
confirmed with the measurement of a panel of M1 and M2 
genes using quantitative real-time PCR. As shown in Fig. 2C, 
treatment of the GM-CSF-differentiated macrophages with 
rREG4 (1 nM) resulted in enhanced expression of a number of 
M2 genes, including CD206, CD209, CD163, IL-10 and IGF-1. 
Together, these data suggest that REG4 promotes macrophage 
polarization to M2.
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REG4-induced EGFR/aKT/CREB signaling pathway is 
involved in macrophage polarization to M2. To examine 
whether an intracellular signal triggered by REG4 is involved 
in the effect of REG4 on M2 macrophage polarization, we 
measured the phosphorylation levels of EGFR, AKT and 
CREB. REG4 (10 nM) treatment time-dependently induced 
the phophorylation and activation of EGFR and AKT (Fig. 3A). 
Moreover, REG4 treatment induced phosphorylation of CREB 
(at Ser133) in a time-dependent manner, which peaked 30 min 

after REG4 stimulation (Fig. 3B). Notably, the REG4-mediated 
phosphorylation of CREB was blocked by 10 µM of the AKT 
inhibitor LY294002 (Fig. 3C and D). To determine whether 
CREB is involved in the M2 promoting effect of REG4, the 
GM-CSF-differentiated macrophages were infected with lenti-
viral particles containing a scramble shRNA or CREB specific 
shRNA for 48 h before being incubated with REG4 for 24 h. 
Intriguingly, the lentiviral shRNA-mediated knockdown of 
CREB blocked rREG4-induced expression of CD163 and 

Figure 1. The phenotype of TAMs in PDAC. PDAC cancer tissues (5 µm) or adjacent non-cancerous tissues were co-immunostained with an anti-CD163 
(green) and an anti-CD68 (red), and counterstained with DAPI (blue). Shown are representative confocal images of 5 different PDAC tissues and corresponding 
adjacent non-cancerous tissues with similar results.

Figure 2. REG4 induces macrophage polarization to M2. (A) Cultured macrophages were treated with different concentrations of REG4 for 24 h before being 
stimulated with LPS (10 ng/ml) for 6 h. IL-10 and IL-6 in the culture medium were measured with ELISA. Data are mean ± SEM from three independent 
experiments. (B) Cultured macrophages were treated with different concentrations of REG4 for 24 h and the expression levels of CD163 and CD206 were 
measured with western blot analysis. Shown are representative images of three independent experiments with similar results. (C) Gene expression analysis of 
selected M1- and M2-associated transcripts in macrophages after being treated with REG4 for 24 h. Heatmaps depict relative expression levels. 
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induced the expression of CD68, a specific M1 macrophage 
marker (Fig. 3E and F). These data suggest that activation of 
EGFR/AKT/CREB pathway plays an important role in REG4-
mediated polarization of macrophages to M2 phenotype.

REG4 secreted from Panc1 pancreatic cancer cell line 
induces macrophage polarization to M2. To confirm that 
REG4 secreted from pancreatic cancer cells also induce 
macrophage polarization to M2 phenotype, three pancreatic 
cancer cell lines which produce different levels of REG4 were 
used. A previous study showed that Panc1 cells can produce 
high level of REG4 whereas AsPC1 cells and BxPC3 cells 
produce low level of REG4 (23). using western blot analysis, 
we observed that Panc1 cells produced high level of REG4 in 
both the cells and culture medium. Compared to Panc1 cells, 
AsPC1 cells expressed a markedly lower level of REG4, and 
BxPC3 cells expressed the lowest level of REG4. Whereas, a 
very low level of REG4 was detected in the culture medium 
of AsPC1 cells, no REG4 was detected in the culture medium 
of BxPC3 cells (Fig. 4A). After incubation of macrophages 
with the CM of the three pancreatic cancer cell lines, we 
observed that macrophages incubated with the CM of Panc1 
cells (CMPanc1) expressed high level of CD163 and CD206 
(Fig. 4B and C). By contrast, macrophages incubated with 
the CM of AsPC1 cells (CMAsPC1) expressed markedly lower 

level of CD163 and CD206, whereas macrophages incubated 
with the CM of BxPC3 cells (CMBxPC3) had modest C163 and 
CD206 expression (Fig. 4C). To further prove that it is the 
REG4 in the CM of Panc1 cells that results in macrophage 
polarization to M2, REG4 in Panc1 cells was knocked down 
with a specific lentiviral shRNA (Fig. 4D), and the CM of 
Panc1 cells infected with lentiviral scramble shRNA (shCon) 
or REG4 shRNA (shREG4) was added to macrophage 
culture. As shown in Fig. 4E and F, the CM of Panc1 cells 
infected with lentiviral shCon induced the expression of 
CD163, whereas the CM of Panc1 cells infected with lentiviral 
shREG4 did not. These data suggest that REG4 produced by 
pancreatic cancer cells promoted the polarization of TAMs 
to M2 phenotype.

