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HIGHLIGHTS GRAPHICAL ABSTRACT

« Two common chemotherapeutic
drugs, cisplatin and gemcitabine,
exert opposite effect on the efficacy of
PD-1 antibody in K-ras-driven
cancers.

« Gemcitabine antagonizes PD-1Ab due
to its inhibition on T cell infiltration in

DNA damage

tumor tissues. Chemokines

« Combination PD-1Ab and cisplatin
leads to complete tumor eradication
in vivo due to activation of the cGAS-
mediated immune response.

« The impact of drugs on T cell
functions should be considered as a
critical factor in selecting drugs for
immunochemotherapy to achieve
optimal therapeutic outcome.
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ABSTRACT

Introduction: Immunochemotherapy using PD-1/PD-L1 antibodies in combination with chemotherapeu-
tic agents has become a mainstream treatment for cancer patients, but it remains unclear which drug
combinations would produce best therapeutic outcome.

Objectives: The purpose of this study was to investigate two common chemotherapeutic drugs, gemc-
itabine and cisplatin, for their impacts on the therapeutic efficacy of PD-1 antibody in K-ras-driven can-
cers known to overexpress PD-L1.
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Methods: Both in vitro assays and syngeneic mouse tumor models were used in this study. Biochemical
and molecular assays were used to determine the effects of drugs on T cell functions in cell culture mod-
els and in mouse/human tumor tissues. Allograft tumor models with K-ras mutation were used to inves-
tigate the combination effect of gemcitabine or cisplatin with immunotherapy. Data of lung cancer
patients with K-ras mutation treated with cisplatin and toripalimab were analyzed to evaluate the clin-
ical relevance of the lab findings.

Results: Cisplatin and gemcitabine unexpectedly exert opposite effect on the therapeutic activity of PD-1
antibody in vivo. Gemcitabine antagonizes the therapeutic effect of PD-1 antibody due to its significant
inhibition on CD8" T cell infiltration, which was observed both in mouse tumor allografts and in human
pancreatic cancer tissues. In contrast, cisplatin shows synergistic activity with PD-1 antibody by activa-
tion of CD8* T cells through the DNA damage-mediated cGAS-STING sensing mechanism, leading to
increase of T cell infiltration and secretion of antitumor cytokines. Clinical data show that a combination
of cisplatin with PD-1 antibody toripalimab could be effective in advanced lung cancer patients with K-
ras mutation who failed prior therapies.

Conclusions: Our study shows that a key factor in selecting chemotherapeutic agents for
immunochemotherapy is the drug’s impact on T cell functions, and that cisplatin-based chemotherapy
is an excellent choice for combination with immune checkpoint antibody to achieve favorable clinical
outcome.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

K-ras mutations are often found in human tumors and associ-
ated with poor clinical outcome [1]. The vast majority of pancreatic
cancer cells exhibit a constitutive activation of K-ras due to gene
mutations and overexpression [2], and approximately 30-40% in
lung and colon cancers also harbor K-ras mutation [3,4]. Recent
studies from multiple groups including our laboratory revealed a
link between oncogenic K-ras signaling and the expressions of
immune function-modulating molecules such as CD137 [5] and
PD-L1 (programmed death-ligand 1) [6-8]. Among these new find-
ings, a particularly interesting finding is that the abnormal activa-
tion of K-ras by mutations in pancreatic cancer cells promotes the
expression of PD-L1 through reactive oxygen species (ROS)-
mediated growth factor signaling [8]. Such K-ras-induced elevation
of PD-L1 expression may provide the tumor cells an important
mechanism to escape immune surveillance [9], and thus contribute
to the more aggressive cancer progression and poor clinical
outcome.

PD-L1 is localized at the surface of various cell types including
those of the immune system and non-immune cells [10-14]. The
PD-1 receptor (programmed death 1) is mainly expressed on T
cells, and its physiologic interaction with PD-L1 leads to inhibition
of T cell functions [10,11,15,16]. Expression of PD-L1 has also been
detected in various types of tumor cells and is considered as an
important mechanism of tumor immune evasion [11,15]. High
PD-L1 expression is often associated with poor clinical outcome
in patients with malignant diseases due to the inhibition of antitu-
mor immune functions [17-19]. The disruption of PD-1/PD-L1
interaction thus becomes a logical strategy to unlock the sup-
pressed immune functions, and constitutes the basis for using anti-
bodies against PD-1 or PD-L1 in cancer immunotherapy. Indeed,
targeting PD-1 or PD-L1 with monoclonal antibodies has demon-
strated long-lasting therapeutic activity against cancer in multiple
clinical trials [20-22]. A combination of the immune checkpoint
blockade agents such as PD-1 antibody and standard chemothera-
peutic drugs has been shown to further enhance the antitumor
activity and improve the clinical outcome of the cancer patients
[23]. In the context of immunochemotherapy in pancreatic ductal
adenocarcinoma (PDAC) or colorectal cancer, immunotherapy as
monotherapy offers no significant therapeutic activity. Combina-
tion of gemcitabine and nab-paclitaxel with PD-L1 antibody has
recently showed no overall survival benefit for PDAC patients
[24]. However, regimen comprising of PD-1 antibody and 5-fluor
ouracil/leucoverin/irinitocan together with BL-8040 (a CXCR4
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antagonist) seems to achieve significant clinical responses in cer-
tain patients [25], providing new hope to treat this highly aggres-
sive cancer. In resectable lung cancer, nivolumab (PD-1 antibody)
monotherapy could achieve complete responses in almost half of
the cases [26], and therapeutic effects of combination of various
chemotherapies (i.e., carboplatin, paclitaxel and etoposide) with
immunotherapy are currently evaluated in clinical trials [23].

In the context of using PD-1/PD-L1 blockade as an antitumor
strategy, the expression of PD-L1 on the surface of tumor cells is
an important factor that largely affects the sensitivity of tumor
cells to treatment with PD-1 or PD-L1 antibodies [27]. However,
it is important to recognize that the presence of functional T cells
in the tumor tissue is another important determinant that affects
the outcome of the immunotherapy. Without sufficient functional
CD8" T cells in the tumor tissues, the use of PD-1 antibody is unli-
kely to achieve satisfactory therapeutic effect. As such, the impact
of chemotherapeutic drugs on T cell functions would be a critically
important consideration in selecting drug for use in
immunochemotherapy. Our recent study using a T cell-based
screening assay showed that the chemotherapeutic agents com-
monly used in clinical treatment of cancer exhibited diverse effects
on T cell functions, with some of the drugs exhibiting stimulatory
or inhibitory effect on T cells [28]. These new findings underscore
the importance of selecting proper drugs for combination with PD-
1 antibody (PD-1Ab) to avoid drugs with antagonist effect on
immune cells. In this study, we used the K-ras-driven tumor mod-
els, which express high level of PD-L1 [8], to evaluate the impact of
cisplatin and gemcitabine, two chemotherapeutic agents com-
monly wused in cancer treatment and often used in
immunochemotherapy, on the in vivo therapeutic effect of PD-1
antibody. After observing the surprising opposite effect of the
two drugs, we used both in vitro and animal experimental models
to investigate the underlying mechanisms. We also further vali-
dated these findings in pancreatic cancer specimens and clinical
data from advanced-stage lung cancer patients with K-ras muta-
tion who failed prior therapies and subsequently treated with cis-
platin plus PD-1 antibody.

Materials and methods
Cell lines and cell culture
Mouse CT26.WT colon cancer cells with K-ras G12D mutation

(#CRL-2638), mouse LLC lung cancer cells with G12C K-ras muta-
tion (#CRL-1642), human A549 lung cancer cells with K-ras G12S
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mutation (#CRM-CCL-185) and human CFPAC-1 pancreatic cancer
cells with K-ras G12V mutation (#CRL-1918) were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA).
CT26 and A549 cells were cultured in RPMI (Roswell Park Memo-
rial Institute) and F12K (Kaighn’s Modification of Ham’s F-12 med-
ium) medium complemented with 10% fetal bovine serum (FBS),
respectively. LLC and CFPAC-1 cells were cultured in DMEM (Dub-
belco’s modified Eagle’s medium) medium with 10% FBS. Mouse
ovalbumin-specific B3Z T cell line was a kind gift of Dr. Nilabh
Shastri (University of California, Berkeley, USA) [29] and main-
tained in RPMI medium with 10% FBS.

