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A B S T R A C T   

K-ras mutations are major genetic events that drive cancer development associated with aggressive malignant 
phenotypes, while expression of the immune checkpoint molecule PD-L1 plays a key role in cancer evasion of the 
immune surveillance that also profoundly affects the patient outcome. However, the relationship between K-ras 
oncogenic signal and PD-L1 expressions as an important area that requires further investigation. Using both in 
vitro and in vivo experimental models of K-ras-driven cancer, we found that oncogenic K-ras significantly 
enhanced PD-L1 expression through a redox-mediated mechanism. Activation of K-rasG12V promoted ROS gen-
eration and induced FGFR1 expression, leading to a significant upregulation of PD-L1. We further showed that 
exogenous ROS such as hydrogen peroxide alone was sufficient to activate FGFR1 and induce PD-L1, while 
antioxidants could largely abrogate PD-L1 expression in K-ras mutant cells, indicating a critical role of redox 
regulation. Importantly, genetic knockout of FGFR1 led to a decrease in PD-L1 expression, and impaired tumor 
growth in vivo due to a significant increase of T cell infiltration in the tumor tissues and thus enhanced T-cell- 
mediated tumor suppression. 

Our study has identified a novel mechanism by which K-ras promotes PD-L1 expression, and suggests that 
modulation of ROS or inhibition of the FGFR1 pathway could be a novel strategy to abrogate PD-L1-mediated 
immunosuppression and thus potentially improve the efficacy of immunotherapy in K-ras-driven cancers.   

1. Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is a highly malignant 
disease and one of the leading cause of cancer-related death around the 
world [1]. A better understanding of the biology of PDAC and its rela-
tionship with K-ras mutation and immune response would be important 
for the development of more effective therapeutic strategies. Aberrant 
activation of K-ras by mutation is frequently observed in human tumors, 
especially in pancreatic cancer where over 90% of malignant cells 
exhibit constitutive activation of K-ras [2]. In lung [3] and colon [4] 
cancer K-ras mutations are also frequent (30-40%). The presence of 
K-ras mutations in cancer cells is correlated with disease progression and 
poor outcome, due in part to activation of several downstream pathways 

that promote cell proliferation, cell survival，drug resistance, and in-
vasion [5,6]. Other factors such as reactive oxygen species (ROS), which 
are often elevated in tumor cells [7], have also been suggested to 
contribute to ras-driven malignant transformation and cancer develop-
ment [8]. Indeed, our previous study using a doxycycline-inducible 
system showed that induction of the K-rasG12V expression caused a sig-
nificant increase in ROS production associated with altered metabolism 
and malignant cell behaviors [9]. Given the critical role of tumor im-
munity in cancer development and disease progression, it is important to 
evaluate if activation of K-ras might affect cancer immunity. 

PD-L1 (programmed death-ligand 1) is expressed on the surface of 
many cell types including antigen-presenting cells, T cells, B cells and 
epithelial cells [10,11]. The interaction with its receptor PD-1 (pro-
grammed death 1) expressed on T cells is a physiologic mechanism to 
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regulate immune function and avoid auto-immune attacks [10–13]. 
Expression of PD-L1 is also detected in various types of tumors as a 
mechanism of immune evasion [12], and its high expression is corre-
lated with poor clinical prognosis in cancer patients due to 
PD-L1/PD-1-mediated suppression of antitumor immunity [14,15]. 
Thus, targeting this immune checkpoint by disrupting PD-1/PD-L1 
interaction is a validated antitumor strategy [16]. Antibodies against 
PD-1 or PD-L1 have been shown to be effective against various types of 
cancers [17–19]. Recent studies suggest that PD-L1 expression can be 

regulated by multiple factors including the PTEN/PI3K/Akt signaling 
[20], micro-RNAs [21], AP-1 [22], MAPK [23], JAK/STAT [24], and 
NF-κB [25]. Tumor microenvironment factors such as hypoxia [26] and 
cytokines such as interferon gamma (IFN-γ), transforming growth factor 
beta (TGF-β), tumor necrosis factor alpha (TNF-α), and interleukin-6 
(IL-6) have also been reported to affect the expression of PD-L1 pro-
tein [21,25,27–29]. A study in epidermal growth factor receptor 
(EGFR)-driven lung cancer suggested that K-ras mutation might be 
associated with PD-L1 expression [30]. However, the mechanistic link 
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Fig. 1. Activation of oncogenic K-ras promotes PD-L1 expression. (A) Immunostaining of PD-L1 and H&E staining in K-ras-driven mouse (subcutaneous tumor tissues 
derived from KPC mice) and human pancreatic cancer cells (tissue micro-array). The scale bars represent 50 μm. (B) T-Rex/K-ras cells were incubated with 100 ng/ml 
doxycycline to induce K-rasG12V expression for the indicated times. PD-L1 mRNA was measured by qRT-PCR. (C) T-Rex/K-ras cells were incubated without (OFF) or 
with (ON) doxycycline for 72 h. K-ras and PD-L1 proteins were detected by western blotting. (D) T-Rex/K-ras cells incubated without (OFF) or with (ON) doxycycline 
for 72 h were stained with control antibody (IgG cont) or specific antibody against human PD-L1. Cell surface PD-L1 was analyzed by flow cytometry (representative 
of three separate experiments). (E) T-Rex/K-ras cells after induction by doxycycline for 72 h, and PD-1 and PD-L2 mRNA levels were quantified by qRT-PCR. 
Statistical analysis: Data represent means ± SEM of three separate experiments; One-way ANOVA followed by Tukey post hoc test for B; Two-tailed unpaired t- 
test for E. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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between oncogenic K-ras and PD-L1 expression and its role in affecting 
K-ras-mediated cancer development remain unclear. The main goal of 
this study was to investigate the potential role of K-ras in regulation of 
PD-L1 expression and its underlying mechanisms. 

2. Results 

2.1. Activation of oncogenic K-ras induces PD-L1 expression 

To test the potential role of oncogenic K-ras in regulating PD-L1 
expression and its physiological relevance in vivo, we first examined 
the expression of PD-L1 protein in tumor tissues from K-ras-driven 
pancreatic cancer specimens, and observed that PD-L1 protein was 
highly expressed in vivo in both mouse and human pancreatic cancer 
tissues (Fig. 1A). We then used a doxycycline-inducible K-rasG12V 

expression cell system, designated as T-Rex/K-ras cells in our previous 
study [9], to directly test if activation of oncogenic K-rasG12V could 
induce PD-L1 expression. As shown in Fig. 1B, qRT-PCR assay revealed 
that activation of K-rasG12V caused a significant increase in PD-L1 mRNA 
expression in a time-dependent manner, and this increase in PD-L1 
expression remained high during a long-term (2 months) K-ras induc-
tion. Consistently, there was a substantial increase in PD-L1 protein 
expression after K-rasG12V induction, as revealed by immunoblotting 
(Fig. 1C) and by flow cytometry analysis of cell surface PD-L1 (Fig. 1D). 