REG4-treated macrophages promote pancreatic cancer 
cell proliferation and invasion. To test the hypothesis that 
REG4-induced M2 macrophages promote pancreatic cancer 
cell proliferation and invasion, macrophage cultures treated 
with or without REG4 (1 nM) for 24 h were washed to remove 
REG4, followed by incubation in normal medium for 24 h. The 
CM of macrophages treated with vehicle (CMMφ-Veh) or REG4 
(CMMφ-REG4) was added to the cultures of pancreatic cancer 
cell lines, Panc1, AsPC1 and BxPC3, respectively, and cell 
proliferation and invasiveness were assessed. The three cell 

Figure 3. Involvement of EGFR/AKT/CREB pathway in REG4-mediated macrophage polarization to M2. (A) Representative western blots of phosphorylated 
EGFR, AKT and CREB in macrophage cultures treated with REG4 (10 nM) for different time intervals indicated. (B) quantitative analysis of the immunoblots 
of p-EGFR, p-AKT and p-CREB normalized with EGFR, AKT and CREB, respectively. Data are mean ± SEM from four independent experiments. *P<0.05, 
**P<0.01 compared to untreated cells. (C) Representative western blotting images showing the phosphorylation of EGFR, AKT and CREB in macrophages 
cultures treated with or without REG4 (10 nM) for 30 min in the absence or presence of LY294002. (D) quantitative analysis of the immunoblots of p-EGFR, 
p-AKT and p-CREB normalized with EGFR, AKT and CREB, respectively, in macrophages cultures treated with or without REG4 (10 nM) for 30 min in the 
absence or presence of LY294002. Data are mean ± SEM from four independent experiments. *P<0.05 compared to untreated cells; #P<0.05 compared with 
REG4 treatment alone. (E) Representative western blots of CD163, CD68, and CREB in REG4-treated macrophages which were infected with control shRNA 
(shCON) or shCREB lentiviral particles. (F) quantitative analysis of the immunoblots of CD163, CD68 and CREB in REG4-treated macrophages which were 
infected with control shRNA (shCON) or shCREB lentiviral particles. Data are mean ± SEM from three independent donors. *P<0.05 compared with control. 
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lines exhibited significantly increased proliferation (Fig. 5A) 
and invasiveness (Fig. 5B and C) after incubation with the 

CMMφ-REG4 compared to the cells incubated with the CMMφ-Veh 
(P<0.05).

Figure 4. The conditioned medium of Panc1 cells induces macrophage polarization to M2. (A) Western blots of REG4 in the culture medium or cell lysate of 
Panc1, AsPC1 and BxPC3 cells. Shown are representatives of three independent experiments with similar results. (B) Representative western blots of CD206 
and CD163 in macrophage cultures treated with or without the conditioned medium of Panc1, AsPC1 and BxPC3 cell cultures, respectively. (C) quantitative 
analysis of the immunoblots of CD163 and CD206 in macrophage cultures treated with or without the conditioned medium of Panc1 (CMPanc1), AsPC1 
(CMAsPC1) and BxPC3 (CMBxPC3) cell cultures, respectively. Data are shown by mean ± SEM from four independent experiments. *P<0.05 compared to untreated 
cells; #P<0.05 compared with CMPanc1 treatment. (D) Western blots of REG4 in the culture medium and cell lysate of Panc1 cells infected with or without 
lentiviral REG4 shRNA. Shown are representatives of three independent experiments with similar results. (E) Representative western blots of CD206 and 
CD163 in macrophage cultures treated with the conditioned medium Panc1 cells infected with lentiviral control shRNA (CMPanc1/shCon) or REG4 shRNA 
(CMPanc1/shREG4). (F) quantitative analysis of the immunoblots of CD163 and CD206 in macrophage cultures treated with CMPanc1/shCon or CMPanc1/shREG4. *P<0.05 
compared with control. 