For generation of the stable doxycycline inducible HPNE/K-
Ras®!?P cells (human pancreatic epithelial cell line), KRAS4BS!2P
sequence (Addgene, #83131) was cloned into pInduce20 plasmid
(Addgene, #83131) via Gateway LR Clonase Il Enzyme (Invitrogen,
Waltham, MA, USA; #11791-020). Lentiviruses were collected
from human 293 T embryonic kidney cells (ATCC, #CRL-3216)
transfected with K-ras®'?P-pInducer20 plasmid and viral package
vectors (Addgene, #12260 and #12259), and were used to infect
HPNE (ATCC, #CRL-4023) cells. The HPNE cells were screened for
two weeks with 1.5 mg/mL of G418. The cell line was maintained
in DMEM supplemented with 10% tetracycline-free FBS.

The mouse pancreatic cancer (KPC) cells harboring mutant K-ras
(G12D) and mutant p53 (R172H), were obtained according to the
procedures previously described, and maintained in DMEM medium
with 10% FBS [8]. Mouse cGAS (cGAMP synthase) knockout PDAC
cells were constructed as previously described [30]. The absence of
mycoplasma in culture media of all cell lines was confirmed using
the LookOut mycoplasma PCR detection kit (Sigma, Saint Louis,
MO, USA). The authentication of cell lines was performed by short-
tandem repeat (STR) genotyping (Microread Genetics, Beijing,
China). All culture media were from Gibco (Invitrogen). Doxycycline
(#D9891) was from Sigma-Aldrich (Saint Louis, MO, USA). Cisplatin
was from Hospira (Lake Forest, IL, USA) and gemcitabine was from
Eli Lilly and Company (Indianapolis, IN, USA).

Immunoblotting

The following antibodies were used for immunoblotting analyses
using standard western blotting procedures: beta-actin (#ab6276)
and PD-L1 (#ab174838) were purchased from Abcam (Cambridge,
UK); K-ras (#sc-30) was from Santa-Cruz biotechnology (Santa Cruz,
CA, USA); Chkl (#2360S), P-Chkl S345 (#2341S) and STING
(#13647) were from Cell Signaling Technology (Beverly, MA, USA).
The protein bands were detected by chemiluminescence, using an
ECL detection kit (Pierce, Thermo Scientific, Rockford, IL, USA).

Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR)

Cellular RNA was isolated using Trizol (Invitrogen), and was
reverse-transcribed into cDNA using the Primer Script RT reagent
Kit with gDNA Eraser (Takara BIO INC, Kusatsu, Shiga, Japan). SYBR
Premix Ex Taq RNAse H* kit (Takara) was used to detect and quan-
tify target mRNA in cells. Quantitative RT-PCR was analyzed using
the Bio-Rad detection system (Bio-Rad, Hercules, CA, USA), and the
results were calculated by the delta-delta CT method (formula: 2~
(Ct target-Ct Reference)y 3 matched to the control samples. The speci-
fic oligonucleotide primers (Supplementary material Table S1)
were purchased from Sangon Biotech (Shanghai, China).

T cell activation and ELISA (enzyme-linked immunosorbent assay)
T lymphocytes from healthy donors were isolated by Ficoll

method (GE Healthcare, Little Chalfont, UK) followed by positive
selection using magnetic beads coated with anti-CD8 antibody
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(Miltenyi Biotec, Bergisch Gladbach, Germany). Cytotoxic CD8* T
lymphocytes were stimulated with 500 ng/mL ionomycin
(Cayman, Ann Arbor, MI, USA; #1932) and 20 ng/mL phorbol
12-myristate-13-acetate (PMA, Adipogen, San Diego, CA, USA;
#AG-CN2-0010) for 24 h. Secretions of mouse and human IFN-y
(interferon gamma) were measured by the respective ELISA kits
according to the protocols from the manufacturer (eBioscience,
San Diego, CA, USA; #88-7314-88 and #88-7316-88).

B16-OVA tumor cells were exposed to cisplatin or oxaliplatin
(TargetMol, Boston, MA, USA) for 24 h and then co-cultured with
immune cells (B3Z and bone marrow-derived dendritic cells) as
previously described [28]. Platins were not removed from the cul-
ture media in order to expose immune cells to the drugs.
Interleukin-2 (IL-2) levels in the culture supernatants were mea-
sured by ELISA (eBioscience, San Diego, CA, USA; #88-7024-88).

Mouse CXCL10 (C-X-C Motif Chemokine Ligand 10) protein
levels in culture medium were quantified by ELISA according to
the protocol provided by the manufacturer (R&D systems,
#DY466-05).

Cell transfection

The dsDNA fragments (60-mer of HSV-1 sequence) was synthe-
sized and annealed as previously described [31]. X-tremeGENE HP
transfection reagent (Roche, Basel, Switzerland) was used to deli-
ver dsDNA (4 pg/mL), a substrate of cGAS enzyme, into cancer cells
(Supplementary material Table S1).

Flow cytometry

For the analysis of tumor-infiltrating lymphocytes, mice were
injected subcutaneously with 2x10° pancreatic cancer cells driven
by mutant K-ras. For drug treatment, anti-mouse PD-1 antibody,
cisplatin, and gemcitabine were administrated twice a week for 3
times as indicated. Tumors were collected on day 15, and dissoci-
ated by gentleMACS Dissociator (MiltenyiBiotec) and filtered
through 70-pm cell strainers to generate single-cell suspensions.
Cells were stained with fluorochrome-labeled antibodies against
CD45 (Biolegend, San Diego, CA, USA; #103125) in order to identify
TIL (tumor-infiltrating lymphocytes) populations, and then CD3 (T
cell marker, Biolegend, #100305), CD4 (CD4" T cell marker, Biole-
gend, #100549), CD8 (CD8" T cell marker, BD Biosciences,
#564297), CD19 (B cell marker, BD Biosciences, San Jose, CA,
USA; #561736), CD11b (myeloid cells marker, Biolegend,
#101207), CD11c (dendritic cells marker, Biolegend, #117322),
F4/80 (macrophage marker, Biolegend, #123107) to identify the
respective subpopulations. Fluorescence data were acquired on a
BD LSR Fortessa Flow Cytometer (BD Biosciences). Flow]o software
(https://www.flowjo.com) was used to analyze immunostaining,
with at least 10,000 cells per sample counted.

Cell migration assay

B3Z cells (density 1x10%/ mL) were incubated with gemcitabine
or cisplatin for 4 h in serum-free RPMI medium. The cells were
then transferred in the upper chemotaxis chamber (QCM Chemo-
taxis 5 pm Cell migration assay; Millipore, Darmstadt, Germany).
The lower chamber contained RPMI medium with FBS as chemoat-
tractants. Lymphocytes that migrated into the lower chamber were
measured according to the manufacturer’s protocol.

TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling)
assay

TUNEL assay was performed with paraffin-embedded tissues
according to manufacturer’s instructions (Biotool TUNEL Apo-


https://www.flowjo.com

C. Glorieux, X. Xia, X. You et al.

Green Detection kit; Selleck chemicals, Houston, TX, USA). DAPI
was used as counterstaining to reveal cellular nuclei.

Immunohistochemistry (IHC)

[HC staining of mouse and human tumor tissue sections was
processed and analyzed as previously described [8]. Primary anti-
bodies were rabbit anti-mouse CD8 (Bioss, Woburn, MA, USA;
#bs-0648R), rabbit anti-human CD8 (ZSGB-Bio, Beijing, China;
#ZA-0508), rabbit anti-human CD4 (Abcam; #ab133616), and rab-
bit anti-mouse FoxP3 (Cell Signaling Technology; #12653). The
number of intratumoral CD4", CD8" or FoxP3* lymphocytes and tis-
sue surface areas were quantified using ImageJ software on five
randomly chosen 20 x fields per section.

IHC procedures for measuring intratumoral T cells were per-
formed at MD Anderson Cancer Center (Houston, Texas, USA) as
described previously [32]. Primary antibodies used were mouse
anti-human CD8 (Thermoscientific; #MA5-13473) and rabbit
anti-human CD4 (Cell Marque, Rocklin, CA, USA; #104R14). The
number of CD4" and CD8" T lymphocytes in human PDAC tumors
was calculated as the percentage of positive staining area versus
the total tumor area as previously described [32].

MTT assay

Cell metabolic status was assessed by following the reduction of
MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide) to blue formazan. Cancer cells were seeded into 96-well
plates at a density of 2000 cells per well for 24 h, and then incu-
bated with the test compounds (3 wells were used for each condi-
tion) for 48 h. Cells were then washed with PBS and incubated with
MTT (0.5 mg/mL) for 2 h at 37 °C. Blue formazan crystals were sol-
ubilized by adding 100 uL DMSO per well, and the colored solution
was subsequently read at 550 nm. Results are expressed as % of
MTT reduction compared to untreated control conditions.