This induction was specific for PD-L1, since activation of K-rasG12V did 
not induce any increase in expression of its receptor PD-1 nor in the 
expression of another ligand PD-L2 whose mRNA levels were barely 
detected (Fig. 1E). Similar results were also observed in the 
hTERT-immortalized human pancreatic cells (HPNE), where expression 
of K-rasG12D did not increase the expression of PD-1 or PD-L2 (Fig. S1A). 
It is interesting to note that PD-1 was barely detectable by immuno-
blotting analysis in several pancreatic cancer cell lines (Fig. S1B), while 
PD-L2 protein was detected in Capan-2, SW1990 and CFPAC-1 pancre-
atic cancer cells (Fig. S1C). 

2.2. K-ras-induced PD-L1 expression is mediated by growth factor 
signaling 

Although the role of PD-L1 in immune checkpoint is well established, 
the regulation of its expression by oncogenic signal remains poorly un-
derstood. Based on the recent reports that certain cytokines (IFN-γ, TGF- 
β, TNF-α, and IL-6) and the epidermal growth factor (EGF) in the 
microenvironment could stimulate PD-L1 expression [21,25,27–29], we 
postulated that some of these factors might be involved in K-ras-induced 
PD-L1 expression. To test this possibility, we first obtained the condi-
tioned medium (CM) from T-Rex/K-Ras cells (which are HEK-293T cells 
containing the doxycycline-inducible K-ras expression vector) cultured 
with or without K-ras induction by doxycycline, and then added the CM 

Fig. 2. Regulation of PD-L1 expression by growth factor signaling. (A) HEK293T were incubated for 24 h with doxycycline (Doxy), or with conditioned medium (CM) 
from T-Rex/K-ras cells incubated with (ON) or without (OFF) doxycycline. PD-L1 mRNA was measured by qRT-PCR. (B) EGF, EGFR, FGF1, FGFR1, IL-1α and IL1R1A 
mRNA levels were quantified by qRT-PCR in T-Rex/K-ras cells incubated with or without doxycycline for 72 h. (C) Secretion of EGF, FGF1 and IL-1α in the culture 
medium of K-ras/On or Off cells, measured by ELISA. The results were normalized by protein contents of the corresponding cell samples. (D) FGFR1, EGFR and K-Ras 
protein levels were detected by immunoblotting in T-Rex/K-ras/On (72 h) or Off cells. Data are representative of three separate experiments. (E) T-Rex/K-ras cells 
were incubated with EGF (20 ng/ml), FGF1 (10 ng/ml), or IL-1α (100 ng/ml) for 24 h, and PD-L1 mRNA was quantified by qRT-PCR. (F) T-Rex/K-ras cells were 
incubated with EGF (20 ng/ml), FGF1 (10 ng/ml) of IL-1α (100 ng/ml) for 48 h. PD-L1 protein was detected by immunoblotting. (G) T-Rex/K-ras cells were incubated 
with EGF (20 ng/ml), FGF1 (10 ng/ml) or IL-1α (100 ng/ml) for 72 h, and cell surface PD-L1 was analyzed by flow cytometry. Statistical analysis: Data are means ±
SEM of three separate experiments; One-way ANOVA followed by Tukey post hoc test for A, C, E, G; Two-tailed unpaired t-test for B. *, P < 0.05; **, P < 0.01; ***, P 
< 0.001. 
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to the control HEK293T cells without harboring the 
doxycycline-inducible expression vector. As shown in Fig. 2A, incuba-
tion of the control HEK293T cells with the CM from T-Rex/K-ras/On 
cells (CM/ON) led to a significant increase in PD-L1 mRNA levels, 
whereas the CM from T-Rex/K-ras/Off cells (CM/OFF) or doxycycline 
(Doxy) did not induce any increase in PD-L1 expression. These data 
suggest that secreted factors in the CM, regulated by oncogenic 
K-rasG12V, might stimulate PD-L1 expression. Indeed, qRT-PCR assay 
revealed that induction of K-rasG12V caused a significant increase in 
expression of EGF, FGF1 (fibroblast growth factor 1), IL-1α (inter-
leukin-1α) as well as their respective receptors EGFR, FGFR1, and 
IL1R1A (Fig. 2B). The increased secretion of EGF, FGF1, and IL-1α into 
the culture medium from K-rasG12V/On cells was confirmed by ELISA 
assay (Fig. 2C), and the elevated expression of EGFR and FGFR1 in 
K-rasG12V/On cells was confirmed by Western blot analysis (Fig. 2D, 
Fig. S7A), further supporting an autocrine mechanism by which 
K-rasG12V stimulated growth factor signaling. Interestingly, when 
T-Rex/K-ras were incubated with each of these cytokines, EGF and FGF1 
were able to induce PD-L1 expression (mRNA and protein), but IL-1α did 
not show any significant effect (Fig. 2E–G, Fig. S7B). 

Since the ability of EGFR to affect PD-L1 expression was recently 

observed in lung cancer [23] but the impact of FGFR1 on PD-L1 
expression has not been reported previously, specific inhibitors of 
EGFR and FGFR1 were used to further test their relative influence on 
K-rasG12V-induced PD-L1 expression. As shown in Fig. 3A, the EGFR 
inhibitors (Gefitinib and Afatinib) and FGFR1 inhibitor (PD173074) 
were able to suppress K-rasG12V-induced PD-L1 mRNA expression. Afa-
tinib and PD173074 also decreased the K-ras-induced expression of 
PD-L1 protein, wheras the impact of Gefitinib on PD-L1 protein 
expression was not significant at 48 h (Fig. 3B–C, Fig. S7C). We also 
observed Akt activation by K-ras, as evidenced by an increase in phos-
phorylation at Ser473 and Thr308 while the total Akt protein did not 
increase (Fig. 3B, Fig. S7C). Consistently, EGFR or FGFR inhibitors could 
also suppress surface PD-L1 protein expression (Fig. 3C). This was 
consistent with the ability of growth factor signaling to activate Akt, 
which is known to promote PD-L1 expression [20]. To test the potential 
role of Akt in mediating K-rasG12V-induced PD-L1 expression, siRNA was 
used to silence the expression of Akt1, the major isoform of Akt found in 
HEK293T cells [31]. Silencing of Akt1 substantially suppressed PD-L1 
expression in T-Rex/K-ras/On cells (Fig. 3D, Fig. S7D). Induction of 
K-ras by doxycycline consistently caused an increase of Akt phosphor-
ylation (Fig. 3B, D), suggesting that K-ras activated Akt mainly through 

