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JAK-STAT-mediated chronic inflammation impairs cytotoxic T lymphocyte activation
to decrease anti-PD-1 immunotherapy efficacy in pancreatic cancer
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ABSTRACT
Human pancreatic cancer does not respond to immune check point blockade immunotherapy. One key
feature of pancreatic cancer is the association between its progression and chronic inflammation.
Emerging evidence supports a key role for the JAK-STAT pathway in pancreatic cancer inflammation. We
aimed at testing the hypothesis that sustained JAK-STAT signaling suppresses cytotoxic T lymphocyte
(CTL) activation to counteract anti-PD-1 immunotherapy-induced CTL activity in pancreatic cancer. We
show that human pancreatic carcinomas express high level of PD-L1 and exhibit low level of CTL
infiltration. JAK-STAT inhibitor Ruxolitinib selectively inhibits STAT1 and STAT3 activation and increases
CTL infiltration to induce a Tc1/Th1 immune response in the tumor microenvironment in an orthotopic
pancreatic cancer mouse model. Ruxilitinib-mediated tumor suppressive efficacy diminishes in T-cell-
deficient mice. Pancreatic tumor grows significantly faster in IFNg-deficient mice. However, neutralizing
IFNg does not alter tumor growth but diminishes Ruxolitinib-induced tumor suppression in vivo, indicating
that lymphocytes and IFNg are essential for Ruxolitinib-induced host antitumor immune response. Both
type I and type II interferons upregulate PD-L1 expression through the JAK-STAT signaling pathway in
mouse pancreatic tumor cells. Tumor cells respond to activated T cells by activating STAT3. The inhibition
of STAT3 downregulates immune suppressive cytokines production by tumor cells, resulting in increased T
cell activation and effector function. Consequently, Ruxolitinib significantly improves the efficacy of anti-
PD-1 immunotherapy. Our data demonstrate that Ruxolitinib is effective in the inhibition of systemic
inflammation in the tumor microenvironment and therefore upregulates CTL infiltration and activation to
overcome pancreatic cancer resistance to anti-PD-1 immunotherapy.
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Introduction

Although relatively rare, pancreatic cancer is almost a death
sentence for patients diagnosed with this disease, as there are
few effective treatments. The current standard first-line therapy
for patients with metastatic pancreatic cancer includes
FOLFIRINOX (oxaliplatin, irinotecan, fluorouracil, and leuco-
vorin), germcitabine, or combined germcitabine and pacli-
taxel.1-3 These therapies are often highly toxic and thus
intolerant in certain patients.3 Furthermore, it is inevitable that
some patients develop chemoresistance to these first-line thera-
pies. In addition, there are currently few effective second-line
therapies for human pancreatic cancer.4 Anti-PD-1/PD-L1
antibody-based immune check point blockade immunotherapy
has shown durable efficacy in many types of human cancers.5-7

However, pancreatic cancer stands out as one of the few human
cancer types that show no response to anti-PD-1/PD-L1 immu-
notherapy.6 The immunological mechanism underlying this
non-response in pancreatic cancer is unknown.8-10

Patients with pancreatic cancer typically have a shorter survival
time if they show signs of systemic inflammation in the tumor
microenvironment.11,12 Emerging clinical data suggest that chronic

systemic inflammatory response is associated with poor outcomes
in pancreatic cancer patients.13 An elevated systemic inflammation
is independently associated with lower overall survival after pan-
creaticoduodenectomy in pancreatic cancer patients. Additionally,
in an adjuvant therapy subgroup of pancreatic patients, an elevated
systemic inflammation remains independently associated with
reduced overall survival.14 The JAK/STAT signaling pathways are
essential for immune responses of the host immune system and
for interactions between host immune cells and non-immune
cells.15-19 Both type I (i.e., IFNa and IFNb) and type II (i.e., IFNg)
IFNs are potent activators of the JAK-STAT signaling pathways
and play essential roles in host cancer immune surveillance.19-24

The JAK/STAT signaling transduction transits and also terminates
quickly under normal physiologic conditions.25 However, JAK
mutations and aberrant or chronic JAK-STAT signaling often
occurs in human inflammatory disease and malignancies.15,17,26-29

Accordingly, the inhibition of JAK signaling has been shown to be
effective in the suppression of lymphomas and leukemia.30-33 On
the other hand, sustained JAK/STAT signaling occurs under cer-
tain pathological conditions and often causes chronic inflamma-
tion and inflammation-mediated cancer progression.34 For
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example, the IFNg-STAT1 signaling pathway is essential for host
cancer immune surveillance.21 However, sustained IFNg-STAT1
signaling leads to chronic inflammation35 and inflammation-
mediated cancer progression.36 Similarly, proinflammatory cyto-
kines and resultant STAT3 activation promote tumor initiation
and progression.37-40 Furthermore, STAT3 is essential for pancre-
atic ductal adenocarcinoma progression in mouse models that har-
bor constitutive active KRAS, which is the oncogenic driver of
human pancreatic ductal adenocarcinoma.38,41,42 In addition,
STAT3 may decrease the immunogenicity of cancer cells via cell-
autonomous pathways and induce an immunosuppressive tumor
microenvironment.43-45 Consistent with the critical roles of JAK/
STAT signaling pathways in chronic inflammation and inflamma-
tion-mediated solid tumor progression, JAK-STAT inhibitors
have shown promising efficacy in the suppression of non-haema-
topoietic tumors including pancreatic cancer.46-51 These studies
demonstrated that the chronic JAK-STAT pathways promote pan-
creatic cancer development and lead us to the hypothesis that the
JAK-STAT pathway-mediated inflammation might counteract
anti-PD-1 immunotherapy-induced antitumor immune response.
We report here that Ruxolitinib therapy increases cytotoxic T lym-
phocyte (CTL) infiltration and activation in the tumor microenvi-
ronment to effectively enhance the efficacy of anti-PD-1
immunotherapy against orthotopic pancreatic cancer in vivo. Our

data suggest that Ruxolitinib is potentially an effective adjunct
agent that can be further developed to overcome cancer cell resis-
tance to immune check point blockade immunotherapy in pancre-
atic cancer patients.

