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Abstract

Epidermal growth factor receptor (EGFR) is the most frequently mutated driver
oncogene in non-smoking-related, non-small—cell lung cancer (NSCLC). EGFR-mutant
NSCLC has a non-inflamed tumor microenvironment (TME), with low infiltration by
CDS8" T cells and, thus, immune checkpoint inhibitors, such as anti-programmed cell
death-1 (anti—PD-1) have weak anti-tumor effects. Here, we showed that CD8" T-cell
responses were induced by an EGFR-tyrosine kinase inhibitor (TKI) in syngeneic Egfr-
mutant NSCLC tumors, which was further pronounced by sequential dual blockade of
PD-1 and vascular endothelial growth factor receptor 2 (VEGFR2). However,
simultaneous triple blockade had no such effect. PD-1/VEGFR2 dual blockade did not
exert tumor-inhibitory effects without pre-treatment with the EGFR-TKI, suggesting
that treatment schedule is crucial for efficacy of the dual blockade therapy. Pre-
treatment with EGFR-TKI increased the CD8" T-cell/regulatory T-cell (Treg) ratio,
while also increasing expression of immunosuppressive chemokines and chemokine
receptors, as well as increasing the number of M2-like macrophages, in the TME.
Discontinuing EGFR-TKI treatment reversed the transient increase of
immunosuppressive factors in the TME. The subsequent PD-1/VEGFR2 inhibition

maintained increased numbers of infiltrating CD8" T cells and CD11¢" dendritic cells.



80

81

82

83

84

85

86

87

88

89

90

CD8" T cell-dependent response in Egfi-mutant lung cancer

Depletion of CD8" T cells in vivo abolished tumor growth inhibition by EGFR-TKI
alone and the sequential triple therapy, suggesting that EGFR inhibition is a prerequisite
for the induction of CD8" T-cell responses. Our findings could aid in developing an
alternative immunotherapy strategy in patients with cancers that have driver mutations

and a non-inflamed TME.

Synopsis

Egfr-mutant lung cancer exhibits a non-inflamed tumor microenvironment (TME).
Here, data demonstrate that the scheduling of EGFR inhibition with dual PD-
1/VEGFR2 blockade is vital for optimum efficacy and induction of CD8" T cell-

dominant responses in the TME.
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Introduction

Immune checkpoint inhibitors (ICIs), such as antibodies targeting programmed cell
death-1 (PD-1) or programmed death-ligand 1 (PD-L1), have revolutionized cancer
treatment and demonstrated to improve overall survival in patients with advanced
malignant diseases, including non-small—cell lung cancers (NSCLCs) (1). However,
ICIs have exerted little effect in NSCLCs harboring non-smoking-related oncogenes,
such as epidermal growth factor receptor (EGFR) mutations or anaplastic lymphoma
kinase (ALK) fusion genes (2,3). The low number of CD8" T cells infiltrating tumors
(i.e., non-inflamed tumor) or lower tumor mutation burden is considered to be a reason
underlying the poor effect of ICIs in NSCLC with non-smoking—related oncogenes (4).
Therefore, a novel immunotherapeutic strategy is required to provide a survival benefit
for patients with this particular subtype of NSCLC.

EGFR gene mutations are the most frequently detected driver oncogene mutations in
non-smoking-related NSCLCs (5,6). Inhibition of the oncoprotein with EGFR-tyrosine
kinase inhibitors (TKIs) produce a transient cancer inhibition; however, resistance
inevitably develops within two years due to genetic or non-genetic alterations EGFR-
mutant NSCLCs (7-10). A study has revealed that oncogenic EGFR signaling is

involved not only in tumorigenesis, but also in the formation of an immune-suppressive
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tumor microenvironment (TME) in lung cancer (4). However, combination therapies
with EGFR-TKIs and anti-PD-1/PD-L1 or anti-cytotoxic T lymphocyte associated
antigen-4 (CTLA-4) demonstrate an insufficient inhibitory effect and raises concerns
about toxicity in clinical trials (11-15). Similar results have been reported for ALK
fusion gene-positive lung cancer (11,14).

Several pre-clinical studies have suggested the involvement of the vascular
endothelial growth factor (VEGF)/VEGEF receptor-2 (VEGFR2) pathway in the
tolerogenic immune responses (16). Combination therapies with EGFR-TKIs and
VEGF/VEGFR?2 inhibitors have been tested in multiple clinical trials and have shown a
significant prolongation in progression-free survival in patients with EGFR-mutant lung
cancers (17,18). However, none of the clinical trials showed a benefit in overall
survival, suggesting that the activation of tumor immunity might be insufficient. In
contrast, combination therapy with ICIs and VEGF or VEGFR2 inhibitors have been
shown to improve survival in several solid cancers, including NSCLC (19-21).
Nevertheless, the role of dual blockade of the PD-1 and VEGFR2 pathways has not
been fully established in lung cancer harboring EGFR mutations.

Currently, there are few in vivo preclinical models that can be used to assess the

effect of ICIs in lung cancer harboring EGFR mutations. Thus, we previously
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established genetically engineered mouse lung cancer models harboring EGFR
mutations using the SP-C promoter in immunocompetent C57BL/6 mice (22,23). These
mice spontaneously develop EGFR-dependent lung adenocarcinoma from type 11
pneumocytes. We also established a syngeneic mouse model via subcutaneous
transplantation of the spontaneously originating lung tumor cells into wild-type
C57BL/6 mice (24). In this study, we employed these tumor models and assessed the
dynamic changes in the TME of lung tumors harboring Egfr mutation and investigated
the effect of combined immunotherapy using an EGFR-TKI, anti-PD-1, and/or anti-

VEGFR2.