Fig. 3. Effect of inhibition of EGFR and FGFR on PD-L1 expression. (A) T-Rex/K-ras cells were incubated with or without doxycycline for 48 h, then with 1 μM 
Gefitinib (GEF), 1 μM Afatinib (AFA), or 1 μM PD173074 (PD) as indicated for an additional 24 h. PD-L1 mRNA was measured by qRT-PCR. (B) T-Rex/K-ras cells 
were incubated with or without doxycycline for 48 h and then incubated with 1 μM GEF, 1 μM AFA, or 1 μM PD173074 for additional 48 h. PD-L1 protein was 
measured by immunoblotting. Data are representative of three separate experiments. (C) T-Rex/K-ras cells were incubated with or without doxycycline for 48 h and 
then incubated with 1 μM GEF, 1 μM AFA, or 1 μM PD173074 for an additional 48 h in presence of doxycycline. Cell surface PD-L1 expression was quantified by FACS 
analysis. (D) T-Rex/K-ras cells were first incubated with doxycycline for 48 h, then transfected with 100 nM siRNA against Akt1 for 48 h. PD-L1 protein level was 
measured by immunoblotting analysis. Data are representative of three separate experiments. (E-F) T-Rex/K-ras cells were incubated with 100 ng/ml doxycycline for 
48 h. Then, cells were incubated with PI3K inhibitor LY294002 (5 μM) or Akt inhibitor MK2206 (50 nM) for 72 h. PD-L1 and K-ras protein levels were analyzed by 
immunoblotting and quantified. (G-H) C57BL/6 mice were inoculated with syngeneic pancreatic cancer cells expressing K-rasG12D (2 × 106 cells per injection). The 
mice were divided into 2 groups (3 mice/group). PD173074 (20 mg/kg) was administrated orally on days 7 and 8. The control mice were treated with DMSO. Tumors 
were harvested 6 h after the last treatment and proteins were extracted. The expression of PD-L1, p-Akt (T308) and total Akt protein was measured by immuno-
blotting analysis and quantified. Statistical analysis: Data are mean ± SEM of three independent experiments; One-way ANOVA followed by Tukey post hoc test for A, 
C and F; Two-tailed unpaired t-test for H. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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the phosphorylation of the Akt protein. The role of Akt in K-rasG12-

V-induced PD-L1 expression was further confirmed by the use of PI3K 
inhibitor LY294002 and Akt inhibitor MK-2206 (Fig. 3E–F, Figs. S2A–B). 
Importantly, we also found that inhibition of FGFR1 using PD173074 in 
mice (20 mg/kg; 48 h) could significantly reduce the levels of phos-
phorylated Akt and PD-L1 protein expression in vivo (Fig. 3G–H, 
Fig. S7E). 

Considering that other pathways including ERK (MAPK), STAT3, 
JunB, and NF-κB were previously suggested to affect PD-L1 expression, 
we tested their involvement in mediating K-rasG12V-induced PD-L1 
expression. As shown in Supplementary Figs. S2C–E, siRNA silencing 
of these genes failed to modify PD-L1 expression in T-Rex/K-ras/On 
cells, suggesting that these pathways might not play a significant role in 
the context of K-ras-driven PD-L1 expression. 

FGFR1 signaling plays a major role in K-ras-induced PD-L1 expres-
sion in pancreatic cells. 

To further investigate the relative roles of EGFR and FGFR1 signaling 
pathways in mediating K-rasG12V-induced PD-L1 expression in human 
pancreatic cells, we compared the expression of PD-L1, EGFR, and 
FGFR1 in HPNE cells and in their K-ras-transfected counterpart (HPNE/ 
K cells). Quantitative RT-PCR analysis showed that the expression of PD- 
L1, EGFR and FGFR1 mRNA increased in HPNE/K-ras cells (Fig. 4A). 
Unlike T-Rex/K-ras cells, the expressions of EGF and FGF1 did not 
change in HPNE cell lines (Fig. 4A). Western blot analysis showed that 
only FGFR1 protein substantially increased in HPNE/K-ras cells, 
whereas EGFR expression remained unchanged (Fig. 4B, Fig. S7F), 

suggesting that the FGFR1 signaling might be the main pathway that 
mediated PD-L1 expression in this cell line. 

Interestingly, FGF and EGF were also able to regulate PD-L1 
expression in Panc-1 and CFPAC-1 cells, but not in SW1990 and 
Capan-2 cell lines (Fig. 4C–E, Figs. S3A–B, Fig. S7G). Consistent with the 
observation in T-Rex/K-ras cells, PD-L2 protein was not induced when 
the pancreatic cells were incubated with the growth factors (Fig. 4D, 
Figs. S3C–E), further confirming that this regulatory process was specific 
for PD-L1. It should be noted that Capan-2 cells exhibited the lowest 
level of FGFR1 that was correlated with a very low PD-L1 protein level 
(Fig. S3A-B, S3G). Thus, Capan-2 cells did not respond to exogenous FGF 
was likely due to the intrinsic lack of FGFR1 signaling. In contrast, 
SW1990 cells exhibited the highest expressions of FGFR1 and PD-L1, 
and could not be further stimulated by exogenous FGF due to 
signaling saturation. Importantly, the EGFR inhibitor afatinib, which 
was effective in inhibiting PD-L1 expression in T-Rex/K-ras cells, was 
unable to suppress the expression of PD-L1 in any of the pancreatic cell 
lines (Fig. S3F), suggesting that it was FGFR1 (but not EGFR) that play a 
key role in mediating K-ras-induced PD-L1 expression in human 
pancreatic cancer cells. 

To further validate the role of FGFR1 in regulating of PD-L1 
expression, we generated FGFR1 knock-out cell lines and tested its 
impact on PD-L1 expression. To this end, we first selected Panc-1 and 
SW1990 cell lines because they exhibited a high level of basal expression 
of PD-L1 and FGFR1 and also secrete FGF into their medium (Fig. S3G). 
When FGFR1 was knocked-out, the expression of PD-L1 was significantly 

Fig. 4. Effect of inhibition of EGFR and FGFR on PD-L1 expression in cancer cells. (A) Impact of K-ras on expression of PD-L1, EGF, EGFR, FGF1 and FGFR1 mRNA in 
HPNE cells, measured by qRT-PCR analysis. (B) Expression of PD-L1, FGFR1, and EGFR in HPNE cells stably transfected with K-ras (HPNE/K) in comparison with 
their parental HPNE cells. Protein levels were measured by immunoblotting analysis. Data are representative of three separate experiments. (C–D) Four human 
pancreatic cell lines were incubated with FGF1 and FGF2 (50 ng/ml). Cell surface PD-L1 and PD-L2 expressions were quantified by FACS analysis. (E) Four human 
pancreatic cell lines were incubated with FGF1 and FGF2 (50 ng/ml). Expressions of PD-L1 and PD-L2 were measured by immunoblotting. (F) Expressions of PD-L1 
and FGFR1, in Panc-1 and SW1990 FGFR1 KO cells, were measured by immunoblotting. (G-H) PD-L1 cell surface expression in Panc-1 and SW1990 FGFR1 KO cells 
was quantified by FACS analysis. (I-J) Correlation between PD-L1 and FGFR1 expression in human pancreatic tumor samples (n=81) using tissue microarray. The 
protein expression was determined by immunohistochemistry staining. Representative images of immunostaining and H/E staining (scale bars, 50 μm) are shown in 
(I); the quantitative data are shown in (J). Data are means ± SEM of three separate experiments; Two-tailed unpaired t-test for A, C-D; One-way ANOVA followed by 
Tukey post hoc test for G-H. Spearman’s rank correlation test for J. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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decreased (Fig. 4F–H, Fig. S7H). These data together demonstrated the 
important role of FGFR1 in the regulation of PD-L1 expression in 
pancreatic cancer. 