Results

Inhibition of the JAK-STAT signaling pathway decreases
pancreatic tumor growth in vivo

Mouse pancreatic tumor cells PANC02-H7 were injected to
the pancreas of wt mice. The orthotopic pancreatic tumors
grow fast in the syngeneic mice and the oral administration
of Ruxolitinib significantly suppressed tumor growth
(Fig. 1A and B). The analysis of the tumor tissues for the
six known STAT proteins revealed that Ruxolitinib inhibits
STAT1 and STAT3 phosphorylation in vivo (Fig. 1C and
D), whereas the phosphorylation of STAT2, STAT5, and
STAT6 was not significantly altered (Fig. 1C and D). The
STAT4 protein level is low in all tumor tissues analyzed
and no STAT4 phosphorylation was detected in these
tumor tissues (Fig. 1C and D).

To determine whether Ruxolitinib suppresses pancreatic
tumor growth through the inhibition of tumor cell

Figure 1. Ruxolitinib inhibits STAT1 and STAT3 activation to suppress pancreatic tumor growth in vivo. (A) Scheme of the orthotopic PANC02-H7 pancreatic tumor mouse
model and Ruxolitinib (Rux) therapy. PANC02-H7 cells were injected into pancreas of mice. Tumor-bearing mice were treated with Ruxolitinib (50 mg/kg body weight)
daily starting on day 6 for 10 d. (B) The orthotopic tumors were dissected from control (n D 4) and Ruxolitinib-treated (n D 4) tumor-bearing mice 15 d after tumor trans-
plant. Shown are the images of the dissected tumors. Bottom panel: tumors were measured using a digital caliber. The tumor volume was calculated by the formula of
length £ width2/2 (left panel). Tumor weights of the control and treatment groups are presented at the right. (C) Tumor tissues were homogenized in total protein lysis
buffer and analyzed by Western blotting using the indicated antibodies. b-actin was used as normalization control. (D) The protein band intensities of pSTAT1, pSTAT2,
pSTAT3, pSTAT5, and pSTAT6 as shown in (C) were quantified using NIH image J and normalized as the ratios of each over the intensities of b-actin. Column: Mean of three
mice; Bar: SD. ��p < 0.01.
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proliferation, PANC02-H7 cells were cultured in the pres-
ence of Ruxolitinib. Analysis of cell cycle indicates that
Ruxolitinib does not alter pancreatic cell cycle progression
(Fig. S1A). The analysis of cellular proliferation shows that
Ruxolitinib does not inhibit pancreatic tumor cell prolifera-
tion at dose as high as 1,000 nM (Fig. S1B). Therefore, Rux-
olitinib suppresses pancreatic tumor growth through a
mechanism that is independent of tumor cell proliferation.

Ruxolitinib-mediated suppression of pancreatic tumor
growth in vivo depends on T cells

The JAK/STAT signaling pathway plays a key role in immune
cell activation and differentiation.52 T lymphocytes are essential
for host cancer immune surveillance.20,21 We then sought to
determine whether T cells are involved in the Ruxolitinib-
mediated tumor growth suppression in vivo. We made use of

Figure 2. Ruxolitinib-mediated tumor suppression depends on host T cells in vivo. (A) PANC02-H7 cells were transplanted to the pancreas of Rag1 KO mice. Five
days later, the tumor-bearing mice were treated with solvent (control, n D 5) or Ruxolitinib (n D 5) daily for 10 d. The orthotopic tumors were dissected from
tumor-bearing mice 15 d after tumor transplant. Shown are images of the dissected tumors. Tumors were measured using a digital caliber. The tumor volume
was calculated by the formula of length £ width2/2 and presented at the left panel. Tumor weights of the control and treatment group are presented at the
right panel. (B) Tumor tissues from control (n D 4) and Ruxolitinib-treated (n D 4) tumor-bearing mice were dissected 15 d after tumor transplant as in (A)
and analyzed by real-time PCR to determine the levels of Th1/Tc1 cell markers, immune checkpoint molecules, T cells and T cell effector molecules, Th9, Th17
cell markers, T cell chemoattractants and type I interferons using the indicated gene-specific PCR primers. Column: Mean; Bar: SD. (C) RNAs were isolated from
normal pancreas (n D 5) and orthotopic pancreatic tumor tissues (n D 5) and analyzed by real-time PCR for interferons and T cell chemoattractants using the
indicated gene-specific PCR primers. (D) Tumor tissues from control (n D 4) and Ruxolitinib-treated (n D 4) tumor-bearing mice were dissected 15 d after
tumor transplant as in A to be prepared for single cells. The cells were stained with fluorescent-conjugated anti-mouse CD8a mAb and analyzed by flow
cytometry. Top panels show percentage of CD8C cells in the tumor tissues of one representative mouse of the control and the ruxolitinib-treated tumor-bear-
ing mice, respectively. Bottom panel: quantification of % CD8C T cells in the tumor tissues.
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Rag1 KO mice. The rationale is that if Ruxolitinib enhances T
cell-mediated tumor suppression, then the efficacy of Ruxoliti-
nib in inhibition of tumor growth should diminish in T cell-
deficient mice. PANC02-H7 cells were injected into the pan-
creas of Rag1 KO mice. Tumor-bearing mice were then treated
with Ruxolitinib. The analysis of the orthotopic tumors indi-
cates that Ruxolitinib exhibits no tumor suppressive efficacy in
T-cell-deficient mice. Both tumor size and weight were not sig-
nificantly different between control and Ruxolitinib-treated
groups (Fig. 2A). Therefore, we conclude that Ruxolitinib sup-
presses pancreatic tumor growth through a T-cell-dependent
mechanism in vivo.

Inhibition of the JAK-STAT signaling pathways increase
CTL activation and infiltration in the tumor
microenvironment

To further determine the effects of Ruxolitinib on T cell func-
tion in the tumor microenvironment, we analyzed tumor tis-
sues for the expression levels of immune cell signature genes in
the tumor microenvironment. Ruxolitinib treatment increased
the expression level of Tbx21/T-bet, a marker for Th1/Tc1 cells,
by 3.7-folds (Fig. 2B). Among the three immune check point
genes, Ruxolitinib decreased the PD-L1 expression level by 6.5-
folds (Fig. 2B). The CD8a expression level increased by 6.7-
folds in Ruxolitinib-treated tumors as compared with untreated
tumors, suggesting increased tumor-infiltration of CD8C T
cells. The IL21 expression level increased by 13.9-folds. CTL
effectors perforin (PRF1) and FasL expression levels increased
by 2.6- and 4.4-folds, respectively, in the treated tumor tissues
(Fig. 2B), indicating upregulated CTL cell activation in the
tumor microenvironment.