Syngeneic tumor mouse models

Cohorts of 6-7 weeks old female black C57BL/6, white BALB/c,
or nude BALB/c mice were purchased from Vital River Laboratory
Animal Technology (Beijing, China). Mice were first kept for an
acclimation period of 7-14 days in a controlled pathogen-free
environment before study began. Mouse KPC pancreatic cancer
cells (1-2x10°) or CT26 colon cancer cells (0.3x10°) were injected
into the right flanks of the 7-8 weeks old mice. Before drug admin-
istration, mice were randomly divided into the indicated groups
without blinding. For drug treatment, anti-mouse PD-1 antibody
(BioXcell, West Lebanon, NH, USA; #BE0146), cisplatin (Hospira,
Lake Forest, IL, USA; CAS 15663-27-1), and gemcitabine (Eli Lilly
and Company, Indianapolis, IN, USA; CAS 122111-03-9) were
administrated twice a week for 3 weeks as indicated. Body weights
and tumor volumes were measured twice per week. Tumor volume
was calculated using the following formula: tumor volume (mm?)
= (length (mm) x width? (mm))/2. Moribund mice or animals with
tumors of greater than 15 mm in length or with ulcerated tumors
were promptly sacrificed to avoid unnecessary pain and suffering.

Human subjects and clinical samples

Clinical data of seven advanced non-small cell lung cancer
(NSCLC) patients with wild-type or mutated K-ras who failed prior
therapies and subsequently treated with a combination of cisplatin
and PD-1 antibody were analyzed and used to show the clinical rel-
evance of this study. The patient clinical characteristics, K-ras and
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EGFR (epidermal growth factor receptor) mutation status and
other relevant information are shown in Fig. 9G. All seven patients
were at advanced disease stage and had failed prior chemotherapy.
The patients received immunochemotherapy using a combination
of toripalimab (3 mg/kg, i.v. drip, q3w) and cisplatin (35 mg/m?,
i.v. drip, q3w) as a second-line treatment. The clinical study using
toripalimab and various chemotherapeutic agents in lung cancer
patients was a separate clinical research project at Hubei Cancer
Hospital (Wuhan, China).

T lymphocytes were obtained from blood samples of anony-
mous healthy donors. Tumor tissues from untreated or
gemcitabine-treated patients were de-identified.

Statistics

All experiments were performed and repeated under the same
conditions for at least three times (3 or more independent experi-
ments). Q-Q plots were used to check the assumption that the
experimental data were normally distributed, either on the original
scale or on the log scale, and if the points were aligned on the diag-
onal, data were considered as normally distributed. Results are
expressed as mean + SD (standard deviation) or mean + SEM (stan-
dard error of the mean) as indicated. Student T-tests were used to
compare the means between two groups when data were normally
distributed. ANOVA with F tests were used to compare the means
of more than two independent groups when data where normally
distributed. When ANOVA was significant, Tukey or Dunnett post
hoc tests were performed to find two-by-two significant differ-
ences. The tumor volumes obtained from the animal experiments
were first log-transformed before performing a generalized linear
model (GLM) analysis, with treatment as a 6-level between group
factor, with time as a within group factor, and with their interac-
tion. For the F-test, F was reported with its 2 degrees of freedom
and the corresponding P-value. Post-hoc comparisons between
the drug-treated groups and the PBS (phosphate-buffered saline)-
treated group were performed using Dunnett’s contrasts. P-
values for two-by-two comparisons were corrected for multiple
comparisons using the Bonferroni method. GraphPad Prism soft-
ware (San Diego, CA, USA) and SAS 9.4 software (SAS Institute
Inc; Chicago, IL, USA) were used to perform statistical analyses.
No data were excluded and no statistical method was used to cal-
culate sample sizes, which were determined empirically in this
study. All statistical analyses were two-tailed, and a P-value equal
or <0.05 was considered statistically significant.

Data availability

The experimental data and materials, generated and analyzed
during this study, are available from the corresponding authors
on reasonable request.

Ethics statement

The experiments involving animals were conducted according
to the ethical policies and procedures approved by the Animal Care
and Use Committee of Sun Yat-Sen University Cancer Center,
Guangzhou, China (Approval no. L102012016010E).

Analysis of clinical data was performed retrospectively using
data from a separate study of lung cancer patients treated with
toripalimab and various chemotherapeutic agents with proper
informed consent, which was reviewed and approved by the Com-
mittee for Ethical Review of Research Involving Human Subjects of
Hubei Cancer Hospital Affiliated to Tongji Medical College, Wuhan,
China (Approval no. LLHBCH2020LW024).
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Results were injected into the right flank of C57BL/6 mice. When the tumor

size reached approximately 100 mm?, the mice were divided into 6
Gemcitabine and cisplatin exhibit opposite effects on the therapeutic groups for treatment with PD-1Ab, gemcitabine (Gem), cisplatin
activity of PD-1 antibody in K-ras-driven cancer (Cis), or their combination as indicated. The time trends of tumor

growth were significantly different among the 6 groups of mice

Our recent study showed that mutant K-ras signaling could over the period of drug treatment between day 7 to day 28 (Inter-
induce high expression of PD-L1 through a novel mechanism action F(5,36) = 12.4; P < 0.001) and the post-treatment period
involving ROS-mediated growth factor signaling [8]. The ability between day 28 to day 45 (Interaction F(5,36) = 10.2; P < 0.001),
of mutant K-ras to promote PD-L1 expression was consistently indicating various impacts of the different therapeutic agents
observed in human pancreatic normal epithelial cells (HPNE) har- (Fig. 1C and D). Specifically, the mean tumor volume growth
boring a doxycycline-inducible K-ras¢'2?P expression system, iden- was + 3.7% per day (F(1,6) = 20.7; P = 0.004) in the control mice
tified as HPNE/K-ras®'?P cells (Fig. 1A). This observation prompted  treated with PBS. Gemcitabine appeared to have little therapeutic
us to test the potential in vivo therapeutic effect of PD-1 antibody effect since the tumor growth in this drug treatment group was
alone or in combination with chemotherapeutic drugs in mice similar to that of the control mice. Treatment with PD-1Ab exhib-

bearing syngeneic pancreatic cancer allografts. Gemcitabine and ited significant therapeutic activity, evidenced by an obvious delay
cisplatin were used in combination with immunotherapy. Gemc- of tumor growth (+0.7%/day, F(1,6) = 0.10) during the treatment
itabine is the standard first-line treatment for PDAC. Cisplatin period. The tumors in 4 of the 7 mice in this treatment group dis-
demonstrated immunostimulant activity in a T cell-based screen- appeared. However, the remaining tumors in 3 mice started to

ing assay [28] and is used in combination with gemcitabine for ~ grow significantly a week after the treatment stopped (P < 0.001,
treatment of cancers harboring BRCA mutations (5-10% of PDAC). Dunnett’s test). Surprisingly, a combination of PD-1Ab and gemc-
Cisplatin is also commonly used in regimens to treat colon and itabine did not show any therapeutic benefit, as evidenced by sig-
lung cancers, which often contain K-ras mutation. As shown in nificant tumor growth in mice treated with both drugs (+3.9%/day,
Fig. 1B, pancreatic cancer cells derived from the K-ras¢!?P trans- F(1,6) = 10.8, P = 0.02). This tumor growth rate (+3.9%/day) was
genic KPC (Pdx1-Cre/LSL-K-ras®'?P/LSL-p53%172") mouse model similar to that of the control mice (+3.7%/day) and significantly
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Fig. 1. In vivo therapeutic activity of PD-1 antibody in combination with cisplatin or gemcitabine. (A) HPNE/K-Ras®!?P cell line was incubated without (OFF) or with
doxycycline for 24-72 h to induce mutant K-ras expression. K-ras (21 kDa), PD-L1 (45 kDa) and beta-actin (43 kDa) proteins were detected by immunoblotting. (B) Mouse
pancreatic cancer (KPC) cells harboring K-ras®!?® mutation (2x10° cells per injection) were inoculated in C57BL/6 mice. The mice were randomly divided into 6 groups (7
mice for each group). Drug treatment started on day 7. PD-1 antibody (PD-1Ab, 100 pg, i.p.), gemcitabine (Gem, 30 mg/kg; i.p.), and cisplatin (Cis, 3 mg/kg; i.p) were injected
as indicated. The control mice were treated with PBS. (C-D) Tumor volumes are means + SD, and were log-transformed before performing GLM analysis. The number on the
right side of each curve indicates the number of tumor-free mice at the end of the study. Groups treated with PBS or PD-1Ab are same in (C) and (D). (E) Mice were inoculated
with syngeneic PDAC, and divided into 6 groups for treatment with PBS, gemcitabine, cisplatin, and PD-1 antibody as indicated (3 mice/group). (F-G) Tumor tissues were
processed on day 15 for TUNEL staining (green). DAPI was used to stain nuclei (blue). Representative images are shown in (G), and quantitative data are means + SEM and
shown in (F). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (one-way ANOVA and Tukey post hoc test).
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worse than that of the mice treated with PD-1Ab alone (+0.7%/day,
Fig. 1C), indicating an antagonistic effect between gemcitabine and
PD-1Ab.