We then used tissue microarray to evaluate the potential correlation 
between PD-L1 expression and FGFR1 in human pancreatic tumor tis-
sues, and found that the expression of PD-L1 was positively correlated 
with the expression of FGFR1 (Fig. 4I-J), suggesting that the regulation 
of PD-L1 expression by FGFR1 could occur in vivo. TCGA analyses also 
revealed a positive correlation between these two genes in human 
pancreatic ductal adenocarcinoma (PDAC), but only when K-ras is 
mutated (Fig. S4A). Such correlation was not observed in pancreatic 
cancer samples with wild-type K-ras (Fig. S4B). 

2.3. ROS mediate K-ras-induced PD-L1 expression through activation of 
FGFR1 pathway 

Considering that K-rasG12V promotes ROS generation due in part to 
mitochondrial dysfunction induced by the oncogenic signal [7,9], we 
thus tested the possibility that ROS might play a role in the K-rasG12-

V-induced activation of growth factor signaling for PD-L1 expression. We 
first examined the direct effect of ROS on PD-L1 expression, and found 
that exposure of K-rasG12V/Off cells to 50 μM hydrogen peroxide (H2O2) 
could induce a significant increase of PD-L1 (Fig. 5A). Since the exog-
enous H2O2 added to cell culture had a very short half-life, we then used 
glucose oxidase (GLOX), an enzyme known to oxidize glucose in the 
medium to produce H2O2 [32], as a continuous ROS-generating system 
to evaluate the impact of chronic ROS stress on PD-L1 expression. As 
shown in Fig. 5B, addition of GLOX (20 ng/ml) to the culture medium 

Fig. 5. Role of ROS in regulation of PD-L1 expression. (A) T-Rex/K-ras/Off cells were incubated with hydrogen peroxide (50 μM, added daily) for 72 h, and PD-L1 
mRNA was quantified by qRT-PCR. (B) T-Rex/K-ras cells were incubated with or without glucose oxidase (GLOX, 20 ng/ml) for 24 h, ROS were measured by FACS 
analysis using DCFDH-DA probe. Data are representative of three separate experiments. (C) T-Rex/K-ras cells were incubated for 48 h with GLOX (20 ng/ml, added 
daily). PD-L1 mRNA was measured by qRT-PCR. (D) T-Rex/K-ras cells were incubated with GLOX for 48 h (added daily). PD-L1 expression was measured by 
immunoblotting. (E) T-Rex/K-ras cells were incubated for 72 h without (OFF) or with doxycycline (ON) in the presence or absence of catalase (CAT, 50 μg/ml). ROS 
were measured by FACS analysis. (F) T-Rex/K-ras cells were incubated with or without doxycycline and catalase (50 μg/ml) as indicated, and PD-L1 mRNA was 
measured by qRT-PCR. (G) T-Rex/K-ras cells were incubated with GLOX (20 ng/ml, added daily) for 48 h and catalase (50 μg/ml) as indicated, and cell surface PD-L1 
was quantified by FACS analysis. (H) T-Rex/K-ras cells were incubated with GLOX (20 ng/ml, added daily) with or without catalase (50 μg/ml) for 48 h. EGFR, 
FGFR1 and PD-L1 were measured by immunoblotting. Data are representative of three separate experiments. (I) T-Rex/K-ras FGFR1 wild-type (WT) and FGFR1 KO 
cells were incubated for 48 h with GLOX (20 ng/ml, once a day). PD-L1 and FGFR1 were measured by immunoblotting. Data are representative of three separate 
experiments. (J) Four pancreatic cell lines were incubated with H2O2 (0.75–1 mM, added once) for 48 h. PD-L1 expression was measured by immunoblotting. Data 
are representative of three separate experiments. (K-L) C57BL/6 mice were inoculated with syngeneic pancreatic cancer cells expressing K-rasG12D (2 × 106 cells per 
injection). The mice were divided into the control group (treated with PBS) and NAC-treated group (1000 mg/kg, i.p. daily, for 7 days). PD-L1 mRNA levels were 
measured by qRT-PCR. PD-L1 protein expression was analyzed by IHC and scored as described in methods. Data are means ± SEM of seven biological replicates. 
Statistical analyses: Data are means ± SEM of three separate experiments; Two-tailed unpaired t-test for A, C, K-L; one-way ANOVA followed by Tukey post hoc test for 
F-G. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 

C. Glorieux et al.                                                                                                                                                                                                                                



Redox Biology 38 (2021) 101780

7

led to a significant increase in cellular ROS in K-rasG12V/Off cells. This 
ROS stress resulted in an up-regulation of PD-L1 mRNA and protein 
(Fig. 5C–D, Fig. S7I). Importantly, the antioxidant enzyme catalase 
(CAT) could decrease ROS in K-rasG12V/On cells to a level comparable to 
that of K-rasG12V/Off cells (Fig. 5E), and prevented K-rasG12V-induced 
PD-L1 upregulation (Fig. 5F). Since exogenously added glucose oxidase 
and catalase were unlikely to cross cell membranes, their direct effect 
was to alter extracellular H2O2 and create a concentration gradient 
across the cellular membranes to facilitate the diffusion of H2O2 [33], 
leading to changes in intracellular H2O2 concentrations. GLOX also 
enhanced PD-L1 expression on the cell surface and catalase, an enzyme 
that converts H2O2 to water and oxygen [34], could reverse this process 
(Fig. 5G). Moreover, incubation with GLOX also increased FGFR1 pro-
tein levels correlated with PD-L1 expression (Fig. 5H, Fig. S7J). Catalase 
was able to abolish the up-regulation of FGFR1 and PD-L1 induced by 
GLOX, indicating that H2O2 is a key regulator. Since EGFR protein level 
did not increase after cells were incubated with GLOX, the effect of H2O2 
on PD-L1 expression was mainly through FGFR1 signaling in these cells. 
We also noted that addition of exogenous EGF or FGF1 in the medium 
did not cause any ROS increase in HEK293T cells (Fig. S5A), indicating 
that ROS were upstream of the growth factor activation. 