The JAK-STAT signaling pathways regulate both Th9 and
Th17 cell differentiations and these two subsets of T cells plays
opposing roles in host cancer immune surveillance.53 The anal-
ysis of the expression levels of IL9 and GATA3, markers for
Th9 T cells, indicates that the Th9 cell level was not affected by
Ruxolitinib therapy (Fig. 2B). Among the three Th17 cell
markers analyzed, IL17A and IL23 level increased (Fig. 2B).
With no change in the IFNg level in the tumor tissues, Ruxoli-
tinib therapy did not dramatically change the levels of IFNg-
activated T cell chemoattractants CXCL9 and CXCL10
(Fig. 2B). Interestingly enough, the expression levels of IFNa
and IFNb increased approximately by 24.4- and 24.1-folds,
respectively, in Ruxolitinib-treated tumor tissues as compared
with the untreated tumors (Fig. 2B).

Next, we compared normal pancreas and the orthotopic
pancreatic tumor tissues for expression levels of IFNs and
IFNg-activated T cell chemoattractants. IFNa and IFNb are
actually much lower in the tumor tissues than in normal pan-
creas. However, levels of IFNg, CXCL9, and CXCL10 are 3.3-,
3.6-, and 3.4-folds higher, respectively, in the tumor tissues
than in the normal pancreas (Fig. 2C).

To determine whether the CD8a protein level in the tumor
tissue is also upregulated after Ruxolitinib treatment, we
stained the total tumor cells with a CD8a-specific antibody and
analyzed CD8C T cell levels in the tumor tissues. Ruxolitinib
treatment significantly increased CD8C T cell infiltration in the
tumor microenvironment (Fig. 2D). In contrast to the

Figure 3. IFNg is essential for suppression of pancreatic cancer growth in vivo. (A) Tumor
cells were transplanted to pancreas of WT (nD 5) and IFNg KO (nD 5) mice. The ortho-
topic tumors were dissected from tumor-bearing mice 15 d after tumor transplant.
Shown are images of the dissected tumors from one of the two experiments. Tumors
fromWT (nD 10) and IFNg KO (nD 10) mice from two experiments were weighed and
measured and presented at the bottom panel. (B) Tumor tissues from WT (n D 5) and
IFNg KO (n D 5) mice from one of the two experiments were digested to make single
cells and stained with fluorescent dye-conjugated anti-mouse PD-L1 mAb. Shown are
the overlay of representative plots of tumor cell PD-L1 protein staining from one of five
tumor-bearing mice. The mean fluorescence intensity of PD-L1 protein was quantified
and presented at the top right panel. Column: Mean; Bar: SD. Bottom right panel: RNA
was prepared from the tumor tissues and analyzed by real-time PCR for PD-L1 mRNA
level. Each dot represents the relative PD-L1 mRNA level from the tumor of one tumor-
bearing mouse. (C) RNA was isolated from tumor tissues of tumor-bearing WT (n D 5)
and IFNg KO (nD 5) mice as shown in (A) and analyzed by real-time PCR to determine
the levels of Th1/Tc1 cell markers, immune checkpoint molecules, T cells, and T cell effec-
tor molecules using the indicated gene-specific PCR primers. Column: Mean; Bar: SD.
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inhibition of PD-L1 expression and increased CTL activation
and infiltration in the tumor microenvironment (Fig. 2B, 2D),
Ruxolitinib treatment did not significantly alter the levels of
general myeloid-derived suppressor cells (MDSCs)
(CD11bCGr1C) (Fig. S2A). The analysis of the sunsets of
MDSCs indicates that the level of M-MDSC
(CD11bCLy6G¡Ly6Chi) also did not change in the tumor-bear-
ing mice after Ruxolitinib treat-ment (Fig. S2B). Very low level
of PMN-MDSCs (CD11bCLy6GCLy6Clo) exists in this

orthotopic pancreatic tumor mouse model and Ruxolitinib
treatment did not change PMN-MDSC level (Fig. S2C).

IFNg is essential for host cancer immune surveillance
against pancreatic cancer growth in vivo

In addition to lymphocytes, IFNg is also essential for host cancer
immune surveillance.20,21 STAT1 is a direct target of IFNg and
Ruxolitinib inhibits STAT1 activation (Fig. 1). To determine the

Figure 4. Ruxolitinib-exerted tumor suppression depends on host IFNg in vivo. (A) PANC02-H7 cells were orthotopically transplanted to WT mice. The tumor-bearing mice
were treated daily from day 6 with IgG isotype control (n D 5,200 mg/mouse) or anti-mouse IFNg mAb (n D 5,200 mg/mouse) for 10 d. The orthotopic tumors were then
dissected from tumor-bearing mice. Shown are the images of the dissected tumors. Tumor volume and weight were quantified and are presented at the bottom. (B)
Tumor tissues were digested to make single cells and stained with anti-mouse PD-L1 mAb. Shown is the overlay of representative plots of tumor cell PD-L1 protein stain-
ing from one of five tumor-bearing mice of the IgG control and anti-IFNg mAb treatment groups. The PD-L1 protein MFI was quantified and presented at the top right
panel. Column: Mean; Bar: SD. Bottom right panel: RNA was prepared from the tumor tissues and analyzed by the real-time PCR for PD-L1 mRNA level. Each dot represents
the relative PD-L1 mRNA level from tumor of one tumor-bearing mouse. (C) RNA was isolated from tumor tissues of tumor-bearing IgG control (n D 5) and anti-IFNg
mAb-treated (n D 5) mice. The gene expression level was analyzed by real-time PCR to determine the levels of Th1/Tc1 cells, immune checkpoint molecules, T cells, and
T cell effector molecules using the indicated gene-specific PCR primers. (D) PANC02-H7 cells were orthotopically transplanted to wt mice. The tumor-bearing mice were
treated daily from day 6 with IgG isotype control (n D 5), Ruxolitinib (n D 5), anti-mouse IFNg mAb (n D 5), or Ruxolitinib and anti-mouse IFNg mAb for 10 d. The ortho-
topic tumors were then dissected from tumor-bearing mice. Shown are the images of the dissected tumors. Tumor volume and weight were quantified and presented at
the right panels.
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relative contributions of the IFNg-STAT1 signaling pathway in
Ruxolitinib-mediated PD-L1 repression and tumor suppression,
PANC02-H7 cells were orthotopically transplanted to IFNg KO
and age-matched WT mice and analyzed for their growth in vivo.
It is clear that pancreatic tumor cells grow significantly faster in
IFNg KO mice than in wt mice (Fig. 3A). As expected, IFNg defi-
ciency decreased the PD-L1 protein level in tumor cells (Fig. 3B).
Interestingly, IFNg deficiency in the host also downregulated the
mRNA levels of CTLA4, PD-1, and PD-L1 by 2.7-, 3.3-, and 7.1-
folds, respectively, in the tumor microenvironment (Fig. 3C). The
mRNA levels of CD8a, granzyme B, perforin, and FasL were 4-,