Methods

Reagents and antibodies

For in vivo experiments in syngeneic Egfr-mutant lung -cancer mouse model (described
below), gefitinib or afatinib were purchased from Everlth (Hiroshima, Japan), and
FTY720 was purchased from Cayman Chemical (Michigan, IL, USA, catalog no.
10006292). Additional treatments of tumor-bearing mice (described below) included:
anti-VEGFR2 (clone DC101: rat monoclonal IgG1x), mouse IgG1 isotype control

(clone MOPC-21: mouse IgG1x), and rat IgG1 isotype control (clone HRPN: rat IgG1x)
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were purchased from BioXcell (Lebanon, NH, USA); anti-PD-1 (clone 4H2: mouse
monoclonal IgG1x) was provided by Ono Pharmaceutical Co., Ltd. under material
transfer agreement (Osaka, Japan); and anti-CD8a (clone 53-6.7: rat monoclonal
IgG2axk) and rat IgG2a isotype control (clone RTK2758: rat [gG2ak) were purchased
from BioLegend (San Diego, CA, USA). The following primary antibodies for
immunohistochemistry (IHC; described below) were used: anti-CD8a (EPR21769) was
purchased from Abcam (Cambridge, UK); anti-FasL (bs-0216R) was purchased from
Bioss Antibodies (Woburn, MA, USA); anti-Foxp3 (D608R), anti-CD11¢ (D1V9Y),
anti-CD31 (D8VYE), anti-CD206 (E6TSJ), anti-VEGFR2 (55B11), anti-PD-L1
(D5V3B), and anti—PD-L2 (D6L5A) were purchased from Cell Signaling Technology
(Danvers, MA, USA). The EnVision+System-labeled polymer-horseradish peroxidase
anti-rabbit antibody (Dako, Glostrup, Denmark. catalog no. K4002) was used as the
secondary antibody for the IHC. The Liquid DAB+ Substrate Chromogen System was
used for DAB (3,3'-Diaminobenzidine) staining (Dako, catalog no. K3468). Flow
cytometry (FCM; described below) antibodies: anti-CD8a (53-6.7), anti-CD4 (GK1.5),
anti-CD25 (PC61.5), anti-CD3 (17A2), anti-Foxp3 (FJK-16s), anti-PD-1 (RMP1-30),
anti-H-2kb (AF6-88.5.5.3), and mouse IgG2a (eBM2a) were purchased from Thermo

Fisher Scientific (Waltham, MA, USA); antibodies against PD-L1 (10F.9G2), PD-L2
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(TY25), H-2Db (KH95), and CD107a (1D4B) were purchased from BioLegend;
Zombie Violet (catalog no. 423113) and antibodies against rat IlgG2b (RTK4530), rat
IgG2a (RTK2758), and mouse IgG2a (MPC-11) were purchased from BioLegend;
interferon alpha (IFNa) or interferon gamma (IFNy) were purchased from Miltenyi
Biotec (Bergisch Gladbach, Germany, catalog no. 130-093-131) or BioLegend (catalog

no. 575302) respectively.

Cell lines

MC-38 murine colon adenocarcinoma cells (catalog no. KER-ENH204) were purchased

from Kerafast (Boston, MA, USA) in 2019 for this study. The cell lines were

authenticated by Kerafast (https://www .kerafast.com/productgroup/665/mc-38-cell-

line). The number of cell passages was five times after the purchase. The cell lines were

verified as mycoplasma free before starting the experiments (iNtRON Biotechnology,

Inc. Seongnam, Korea, catalog no. 25237). MC38 cells were cultured in Dulbecco's

modified MEM (DMEM) (Sigma-Aldrich, catalog no. D6429) with 10% fetal bovine

serum (Thermo Fisher, catalog no. 10270-1061), 1% penicillin-streptomycin (Thermo

Fisher, catalog no. 15140-22). Cells were incubated in a humidified incubator with 5%

COz at 37 °C.

10
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PD-L1 and PD-L2 expression on Egfr-mutant tumor cells or MC-38 cells
The subcutaneous Egfr-mutated lung tumor was minced and dissociated into single-cell
suspensions by using a Tumor Dissociation Kit, mouse (Miltenyi Biotec, catalog no.
130-096-730) (described below). 5 x 10° Egfi-mutant tumor cells or 1 x 10° of MC38
cells were incubate in 3ml of DMEM with 10% FBS, 1% Penicillin-Streptomycin in
6well plate (Corning, New York, NY, USA, catalog no. 353046) in a humidified
incubator with 5% CO; at 37 °C for 3 days. IFN-a (Miltenyi Biotec catalog no. 130-
093-131. 5 x 10> U/ml), or IFN-y (BioLegend catalog no. 575302. 1x10% U/ml) were
added 24 hours before assessed the cells with anti-PD-L1 (Thermo Fisher Scientific,
10F.9G2) or anti-PD-L2 (Thermo Fisher Scientific, TY25) via FCM as described
below. DMEM was added as vehicle control for IFN-a or IFN-y. As isotype control, rat
IgG2b (BioLegend, RTK4530) or rat IgG2a (BioLegend, RTK2758) were used for anti-

PD-LI or anti-PD-L2 respectively.

Tumor models

Syngeneic Egfr-mutant lung-cancer mouse model: Female C57BL/6J mice aged 6—8

weeks were purchased from Charles River Laboratories Japan, Inc. (Yokohama, Japan).

11
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All mice were provided with sterilized food and water and were housed in a barrier
facility, maintained at an air-conditioned temperature of 22 + 2°C, with constant
humidity under a 12/12-hour light/dark cycle. The mice were monitored twice a week.
Subcutaneous tumors harboring Egfr exon 19 deletions were passaged using C57BL/6J
mice prepared basically as described previously (24). For this study, the subcutaneous
Egfr-mutated lung tumor was minced and dissociated into single-cell suspensions by
using a Tumor Dissociation Kit, mouse (Miltenyi Biotec, catalog no. 130-096-730)
(described below), and then red blood cells were removed from the suspensions by
using the Red Blood Cell Lysis Solution (Miltenyi Biotec, catalog no. 130-094-183).
The suspension solution of 1 x 10° tumor cells in 0.1 mL of PBS mixed with 0.1 mL of
Matrigel matrix (Corning, catalog no. 356237) were prepared per 1 tumor, and injected
into the double flanks of the mice unless otherwise specified in the figure legend. When
the average volume of transplanted tumors reached approximately 200 mm? 5 to 7 days
after the subcutaneous transplantation, the mice were randomly assigned to groups and
treated with saline (Otsuka, catalog no. 87-3311) with 0.5% polyoxyethylene sorbitan
monooleate (nacalai tesque, catalog no. 35703-75) as the vehicle, gefitinib (5-50
mg/kg/day, administered by oral gavage [p.o.], 5 or 7 days/week for 14 days or 21

days), afatinib (15 mg/kg/day, administered by oral gavage [p.o.], 7 days/week for 14