To further test the important role of FGFR1 signaling pathway in 
mediating ROS-induced PD-L1 expression, we used CRISPR/Cas9 tech-
nology to abolish FGFR1 gene in K-rasG12V/Off cells, and then tested the 
effect of ROS on PD-L1 expression. As shown in Fig. 5I, ROS generated 
by GLOX could increase PD-L1 expression only in the K-rasG12V/Off cells 
with normal FGFR1, but this effect was almost completely abolished 
when FGFR1 was knocked-out (Fig. 5I, Fig. S7K). 

In order to test if this redox regulation of PD-L1 is a general mech-
anism, various human cell lines were incubated with hydrogen peroxide. 
All four human pancreatic cancer cells showed an increase in their PD- 
L1 expression after exposure to oxidative stress (various concentrations 
of H2O2), and catalase could again abolish this PD-L1 induction (Fig. 5J, 
Figs. S5B–E, Fig. S7L). In contrast, PD-L2 protein levels did not change 
when the cancer cells were incubated with H2O2 (Fig. S5F). When the 
cells were treated with high concentrations of H2O2 (0.75–1.0 mM, 
added once), there was a moderate cytotoxicity with a loss of up to 25% 
viable cells and their proliferation ability, as measured by MTT assay at 
48 h. It is noteworthy that in Capan-2 cells with low FGFR1 protein level, 
PD-L1 expression could not be induced by FGF (Fig. 4E) but could be 
enhanced after exposure to H2O2 (Fig. 5J), suggestion that ROS might 
also promote PD-L1 expression in a FGFR1-independent manner. 

Consistent with above observations, incubation of HPNE cells with 
the ROS-generating enzyme GLOX also induced PD-L1 expression at 
both mRNA and protein levels (Figs. S6A–C), which were prevented by 
catalase (Figs. S6D–F). The expression level of FGFR1 was also signifi-
cantly enhanced by GLOX, whereas that of EGF and EGFR remained 
unchanged (Fig. S6G). These data together revealed a novel role of ROS 
in mediating upregulation of PD-L1 expression via activation of the 
FGFR1 signaling. Moreover, hydrogen peroxide also increased PD-L1 
protein levels in mouse CT26 colon cancer cells (Fig. S6H) and mouse 
pancreatic cancer cells (Fig. S6I). Likewise the antioxidant N-acetyl 
cysteine (NAC) decreased the expression of PD-L1 in vitro (Fig. S6I) and 
in vivo in the mouse pancreatic cancer model expressing mutated K-ras 
(Fig. 5K-L, Fig. S6J). 

To further test the hypothesis that ROS regulate PD-L1 expression, 
we generated Nrf2 knockout cells from T-Rex/K-ras cells with compro-
mised antioxidant capacity and elevated ROS [35]. The expression of 
PD-L1 was significantly higher in the Nrf2-KO cells compared to 
wild-type Nrf2 cells (Figs. S5G–H), consistent with the role of ROS in 
promoting PD-L1 expression. 

2.4. FGFR1 knock-out differentially impacted tumor growth in immune 
competent and immunodeficient mice 

In order to further evaluate the role of FGFR1 in promoting PD-L1 

expression in vivo, we used CRISPR/Cas9 technology to generate 
FGFR1 knockout cells from the mouse pancreatic cancer KPC cell line (K- 
rasG12D/p53R172H) (Fig. 6A). In line with the findings obtained with 
human FGFR1 KO cell lines (Fig. 4F–H), a knockout of FGFR1 in mouse 
PDAC cells also led to a decrease in PD-L1 expression in vitro (Fig. 6B). 
Importantly, a knockout of FGFR1 severely impaired the ability of the 
KPC cells to grow tumor in the immune competent C57BL/6 mice 
(Fig. 6C). In contrast, the same KPC cells grew faster when they were 
inoculated in the immunodeficient nude mice, while knocking out of 
FGFR1 only moderately retarded tumor growth in the nude mice 
(Fig. 6D). These data indicate that the mouse immune system played a 
significant role in inhibiting KPC tumor growth, and suppression of PD- 
L1 expression by knocking out FGFR1 further enhanced the immune 
function against cancer growth. The moderate retardation in tumor 
growth observed with FGFR1-null cells in the nude mice (Fig. 6D) likely 
reflected the loss of FGFR1 signaling. Analysis of tumor tissues isolated 
for the immune competent mice revealed that the PD-L1 expression 
decreased by approximately 30% in FGFR1 KO tumors (Fig. 6E). Since 
tumor PD-L1 expression may impact T cell function, we then quantified 
CD8+ T cell infiltration in the tumor tissues. Compared to the wild-type 
FGFR1 tumors, the FGFR1 KO1 and FGFR1 KO2 tumors contained a 
significantly higher number of infiltrating T cells with an increase of 
1.85-fold and 1.41-fold, respectively (Fig. 6F). Consistently, the 
expression of effector T cell marker genes such as interferon-gamma, 
granzyme B and perforin were significantly increased in FGFR1 KO tu-
mors (Fig. 6G–I). These data together suggest that the knockout of 
FGFR1 in K-ras-driven cancer cells could decrease the expression of PD- 
L1 in vivo, promote immune response and thus inhibit tumor growth. 

3. Discussion 

Pancreatic ductal adenocarcinoma is one of the most deadly cancers 
[1], and the presence of K-ras mutation is a major molecular hallmark of 
this disease. Oncogenic mutations of KRAS gene are frequently found in 
multiple cancers, and are associated with more aggressive disease 
phenotype [2,5]. A previous study of EGFR-driven cancer suggested an 
association between K-ras mutation and PD-L1 expression in lung cancer 
[30]. In lung cancer, PD-L1 expression seems to be associated with 
oncogenic K-ras through MAPK [36,37] or Akt signaling [38]. Another 
study suggested that oncogenic K-ras might enhance PD-L1 expression 
by increasing its mRNA stability via the modulation of the tristetraprolin 
enzyme activity [39]. However, the causal role of K-ras in regulating 
PD-L1 expression still remained elusive. Using multiple experimental 
models including an inducible K-rasG12V expression cell system [9], we 
demonstrated that activation of oncogenic K-ras in cancer cells could 
induce PD-L1 expression through activation of FGFR1 signaling by a 
novel ROS-mediated mechanism as illustrated in Fig. 7. This conclusion 
is supported by both in vitro and in vivo data, including induction of ROS 
generation and expressions of FGFR1 and PD-L1 by K-rasG12V, direct 
activation of FGFR1 and PD-L1 expression by ROS, and suppression of 
PD-L1 by antioxidants or by the FGFR1 inhibitor (PD173074) in vitro and 
in vivo. Genetic silencing of the expression of ERK, STAT3, AP-1, and 
NF-κB did not significantly affect the expression of PD-L1, suggesting 
that these putative regulators did not play a significant role in 
K-rasG12V-induced PD-L1 expression. In contrast, genetic knockout of 
FGFR1 significantly decreased the expression of PD-L1 and profoundly 
suppressed tumor growth in immunocompetent mice. These data 
together demonstrate that the ROS-FGFR1 pathway seems to be the 
main regulatory mechanism for PD-L1 expression in K-ras-driven can-
cers. Neither the expression of PD-1 nor PD-L2 was changed by K-ras 
activation, suggesting that this regulation is relatively specific for PD-L1. 
However, it should be noted that the regulatory mechanisms of PD-L1 
expression are likely multifactorial processes, and may depend on cell 
types. Cytokines such as IFN-γ, IL-6 and growth factors could stimulate 
PD-L1 expression, and a recent study suggests that Akt signaling 
pathway may also be involved in regulation of PD-L1 expression in 
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non-small cell lung cancer [38]. 
Interestingly, the expression of both PD-L1 and FGFR1 are increased 