1.4-, 2.5-, and 5-folds lower, respectively, in tumor tissues grown in
IFNg KO mice than in wt mice (Fig. 3C). These observations vali-
date the concept that IFNg is essential for host cancer immune
surveillance.20,21

IFNg neutralization represses PD-L1 expression in tumor
cells but exhibits no effects on pancreatic tumor growth in
vivo

We next sought to determine whether decreasing IFNg signal-
ing, not completely ablating IFNg function, can suppress

Figure 5. Inhibition of the JAK-STAT signaling pathway decreases tumor cell PD-L1 expression. (A) Tumor tissues from control and Ruxolitinib-treated tumor-bearing mice
were digested to make single cells. Cells were stained with anti-mouse PD-L1 mAb and analyzed by flow cytometry. The top panel shows the overlay of tumor cell PD-L1
staining from one of control and Ruxolitinib-treated tumor-bearing mice. Control-IgG: IgG isotype staining of tumor cells from a control mouse; Control-PD-L1: Anti-PD-L1
mAb staining of tumor cells from a control mouse; CRux-PD-L1: anti-PD-L1 mAb staining of tumor cells from a Ruxolitinib-treated (CRux) mouse. The mean fluorescence
intensity (MFI) of PD-L1 protein was quantified and presented in the bottom left panel. Column: Mean; Bar: SD. Bottom right panel: RNA was prepared from the tumor tis-
sues of control (n D 4) and Ruxolitinib-treated (n D 4) mice and analyzed by real-time PCR for the PD-L1 mRNA level. Each dot represents the relative PD-L1 mRNA level
from tumor of one tumor-bearing mouse. (B) PANC02-H7 cells were cultured in the presence of recombinant IFNg (100 U/mL) or IFNg C Ruxolitinib (Rux, 100 nM) for
approximately 24 h. Cells were then stained with anti-PD-L1 mAb and analyzed by flow cytometry. The top panel shows the overlay of PD-L1 staining from the control
and the indicated treatment groups of tumor cells. The PD-L1 MFI is shown at the bottom left panel. The tumor cells were also analyzed by real-time RT-PCR for the PD-
L1 mRNA level (bottom right panel). (C) Tumor cells were treated with recombinant IFNa (100 U/mL) or IFNa and Ruxolitinib (100 nM) for approximately 24 h. Cells were
stained with anti-PD-L1 mAb and analyzed by flow cytometry. Left panel shows the overlay of PD-L1 protein staining of the control and the indicated treatment groups
of tumor cells. Right panel shows the quantification of PD-L1 protein MFI. (D) Tumor cells were treated with recombinant IFNb (100 U/mL) or IFNb and Ruxolitinib (100
nM) for approximately 24 h. Cells were stained with anti-PD-L1 mAb and analyzed by flow cytometry. Left panel shows the overlay of PD-L1 protein staining of the control
and indicated treatment groups of tumor cells. Right panel shows PD-L1 protein MFI. (E) Tumor cells were cultured in the presence of IFNg or IFNg with Fludarabine
(Fluda) at the indicated concentrations for approximately 24 h. Cells were then stained with anti-PD-L1 mAb and analyzed by flow cytometry. Left panel shows the overlay
of PD-L1 protein staining of the control and the indicated treatment groups of tumor cells. Right panel shows PD-L1 protein MFI.
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pancreatic tumor growth as Ruxolitinib did. The tumor-bearing
mice were treated with an anti-IFNg mAb daily for 10 d. How-
ever, IFNg neutralization mAb therapy did not significantly
decrease tumor growth in vivo (Fig. 4A). As expected, IFNg
neutralization mAb therapy significantly decreased the PD-L1
expression level in tumor cells in the tumor microenvironment
(Fig. 4B).

The analysis of immune cell signature gene expression pro-
files indicates that Th1/Tc1 signature gene and CTL signature
genes are downregulated by IFNg neutralization mAb therapy
(Fig. 4C). As in Ruxolitinib-treated tumors and tumors from
IFNg KO mice, IL21 is 2.3-folds higher in the IFNg mAb-
treated tumors (Fig. 4C) as compared with WT mice. IFNg
mAb therapy also increased CD4C T cells expression in the
tumor tissues by 1.8-folds (Fig. 4C). These observations suggest
that although the complete loss of IFNg expression leads to
immune deficiency and increased tumor growth, decreasing
IFNg function with neutralizating mAb does not cause signifi-
cant immune deficiency and tumor growth promotion.

To determine whether IFNg plays a role in Ruxolitinib-
exerted tumor suppression, the tumor-bearing mice were
treated with Ruxolitinib, IFNg neutralizing mAb or both Ruxo-
litinib and IFNg neutralization mAb. As observed above, Ruxo-
litinib therapy significantly suppresses the established tumor
growth as measured by both the tumor size and tumor weight
(Fig. 4D). However, IFNg-neutralizing mAb diminished Ruxo-
litionib function in the suppression of tumor growth (Fig. 4D).
These observations indicate that the low level of IFNg is suffi-
cient for host cancer immune surveillance and for Ruxolitinib-
induced tumor suppression.

Both type I and Type II interferons regulate PD-L1
expression through the JAK-STAT pathway in pancreatic
tumor cells

Tumor cells respond to IFNg signaling to upregulate PD-L1.54

Our above observations indicate that IFNg upregulates PD-L1
expression in the tumor tissues (Figs. 2B, 3C, and 4C). We next
sought to further determine the role of Ruxolitinib in the regu-
lation of PD-L1 expression in pancreatic tumor cells. The anal-
ysis of tumor cells from control and Ruxolitinib-treated tumors
revealed that Ruxolitinib therapy significantly downregulated
the PD-L1 protein level on the tumor cell surface (Fig. 5A).
The analysis of tumor cell PD-L1 mRNA level indicates that
Ruxolitinib also represses PD-L1 transcription in the ortho-
topic pancreatic tumors in vivo (Fig. 5A). To determine
whether Ruxolitinib specifically inhibits IFNg-induced PD-L1
expression in pancreatic tumor cells, PANC02-H7 cells were
treated with IFNg in the absence or presence of Ruxolitinib.
Flow cytometry analysis revealed that IFNg upregulates PD-L1
expression and Ruxolitinib effectively diminishes IFNg-
induced PD-L1 expression in pancreatic tumor cells in vitro
(Fig. 5B).