In contrast, combination of PD-1Ab with another chemothera-
peutic agent cisplatin exhibited striking synergistic effect
(Fig. 1D), resulting in a significant decrease of tumor size (growth
rate —5.9%/day, F(1,6) = 33.4, P < 0.001) and eventually a complete
disappearance of tumors in 6 out of the 7 mice. The remaining
tumor did not show any significant growth after treatment stopped
(Fig. 1D). Treatment with cisplatin alone showed a detectable ther-
apeutic effect with a substantial delay in tumor growth (-0.6%/day,
F(1,6) = 0.2) during drug treatment. There was no complete tumor
regression in the mice treated with cisplatin alone. After the stop of
cisplatin treatment for a week, tumors started to grow significantly
(+4.3%/day, F(1,6) = 35.3, P < 0.001).

In a separate set of animal experiments, mice were treated with
the individual drugs or their combination using the dose-schedule
indicated in Fig. 1E. After treatment for two weeks, tumor tissues
were isolated 24 h after the last drug treatment and examined
for drug-induced cell death in vivo using TUNEL assay. Cisplatin
and PD-1Ab were able to induce significant cell death in vivo,
whereas gemcitabine showed minimum effect (Fig. 1F and G).

To test if the mice that became tumor-free after treatment could
retain their immunity against the same tumor, the tumor-free mice
(the 4 mice from the PD-1Ab treated group and 6 mice from the
PD-1Ab + cisplatin combination group) were re-inoculated with
the same mouse pancreatic cancer cells (Pdx1-Cre/LSL-K-ras¢!2P/
LSL-p53R172H) at higher cell density (1x107 cells per injection site)
at 100 days after the end of the first run of drug treatment. None of
the 10 mice developed any tumor (Fig. 2A). In contrast, inoculation
of same number of cells to control mice without prior exposure to
cancer cells (naive mice, comparable age) resulted in tumor devel-
opment in all three mice, which grew rapidly to 400 mm? within

A
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two weeks after inoculation (Fig. 2A). These data together suggest
that the mice that became tumor-free after the first run of drug
treatment likely retained long-term memory T cells against the
previously inoculated cancer cells.

We also used another mouse tumor model, the CT26 colon can-
cer with homozygous K-ras®'?? mutation known to be insensitive
to anti-PD-1 treatment [33,34], to test if combination of cisplatin
with anti-PD-1 could overcome the tumor’s resistance to anti-
PD-1. As shown in Fig. 2B, mice bearing CT26 tumor were treated
with cisplatin, gemcitabine, anti-PD-1 antibody, or their combina-
tion as indicated. Mice treated with anti-PD-1 alone (100 pg, i.p,
twice a week) did not exhibit any therapeutic activity compared
to PBS-treated control group (P = 0.99, Bonferroni corrected P-
value, Fig. 2C and D). Cisplatin alone showed a significant thera-
peutic activity against this colon cancer allograft model
(P = 0.003; Bonferroni corrected P-value, compared with PBS-
treated control). Importantly, combination of cisplatin with PD-
1AD resulted in a further increase of in vivo anticancer activity,
compared with mice treated with cisplatin alone (P = 0.009, Bonfer-
roni corrected P-value, between days 24-35, Fig. 2C). In contrast,
gemcitabine showed better therapeutic effect than cisplatin but
no synergy in combination with PD-1Ab (P = 0.49, Bonferroni cor-
rected P-value, between days 24-35, Fig. 2D).

PD-1 antibody and cisplatin enhance T cell functions whereas
gemcitabine inhibits intratumoral T cell infiltration

The results of TUNEL assay (Fig. 1E-G) seemed to provide a rea-
sonable explanation for the superior in vivo therapeutic activity of
cisplatin and PD-1Ab combination, but could not explain why gem-
citabine and PD-1Ab had antagonist effect. To explore the potential
underlying mechanisms, we first tested whether gemcitabine and
cisplatin might have different impacts on T cell functions such as
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Fig. 2. Effect of cisplatin, gemcitabine and their combination with PD-1Ab in KPC and CT26 allograft mouse models. (A) The tumor-free mice from PD-1Ab (n = 4) or
cisplatin + PD-1Ab (n = 6) groups in (Fig. 1D) were re-inoculated with 1x107 syngeneic PDAC (KPC) one hundred days after the first inoculation. Age-matched mice without
prior exposure to cancer cells (naive, n = 3) were inoculated with identical cancer cells as a control. The number above each group indicates the number of mice that
developed tumors on day 14, and tumor volumes are shown as means + SEM. (B) Mouse CT26 colon cancer cells (0.3x10° cells per injection) were inoculated in BALB/c mice.
The mice were randomly divided into 6 groups (8 mice for each group). Cisplatin (Cis, 3 mg/kg; i.p.), gemcitabine (Gem, 30 mg/kg; i.p.) and/or PD-1 antibody (PD-1Ab, 100 g,
i.p.) were injected as indicated; the control group was treated with phosphate-buffered saline (PBS). (C-D) Tumor sizes were measured twice a week. Tumor volumes are
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tumor tissues were immunostained to detect and quantify CD8" T lymphocytes. (B) Immunostaining of CD8* T lymphocytes in PDAC tumor-bearing C57BL/6 mice treated as
described in Fig. 1E. Scale bars: 100 pm. (C) Mouse pancreatic cancer (KPC) cells (1x10° cells per injection) expressing K-ras®!2P (8-10 mice/ group) were inoculated in C57BL/
6 mice and nude BALB/c mice. Gemcitabine (Gem, 30 mg/kg; i.p.) was given twice a week (at days 7, 11, 14, 18, 21, 25 and 28), and cisplatin (Cis, 3 mg/kg; i.p) was given once
a week (at days 7, 14, 21 and 28). (D) Tumor growth in immune-competent C57BL/6 mice treated with cisplatin or gemcitabine as indicated. (E) Tumor growth in immune-
deficient BALB/c nude mice treated with cisplatin or gemcitabine as indicated. (F) Mice were sacrificed at day 33 and tumor weights were measured. (G) PDAC tumor-bearing
mice were treated as Fig. 1E. Comparison of CD8/CD4 ratio in tumor tissues from PBS and gemcitabine treated groups (n = 3). (H) Comparison of CD8/CD4 ratio in pancreatic
tumor tissues from patients treated with gemcitabine (n = 6) or not (Untreated; n = 10). (I) Immunostaining of CD4" and CD8" T lymphocytes in human PDAC tumor tissues.
Representative images are shown of tumors from one untreated PDAC patient, treated with gemcitabine or with combination gemcitabine + paclitaxel. Scale bars: 50 pm.
Statistical analyses: data are means + SEM of at least three separate biological replicates (for A, G) except for F and H (means + SD); one-way ANOVA and Tukey post hoc test

for A, F; two-tailed unpaired t-test for G-H. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Table 1

Intensity of staining for CD8 and CD4 in pancreatic tumor tissues from patients treated with gemcitabine or not (Untreated).
Score CD8 Mean SD n P-value
Untreated 1.8772 2.0120 47
Gemcitabine 1.2472 1.2605 88 0.0273
Score CD4 Mean SD n P-value
Untreated 0.1689 0.2866 46
Gemcitabine 0.6748 0.7474 88 <0.001

Statistical analysis: unpaired T-test.

their ability to infiltrate the tumor tissues and to secrete cytokines.
As shown in Fig. 3A, administration of PD-1 antibody alone signif-
icantly increased the number of tumor-infiltrating CD8* T lympho-
cytes compared to the control samples from mice treated with PBS.

Gemcitabine treatment significantly reduced the number of CD8* T
cells in the tumor tissues, whereas cisplatin did not show such a
suppressive effect (Fig. 3A and B). Importantly, combination of
gemcitabine with PD-1Ab almost completely abolished the ability
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of PD-1Ab to promote CD8" T cell infiltration, while cisplatin did
not compromise the CD8* T cell infiltration induced by PD-1Ab
(Fig. 3A and B). To gain further insight into the role of the immune
system in affecting tumor growth in vivo, we inoculated treated
immunocompetent mice (C57BL/6) and immunodeficient mice
(nude BALB/c athymic mice that lack T cells) with the same num-
ber of pancreatic cancer cells (1x10° cells per injection), and trea-
ted with gemcitabine or cisplatin as shown in Fig. 3C. We observed
that PDAC tumors grew much faster in nude mice than in B6 mice,
suggesting a significant role of the immune system in suppressing
tumor growth. In the immune-deficient mice, gemcitabine and cis-
platin showed a slight inhibitory effect on tumor growth. In
immune-competent mice, gemcitabine seemed to promote tumor
growth instead of showing therapeutic effect (Fig. 3D-F), likely
reflecting its immunosuppressive effect. The tumor CD8*/CD4* T
cell ratio decreased 6-fold in PDAC-bearing C57BL/6 mice treated
with gemcitabine (Fig. 3G).