in human pancreatic cancer tissues [40–42]. The results from our tissue 
microarray and TCGA analyses further showed that PD-L1 expression 
was correlated with FGFR1 expression in tumor tissues with mutant 
K-ras, suggesting that the regulation of PD-L1 expression by FGFR1 in 
K-ras-driven cancer is clinically relevant. Consistent with our findings, a 
strong correlation between FGF2-FGFR1/Akt3/PD-L1 exists in invasive 
bladder carcinomas in a TCGA analysis [43]. The discovery that ROS 
could promote PD-L1 expression through activation of growth factor 
signaling is a significant new finding from this study. Several lines of 
evidences demonstrate that ROS-modulating agents may also lead to 
PD-L1 upregulation in cancer cells [44]. It is also worthy of noting that 
although our data showed that ROS could activate both EGFR and 
FGFR1 signaling pathways, it seems that FGFR1 signaling plays a key 
role in upregulation of PD-L1 expression in the K-ras-driven pancreatic 
cancer cells. This notion is supported by the observations that FGFR1 
expression was increased in K-ras-transformed pancreatic epithelial cells 
(HPNE/K) whereas the EGFR expression was similar in both cell lines. 
The redox regulation of FGFR1 has been already reported. It has been 
shown that hydrogen peroxide could regulate FGFR1 expression at the 
transcriptional level in retinal pigment epithelial cells while FGFR2 
expression was not modified under oxidative stress [45], suggesting a 
specific induction of FGFR1 by ROS. However, the detail mechanism for 

redox-mediated transcriptional regulation of FGFR1 remains to be 
elucidated. Beside the effect on gene transcription, ROS could directly 
modulate the receptor activation. Indeed, it has been shown that 
oxidative stress could activate the receptor by phosphorylation [46], 
and could also increase the affinity of FGF for its receptor [47]. The 
finding that inhibition of FGFR1 (but not EGFR) signaling could suppress 
K-ras-induced PD-L1 expression further underscores the important role 
of the FGFR1 pathway, although EGFR signaling is known to induce 
PD-L1 expression in other cell types such as lung cancer [23,38]. 

Our study provided several lines of evidence for the significant role 
of oncogenic K-ras in affecting tumor microenvironment and tumor 
immunity by upregulating PD-L1 expression and inflammatory cyto-
kines. ROS are generally associated with tumor aggressiveness by acti-
vating cell proliferation, migration and invasion. However, the impact of 
ROS on tumor immunity is still underappreciated. In this study, we 
demonstrated that ROS/FGFR1 signaling could have a major impact on 
the immune functions against tumors. The ROS-mediated FGFR1 
signaling could promote PD-L1 expression, which in turn alters T cell 
functions in the tumor tissues. The critical role of ROS and FGFR1 in 
regulating PD-L1 expression and affecting tumor growth has been 
demonstrated both in vitro and in vivo in our study. It is of particular 
interest to note that knockout of FGFR1 severely impaired the ability of 
the mouse pancreatic cancer cells to form tumors in the immune 
competent mice, but only moderately retard tumor growth in the 

Fig. 6. Increased CD8+ T cell infiltration and impaired tumor growth in FGFR1 KO tumors. (A) Expression of FGFR1, in mouse PDAC FGFR1 WT and KO cells, was 
measured by immunoblotting. (B) In vitro comparison of PD-L1 cell surface expression in mouse PDAC cells and their FGFR1-KO cells, quantified by FACS analysis. 
(C) C57BL/6 mice were inoculated with syngeneic pancreatic cancer cells (FGFR1 WT or KO; n=7) expressing K-rasG12D (2 × 106 cells per injection). Tumor size data 
(means ± SD) were log-transformed before statistical analyses using generalized linear model. (D) BALB/c nude mice were inoculated with syngeneic pancreatic 
cancer cells (FGFR1 WT or KO; n=7) expressing K-rasG12D (1 × 106 cells per injection). Tumor size data (means ± SD) were log-transformed before statistical analyses 
using generalized linear model. (E) C57BL/6 mice were inoculated with syngeneic pancreatic cancer cells as described in (C). The mice were sacrificed at day 21 after 
tumor inoculation. PD-L1 protein expression was evaluated by IHC and scored as described in methods. (F) Tumor tissues were processed for immunostaining of 
CD8+ T cells (same tumor samples than E). The number of CD8+ lymphocytes was quantified in each group. (G-I) Quantitative RT-PCR analysis of IFNγ (IFNG), 
Granzyme B (GZMB) and Perforin (PRF1B) mRNA expression in tumor tissues from mice (same tumor samples than E). Statistical analysis: Data are mean ± SEM of 
three independent experiments (B) or three biological replicates (E–I); One-way ANOVA followed by Tukey post hoc test for B, E-I. *, P < 0.05; **, P < 0.01; ***, P 
< 0.001. 
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immunodeficient nude mice. 