Ruxolitinib increases IFNa and IFNb expression levels in
the tumor tissues (Fig. 2B). We next tried to determine whether
IFNa and IFNb regulate PD-L1 expression in pancreatic cancer
cells. IFNa exhibited potent activity in upregulating PD-L1
expression in pancreatic tumor cells in vitro and Ruxolitinib
also inhibits IFNa-induced PD-L1 expression in the tumor cells

(Fig. 5C). In contrast, IFNb shows minimal activity in upregu-
lating PD-L1 expression in pancreatic tumor cells (Fig. 5D). To
determine whether PD-L1 upregulation by IFNs is through
STAT1 activation, tumor cells were treated with IFNg with or
without the pSTAT1 inhibitor Fludarabine and analyzed for
the PD-L1 protein level. It is clear that the inhibition of STAT1
activation blocks the IFNg induction of PD-L1 (Fig. 5E). Taken
together, our data indicate that PD-L1 is activated by both type
I and type II IFNs through the JAK-STAT1 pathway, and Rux-
olitinib is effective in downregulating PD-L1 expression in vivo
in pancreatic tumor cells.

Ruxolitinib inhibits STAT3 activation in tumor cells to
reverse tumor-mediated immune suppression to enhance T
cell activation

Ruxolitinib inhibits the activation of both STAT1 and STAT3 in
the tumor microenvironment (Fig. 1). It is known that STAT3
promotes T cell survival under physiologic conditions, 55 and
the JAK/STAT signaling pathway is essential for immune cell
activation and differentiation.52 Indeed, it has been reported
that Ruxolitinib inhibits JAK/STAT signaling to decrease effec-
tor T cell activation and proliferation.56,57 To determine
whether Ruxolitinib inhibits STAT3 activation in T cells in the
tumor microenvironment, tumor-infiltrating CD8C T cells
were isolated from the tumor tissues of control and Ruxolitinib-
treated tumor-bearing mice. Western blotting analysis indicates
that STAT3 activation is inhibited in CD8C CTLs by Ruxoliti-
nib in the tumor microenvironment (Fig. S3). Indeed, Ruxoliti-
nib inhibited T cell proliferation in vitro (Fig. S4) and T cell
effector expression in vitro (Fig. S5).

These observations are in direct contrast to the above
observations that Ruxolitinib therapy increases CTL activa-
tion and infiltration in the tumor microenvironment under
pathological conditions (Fig. 2), and suggest that the tumor
cell-T cell interactions in the tumor microenvironment may
dictate Ruxolitinib functions under pathological conditions.
To elucidate the biochemical and molecular mechanisms
underlying Ruxolitinib-mediated CTL activation, we use
both T-cell and tumor-cell-conditioned medium to model
T-cell-tumor cell interactions in the tumor microenviron-
ment. We first used the activated T-cell-conditioned
medium to culture tumor cells in the absence or presence
of a pSTAT3-selective inhibitor STATTIC (Fig. 6A). The
rationale is that activated T cells produce cytokines to acti-
vate STAT3 and activated STAT3 upregulates the transcrip-
tion of immune suppressive cytokines in tumor cells.
Indeed, activated T cell-conditioned medium increased
STAT3 activation in tumor cells (Fig. 6B). The analysis of
tumor cells revealed that several immune suppressive cyto-
kines, including IL6, IL10, and GM-CSF, are downregulated
by STATTIC (Fig. 6C). These observations suggest that
tumor cells respond to T cell activation by activating
STAT3 to produce immune suppressive cytokines.

We then used activated T cell-conditioned medium to con-
dition tumor cells in the absence or presence of STATTIC. Cul-
ture supernatants from these conditioned tumor cells were
then used to culture T cells under activation conditions
(Fig. 6D). The rationale is that the inhibition of pSTAT3
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decreases tumor cell production of immune suppressive cyto-
kines to reverse tumor-induced suppression of T cell activation.
We used four immune effector molecules as indicators of T cell
activation. The analysis of T cells indicated that tumor cells

represses T-bet, IL21, FasL, and perforin expression, and inhi-
bition of STAT3 activation in tumor cells reversed tumor-
mediated repression of expression of T-bet, IL21, FasL, and
perforin (Fig. 6E).

Figure 6. Inhibition of STAT3 activation decreases immune suppressive cytokines in tumor cells to enhance T cell activation. (A) Scheme of modeling functions of STAT3 in
T cell and tumor cell interactions in vitro. (B) Tumor cells as treated in (A) were analyzed by Western blotting for STAT3 activation. The protein band intensities were quan-
tified using NIH image J. The pSTAT3 protein level was normalized as the ratio over the intensity of STAT3. Column: Mean; Bar: SD. (C) Tumor cells were either cultured in
fresh medium, or T cell-conditioned medium in the absence or presence of pSTAT3 inhibitor STATTIC for 21 h, and then analyzed by qPCR for the indicated cytokines.
b-actin was used as internal normalization control. (D) Scheme of modeling STAT3 functions in the effect of T cell-conditioned tumor cells on T cell activation and effector
expression. Purified CD3C T cells were stimulated for 3 d in anti-CD3/CD28-coated plates. Culture supernatant was collected and used to culture tumor cells in the
absence or presence of pSTAT3 inhibitor (STATTIC) for 6 h. The medium was then replaced with fresh medium to remove pSTAT3 inhibitor (STATTIC) and the tumor cells
were cultured for approximately 15 h. Tumor culture supernatant was then collected and used to culture T cells in anti-CD3/CD28-coated plates. T cells were analyzed
after stimulation for 6 h. (E) T cells as treated in (D) were collected and analyzed by qPCR for the expression levels of effectors. The expression level of each effector of
unstimulated cells (0 h) was arbitrarily set as 1. b-actin was used as internal control for qPCR. (F) Purified CD3C T cells were cultured under the conditions as indicated for
3 d and analyzed for proliferation by 3H thymidine incorporation assay and T-bet expression by qPCR. Column: Mean; Bar: SD.
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IL21 is known to suppress tumor growth and promote CTL
activity 58 and is activated by Ruxolitinib in the tumor microen-
vironment (Fig. 2B). We then hypothesized that IL21 may
induces T cell activation and effector expression. To test this
hypothesis, T cells were cultured in the presence of IL21 or
IL21 plus anti-CD3. Anti-CD3 and anti-CD28 were used as
positive control for T cell activation and proliferation. IL21
alone exhibited no stimulatory function in T cell activation and
minimal effect on T-bet expression (Fig. 6F). However, IL21
exhibited potent co-stimulatory function in enhancing anti-
CD3-induced T cell proliferation and T-bet expression
(Fig. 6F). Therefore, IL21 mimics CD28 and functions as a T
cell co-stimulatory cytokine. Taken together, our data suggest
that tumor cells counteract activated T cells by STAT3-depen-
dent suppressive cytokine production and Ruxolitinib inhibits
STAT3 signaling in tumor cells to reverse immune suppression
to activate CTLs in the tumor microenvironment, resulting in
the increased secretion of IL21 that acts as a co-stimulatory fac-
tor to compensate loss of STAT3 function in T cells to activate
CTLs in the tumor microenvironment.