12
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days), FTY720 (300 pg/kg/day, administered by oral gavage [p.o.], 7 days/week for 12
days), or anti-VEGFR2 (10 mg/kg/day, injected intraperitoneally [i.p.], every 3 days for
7 days), rat IgG1 isotype control (BioXcell, clone HRPN: rat IgG1x) for anti-VEGFR2,
anti-PD-1 (10 mg/kg/day, i.p., every 5 days for 18 days), mouse IgG1 isotype control
(BioXcell, clone MOPC-21: mouse IgG1x) for anti-PD-1, combination of gefitinib (50
mg/kg/day, administered by oral gavage [p.o.], 7 days/week for 18 days) and FTY720
(300 pg/kg/day, administered by oral gavage [p.o.], 7 days/week for 18 days),
combination of gefitinib (50 mg/kg/day, administered by oral gavage [p.o.], 5
days/week for 14 days) and anti-PD-1(10 mg/kg/day, injected intraperitoneally [i.p.],
every 5 days for 14 days), combination of gefitinib (50 mg/kg/day, administered by oral
gavage [p.o.], 5 days/week for 14 days) and anti-VEGFR2 antibody (10 mg/kg/day,
injected intraperitoneally [1.p.], every 3 days for 14 days), combination of anti-PD-1 (10
mg/kg/day, injected intraperitoneally [i.p.], every 3 days for 10 days) and ant-VEGFR2
(10 mg/kg/day, injected intraperitoneally [i.p.], every 3 days for 10 days), the sequential
therapy with prior gefitinib monotherapy (50 mg/kg/day, administered by oral gavage
[p.o.], 7 days/week for 14 days) followed by anti-PD-1 (10 mg/kg/day, injected
intraperitoneally [i.p.], every 3 days for 7 days), ant-VEGFR2 (10 mg/kg/day, injected

intraperitoneally [i.p.], every 3 days for 7 days) or combination of anti-PD-1 (10

13
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mg/kg/day, injected intraperitoneally [i.p.], every 3 days for 7 days) and ant-VEGFR2
(10 mg/kg/day, injected intraperitoneally [i.p.], every 3 days for 7 days) , the
concomitant triple therapy with gefitinib (50 mg/kg/day, administered by oral gavage
[p.o.], 5 days/week for 14 days), anti-PD-1(10 mg/kg/day, injected intraperitoneally
[1.p.], every 5 days for 14 days) and anti-VEGFR2 (10 mg/kg/day, injected
intraperitoneally [i.p.], every 3 days for 14 days), or late concomitant triple therapy with
prior gefitinib monotherapy (50 mg/kg/day, administered by oral gavage [p.o.], 7
days/week for 14 days) and followed by the triple therapy gefitinib (50 mg/kg/day,
administered by oral gavage [p.o.], 7 days/week for 7 days), anti-PD-1(10 mg/kg/day,
1.p., every 5 days for 7 days) and anti-VEGFR2 (10 mg/kg/day, injected
intraperitoneally [i.p.], every 3 days for 7 days). Tumors were collected at day 3 from the
mice treated with gefitinib monotherapy, the combination of gefitinib and anti-PD-1,
combination of gefitinib and anti-VEGFR2, combination of anti-PD-1 and anti-
VEGFR2. Tumors were also harvested from the mice treated with gefitinib
monotherapy or combination of gefitinib and FTY 720 at day7, the mice treated with
gefitinib monotherapy at day 14, or the mice treated with sequential therapies of prior
gefitinib monotherapy followed by vehicle, anti-PD-1, anti-VEGFR?2 or the

combination of anti-PD-1 and antbi-VEGFR2 at day 21. Spleen was harvested the mice

14
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treated with vehicle for 3 days. For the depletion of CD8" T cells, either anti-mouse
CD8a (250 pg/injection, injected intraperitoneally [i.p.]) or IgG2a isotype control (250
ug/injection, injected intraperitoneally [i.p.]) were administered on day 0 and day 3, and
then once weekly until the end of the study (day 28 for the tumor treated with gefitinib
monotherapy, day 35 for the tumors treated with sequential therapy of prior gefitinib
followed by combination of anti-PD-1 and anti-VEGFR2) . The tumor volume (width? x
length/2) was determined periodically by caliper measurements twice a week. The
experimental protocol was approved by the Animal Care and Use Committee of
Okayama University, Okayama, Japan (OKU-2020228). Mice were kept on study until
tumors reached 2,000 mm?, or the study reached the termination point at day 14, day 21,
day 28 or day 35.

Subcutaneous MC-38 model:

Female C57BL/6J mice aged 6—8 weeks were purchased from Charles River
Laboratories Japan, Inc. All mice were provided with sterilized food and water and were
housed in a barrier facility, maintained at an air-conditioned temperature of 22 + 2°C,
with constant humidity under a 12/12-hour light/dark cycle. The mice were monitored
twice a week. A total of 2 x 10° MC38 cells were injected subcutaneously into the

single flank and monitored for tumor growth. The tumor volume (width? x length/2)

15
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271 was determined periodically by caliper measurements twice a week. Mice were treated
272  intraperitoneally with anti-PD-1 (10 mg/kg/day, injected intraperitoneally [1.p.], every 5
273  days for 24 days) post tumor transplant. For controls, mice were injected with 200 ug of
274 IgGl1 antibody (BioXcell, clone MOPC-21: mouse IgG1x). The experimental protocol
275  was approved by the Animal Care and Use Committee of Okayama University,

276  Okayama, Japan (OKU-2020228). Mice were kept on study until tumors reached 2,000
277 mm?, or the study reached the termination point at day 24.