4. Conclusions 

We have identified a novel mechanism by which K-ras promotes PD- 
L1 expression through ROS-mediated FGFR1 signaling, and suggests that 
modulation of ROS or inhibition of the FGFR1 pathway could abrogate 
PD-L1-mediated immunosuppression. Our results provide a basis for 
developing novel strategies to overcome cancer immune evasion. 
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5. Material and methods 

Cell lines: The doxycycline inducible T-Rex/K-rasG12V cells were 
constructed as previously described [9] and cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% 
tetracycline-free fetal bovine serum (FBS). Nrf2-knockout (KO) cells 
were generated from T-Rex/K-rasG12V cells as previously described [35]. 
HEK293T (#CRL-3216), Panc-1 (#CRL-1469), Capan-2 (#HTB-80), 
SW1990 (#CRL-2172), CFPAC-1 (#CRL-1918), Jurkat (#TIB-152), 
CT26.WT (#CRL-2638) and the h-TERT immortalized HPNE cell line 

(#CRL-4023) were from ATCC (Manassas, VA, USA). They were 
cultured in DMEM with 10% FBS, except for Jurkat and CT26 cultured in 
RPMI-1640 (Roswell Park Memorial Institute) medium with 10% FBS. 
HPNE stably transfected with mutant K-rasG12V was cultured as previ-
ously described [48]. The mouse pancreatic cancer cell line with K-ras 
and p53 mutations was derived from KPC mice generated by crossing 
Pdx1-Cre, LSL-K-rasG12D and LSL-p53R172H mice (from The Jackson 
Laboratory), according to the procedures described previously [49]. 
HPNE cell lines were initially mycoplasma positive and treated 
adequately in order to remove the bacteria. Other cell lines were 
confirmed to be mycoplasma negative (LookOut mycoplasma PCR 
detection kit, Sigma) and authentication of cell lines were performed by 
STR genotyping (Microread Genetics, Beijing, China). 

Cell culture reagents: Cells were incubated with various com-
pounds: Doxycycline (#D9891), LY294002 (#L9908), bovine serum 
catalase (#C9322), glucose oxidase (#G7141), N-acetyl cysteine 
(#V900429) and hydrogen peroxide (#323381) were from Sigma- 
Aldrich (Saint Louis, MO, USA). MK-2206 (#S1078), Gefitinib 
(#S1025), Afatinib (#S1011) and PD173074 (#S1264) were from 
Selleck Chemicals (Houston, TX, USA). Recombinant human EGF 
(#BMS320) and IL-1α (#BMS328) were from eBioscience (San Diego, 
CA, USA). Recombinant human FGF1 (#RP-8639) and FGF2 
(#PHG0261) were from Invitrogen (Grand Island, NY, USA). 

Glucose oxidase and catalase in cell culture: Glucose oxidase 
(Sigma, #G7141) was first prepared in PBS at a concentration of 0.2 mg/ 
mL and then was filtered to remove potential bacterial contamination. 
This solution was diluted 100 times in PBS (concentration: 2 μg/mL) 
before adding to cell culture medium. Catalase (Sigma, #C9322) was 
prepared in PBS at a concentration of 1 mg/mL, filtered, and added to 
the cell culture medium at the indicated concentrations. All solutions 
were freshly prepared and added to the cell culture every 24 h. The 
stability of GLOX in culture medium has not been well characterized. 

Mice and tumor models: Cohorts of 5–7 weeks old female C57BL/6 
and BALB/c nude mice (Vital River Laboratory Animal Technology, 

Fig. 7. Schematic model illustatrating the 
redox regulation of PD-L1 expression 
through growth factor signaling. Activation 
of K-rasG12V promotes ROS generation due to 
K-ras-induced mitochondrial dysfunction. 
The elevated ROS promotes FGFR1 expres-
sion at the transcriptional level. The signals 
from growth factor receptors (FGFR1 and 
EGFR) activate the Akt signaling pathway, 
which enhances the transcription of PD-L1 
gene, leading to a significant increase of 
PD-L1 mRNA and protein. The subsequent 
interaction of PD-L1 with PD-1 on T cells 
lead to immunosuppression.   
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Beijing, China) were housed in a controlled environment with free ac-
cess to food and water. Upon delivery, mice underwent an acclimation 
period of one week. Body weight was recorded twice weekly. At the 
beginning of each experiment, mice were randomly assigned to each 
group to ensure that all groups were matched in terms of body weight, 
tumor sizes and by drawing lots. The animal experiments were per-
formed in an unblinded manner. Approximately 1-2x106 pancreatic 
cancer cells (FGFR1 WT or KO) driven by mutant K-ras and mutant p53 
(derived from KPC mouse) were injected into the right flank of mice. 
Tumor volumes were measured twice per week and calculated using a 
modified ellipsoid formula: tumor volume (mm3) = (length (mm) x 
width2 (mm))/2. Animals, whose tumors were ulcerated, length ≥20 
mm or moribund, were promptly sacrificed to minimize animal distress 
and suffering. In order to investigate the role of ROS in the regulation of 
PD-L1 expression in vivo, KPC-bearing mice (as described above) were 
treated with N-acetyl cysteine (NAC, 1000 mg/kg/daily; i.p.) for seven 
days. KPC-bearing mice were also treated with PD173074 (20 mg/kg/ 
daily; orally) for two days to study the role of FGFR1 signaling. All an-
imal experiments were conducted in accordance with the institutional 
guidelines and approved by the Animal Care and Use Committee of Sun 
Yat-sen University Cancer Center (L102012016010E). 

Quantitative reverse transcription-polymerase chain reaction: 
Total RNA was isolated using Trizol (Invitrogen) according to the 
manufacturer’s instructions. RNA was reverse-transcribed using Primer 
Script RT reagent Kit with gDNA Eraser (Takara BIO INC, Kusatsu, Shiga, 
Japan). Real-time PCR was performed using the SYBR Premix Ex Taq 
RNAse H+ kit (Takara), and analyzed using the Bio-Rad detection system 
(Bio-Rad, Hercules, CA, USA). The samples were first incubated 5 min at 
95 ◦C, followed by 40 cycles of 10 s at 95 ◦C and 30 s at 60 ◦C. The results 
were calculated (formula: 2-(Ct target-Ct EF1)) and matched to the control 
samples. The primers sequences were listed in Supplementary Table S1, 
and produced by Sangon Biotech (Shanghai, China). 

Immunoblotting: The procedures for protein sample preparation 
from cell cultures, protein quantification, immunoblotting and data 
analyses were performed as previously described [50]. The following 
antibodies were used for immunoblotting analyses: PD-L1 (#ab174838), 
EGFR (#ab52894) and β-actin (#ab6276) were from Abcam (Cam-
bridge, UK); K-ras (#sc-30) and Akt1 (#sc-5298) were from Santa-Cruz 
biotechnology (Santa Cruz, CA, USA); FGFR1 (#9740), phospho-Akt Thr 
308 (#2965s) and phospho-Akt Ser 473 (#4060p) were from Cell 
signaling (Beverly, MA, USA). PD-1 (#AF1086-SP) was from R&D sys-
tems (Minneapolis, MN, USA). PD-L2 (#MABC969) was from Millipore 
(Darmstadt, Germany). Protein bands were detected by chem-
iluminescence, using an ECL detection kit (Pierce, Thermo Scientific, 
Rockford, IL, USA). When appropriate, bands obtained via Western blot 
analysis were quantified, using the ImageJ software (http://rsb.info.nih. 
gov/ij/). Protein expression was normalized by β-actin of the respective 
samples. 