Human pancreatic cancer exhibits high PD-L1 expression
and low CTL infiltration in the tumor microenvironment

To determine the PD-L1 protein level in human pancreatic car-
cinoma tissues, we made use of a recently developed and FDA
approved highly specific and sensitive PD-L1 mAb 59 to analyze
the PD-L1 protein level by immunohistochemical method in
human pancreatic tumor specimens. Tumor specimen informa-
tion is included in Table S3. Adrenal tumor tissue was used as a
positive control for PD-L1 protein (Fig. 7C1). Among the five
tumor tissue specimens analyzed, high PD-L1 protein levels

were observed in all five tumor specimens (Fig. 7: 1a–5a). We
also analyzed CD8C T cell infiltration in these five tumor tis-
sues. Human tonsil tissue was used as a positive control for
CD8C T cells (Fig. 7C2). CD8C T cell levels were lower in three
of the five tumor specimens (Fig. 7: 1b, 2b, and 5b). Two tumor
tissues exhibit the medium level of CD8C T cell infiltration in
certain tumor regions (Fig. 7: 3b and 4b).

Inhibition of JAK-STAT pathway increases the efficacy of
anti-PD-1 immunotherapy to suppress pancreatic cancer
growth

Anti-PD-1 check point blockade immunotherapy suppresses
PD-L1-induced T cell inhibition to increase antitumor immune
response.8,60 If there are few tumor-infiltrating CTLs, the anti-
PD-1 immunotherapy is unlikely to be effective. Our above
observation that Ruxolitinib treatment increases CTL infiltra-
tion and activation in the tumor microenvironment suggest
that Ruxolitinib might be effective in enhancing anti-PD-1
immunotherapy efficacy. To test this hypothesis, we used the
PANC02-H7 orthotopic tumor model and treated tumor-bear-
ing mice with Ruxolitinib and anti-PD-1 mAb, either alone or
in combination. The analysis of tumor volume and tumor
weight indicate that combined Ruxolitinib and anti-PD-1
immunotherapy exhibit significantly greater efficacy than either
Ruxolitinib or anti-PD-1 mAb alone (Fig. 8A). Furthermore,
the combined therapy resulted in higher IFNg, CD8C T cell
and FasL levels in the tumor microenvironment (Fig. 8B). As
expected, Ruxolitinib treatment decreases the PD-L1 level in
the tumor tissues (Fig. 8B). However, combined Ruxolitinib
and anti-PD-1 treatment increases the PD-L1 level in the
tumor tissues, which is correlated with the increased IFNg level

Figure 7. PD-L1 protein and tumor-infiltrating CD8C T cell levels in human pancreatic carcinoma. Tumor tissue specimens from five human pancreatic cancer patients
were stained with antibodies that are specific for human PD-L1 (1a–5a) and human CD8C (1b–5b), respectively. Brown color indicates PD-L1 protein and tumor-infiltrating
CD8C T cells staining. The tissues were counterstained with hematoxylin. Each image represents representative image of one patient. Red arrows indicate tumor cells and
yellow arrows point to tumor-infiltrating CD8C T cells. (C1) Human Adrenal tumor tissue was used as a positive control for human PD-L1-specific antibody. (C2) Human
tonsil tissue was used as a positive control for human CD8C-specific antibody.
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in the tumor tissue (Fig. 8B), suggesting that increased IFNg
might upregulate PD-L1 expression in the tumor microenvi-
ronment and offset Ruxolitinib-mediated PD-L1 downregula-
tion. Nevertheless, our observations indicate that Ruxolitinib
can increase CTL infiltration and activation in the tumor
microenvironment to improve the efficacy of anti-PD-1 mAb
immunotherapy to effectively suppress pancreatic tumor
growth in vivo.

Discussion

Ruxolitinib is a potent and selective JAK1 and JAK2 inhibitor,
with IC50 of 5.9 nM and 5.7 nM, respectively.61 Among the six
STATs of the JAK-STAT signaling pathways, we observed that
Ruxolitinib selectively inhibits the phosphorylation of STAT1
and STAT3 in pancreatic tumor tissues in tumor-bearing mice.
STAT1 is the key mediator of IFNg signaling pathway,62 and
IFNg signaling pathway is essential for host cancer immune
surveillance.20,21 Consistent with the essential role of IFNg in
host cancer immune surveillance and cancer suppression,20,21

we observed that pancreatic tumor grows significantly faster in
IFNg KO mice than in wt mice. Thus, complete loss of IFNg
signaling causes immune deficiency and tumor growth promo-
tion. In pancreatic tumor tissue, the IFNg level is higher as
compared with normal pancreas. Therefore, the IFNg level
might be constantly elevated in the tumor microenvironment.
It is known that elevated and sustained IFNg signaling often
lead to chronic inflammation and inflammation-mediated
tumor development.36 Therefore, neutralizing IFNg mAb ther-
apy may reduce IFNg to a low but still physiologically relevant
level, which may explain why neutralizing IFNg mAb treat-
ment does not cause immune deficiency. However, in the pres-
ence of both Ruxolitinib and IFNg neutralizing mAb,
Ruxolitinib may inhibit IFNg signaling more effectively since
the level of IFNg has been decreased by IFNg-neutralizing
mAb, and thus diminishes the function of the low level IFNg in
the tumor microenvironment. Our data therefore indicated
that a low level of IFNg is essential for Ruxolitinib function in
the suppression of pancreatic tumor growth in vivo.