278

279  Tissue dissociation into single-cell suspensions

280  Tumor tissues were dissected from the mice and dissociated into single-cell

281  suspensions using a Tumor Dissociation Kit mouse (Miltenyi Biotec, catalog no. 130-
282  096-730), according to the manufacturer’s protocol. The grafted Egfrr mutated tumors
283  were removed from subcutaneous, cut into 2-4 mm size, and put in gentle MACS C
284  Tubes with enzyme mixed solution. The solution was prepared by adding 2.35 mL of
285 RPMI 1640 (Sigma-Aldrich, catalog no. R8758), 100 uL of Enzyme D, 50 uL of

286  Enzyme R, and 12.5 pL of Enzyme A. The dissociation was performed using the

287  program (37c m_TDK 1) with gentle MACS Octo Dissociator with Heaters

288  (Miltenyi Biotec, catalog no. 130-096-427). After the dissociation, the solution was

16
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processed with Red Blood Cell Lysis Solution (Miltenyi Biotec, catalog no. 130-
094-183) . Tumors were collected at day 3 from the mice treated with gefitinib
monotherapy, anti-PD-1, anti-VEGFR2, the combination of gefitinib and anti-PD-1,
combination of gefitinib and anti-VEGFR2, combination of anti-PD-1 and anti-
VEGFR2. Tumors were also harvested from the mice treated with gefitinib

monotherapy at day 14.

RNA extraction

RNA was extracted from the lungs of 12-week-old Egfir mutated transgenic mice or
wild type C57BL/6J mice without treatment, or subcutaneously grafted Egfr mutated
tumors treated with saline with 0.5% polyoxyethylene sorbitan monooleate as vehicle
for 3 days, gefitinib for 3 days or 14 days, prior gefitinib for 14 days followed by
isotype control antibody, anti-PD-1, anti-VEGFR2, or the combination of anti-PD-1 and
anti-VEGFR?2 for 7 days using the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands)
according to the manufacturer’s protocol. Extracted RNA was used for mRNA profiling

as described below.

Targeted gene expression profiling using NanoString

17
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Targeted mRNA expression profiling was conducted on the extracted RNA from the
lung of Egfr mutant transgenic mice or wild type mice using the NanoString nCounter
gene expression platform (NanoString Technologies, Seattle, WA, USA) and the
PanCancer Mouse Immune Profiling gene expression panel (NanoString Technologies).
nCounter analysis was performed by RIKEN GENESIS (Kanagawa, Japan), according
to the manufacturer’s protocol. For each sample, 200 ng of RNA was hybridized to the
probes included in the PanCancer Mouse Immune Profiling gene expression panel and
processed according to the manufacturer's protocols. A custom probe was not used for
the analysis. The preparation was performed using nCounter Master Kit (NanoString
Technologies, catalog no. NAA-AKIT-012) at 65°C for 16 hours with T100 Thermal
Cycler (Bio-Rad, catalog no. 186-1096). The cartridge containing purified RNA hybrids
was analyzed via nCounter FLEX Analysis System (NanoString Technologies). The
raw count data (RCC files) were log2-transformed and normalized to housekeeping
genes using default protocols and settings of nSolver 4.0 software provided by
NanoString Technologies. nSolver software was used for quality control and
normalization of the primary data. Advanced Analysis function in nSolver was not used
for this study. The data were used to calculate “Relative gene expression Score”

between the lung of transgenic mice and wild-type mice. “Relative gene expression

18
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Score” was calculated by averaging the relative expression of the genes in each immune
response category. Immune response categories including “Adaptive”, “Innate”,
“Leukocyte Function”, “T Cell Functions”, “B Cell Functions”, “NK Cell Functions”,
“Dendric cell functions”, “Macrophage Functions”, “Mast cell function”, “Interferon”,
“Interleukins”, “Cytokines and Receptors”, and “Chemokines and Receptors” were
defined and annotated based on gene list under the “Support Documentation” for “Panel
Gene Lists” of nCounter PanCancer Mouse Immune Profiling provided by NanoString
Technologies (https://nanostring.com/support/support-documentation/#h-panel-gene-
lists). Hierarchical clustering was performed and displayed by using cluster 3.0
(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) and Java treeview

(http://jtreeview.sourceforge.net/) .

mRNA expression profiling using next-generation sequencing

rRNA was depleted from extracted RNA from the tumors of syngeneic Egfr-mutant
lung cancer mouse model using the NEBNext rRNA Depletion Kit v2
(Human/Mouse/Rat; E7405, New England Biolabs Japan Inc., Tokyo, Japan). cDNA
libraries were prepared using the MGIEasy RNA Directional Library Prep Set (MGI

Tech Japan, Tokyo, Japan). RNA-sequencing (RNA-seq) was performed on a
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DNBSEQ-G400RS sequencer (MGI Tech Co., Ltd., Shanghai, China) using DNBSEQ-
G400RS High throughput Sequencing Set (MGI Tech Co., Ltd., Shanghai, catalog no.
FCL PE150) with the 150-base paired-end setting. Sequencing data were mapped onto
the mouse reference genome (Genome Reference Consortium Mouse Build 38 patch
release 6) and normalized to calculate TPM (transcripts per million) values for protein
coding genes using the CLC Genomics Workbench (CLC bio, Aarhus, Denmark).
Reads counts (number of reads) were divided by the length of each gene in kilobases
(reads per kilobase; RPK). Then, all of the RPKs for protein coding genes were counted
up (sum of RPK). Finally, RPK were normalized by dividing the following scaling
factor ((sum of RPK)/1,000,000). In this process, all read counts were used (i.e. the
threshold for read count was not set) to calculate TPM. quanTIseq analyses using the
TPM data were performed via TIMER2.0 according to the tutorial

(http://timer.cistrome.org/)(25,26).