ELISA: Secretions of EGF, FGF1 and IL-1α in medium were measured 
by ELISA (enzyme-linked immunosorbent assay) kits according to the 
protocol provided by the manufacturers. EGF (#BMS2070INST) and IL- 
1α (#BMS243-2) ELISA kits were from eBioscience; FGF1 (#ab219636) 
ELISA kit was from Abcam. 

Cell transfection: The small interfering RNAs (siRNAs) against 
Akt1, ERK2, STAT3, JunB and p65 (RelA) were synthesized by RiboBio 
(Guangzhou, China). Sequences of oligonucleotides are listed in 
Table S1. Cells were incubated with doxycycline to induce K-ras 
expression for 48 h before siRNA transfection, using lipofectamine RNAi 
Max reagents according to the manufacturer (Invitrogen). Transfection 
was performed for 24 h with a 100 nM siRNA solution in presence of 
doxycycline. Assays for expression of the target molecules were per-
formed 72 h after the transfection. 

Generation of FGFR1 knock-out cells: To product lentiviruses, 2.8 
μg of plasmid psPAX2 (Addgene, Watertown, MA, USA; #12260), 1.6 μg 
of pMD2.G vector (Addgene, #12259) and 2 μg of Lenticrispr V2 
plasmid (Addgene, #52961) containing human or mouse FGFR1 sgRNA 

were co-transfected into HEK293T cells (1.4 million cells) cultured in T- 
25 flasks using X-tremeGENE HP transfection reagent (Roche, Basel, 
Switzerland) according to manufacturer’s protocol. The sgRNA se-
quences are listed in Table S1. After 60 h, the medium containing viruses 
was collected and centrifuged for 10 min at 3000 rpm at 4 ◦C and then 
passed through a 0.45 μm filter. Cells were seeded in 6-well plate and 
infected with viruses and 8 μg/ml of polybrene containing medium. 
Viruses were removed 24 h after infection and cells were selected with 
1–2 μg/ml puromycin (Invivogen, San Diego, CA, USA). Clones were 
selected by serial dilution and FGFR1 expression was detected by 
immunoblotting. 

Flow cytometry: For the detection of membrane PD-L1 or PD-L2, 
cells were fixed with 4% formaldehyde in PBS and stained with pri-
mary antibodies with a dilution of 1:100 for 2 h at room temperature. 
Rabbit anti-human PD-L1 antibody (#13684; Cell Signaling), rat anti- 
mouse PD-L1 (#11-9971-81; eBioscience), mouse anti-human PD-L2 
(#MABC969; Millipore) were used. Cells were then washed and incu-
bated for 30 min at room temperature with PBS containing anti-rabbit 
IgG (#11-4839; eBioscience), anti-rat IgG (#11-4811-85; eBioscience) 
or anti-mouse IgG (#ab6785; Abcam) antibody coupled with FITC. Cells 
were then collected and washed twice with PBS before flow cytometry 
analysis. 

For ROS detection, cells were incubated with 10 μM DCFDH-DA 
(Molecular Probes, Rockford, IL, USA) for 20 min. The cells were har-
vested, washed twice with PBS, and analyzed by flow cytometer (Gal-
lios; Beckman Coulter, Brea, CA, USA). For each experiment, at least 
10,000 cells per sample were analyzed using FlowJo software (htt 
ps://www.flowjo.com). 

Immunohistochemistry: Mouse tumor tissue sections or human 
pancreatic cancer tissue microarrays (Shanghai Outdo Biotech, China) 
were first dried at 58 ◦C for 1 h, dewaxed and rehydrated before epitope- 
retrieval by heating at 100 ◦C in 10 mM sodium-citrate (pH6.0) for 4 
min. The sections were cooled down to room temperature for 30 min. To 
eliminate the endogenous peroxidase and alkaline phosphatase activity 
in the tissue, the tissue sections were treated with 3% hydrogen peroxide 
for 20 min. The sections were then incubated with the individual pri-
mary antibodies overnight, followed by incubation with secondary an-
tibodies for 1 h. DAB (3,3’-diaminobenzidine) was then applied as a 
substrate to reveal the antigen. Hematoxylin was used for counter-
staining. Primary antibodies used in this study included rabbit anti-PD- 
L1 (#ab174838, Abcam), rabbit anti-human FGFR1 (#9740, Cell 
Signaling) and rabbit anti-mouse CD8 (#bs-0648R; Bioss, Woburn, MA, 
USA). All other reagents were from ZSGB-Bio (Beijing, China). Scoring of 
the immuno-stained tissue sections was performed in a blind fashion, 
and recorded as score 0 (no target protein staining), score 1 (low 
staining), score 2 (intermediate staining), and score 3 (high staining). 
Results were quantified by multiplying the percentage of positive cells 
by the staining intensity scores (0-3), with a maximum score of 300 (3- 
x100). CD8+ lymphocytes and tissue surface were measured using 
ImageJ software on randomly chosen 20× fields per section. 

Bioinformatics: Illumina HiSeq_RNASeqV2 RSEM normalized gene 
expression profiles for human pancreatic adenocarcinoma were 
retrieved from TCGA’s Pan-Cancer atlas (paad_tcga_pan_can_atlas_2018) 
by CGDS-R package. 168 samples having expression data for PD-L1, 
FGFR1 and the mutation status of KRAS gene were included for 
further study. 

Statistical analysis: All experiments were performed at least three 
times (3 separate repeats). Q-Q plots were used to compare and deter-
mine data distribution. Data are expressed as mean ± S.E.M., unless 
otherwise specified. Student t-tests were used to evaluate the statistical 
significance of the difference between two groups of samples with 
normal distributions. When there were more than two independent 
groups, ANOVA were used to compare the means if normal distribution 
could be assumed. Tukey post hoc tests were performed when ANOVA 
was significant. Despite a large sample size, the relationship between 
PD-L1 and FGFR1 expression in human pancreatic carcinoma tissues was 
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assessed using a Spearman’s rank correlation because of the nature of 
data (integer scores). When the standard deviation was increasing with 
the mean, as for tumor volumes (in vivo animal studies), data were log- 
transformed before conducting statistical analyses. The log-transformed 
tumor volume data were analyzed using a generalized linear model, 
with cell type (FGFR1 WT or KO) as a 3-level between group factor, with 
time as a within group factor, and with their interaction. Post-hoc 
comparisons of groups two by two were performed using a Bonferroni 
correction for P-values. Statistical analyses were performed with 
GraphPad Prism (San Diego, CA, USA) and SPSS 16.0 (Chicago, IL, USA) 
software. No statistical method was used to calculate sample sizes, 
which were determined empirically. No data were excluded. All tests 
were two-tailed, and a P-value of 0.05 or less was considered statistically 
significant. 
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