IL21 is a cytokine with pleiotropic functions in the regula-
tion of T cell differentiation and function.58,63 In this study, we
observed that the IL21 expression level is higher in the tumor
microenvironment in IFNg KO mice and after IFNg-neutrali-
zation mAb immunotherapy of pancreatic tumor-bearing mice.
CD4C T cell level is also higher in tumors in IFNg KO mice
and after IFNg-neutralization mAb immunotherapy. It is thus
reasonable to assume Ruxolitinib suppresses the chronic IFNg
signaling to increase CD4C T cell infiltration in the tumor to
upregulate IL21 production in the tumor microenvironment.
IL21 then acts as a co-stimulatory signal to enhance tumor
antigen-stimulated CD8C T cell activation and effector function
to suppress tumor growth. Ruxolitinib therapy does not cause a
dramatic change in the IFNg level but induces a significant
increase in IL21 in the tumor microenvironment. The mecha-
nism underlying the disconnection between IL21 and IFNg in
Ruxolitinib-treated tumor tissues remains to be elucidated.

On the other hand, one of the signatures of antitumor
immune response by T cells is secretion of IFNg.20,21 Indeed,
the IFNg level is higher in the tumor tissue as compared with

the normal pancreas. However, tumor cells can respond to
IFNg to upregulate PD-L1.64,65 As expected, we observed that
Ruxolitinib can inhibit the IFNg-STAT1 signaling to repress
PD-L1 expression in tumor cells.65 In addition to the type II
IFNg, we show here that the type I IFNa and IFNb, particularly

Figure 8. Ruxolitinib increases the efficacy of anti-PD-1 mAb immunotherapy to
suppress pancreatic tumor growth in vivo. (A) PANC02-H7 cells were injected into
pancreas to establish orthotopic pancreatic tumors. The tumor-bearing mice were
treated with solvent (Control, n D 5), Ruxilitinib (50 mg/kg body weight, n D 5)
daily, anti-PD-1 mAb (200 mg/mouse, n D 5) every 2 d, and Ruxolitinib C anti-PD-
1 mAb (n D 5) for 10 d. Shown are the images of the dissected tumors. Right
panel: tumors were measured using a digital caliber. The tumor volume was calcu-
lated by the volume of length £ width2/2 (left panel). Tumor weights of the con-
trol and treatment groups are presented at the right. (B) RNAs were isolated from
tumor tissues of the four group mice as in (A) (n D 5 for each group). The RNA
samples from the five mice of each group were pooled and the expression levels
of the indicated genes were analyzed by real-time PCR using gene-specific PCR pri-
mers. Column: Mean; Bar: SD.

e1291106-10 C. LU ET AL.



IFNa, can also upregulate PD-L1 in pancreatic tumor cells
through the JAK-STAT signaling pathway. It is known that
IFNa/b play a key role in the regulation of CTL response, and
the intratumoral levels of type I IFNs correlate with favorable
disease outcomes in several cohorts of cancer patients.19,24 The
roles of IFNa and IFNb in Ruxolitinib-exerted suppression of
pancreatic cancer growth remain to be determined.

kRAS is the oncogenic driver of human pancreatic ductal
adenocarcinoma and STAT3 is essential for the progression of
kRAS-driven pancreatic ductal adenocarcinoma.37,38,41,42 We
demonstrated that tumor cells respond to activated T cells to
activate STAT3. It is known that activated STAT3 then upregu-
lates immune suppressive cytokines and mediators.39,40,45,66,67

It is also known that STAT3 suppresses type I interferon and
the loss of STAT3 leads to increased Type I interferon and CTL
infiltration,45 which may explain the significant increase of
IFNa and IFNb in Ruxolitinib-treated tumor tissues. Therefore,
tumor cells may counterattack T-cell-mediated antitumor
immune response by responding to T-cell-secreted cytokines to
activate STAT3. Activated STAT3 then augments the expres-
sion of immune suppressive cytokines, including IL10 and IL6,
to inhibit T cell activation and function. Therefore, Ruxolitinib
suppresses pancreatic tumor growth at least in part through
inhibiting STAT3 activation in tumor cells to reverse STAT3-
mediated immune repression and an immunosuppressive
tumor microenvironment,43-45 which might also contribute to
increased CTL infiltration and activation in the tumor
microenvironment.

In addition to promoting pancreatic cancer progression, STAT3
is also essential for T cell survival under physiologic conditions.55

The JAK/STAT signaling pathway is essential for immune cell acti-
vation and differentiation.52 Ruxolitinib has been shown to inhibit
JAK/STAT signaling to decrease effector T cell activation and pro-
liferation.56,57 We observed here that although Ruxolitinib inhibits
STAT3 activation in tumor-infiltrating CTLs in vivo and downre-
gulates T cell activation and proliferation in vitro, Ruxolitinib
therapy actually increases CTL activation in the tumor microenvi-
ronment in vivo. It is also possible that Ruxolitinib suppresses
STAT3 activation in the tumor cells to reverse tumor cell-induced
immune suppression, which overweighs the STAT3-mediated T
cell survival and results in an overall increase in CTL activation
and infiltration in the tumormicroenvironment.

Decreased CTLs is linked to increased immune checkpoint
markers, such as PD-L1, in mouse models of EGFR-driven lung
cancer.68,69 In this study, we observed that PD-L1 is abundantly
expressed in human pancreatic carcinoma cells. Furthermore, CTL
infiltration in human pancreatic cancer cells is low. Ruxolitinib
effectively suppresses tumor cell PD-L1 activation as well as enhan-
ces CTL infiltration and activation in the tumor microenviron-
ment. Furthermore, the efficacy of Ruxolitinib diminished in Rag1
KO mice. These observations further indicate that Ruxolitinib
functions through enhancing antitumor T cell response.

Based on these observations, we propose a model to outline
Ruxolitinib functions in inhibition of pancreatic tumor growth
in vivo. In this model, the host immune system recognizes anti-
gens of the growing tumor and activates T cells. T cell-mediated
tumor responses include secretion of cytokines that induce
STAT1 and STAT3 activation in tumor cells. Tumor cells
respond to IFN signaling by upregulating PD-L1 as an adaptive

mechanism to counterattack the antitumor T cells. STAT3 acti-
vation induces the expression and production of immune sup-
pressive cytokine (i.e., IL6 and IL10) in tumor cells as another
counter attack mechanism to repress antitumor T cells in the
tumor microenvironment. The inhibition of STAT1 activation
represses IFNg-induced PD-L1 upregulation in tumor cells,
whereas the inhibition of STAT3 activation decreases the tumor
cell production of immune suppressive cytokines. Therefore,
the inhibition of STAT1 and STAT3 activation coordinately
reverse tumor cell-mediated T cell suppression, resulting in
increased T cell infiltration and activation in the tumor
microenvironment.