Immunohistochemistry (IHC)
IHC was conducted using the tumors of syngeneic Egfr-mutant lung cancer mouse
model as described previously (27,28). Formalin-fixed, paraffin-embedded tissues were

cut to a thickness of 5 um, placed on glass slides, and deparaffinized as follows: rinse 3
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times in Hemo-De (FALMA, Tokyo, Japan, catalog no. CS-1001-4) for 5 minutes, and
then soaked in 99.5% ethanol (Sigma-Aldrich, catalog no. 09-0770-5) for 2 min, 95%
ethanol for 2 minutes, 70% ethanol for 2 minutes and pure water for 3 minutes. The
slides were incubated in pure water containing | mM EDTA (Invitrogen, catalog no.
15575-020) for 10 min in a 95 °C Pascal (Dako, catalog no. S2800) and soaked in 0.3%
hydrogen peroxide (SANTOKU CHEMICAL, Tokyo, Japan, catalog no. 18412) with
methanol (nacalai tesque, catalog no. 21915-93) as solvent to inactivate endogenous
peroxidase for 5 minutes. The slides were rinsed with Tris Buffered Saline (TBS, pure
water containing 20 mM trizma base [Sigma-Aldrich, catalog no: T1503], 137 mM
NaCL [Sigma-Aldrich, catalog no: 28-2270-5] and adjusted to pH 7.0 with HCL
[nacalai tesque, catalog no. 37338-15] ) with 0.1% polyoxyethylene sorbitan
monolaurate (nacalai tesque, catalog no. 35624-15) and the sections were incubated
with 240 ul of wash buffer (Dako, catalog no. S3006) and 30 pul of goat serum
(Invitrogen, catalog no. 01-6201) for 60 min at room temperature. CD8a (Abcam,
EPR21769), Foxp3 (Cell Signaling Technology, D608R) anti-CD11¢ (Cell Signaling
Technology, D1V9Y), anti—-PD-L1 (Cell Signaling Technology, D5V3B), anti—-PD-L2
(Cell Signaling Technology, D6L5A), anti-CD31 (Cell Signaling Technology, D&8VIE),

anti-VEGFR2 (Cell Signaling Technology, 55B11), anti-FasL (Bioss Antibodies, bs-
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0216R) antibodies were diluted at 1/2000, 1/100, 1/350, 1/200, 1/200, 1/100, 1/600 and
1/200 respectively. Anti-CD206 (Cell Signaling Technology, E6T5J) was diluted to
1ug/ml. Rabbit IgG (Cell Signaling Technology, DA1E) was diluted at 1/2000 and used
as isotype antibody. Dako wash buffer was used for the dilution (Dako, catalog no.
S3006). The sections were incubated overnight at 4°C with primary antibodies
(specified above), followed by incubation with a secondary antibody (Dako, catalog no.
K4003. 1/1 Undiluted) for 20 minutes at room temperature. Finally, DAB staining was
performed using Liquid DAB+ Substrate Chromogen System (Dako, catalog no.
K3468) and the sections were counterstained with hematoxylin (MUTO PURE
CHEMICALS, Tokyo, Japan, catalog no: 30002). The microscope (KEYENCE, Osaka,
Japan, catalog no. BZ8100) was used for assessment. Percentage of DAB positive area
was measured using ImageJ software (version 1.52a). DAB positive areas were isolated
using the color deconvolution plugin (Vectors: H-DAB). The threshold value was
manually set to match the DAB-positive areas. In this study, the threshold value (30-
125) was applied to the images. Each image was changed into a binary (black and
white) color image before the measurement. Tumor tissues were collected at day 3 from
the mice treated with saline with 0.5% polyoxyethylene sorbitan monooleate as vehicle,

gefitinib monotherapy, anti-VEGFR2, combination of gefitinib and anti-VEGFR2.
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Tumor tissues were also harvested from the mice treated with gefitinib or afatinib
monotherapy for 4 days, the mice treated with saline with 0.5% polyoxyethylene
sorbitan monooleate as vehicle, gefitinib monotherapy, FTY 720 monotherpay and the
combination of gefitinib and FTY 720 for 7 days, the mice treated with gefitinib or
afatinib monotherapy for 14 days, or the mice treated with prior gefitinib treatment for
14 days followed by saline with 0.5% polyoxyethylene sorbitan monooleate as vehicle,
anti-PD-1, anti-VEGFR2 or the combination of anti-PD-1 and anti-VEGFR2 for 7 days.
Spleens were collected at day 3 from the mice treated with saline with 0.5%

polyoxyethylene sorbitan monooleate as vehicle.

Flow cytometry (FCM) analysis

Tumor tissues of syngeneic Egfr-mutant lung cancer mouse model were dissected from
the mice and dissociated into single-cell suspensions as described above, and red blood
cells were removed using a red blood cell lysis solution (Miltenyi Biotec, catalog no.
130-094-183). Cells, which included tumor-infiltrating lymphocytes (TILs) and tumor
cells, were stained with the above indicated fluorescence-labeled antibodies and
subjected to FCM analysis. Briefly, cells were washed with FACS staining buffer

consisting of 2 mM EDTA (Thermo Fisher Scientific, catalog no. 15575020) and 0.5%
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(w/v) bovine serum albumin (Sigma-Aldrich, catalog no. 10735078001) in phosphate-
buffered saline (PBS, pure water containing 0.02% KCL (Sigma-Aldrich, catalog no.
24-3290), 0.8% NaCL (Sigma-Aldrich, catalog no. 28-2270-5), 0.115% Na2HPO4
(Sigma-Aldrich, catalog no. 28-3750-5), 0.02% KH2PO4 (Sigma-Aldrich, catalog no.
169-04245), and incubated with monoclonal antibodies against surface markers for 30
minutes at 4°C in the FACS staining buffer. Intracellular Foxp3 staining was also
performed using a Foxp3 staining buffer set (Thermo Fisher Scientific, catalog no. 00-
5523-00). Zombie Violet Fixable Viability Kit (BioLegend catalog no. 423113) was
used to assess live or dead status. The samples were acquired using a MACS Quant
flow cytometer (Miltenyi Biotec), and the data were analyzed using FlowJo software
(version 10, TreeStar, Ashland, OR, USA). Tumor tissues were collected at day 3 from
the mice treated with saline with 0.5% polyoxyethylene sorbitan monooleate as vehicle,
gefitinib monotherapy, anti-VEGFR2, the combination of gefitinib and anti-PD-1,
combination of gefitinib and anti-VEGFR2, combination of anti-PD-1 and anti-
VEGFR2. Tumor tissues were also harvested from the mice treated with gefitinib for 4

or 14 days.