Journal of Advanced Research 40 (2022) 109-124

To evaluate the clinical relevance of the change in CD8"/CD4* T
cell ratio induced by gemcitabine observed in the mouse model, we
further analyze clinical specimens from pancreatic cancer patients
with or without gemcitabine treatment. As shown in Fig. 3H and [,
a significant decrease of CD8"/CD4" T cell ratio was also observed
in the clinical samples from pancreatic cancer patients treated with
gemcitabine. In a tumor specimen from a patient treated with
gemcitabine and paclitaxel, the CD8*/CD4* T cell ratio was 2.47,
compared to 3.53 £ 1.60 in the untreated tissues and 1.13 + 0.49
in the gemcitabine-treated samples. The number of CD4"* T cells
in the gemcitabine + paclitaxel treated sample was 91 cells/mm?,
lower than that of the gemcitabine-treated tumor sample
(185 % 50 cells/mm?) and the untreated samples (106 + 42 cells/
mm?). The number of CD8" T cells were not significantly different
among the three groups (376 + 217, 204 + 97, 226 cells/mm?
respectively for the untreated, gemcitabine and gemcitabine + pa
clitaxel-treated tumors) (Fig. 3H and I, Supplementary material
Fig. S1). In a separate set of pancreatic cancer tissues from patients
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Fig. 4. Analyses of tumor cell populations in KPC and CT26 tumor-bearing mice. (A-F) PDAC (KPC) tumor-bearing C57BL/6 mice were treated as described in Fig. 1E (3 mice/
group). Mice were sacrificed on day 15 and proportion of (A) CD3* CD8*, (B) CD3* CD4", (C) CD3" CD19%, (D) CD11c", (E) CD11b" and (F) F4/80" cells within CD45" population
were analyzed by flow cytometry. (G) KPC tumor tissues (from Fig. 1E) were immunostained to detect and quantify FoxP3* Treg lymphocytes. Data are mean + SD of three to
four biological replicates. (H) CT26 tumors were harvested at end-points (from Fig. 2C-D) and were processed for immunostaining of CD8"* T cells. The number of CD8*
lymphocytes was quantified in each group. Data are mean + SD of five to six biological replicates. Statistical analysis: data are mean + SEM of three biological replicates (A-F);
one-way ANOVA and Tukey post hoc test for A-H. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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of another cancer hospital, we also observed a significant decrease
in intratumoral CD8" T cells in the samples from gemcitabine-
treated patients, with a concurrent increase of CD4" T cells, leading
to a substantial decrease of CD8"/CD4" ratio (Table 1).

We then performed immuno-phenotyping using a panel of cell
surface markers to further analyze the detail changes of immune
cells in mice treated with PD-1 antibody and/or chemotherapeutic
drugs. The results showed that the combination of cisplatin and
PD-1Ab increased mainly the proportion of CD8" T cells and gem-
citabine increased the proportion of CD4" T cells within the TIL
population (Fig. 4A and B). The number of CD19* B cells and
CD11c" dendritic cells remained unchanged in different treatment
groups (Fig. 4C and D). However, the proportion of intratumoral
CD11b* myeloid cells and F4/80" macrophages increased in the
PD-1Ab treatment group, whereas the number of these cell types
in the PD-1Ab + Cis combination group was similar to the control
group (Fig. 4E and F). Consistent with clinical specimen (Table 1),
an increase in CD4" cell populations was also observed in tumors
from gemcitabine-treated mice (Fig. 4B). We thus explored the
possibility that gemcitabine might trigger the infiltration of
immunosuppressive CD4"/FoxP3" T regulator cells but the number
of FoxP3" cells remained low and similar among the six groups
(Fig. 4G, Supplementary material Fig. S2). Consistently, in the
CT26 subcutaneous tumor model, the number of CD8" T cells
increased about 3-fold in the mice treated with anti-PD-1 in com-
bination with cisplatin. Conversely, the number of intratumoral
CD8" T cells was unchanged in mice treated with gemcitabine or
the combination gemcitabine and PD-1Ab (Fig. 4H, Supplementary
material Fig. S3).

We then sought to quantify the expressions of CD4" T cell pop-
ulation markers. Interestingly, the mRNA levels of Tbx21 (T-box
transcription factor 21) and IFNy decreased while the mRNA levels
of GATA3 increased in the whole tumor tissues from immunocom-
petent mice treated with gemcitabine (Fig. 5A and B). These find-
ings suggested that there was a decrease in Th1 in favor of a Th2
response, consistent with the immunosuppressive effect of gemc-
itabine. Quantitative PCR results confirmed that the populations
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of Treg did not increase (Fig. 5C), and most of the markers for
Th9 (interleukin-9) and Th17 (interleukin 17-22-23) populations
were not detectable (Fig. 5D).

The impact of gemcitabine and cisplatin on T cell migration was
further tested in vitro, using a mouse CD8* T cell line (B3Z). As
shown in Fig. 6A, serum (FBS)-induced T cell migration in vitro
was significantly suppressed by a relatively low concentration of
gemcitabine (5 nmol/L), whereas no significant inhibition of T cell
migration was observed in B3Z cells treated with 250 nmol/L
cisplatin.

We then further tested if gemcitabine and cisplatin might have
different impacts on the ability of CD8" T cells to secrete IFN-y as
another indicator of functional changes. Quantitative analysis by
ELISA showed that gemcitabine had no significant effect on IFN-y
secretion, whereas cisplatin treatment could significantly stimu-
late IFN-y secretion in both mouse and human CD8" T cells
(Fig. 6B and C). Consistent with these findings, the expression of
T cell activation markers (IFN-y, granzyme B and perforin) was
enhanced in the tumor tissues (containing T cells) from mice trea-
ted with the combination of PD1 antibody plus cisplatin, whereas
gemcitabine did not affect their expression (Fig. 6D-F).

To further explore the mechanisms for different effects of gem-
citabine and cisplatin on T cell infiltration, we measured the
expression of chemokines in tumor tissues. As shown in Fig. 6G-
I, the expression of chemoattractant molecules (CXCL9, CXCL10
and CXCL11) decreased in tumors from mice treated with gemc-
itabine, whereas cisplatin increased their expression. Anti-PD-1
administration alone also augmented the expression of these
chemokines, which was inhibited by gemcitabine (P < 0.05,
unpaired T-test versus PBS). In contrast, cisplatin in combination
with PD-1Ab further enhanced the expression of these chemoat-
tractant molecules (Fig. 6G-I).

We also tested the effect of cisplatin on T cell secretion of IL-2 as
another indicator of the drug impact on T cell functions. Ovalbu-
min (OVA)-specific B3Z T cells and bone marrow-derived dendritic
cells were co-cultured with B16-OVA cells to induce IL-2 secretion,
and the co-culture samples were exposed to DMSO (0.3% v/v) or
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Fig. 6. Impact of PD-1 antibody, gemcitabine, and platinum drugs on T cell function and cytokine secretion. (A) B3Z cells (mouse CD8" T cells, 1x10°/mL) were incubated with
5 nmol/L gemcitabine or 250 nmol/L cisplatin for 4 h in medium without FBS. The cells were then transferred to the chemotaxis chamber (upper chamber). The lower
chamber contains RPMI medium with FBS. After 16 h incubation, lymphocytes migrated to the lower chamber was quantified by fluorescent assay. “RPMI” indicates the
background fluorescent of the medium. (B) Human CD8" T cells (1x10°) were first purified and pre-treated with gemcitabine or cisplatin for 24 h, before stimulation with
PMA/lonomycin for 24 h. IFN-y levels were measured by ELISA (n = 4). (C) B3Z cells (2.5x10%) were incubated with gemcitabine or cisplatin for 24 h, and then stimulated with
PMA/ionomycin for 24 h. I[FN-y levels were measured by ELISA. (D-F) The mRNA levels of IFNy, GZMB (granzyme B) and PRF1B (perforin) were analyzed by qRT-PCR in KPC
tumors from mice treated with PD-1Ab, cisplatin, gemcitabine, or their combination as indicated (3 mice/ group; from Fig. 1E). (G-I) Quantitative RT-PCR analysis of CXCL9,
CXCL10 and CXCL11 mRNA expression in KPC tumor tissues from mice treated with PD-1Ab, cisplatin, gemcitabine, or their combination as indicated (3 mice/ group; from
Fig. 1E). (J) B16-OVA cells and immune cells (B3Z T cells + BMDC) were co-cultured and exposed to DMSO (0.3% v/v) or the indicated platinum drugs at their respective ICys5
concentrations. IL-2 levels in the culture medium were then measured using ELISA assay. Statistical analyses: data are means + SEM of at least three separate experiments or
biological replicates; data were log-transformed before analysis for B; one-way ANOVA and Tukey post hoc test for A, D-I; one-way ANOVA and Dunnett post hoc test for B-C

(to PBS), J (to DMSO). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

cisplatin. Oxaliplatin, a platinum derivative used in clinical treat-
ment of colon and pancreatic cancers, was also included for com-
parison at their respective IC,s concentrations. As shown in
Fig. 6], cisplatin and oxaliplatin significantly enhanced T cell secre-
tion of IL-2.