Our observations that human pancreatic carcinomas lack CTL
infiltration suggest that the limited CTL level in the tumor micro-
environment might be one of the limiting factors for pancreatic
cancer nonresponsiveness to anti-PD-1 immunotherapy. The
effectiveness of Ruxolitinib in inducing CTL tumor infiltration
and activation thus lead to the notion that Ruxolitinib should be
effective in overcoming pancreatic cancer resistance to anti-PD-1
immunotherapy. Indeed, Ruxolitinib therapy significantly
enhanced the efficacy of anti-PD-1 immunotherapy in an ortho-
topic pancreatic cancer mouse model. Ruxolitinib has been tested
in human pancreatic cancer patients and found to have certain
direct antitumor activity.51 Our data suggest that Ruxolitinib
might bemore effective if it is used as an adjunct agent to suppress
chronic inflammation and increase CTL infiltration, instead of a
monotherapeutic agent, to overcome human pancreatic cancer
resistance to anti-PD-1 immunotherapy.

Methods

Tumor cells and specimens

PANC02-H7 cells were kindly provided by Dr. Min Li (University
of Oklahoma Health Sciences Center).70 Human pancreatic cancer
specimens were collected from the Augusta University Medical
Center from consented patients under approved protocols. The
tumor tissue specimens were analyzed by board-certified
pathologists.

Orthotopic mouse pancreatic tumor model

WT C57BL/6, IFNg KO, and Rag1 KO mice were obtained
from the Jackson Laboratory. Mouse was continuously anesthe-
tized under 2% isoflurane in oxygen flow. A small abdominal
incision at the right side near the spleen was made and the pan-
creas was pulled out with a sterile forcep. Tumor cells (1 £ 104

cells in 20 mL saline) were injected into the pancreas using a
sterile tuberculin syringe. The abdomen was closed with wound
clips. Tumor-bearing mice was treated with Ruxolitinib (50
mg/kg body weight) 5 d after tumor transplant daily for 10 d
by oral gavage. All mouse studies are performed according to
protocols approved by Augusta University Animal Care and
Use Committee.

Reagents

Ruxolitinib was obtained from LC laboratories (Woburn, MA).
pSTAT3 inhibitor STATTIC was obtained from Santa Cruz
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Biotech (Dallas, TX). Anti-CD3 mAb, anti-CD28 mAb, and
recombinant IL21 protein were obtained from Biolegends (San
Diego, CA). Anti-IFNg and anti-PD-1 (clone RMP1–14) mAb
were obtained from Bio X cell Inc. (West Lebanon, NH).

Cell surface protein analysis

Tumor cells were stained with fluorescent dye-conjugated anti-
mouse PD-L1 mAbs (Biolegend) and analyzed by flow cytome-
try. Spleen and blood were collected from tumor-bearing mice
and stained with anti-mouse CD11b, anti-mouse Gr1, anti-
mouse Ly6G, and anti-mouse Ly6C antibodies (Biolegend).
Tumor tissues were collected from tumor-bearing mice and
digested with collagenase solution (Collagenase 1 mg/mL,
Hyaluronidase 0.1 mg/mL, and DNase I 30 U/mL) to make sin-
gle cells. The tumor cell mixtures were stained with fluores-
cent-conjugated anti-mouse CD11b, anti-mouse Gr1, anti-
mouse Ly6G, anti-mouse Ly6C, and anti-mouse CD8C mAbs
(Biolegend), and analyzed by flow cytometry.

Isolation of tumor-infiltrating CTLs

Tumor cell mixture as prepared above was incubated with
Dynabeads mouse CD8C (lyt-2) (Invitrogen Dynal AS. Nor-
way) at 4�C for 30 min. The beads were washed three times
with PBS and the bead-bound cells were lysed in total cellular
protein lysis buffer (20 mM HEPES pH7.4, 20 mM NaCl, 10%
glycerol, and 1% Triton X-100) plus protease and phosphatase
inhibitor cocktails (Calbiochem, Darmstadt, Germany).

Western blotting analysis

Western blotting analysis was performed as described previ-
ously.21 Antibodies are listed in Table S1.

Gene expression analysis

Fresh normal pancreas and PANC02-H7 tumor tissues were
homogenized in Trizol (Life Technologies) to isolate total
RNA. Cultured tumor cells were lyzed directly in Trizol to iso-
late total RNA. cDNA was synthesized from total RNA and
used for the analysis of gene expression using gene-specific pri-
mers (Table S2) in the StepOne Plus Real-Time PCR System
(Applied Biosystems).

Immunohistochemistry

Human pancreatic carcinoma tissues were deparaffinized and
rehydrated, followed by treatment with the Universal HIER
antigen retrieval reagent (Abcam, Cat# ab208572) according to
the manufacturer’s instructions. The slides were then blocked
with goat serum, rinsed, and probed with anti-human PD-L1
Rab mAb (Abcam, clone 28–8). The tissues were probed with
the rabbit-specific IHC polymer detection kit (Abcam, Cat#
ab209101) according to the manufacturer’s instructions. The
stained tissues were counterstained with hematoxylin (Richard-
Allan Scientific, Kalamazoo, MI).

Cell viability assays

Cell viability assays were performed using the MTT cell prolif-
eration assay kit (ATCC, Manassas, VA) according to the man-
ufacturer’s instructions.

In vitro T cell activation and culture of tumor cells in T cell-
conditioned medium

Lymph nodes and spleens were collected from C57BL/6 mice.
Single cell suspension was prepared from lymph nodes and
used to purify CD3C T cells using the MojoSort mouse CD3 T
cell isolation kit (Biolegend) according to the manufacturer’s
instructions. For T cell activation, 24-well culture plate was
coated with anti-mouse CD3 and anti-mouse CD28 MAbs
(1 mg/well in 150 mL PBS) overnight. The purified T cells were
then seeded in the coated plate at a density of 5 £ 105 cells/well
in RPMI medium plus 10% FBS. T cell culture supernatants
were collected 3 d later, diluted with 1/4 fresh medium, and
used to culture tumor cells,

3H incorporation and T cell proliferation assay

Total 96-well plates were coated with anti-mouse CD3 and
anti-mouse CD28 MAbs. Purified CD3C T cells were then
seeded at a density of 1 £ 105 cells/well in 100 mL RPMI
medium plus 10% FBS. 3H-thymidine was added to each well
and cultured for another 6 h. Cells were harvested to a filter
using the TOMTEC cell harvester. 3H incorporation was
counted in a PerKinElmer 1450 LSC and Luminescence
counter.

Statistical analysis

Statistical analysis was performed using ANOVA and Student’s
t test. A p < 0.05 was taken as statistically significant.
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