Cytokine arrays
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Tumor tissues treated with saline with with 0.5% polyoxyethylene sorbitan monooleate
as vehicle or gefitinib for 3 days were harvested and immediately frozen with screw cap
micro tubes (Sarstedt, Niimbrecht, Germany, catalog no. 72.694.007) in liquid nitrogen.
10 mg of the frozen tissues were measured by electronic scale (A&D Weighing, Tokyo,
Japan, HF-2000). The tissues were mixed with 500 ul PBS with 1% Triton-X (nacalai
tesque, catalog no. 35501-02) and mechanically homogenized using a homogenizer
(IKA, Staufen, Germany, catalog no. T10 basic ULTRA-TURRAX) with shaft
generator (IKA, Staufen, Germany, catalog no. SION-5G). The lysate was centrifuged
for 30 minutes at 14,000 rpm at 4°C and the supernatant was used for cytokine array.
The Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems,
Minneapolis, MN, USA, catalog no. ARY006) was used according to the
manufacturer’s instructions. Briefly, the supernatant was mixed with 500uL of Buffer 4
and Buffer 6 was added to bring the total volume to 1.5mL.

15 pL of Detection Antibody Cocktail was added in the solution and incubated at room
temperature for an hour. Then, the membrane with pre-soaked in Array Buffer 6 for an
hour were incubate with the solution overnight at 4 °C. Dots were detected using an
ImageQuant LAS-4000 imager (GE Healthcare Biosciences, Chicago, IL, USA). The

mean pixel density was measured using the ImageJ software (version 1.52a).
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Expression level of each cytokine was normalized using reference spots on the

membrane, then the relative expression levels were calculated between the samples.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.1. (GraphPad Software,
San Diego, CA, USA). Two-sided Student’s t-tests were used for comparison of the
means of data between two groups, and one-way ANOVA with post-hoc Tukey’s test
was used for comparisons among multiple independent groups, unless otherwise
specified. The survival probability was calculated using the Kaplan—Meier method, and
differences in survival were evaluated using the Log-rank test with Bonferroni

correction. Statistical significance was set at P < 0.05.

Data Availability
The data generated in this study are available within the article and its supplementary
data files. RNA-seq data analyzed in this study are available in the NCBI Gene

Expression Omnibus (GEO) repository (GSE197260).

Results
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CDS8" T cell-dependent immunity in Egfi-mutant lung cancers.

First, we assessed the impact of Egfr mutation on tumor immunity in the lungs. The
expression profiles of 750 immune-related genes were assessed between the lungs from
wild-type mice and those from the genetically engineered mice harboring Egfr exon 19
deletion using NanoString nCounter analysis (29)(Fig. 1A, left). Expectedly, Egfr was
upregulated 16-fold in the lungs of transgenic mice compared to wild-type mice. In
contrast, immune-related genes, including Gzma or Ccl5, were generally downregulated
in the lungs with Egfir mutation (Suppl. Fig. S1A-B, Suppl. Table S1). Genes related to
T-lymphocyte, natural killer (NK) cell, and B-lymphocyte function were significantly
decreased (Fig. 1A, right).

Next, we assessed the impact of EGFR inhibition on the TME in an Egfr-mutant
syngeneic lung cancer model. The EGFR-TKI gefitinib showed an inhibitory effect on
tumor growth in a dose-dependent manner (Suppl. Fig. SIC). The TME in mice treated
with gefitinib (50 mg/kg) for 3 days was then compared with control vehicle—treated
mice (Fig. 1B). Tumor volume was decreased, and cytokines related to CD8" T cells,
such as MIP-1a, MIP-1B, MIG/CXCL9, RANTES/CCLS5, and IP-10/CXCL10, were
increased in tumors treated with the EGFR inhibitor (Fig. 1C)(4,30,31). On the other

hand, cytokines related to regulatory T cells (Tregs), such as TARC/CCL17, were
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decreased in tumors treated with EGFR inhibitors (Fig. 1C)(31). Consistently, IHC and
FCM analyses revealed a significant increase in the CD8" T-cell/Treg ratio in the
tumors treated with gefitinib (vehicle: 0.46+0.03 vs. gefitinib: 1.08+0.11,
mean+SE)(Fig. 1D-E, Suppl. Fig. SID-E). We also analyzed the expression of MHC
class I in the tumor cells. We found that the expression of H-2Kb and H-2Db were
increased in Egfr-mutant lung cancer cells treated with the EGFR-TKI (Suppl. Fig.
S2A-B), suggesting IFN involvement.

We next examined the impact of CD8" T-cell depletion on tumor growth in our
mouse model. Tumor-bearing mice were treated with gefitinib for 2 weeks and
subsequently observed for 2 weeks with or without CD8" T-cell depletion. Gefitinib
reduced the tumor volume to the same extent in mice with or without CD8" T-cell
depletion. However, tumor regrowth was observed earlier in mice administered anti-
CD8 than in mice treated with the isotype control (Fig. 1F). In contrast, depletion of
CDS8" T cells had little effect on tumor growth in mice without gefitinib treatment (Fig.
1G). We also assessed the effect of FTY720 (analog of sphingosine 1-phosphate),
which inhibits lymphocyte infiltration into tumors (32). FTY720 monotherapy had little
impact on the number of CD8" T cells in the TME and exerted little inhibitory effect on

tumor growth in Egfr-mutated tumors (Suppl. Fig. S2CD). In contrast, the number of
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CDS8" T cells was significantly reduced and earlier regrowth was observed in mice
treated with gefitinib and FTY 720 than in those treated with gefitinib alone (Suppl. Fig.
S2C, S2E), suggesting that the increase in CD8" T-cell number in tumors was mainly
due to the cells that migrated from outside the tumor area. These findings suggest that
oncogenic EGFR signaling influences the immunosuppressive TME and that CD8" T
cell-dependent tumor immunity was responsible for the inhibitory effect of EGFR-TKIs

on tumor growth in Egfr-mutant lung cancer.

The effect of anti-PD-1 inhibitor in Egfr-mutant lung cancer.

Next, we investigated PD-1 and ligand expression in our syngeneic mouse model.
First, PD-1 expression, which is thought to be a key co-inhibitory receptor in the
process of T-cell activation and exhaustion (33,34), on CD8" T cells in the TME was
assessed. The number of PD-1"CD8" T cells tended to increase, but the difference was
not statistically significant (Fig. 2A). We also assessed the expression of PD-1 ligands,
PD-L1 and PD-L2, on cancer cells. Neither PD-L1 nor PD-L2 was detected on lung
cancer cells harboring the Egfr mutation after gefitinib exposure (Fig. 2B), and neither
stimulation with IFNy nor IFNa increased the expression of these inhibitory molecules

on the Egfr-mutant lung cancer cells. However, the expression of PD-L1 was increased
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in MC-38 mouse colon cancer cells, which expressed PD-L1 or PD-L2 at baseline, and
PD-L2 expression was maintained with IFNy or IFNa stimulation (Fig. 2C)(35).