Cisplatin and gemcitabine induce chemokine expression in a cGAS-
dependent manner

In an attempt to investigate the mechanisms for the differential
impact of gemcitabine and cisplatin on the expression of chemoat-
tractant chemokines, we first treated the mouse pancreatic cancer
cells with gemcitabine or cisplatin in vitro and then assay for type I
interferon molecule (IFNB1) known to regulate the expression of
these chemokines [35]. As shown in Fig. 7A-C, cisplatin (but not
gemcitabine) induced a high expression of IFN-B and its down-
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stream chemokines CXCL10/11 (Supplementary material
Fig. S4A). To further explore the mechanism responsible for the dif-
ferential effect of cisplatin and gemcitabine on IFN-B, we then
tested the involvement of cGAMP synthase, which is known to reg-
ulate type I IFN signaling in response to certain DNA damage such
as double-strand breaks through the cGAS/STING (stimulator of
interferon genes) signaling pathway [36]. We used sgRNA guided
CRISPR/cas9 technology to disrupt cGAS gene in mouse pancreatic
cancer cells, and then compare them with the wild-type cells for
their expression of IFN-B, and CXCL10 in response to double-
strand DNA fragments (dsDNA 60-mers) transfection or to treat-
ment with cisplatin or gemcitabine (Fig. 7D). As shown in Fig. 7-
E-G (and Supplementary material Fig. S4B), the wild-type cells
exhibited increased expression of the cytokines after transfection
with double-stranded DNA fragments, but such cytokine induction
was not observed in the cGAS-deficient cells. Cisplatin, which is
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Fig. 7. Cisplatin induces the expression of chemokines in a cGAS-dependent manner. (A-C) Mouse pancreatic (KPC) cancer cells were incubated with gemcitabine (Gem) or
cisplatin (Cis) for 48 h. The expressions of IFN-B and CXCL10 were measured by qRT-PCR and ELISA. (D) Experimental design: cGAS-wild-type and cGAS-depleted mouse PDAC
cells were exposed to drugs or dsDNA (cGAS inducer) for 48 h. The expression of chemokines was then quantified by qRT-PCR and ELISA. (E-G) Mouse pancreatic wild-type
(WT) or the sgRNA-mediated cGAS-disrupted cells (cGAS-sgRNA) were transfected with dsDNA fragments for 48 h. The expressions of IFN-B and CXCL10 were measured by
qRT-PCR and ELISA. (H-J) Mouse pancreatic wild-type (WT) or cGAS-disrupted cells were incubated with cisplatin for 48 h. The expressions of IFN-B and CXCL10 were
measured by qRT-PCR and ELISA. (K-M) Wild-type mouse pancreatic cancer cells were incubated with gemcitabine. Eight hours post-treatment, cells were transfected with
dsDNA fragments for 40 h. The expressions of IFN-B and CXCL10 were measured by qRT-PCR and ELISA. (N-O) Human pancreatic CFPAC-1 cancer cells were incubated with
gemcitabine or cisplatin for 48 h. The expressions of CXCL10 and CXCL11 were quantified by qRT-PCR. Statistical analyses: data are means + SEM of three separate
experiments; some values (i.e., untreated cells) are similar for C, G, ] and M; one-way ANOVA and Tukey post hoc test for A-C, E-O. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

known to induce double-strand DNA breaks, was able to induce a
significant increase of the cytokine expression in the wild-type
cells but not in the cGAS-deficient cells (Fig. 7H-], Supplementary
material Fig. S4C). Interestingly, although transfection of wild-type
cells with dsDNA fragments induces the expression of IFN-f1 and
CXCL10/11, gemcitabine did not cause any further changes in the
expression of these cytokines (Fig. 7K and M, Supplementary mate-
rial Fig. S4D). Similar results were observed in the human CFPAC-1
pancreatic cancer cell line with K-ras®’?V mutation. Indeed,
CXCL10 and CXCL11 mRNA levels were augmented when this cell
line was incubated for 48 h with cisplatin, but not with gemc-
itabine (Fig. 7N and O). These data together suggest an important
role of cGAS in recruiting T cells to the tumor sites through the
secretion of chemoattractant chemokines in response to DNA dam-
ages caused by cisplatin.

We then sought to determine whether gemcitabine and its
combination with cisplatin could alter chemokine expression in
K-ras-driven cancer cells. We found that combination of 10 pmol/
L cisplatin and gemcitabine exerted very high cytotoxicity
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(Fig. 8A, D and G). As shown in Fig. 8B, a low concentration gemc-
itabine (30 nmol/L) did not induce significant DNA damage in KPC
cells, while cisplatin (3 umol/L) induced substantial DNA damage
as indicated by the phosphorylation of Chk1 (checkpoint kinase
1). As previously described, only cisplatin could upregulate CXCL10
in KPC cells and gemcitabine-cisplatin combination did not influ-
ence the levels of CXCL10 expression (Fig. 8C). Mouse LLC lung can-
cer cells (K-ras®!2¢) were more sensitive to gemcitabine compared
to KPC cells (Fig. 8D). Gemcitabine (30 nmol/L) induced DNA dam-
age in LLC cells (Fig. 8E), and was able to induce CXCL10 expression
(Fig. 8F). These data suggest that gemcitabine might not inhibit
cGAS-STING pathway and could activate it at certain concentra-
tions. However, combination of various concentrations of gemc-
itabine (10-30 nmol/L) and cisplatin (3 pmol/L) slightly
decreased CXCL10 expression compared to cisplatin alone
(Fig. 8F), likely due to high cytotoxicity. At subtoxic concentrations,
gemcitabine did not induce CXCL10 expression in CT26 cancer cells
(Fig. 8G-I). Unlike in LLC cells, combination of gemcitabine and cis-
platin did not alter chemokine expression in CT26 cells (Fig. 8I).
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Fig. 8. Effects of gemcitabine and cisplatin combination in upregulation of CXCL10 expression in multiple types of cancer cells. (A) Mouse KPC pancreatic cancer cells were
incubated with various concentrations of gemcitabine, cisplatin or in combination for 48 h. Cell survival was quantified by MTT assay. (B) KPC cells were treated with drugs
for 24 h. P-Chk1 (S345), Chk1, STING and beta-actin proteins were detected by immunoblotting. (C) KPC cells were treated with drugs for 48 h. The expression of CXCL10 was
then quantified by qRT-PCR. (D) Mouse LLC lung cancer cells were incubated with various concentrations of gemcitabine, cisplatin or in combination for 48 h. Cell survival
was quantified by MTT assay. (E) LLC cells were treated with drugs for 24 h. P-Chk1 (S345), Chk1, STING and beta-actin proteins were detected by immunoblotting. (F) LLC
cells were treated with drugs for 48 h. The expression of CXCL10 was then quantified by qRT-PCR. (G) Mouse CT26 colon cancer cells were incubated with various
concentrations of gemcitabine, cisplatin or in combination for 48 h. Cell survival was quantified by MTT assay. (H) CT26 cells were treated with drugs for 24 h. P-Chk1 (S345),
Chk1, STING and beta-actin proteins were detected by immunoblotting. (I) CT26 cells were treated with drugs for 48 h. The expression of CXCL10 was then quantified by qRT-
PCR. (J) Human A549 lung cancer cells were incubated with various concentrations of gemcitabine, cisplatin or in combination for 48 h. Cell survival was quantified by MTT
assay. (K) A549 cells were treated with drugs for 24 h. P-Chk1 (S345), Chk1, STING and beta-actin proteins were detected by immunoblotting. Statistical analyses: data are
means = SEM of three separate experiments; one-way ANOVA and Tukey post hoc test for C, F and L. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Finally, we tested the drug combination in human A549 (K-ras®!%5) clinical relevance by analyzing clinical data from a separate clinical
lung cancer cells. This cell line was more resistant to the drugs study in Hubei Cancer Hospital where toripalimab (a PD-1 anti-
(Fig. 8]), and cisplatin (10 umol/L) and gemcitabine (100 nmol/L) body) and various chemotherapeutic agents were used for treat-
were able to induce DNA damage (Fig. 8K). However, CXCL10 ment of lung cancer patients. A retrospective review of the
mRNA was not detected in any of the tested samples, likely due NSCLC patients who had been treated with toripalimab in combi-

to lack of STING expression in A549 cells (Fig. 8K). This result con- nation with gemcitabine and cisplatin revealed that this
firmed the important role of cGAS-STING pathway in the drugs- immunochemotherapy produced variable results, and some of
mediated chemokine upregulation. the patients exhibited rapid disease progression. For instance, a

patient (male, age 57) with K-ras®'?¢ mutation (EGFR wild-type)