Figure 5. The conditioned medium of REG4-treated macrophages promotes pancreatic cancer cell proliferation and invasion. (A) Time-dependent prolifera-
tion of Panc1, AsPC1 and BxPC3 cells in the presence of the conditioned medium of macrophages treated with vehicle (CMMφ-Veh) or REG4 (CMMφ-REG4). 
(B) Representative images showing the invasiveness of Panc1, AsPC1 and BxPC3 cells treated with CMMφ-Veh or CMMφ-REG4. (C) quantitative analysis of the 
invasiveness of Panc1, AsPC1 and BxPC3 cells treated with CMMφ-Veh (control) or CMMφ-REG4. **P<0.01 compared with control. 
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Discussion

In the present study, we demonstrated that REG4, which is 
overexpressed in PDAC and secreted by cancer cells, promoted 
macrophage polarization to M2, through at least in part, 
activation of ERK1/2 and CREB. Macrophages treated with 
REG4 significantly promoted the proliferation and invasion of 
pancreatic cancer cells. These data, together with the previous 
finding for its direct tumor-promoting role, suggest that the 
cancer cell-produced REG4 not only directly enhances cancer 
progression but also changes the microenvironment to facili-
tate cancer growth and metastasis.

During tumor progression, circulating monocytes and 
macrophages are actively recruited into tumors where they 
alter the tumor microenvironment to accelerate tumor 
progression. Macrophages shift their functional phenotypes 
in response to various micro-environmental signals gener-
ated from tumor and stromal cells. TAMs closely resemble 
the M2-polarized macrophages and are critical modulators of 
the tumor microenvironment (31). In support of this notion, 
experimental studies have shown that TAMs can provide 
a favorable microenvironment to promote tumor develop-
ment and progression (31). Similar to that observed in other 
tumors, TAMs in PDAC also exhibit M2 phenotype, as 
observed in the present study, and previously reported (8). 
While mounting evidence indicates that TAMs are recruited 
to tumors by multiple growth factors and chemokines that 
are often produced by tumor cells themselves (32-37), little is 
known about how the tumor cells educate and reprogram the 
TAMs towards M2. Recent experimental results suggest that 
in different tumors, different factors are involved in the polar-
ization of M2-like TAMs. For instance, in a model of human 
papilloma virus-driven squamous epithelium carcinogenesis, 
a remote control pathway involving CD4+ T cells, B cells, 
antibodies and Fcγ receptors are responsible for the M2-like 
phenotype of tumor-promoting TAMs (38). In contrast, in a 
mammary carcinoma, Th2-derived IL-4 promotes M2 polar-
ization and metastasis (39). In PDAC, previously the factors 
that promote TAMs towards M2 polarization were poorly 
defined. In the present study, we demonstrated for the first 
time that recombinant REG4 induced the expression of IL-10, 
CD163 and many other M2 genes in macrophages. Moreover, 
incubation of macrophages with the CM of Panc1 cells, which 
express and secret high level of REG4, resulted in elevated 
expression of CD163, whereas the CM of Panc1 cells infected 
with lentiviral REG4 shRNA did not. Thus, we conclude that 
REG4 plays a role in macrophage polarization to M2.

With regard to the underlying mechanism, we demon-
strated that REG4-mediated M2 macrophage polarization 
was blocked by knockdown of CREB, which is known to 
be required in infiltrating macrophages for upregulation of 
M2-specific genes (40). We further showed that treatment of 
macrophages with REG4 resulted in phosphorylation of EGFR, 
which was recently reported to be expressed in macrophages 
and play a tumor-promoting role (41), and phosphorylation of 
AKT, and the latter was required for REG4-mediated CREB 
activation. Thus, we propose that REG4 induces the polariza-
tion of macrophages to M2 phenotype through, at least in 
part, the EGFR/AKT/CREB signaling pathway. Interestingly, 
increase of expression and secretion of REG4 are associated 

with increased levels of phosphorylated AKT and phos-
phorylated EGFR in gastric cancer (29), and inhibition of 
REG4/EGFR/Akt signaling pathway attenuates tumor growth 
in colorectal carcinoma (42). The tumor-secreted REG4 has 
been shown to promote pancreatic cancer cell proliferation 
and invasion (23). Given the factor that EGFR overexpression 
is detected in up to 90% of pancreatic tumors findings in other 
cancers, it is worthwhile to investigate whether REG4 directly 
promotes pancreatic cancer proliferation and/or metastasis 
through EGFR/AKT pathway. If this is the case, we would 
reasonably propose that REG4 plays a role in pancreatic cancer 
progression through both paracrine and autocrine signaling 
pathways. 

In conclusion, we demonstrated for the first time that 
the tumor-secreted REG4 induced macrophage polarization 
to M2, through at least in part, activation of EGFR/AKT/
CREB signaling pathway. The REG4-polarized macrophages 
promoted pancreatic cancer cell proliferation and invasion. 
This study shed new light on the tumor-promoting role of 
REG4, and suggests that targeting REG4 may offer therapeutic 
benefits to PDAC patients.
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