We then tested the inhibitory effect of PD-1 inhibition on tumor growth. Consistent
with a previous report (35), anti-PD-1 significantly inhibited tumor growth in a
syngeneic mouse model derived from MC-38 cells in C57BL/6J mice (Suppl. Fig. S3);
however, it showed little inhibitory effect on tumor growth in the Egfr-mutant
syngeneic model (Fig. 2D). The number of CD8" T cells and Tregs showed a small
significant increase, but the CD8" T-cell/Treg ratio was not increased in tumors treated
with anti-PD-1 alone compared with to tumors treated with the isotype control (Fig.
2E). We also tested the concomitant combination gefitinib and anti-PD-1 on tumor
growth in the Egfr-mutant tumors. Consistent with a previous report (36), no additional
significant tumor growth inhibition was achieved by the combination therapy (Fig. 2F),
and the combination also had little impact on CD8" T cells and Tregs in the TME

compared to gefitinib alone (Fig. 2G).

The effect of anti-VEGFR?2 in Egfr-mutant lung cancer.
We next investigated the effect of anti-VEGFR2, which is clinically approved

for the treatment of EGFR-mutant lung cancer (17). IHC showed that the expression of
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CD31, an angiogenic marker, was decreased in Egfr-mutant tumors 3 days after the
initiation of anti-VEGFR2 (Fig 3A). It has been reported that Fas ligand (FasL) on the
tumor vascular endothelium is involved in the elimination to CD8" T cells and the
recruitment of Tregs (37); therefore, we also assessed the localization of FasL
expression. IHC analysis revealed that the expression of FasL. and VEGFR2 proteins
were mainly increased on tumor cells from mice treated with gefitinib (Suppl. Fig.
S4A)(38,39). Anti-VEGFR2 alone showed a small, but significant, inhibitory effect on
tumor growth (Fig. 3B) and did not increase the number of CD8" T cells, but Tregs
were increased in the TME compared to tumors treated with the isotype control,
resulting in a decrease in the CD8" T-cell/Treg ratio 3 days after the administration of
anti-VEGFR2 (Fig. 3C-E). We then assessed the inhibitory effect of combination
therapy with gefitinib and anti-VEGFR2 on tumor growth in Egfr-mutant lung cancer.
The mice were treated with gefitinib alone or in combination with anti-VEGFR2 for 2
weeks and subsequently observed for 2 weeks. The inhibitory effect on tumor growth
was similar between the mice treated with the gefitinib alone and those that received the
combination therapy (Suppl. Fig. S4B), and neither combination nor monotherapy
sustained the tumor inhibitory effect (Fig. 3F). The number of CD8" T cells in the TME

was significantly increased in the tumors of mice treated with the combination of
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gefitinib and anti-VEGFR2 compared with the mice treated with gefitinib alone (Fig.
3C, 3G). However, the number of Tregs was also increased in these tumors, resulting in
no effect on CD8" T-cell/Treg ratio in tumors with the combination therapy compared

with alone (Fig. 3D, 3G).

The effect of dual blockade of PD-1/VEGFR in Egfr mutant lung cancer.

Concomitant combination of EGFR-TKI plus PD-1 inhibition or EGFR-TKI plus
VEGFR2 inhibition did not induce a sustained inhibitory effect in the Egfr-mutant lung
cancer. Therefore, we performed RNA-seq on tumors treated with or without EGFR-
TKI. Consistent with the cytokine array (Fig. 1C), RNA-seq showed increased
expression of Cxcl9 and Cxcl10/Cxcr3, and decreased expression of Cc/l7 in tumors
treated with EGFR-TKI (Suppl. Fig. S5A-B). The expression of immunosuppressive
chemokines and chemokine receptors were also increased, such as Tgfbl, Cxcr4, Ccr2,
and Ccr5 (Suppl. Fig. S5C), which are reported to suppress cytotoxic T-cell functions or
are related to resistance to anti-PD-1 or anti-VEGFR2 (40,41). Previous studies suggest
that these genes are involved in the recruitment and the activation of tumor-associated
macrophages (42). Consistently the number of CD206" M2-like macrophages was

increased in tumors treated with EGFR-TKI (Suppl. Fig. S6A-B). The expression of
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these chemokines and chemokines receptors, as well as the number of CD206" cells via
IHC, reverted after the discontinuation of EGFR-TKI (Suppl. Fig. S5C, Suppl. Fig.
S6C-D), suggesting that these cell types correlated with the inhibition of oncogenic
EGFR signaling.

We next assessed the effect of dual PD-1/VEGFR2 blockade in tumors without
EGFR inhibition, which has shown promising results in clinical trials for NSCLC (21).
However, the anti-PD-1/anti-VEGFR2 combination therapy showed no superior
inhibitory effect on tumor growth compared to anti-PD-1 alone in the Egfr-mutant lung
cancer model (without EGFR inhibition)(Fig. 4A). The combination also did not
significantly change the number of CD8" T cells or Tregs nor the CD8" T-cell/Treg
ratio in the TME compared to anti-PD-1 alone in the Egfi-mutant lung cancer model

(Fig. 4B).

Impact of pretreatment with EGFR-TKI for sequential PD-1/VEGFR2 inhibition.
Last, based on these results, we assessed the effect of dual PD-1/VEGFR2 blockade

in Egfr-mutated lung cancer pre-treated with EGFR-TKI. Because the increase in the

CD8" T-cell/Treg ratio was relatively low in tumors treated with gefitinib for 3 days, we

assessed the ratio on day 14 after gefitinib initiation, when tumor reduction was
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maximized. As a result, the CD8" T-cell/Treg ratio was significantly increased (Fig. 5A-
B), and PD-1°CD8" T cells in tumors of mice treated with gefitinib for 14 days was also
increased compared with that in the tumors treated for 3 days (Fig. 5C), suggesting that
tumor-reactive CD8" T cells were clonally expanded (33,43). CD107a (a marker for
degranulation) was also increased on CD8" T cells after 14 days of treatment (Suppl.
Fig. STA) (44).