Combination of toripalimab with cisplatin in lung cancer patients with at advanced stage (T4AN3MO) was initially treated with a combina-

K-ras mutation shows promising therapeutic effect tion of docetaxel (75 mg/m?, i.v. g3w) and cisplatin (75 mg/m?, i.v.
q3w) for 3 cycles, followed by intensity-modulated radiotherapy

The observation that PD-1 antibody in combination with cis- (IMRT). The disease progressed in approximately one month, and
platin or gemcitabine produced opposite therapeutic effect in mice the patient then received a combination of cisplatin (35 mg/m?, i.

bearing K-ras-driven cancer models prompted us to evaluate its v. q3w), gemcitabine (1000 mg/m?, i.v on day 1 and day 8, q3w),
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G Diagnosis Mutation  Diagnosis  Second-line  Cycles Outcome
Pt No. Gender Age & stage status time treatment received Adverse effects (April 2021)
1 Male 45 Squamous cell K-ras®12¢  09/15/2017 Tor + Cis 4 Rash, infusion reaction, PR, alive
carcinoma EGFR* 05/20/2019 fatigue, vomit, fever, pruritus
T2N3MI (1V)
2 Male 76 Squamous cell K-ras®12¢  02/25/2020 Tor + Cis 4 Neutropenia, fatigue, PR, alive
carcinoma EGFR™ 01/18/2021 decreased appetite,
T3N2MI (1V) hypothyroidism, vomit
3 Male 65  Adenocarcinoma  K-rasS'2¢  05/15/2020 Tor + Cis 3 Thrombocytopenia, fatigue, SD, alive
TIN3MI (IV) EGFR" 02/01/2021 decreased appetite, diarrhea,
hyperthyrodism
4 Male 68  Adenocarcinoma  K-ras9'2V 09/10/2020  Tor + Cis 2 Dyspnea, cough, fatigue, PD, deceased
T2NIMI (IV) EGFR™ 06/21/2020 decreased appetite, pruritus,
hypothyrodism
2 Female 50  Adenocarcinoma K-ras™t 06/09/2020 Tor + Cis 2 Nausea, vomit, fatigue, rash SD, alive
T2N2MI (IV) EGFRPe1? 02/23/2021
6 Female 55 Adenocarcinoma K-ras™ 04/05/2020 Tor+ Cis 4 Fatigue, fever, nausea, vomit, SD, alive
T4N2MI (1V) EGFRPe!9 01/21/2021 constipation
7 Male 48 Adenocarcinoma K-ras™ 12/05/2019 Tor + Cis 2 Fatigue, dizzy, hypertension, PD, deceased
T3N2MI (IV) EGFR™ 10/21/2020 headache, diarrhea,

constipation

Fig. 9. Therapeutic effect of toripalimab in combination with cisplatin in advanced stage NSCLC patients with mutant or wild-type K-ras. (A) Thoracic CT image of a NSCLC
patient (Pt No. 1) with K-ras'2“ mutation at advanced stage (T2N3M1). The red arrow indicates a large tumor before treatment. (B) Thoracic CT image of the tumor after 6
cycles of chemotherapy with docetaxel plus cisplatin. (C) Thoracic CT image of the tumor after additional radiotherapy (SBRT). (D) Thoracic CT image showing tumor
regrowth at disease progression. (E) Thoracic CT image showing partial regression (PR) of the tumor after 2 cycles of immunochemotherapy with toripalimab (3 mg/kg, i.v.
q3w) and cisplatin (35 mg/m2, i.v.,, q3w). (F) Thoracic CT image of the tumor in partial regression after 4 cycles of immunochemotherapy. (G) Clinical characteristics and
therapeutic outcome of 7 advanced NSCLC patients with mutant or wild-type K-ras receiving immunochemotherapy with a combination of toripalimab and cisplatin as a
second-line treatment. Abbreviations: Cis, cisplatin; Tor, toripalimab; SD, stable disease; PD, progressive disease; PR, partial remission; wt, wild-type.

and toripalimab (3 mg/kg, i.v. q3w) for 2 cycles (6 weeks). This
immunochemotherapy did not induce any therapeutic response,
and the patient succumbed to rapid disease progression.

In contrast, data from four advanced NSCLC patients with the
same K-ras mutation (G12C) treated with toripalimab in combina-
tion with cisplatin without gemcitabine showed encouraging ther-
apeutic results. Fig. 9A-F illustrates the results in one of these
patients. This patient (male, age 45) was in advanced stage with
metastasis (T2N3M1) with a large tumor in the left lung
(Fig. 9A), and had K-ras®'?¢ mutation with wild-type EGFR
(Fig. 9G, Pt. No. 1). He was initially treated with a combination of
docetaxel (75 mg/m?, i.v. q3w) and cisplatin (75 mg/m?, i.v. q3w)
for 6 cycles (18 weeks) and stereotactic body radiotherapy (SBRT).
This treatment induced partial remission (PR) for approximately
one year (Fig. 9B and C) until the disease progressed (Fig. 9D).

121

Immunochemotherapy was then initiated, using a combination of
low-dose cisplatin (35 mg/m?, i.v. q3w) and toripalimab (3 mg/
kg, i.v. @3w). After two cycles of treatment with toripalimab and
cisplatin, the tumor shrunk (Fig. 9E). This partial remission was
maintained following four cycles of treatment (Fig. 9F), consistent
with the durable effect of immunotherapy. The patient is still in
partial remission at the time of this article preparation (23 months
after toripalimab + cisplatin treatment). Fig. 9G shows all four
NSCLC patients with K-ras®'?¢ mutation at advanced stage treated
with a combination of toripalimab and cisplatin as a second-line
therapy. Two out of the four patients had partial remission, one
patient had stable disease and one patient exhibited disease pro-
gression. Among three NSCLC patients with wild-type K-ras treated
with cisplatin plus toripalimab, two patients had stable disease
and one patient deceased. These data appear promising, since the



C. Glorieux, X. Xia, X. You et al.

therapeutic effect seemed superior to that of PD-1 antibody alone
as a second-line treatment in advanced NSCLC patients with K-ras
mutation.

Discussion

Targeting immune checkpoint molecules is a promising antitu-
mor strategy [37], and therapeutic antibodies against PD-1 and PD-
L1 are effective for certain patients with melanomas, lung and
renal cancers [20-22]. However, PD-1 antibody monotherapy
showed limited therapeutic activity for certain cancers such as
pancreatic cancer, and the results of clinical trials of immune
checkpoint therapy in combination with chemotherapeutic agents
in pancreatic cancer patients remain to be seen [38]. Since the vast
majority of pancreatic cancer cells harbor oncogenic K-ras muta-
tions which promote PD-L1 expression [8], it is possible that PD-
1/PD-L1 antibodies could still be effective against pancreatic can-
cer if other major immune suppressive factors could also be iden-
tified and alleviated. Our study showed that administration of PD-1
antibody was effective in immunocompetent mice bearing syn-
geneic pancreatic cancer allografts, but its combination with gem-
citabine surprisingly yielded antagonist results due to the drug
inhibition of T-cell infiltration in the tumor tissues. While gemc-
itabine seems able to eliminate myeloid-derived suppressive cells
(MDSC) and therefore activate the T cell response [39], this
chemotherapy was also known to induce the release of IL-1 by
MDSC and the stimulation of T helper 17 cells which in turn
enhance tumor growth [40,41]. Our study suggests that gemc-
itabine could have inhibitory effects on the immune system due
to its suppression of T cell infiltration into the tumor tissues. It
would be interesting to test such drug-induced immunosuppres-
sion in KPC murine model of spontaneous PDAC. The precise
molecular mechanisms by which gemcitabine inhibits T cell infil-
tration remains unclear and requires further study. Our experi-
mental findings suggest that it is unlikely that gemcitabine could
inhibit ¢cGAS-STING pathway, nor could it induce Treg-mediated
immunosuppression. Since gemcitabine is often used in pancreatic
cancer treatment and might also be included in PD-1 antibody clin-
ical trials [38], it is possible that this drug at high concentration
could have inhibited T cell functions in tumors and thus might
have contributed to the poor clinical outcome of PD-1 antibody
treatment in pancreatic cancer. In our animal study, mice treated
with PD-1 antibody alone showed significant therapeutic response,
whereas addition of gemcitabine abolished the therapeutic effect
of PD-1 antibody, suggesting that it was gemcitabine that pro-
duced the negative effect in the animal model. Importantly, since
the decrease of intratumoral CD8" T cells was observed both in
tumor samples from gemcitabine-treated mice and in two sets of
clinical samples from pancreatic cancer patients treated with gem-
citabine, the inhibition of cytotoxic T cells by gemcitabine seems
significant and clinically relevant. While immunotherapy using
immune checkpoint inhibitors has not produced significant thera-
peutic effect in PDAC patients so far, efforts are still ongoing to
evaluate various integrated strategies to improve the outcome of
immunotherapies in pancreatic cancer, based on the beneficial
effects of combination therapies observed in other cancer types
[42]. Gemcitabine did not enhance the tumor immunogenicity in
combination with other immunotherapy such as anti-CD40 in
PDAC, and showed disparate effects on patient survival [43].
Recent clinical trials showed that the combination of gemcitabine
with PD-1 antibodies seemed to exhibit inferior efficiency (i.e.,
ORR, PFS, 0OS) for NSCLC patients compared to other chemothera-
peutic agents (paclitaxel, pemetrexed, platinum) in combination
with PD-1 antibodies [44,45]. As such, caution should be exercised
in considering using gemcitabine in combination with PD-1 anti-
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body, although some study suggests that gemcitabine could target
MDSC and enhance immune function [39].

In contrast with the immunosuppressive effect of gemcitabine,
we showed that cisplatin and PD-1 antibody produced synergistic
effect against pancreatic and colon cancer harboring mutant K-ras
in mice, likely due to activation of certain T cell functions such as
increased secretion of IFN-y. Unlike gemcitabine, cisplatin did
not suppress T cell infiltration into tumor tissues, and was able
to increase the expression of chemoattractant molecules as IFN-
B1 and CXCL9/10/11. Several studies have already showed a
promising synergistic effect between cisplatin and immunothera-
pies in animal models [46-48] and in breast cancer patients [49],
but the mechanisms by which cisplatin enhances an immune
response still remained poorly understood. Cisplatin was previ-
ously classified as a poor ICD (immune cell death) inducer [50],
whereas other studies suggested that cisplatin could function as
a potential immune-modulator capable of upregulating major his-
tocompatibility complex (MHC) class I expression and promoting
the activity of human cytotoxic T cells [51,52]. In our study, we
demonstrated that cisplatin enhanced the expression of the
chemokines likely through induction of DNA damage to stimulate
the cGAS/STING signaling pathway. A recent study suggests an
important role of cGAS in affecting the antitumor effect of mono-
clonal antibodies targeting PD-L1 and CTLA4 (cytotoxic T-
lymphocyte associated protein 4) [53]. The presence of intratu-
moral CD8" lymphocytes is considered as a strong prognostic fac-
tor of responsiveness to immunotherapies [54]. Our study
showed that cisplatin was effective in promoting CD8" T cell infil-
tration in tumor tissues and enhancing the in vivo therapeutic
effect of PD-1 blockade in both syngeneic pancreatic and colon
cancer models harboring mutant K-ras, suggesting a possibility
that this drug could potentially improve the therapeutic activity
of anti-PD-1 in patients with K-ras-driven cancer. Another expla-
nation for the superior effect of cisplatin could be the release of
damage-associated molecular patterns (DAMPs) from dying cancer
cells. These molecules would then stimulate antigen-presenting
cells to activate T cells.

Our analysis of clinical data from clinical study suggests that the
combination of cisplatin and toripalimab has promising therapeu-
tic effect in advanced NSCLC patients with who failed prior
chemotherapy and radiotherapy, especially in patients with K-
ras®!2¢ mutation. Two of the four patients with K-ras¢!2¢ mutation
treated with cisplatin and toripalimab showed partial response and
one patient maintained stable disease without progression at the
time of this manuscript preparation. Our data analysis also sug-
gests that inclusion of gemcitabine in this immunochemotherapy
might not bring addition therapeutic benefits in patients with K-
ras mutation, and could potentially compromise the clinical out-
come. However, it is important to note that the above observations
were from data of a very small number of patients. Further clinical
studies with large number of patients with tumors harboring wild-
type and mutant K-ras are needed to test the therapeutic effect of
cisplatin in combination with immune checkpoint blockade ther-
apy. It is of significant interest to note that recent studies demon-
strated that gemcitabine-cisplatin (GP) chemotherapy in
combination with PD-1 antibody toripalimab or camrelizumab as
a treatment for patients with recurrent or metastatic nasopharyn-
geal carcinoma is superior compared to GP alone [55,56]. However,
there was no direct comparison of the therapeutic outcome of GP
plus toripalimab regimen with that of cisplatin alone plus
toripalimab.

Although currently cisplatin is not a standard drug for pancre-
atic cancer, this compound is commonly used in clinical treatment
of lung cancers, which also have relatively high frequency of K-ras
mutations. Since our study showed that a combination of cisplatin
with anti-PD-1 antibody produced promising therapeutic effect
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even in the mouse colon cancer model (CT26) known to be resis-
tant to anti-PD-1 and in lung cancer patients with K-ras mutation,
these new findings merit further evaluation of this drug combina-
tion in a clinically relevant setting such as randomized clinical tri-
als. The results of such clinical studies will provide a basis to
consider the feasibility to use cisplatin in combination with PD-1
antibodies for treatment of pancreatic cancer, for which limited
treatment options are currently available.

Immunotherapy using antibodies against PD-1/PD-L1 have
shown objective clinical responses in several cancer types includ-
ing melanoma, NSCLC, renal cell carcinoma, bladder cancer and
Hodgkin lymphoma [57]. Based on the findings from our study, it
would be interesting to investigate whether immunochemother-
apy regimens that include cisplatin could provide added benefits
in multiple tumor types, in addition to K-ras-driven tumors. Since
most cancers are driven by activation of oncogenes or/and loss of
tumor suppressor function due to various mutations, PD-L1
expression is often dysregulated due in part to the changes in these
oncogenic signals (i.e., K-ras, c-myc, EGFR, etc.). The effectiveness
of immunotherapy using PD-1/PD-L1 antibodies for treatment of
cancers driven by oncogenic mutations appears limited [9]. As
such, the use of cisplatin or other DNA-damaging drugs that stim-
ulate immune response in combination with PD-1/PD-L1 antibod-
ies would seem a plausible strategy to enhance the therapeutic
efficacy for treatment of diverse cancer types, and merits further
preclinical and clinical studies.

In the context of immunochemotherapy, a recent study using an
in vitro assay to screen a panel of anticancer drugs revealed the
diverse effects of chemotherapeutic agents on T cell functions
[28]. DNA-damaging agents (i.e., melphalan and doxorubicin) and
cisplatin were shown to have stimulatory effects on T cell func-
tions, whereas arsenic trioxide and gemcitabine exhibited inhibi-
tory effect. It is also important to note that drug concentrations
seem to be a critical factor in the drug impact on the immune sys-
tem. For instance, Paclitaxel at IC,5 showed a moderate inhibitory
effect on T cells function, but exhibited strong stimulatory effect at
a clinically relevant concentration [28]. Thus, the selection of
chemotherapeutic agents for use in immunochemotherapy should
consider not only their mechanisms of action but also the drug
dosage. As such, it is possible that gemcitabine at low or high con-
centrations might not suppress T cell functions or could even exert
stimulatory effect due to its impact on MDSC [39]. Further studies
are needed to test such possibilities.

Conclusion

Our study shows that cisplatin and gemcitabine exert opposite
effects on immunochemotherapy with PD-1 antibody in K-ras-
driven cancer due to their different impacts on CD8" T cell func-
tions, and suggests that it is extremely important to select appro-
priate  chemotherapeutic drugs for combination with
immunotherapy such as PD-1 antibody in order to achieve optimal
anticancer activity. The impact of chemotherapeutic agents on T
cell functions including their tumor infiltration seems to be the
key determinant. Cisplatin-based chemotherapy seems to be an
excellent choice for combination with immune checkpoint anti-
body to achieve favorable clinical outcome due to the ability of cis-
platin to activate T cells, whereas drugs such as gemcitabine that
inhibit T cells functions should be considered with caution.
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