We then assessed the effect of sequential administration of anti-PD-1, anti-VEGFR2,
or combination anti-PD-1/anti-VEGFR2 for 7 days in tumors pre-treated with gefitinib
for 14 days (Fig. 5D). As a result, sequential monotherapy with anti-PD-1 or anti-
VEGFR2 showed a small and non-significant inhibitory effects, and most tumors
regrew during the 2-week observation period (Fig. SE). In contrast, the combination of
the anti-PD-1 and anti-VEGFR2 resulted in sustained tumor inhibition during the
observation period (Fig. SE, 5F). No body weight loss was observed in the mice treated
with combination therapy (Suppl. Fig. S7B). To assess whether the treatment schedule
had an impact on the effect of dual blockade with anti-PD-1/anti-VEGFR2, we also
evaluated the effect of concomitant triple therapy with EGFR-TKI (gefitinib), anti-PD-
1, and anti-VEGFR2 on tumor growth in Egfr-mutant lung cancer. Tumor-bearing mice

were treated for 2 weeks, followed by a 2-week observation period (Suppl. Fig. S7C).
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We performed this in vivo experiment three times; however, the concomitant triple
therapy exerted a smaller but significant inhibitory effect on tumor growth compared
with sequential triple therapy, and the sustained tumor inhibition was not reproduced in
the syngeneic Egfr mutant lung cancer model, suggesting that the treatment schedule
affected dual PD-1/VEGFR2 blockade efficacy(Suppl. Fig. S7D). The late concomitant
triple therapy was also tested, in which mice received prior EGFR-TKI monotherapy
for 2 weeks followed by the addition of combination of anti-PD-1 and anti-VEGFR2
with continuation of EGFR-TKI for a week. This regimen still it did not induce a
sustained tumor-inhibitory effect (Suppl. Fig. S8A-B), suggesting that the
discontinuation of EGFR inhibition may be crucial for inducing sustained tumor
immunity by dual PD-1/VEGFR2 blockade in Egfr-mutated lung cancer.

To determine whether CD8" T cell-dependent tumor immunity contributed to tumor
inhibition, we examined the impact of CD8" T-cell depletion in tumors treated with the
gefitinib, followed by sequential combination therapy with anti-PD-1 and anti-
VEGFR2. As expected, the tumors from mice treated with anti-CD8 rapidly regrew
compared with mice not given with the depleting antibody (Fig. 5G, SH). These data

suggest that the inhibitory effect of the triple therapy (EGFR-TKI followed by the
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sequential combination of anti-PD-1/anti-VEGFR2) on tumor growth is induced by
CDS8" T cell-dependent tumor immunity.

Finally, we assessed the TME in a Egfr-mutant lung cancer model treated with
gefitinib for 2 weeks, followed by sequential therapies for a week. Consistent with the
inhibitory effect on tumor growth, the highest number of CD8" T cells was maintained
in tumors treated with combination anti-PD-1/anti-VEGFR2, whereas the number of
CDS8" T cells was decreased in tumors treated with each of the monotherapies or the
vehicle (Fig. 6A, 6B). CD11c" dendritic cells (DCs) were also increased in the tumors
treated with combination anti-PD-1/anti-VEGFR2 among all groups (Fig. 6C, 6D).
Consistently, the expression of chemokines associated with T-cell activation, such as
Ccll9 (45), was mostly increased in the tumors treated with the sequential dual PD-
1/VEGFR?2 blockade (Fig. 6E), whereas the immunosuppressive chemokines and
receptors, such as 7gfbl, Cxcr4, Ccr2 or Ccr, were relatively maintained at lower
expression (Suppl. Fig. S5C). We also performed quanTIseq analysis to estimate the
type of TILs using the RNA-seq data (26). The fraction of NK cells or B lymphocytes
showed a similar trend with that of the CD8" T cells or DCs (Suppl. Fig. S8C). In
contrast, the number of Tregs or CD206" cells continued to be maintained at low

numbers in all tumors following each therapy (Fig. 6F, 6G Suppl. Fig. S6C-D).
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Consequently, these changes in the TME might be involved in sustained tumor
inhibition induced by prior EGFR-TKI treatment followed by a combination of anti-PD-

1 and anti-VEGFR2 in lung cancer harboring Egfir mutation.

Discussion

A therapeutic strategy for activating CD8" T cells has not been fully established for
lung cancer with non-smoking-related oncogenes and non-inflamed TMEs. To the best
of our knowledge, this is the first report demonstrating that CD8" T cell-dependent
tumor immunity is responsible for the tumor inhibitory effect of EGFR-TKIs in lung
cancer harboring Egfr mutation in vivo. We also found that the treatment schedule and
TME status were critical for the efficacy of dual blockade against PD-1 and VEGFR2 in
Egfr-mutant lung cancer. Prior EGFR-TKI treatment increased the CD8" T-cell/Treg
ratio, and sequential combination therapy with anti-PD-1 and anti-VEGFR2 sustained
CDS8" T-cell anti-tumor immunity, although the dual PD-1/VEGFR2 blockade, itself,
had a minor inhibitory effect on tumor growth in Egfr-mutant lung cancer without
EGFR-TKI pre-treatment. Concomitant triple therapy with EGFR-TKI, anti-PD-1, and
anti-VEGFR?2 failed to induce sustained tumor inhibition. The data showed that

combination EGFR-TKI and anti-VEGFR2 increased the number of Tregs and did not
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increase the CD8" T-cell/Treg ratio in the TME at an early phase)—this might explain
the unexpected result. This study also revealed that the expression of
immunosuppressive factors, such as Tgfb1, Cxcr4, or the number of M2-like
macrophages, were increased with the initiation of EGFR-TKI, and the discontinuation
of EGFR-TKI reversed the transient increase in these factors. Thus, the combination of
anti-PD-1 and anti-VEGFR2 might be less affected by immunosuppressive factors in
the sequential than in the concomitant setting. In addition to the CD8" T-cell/Treg
balance, the fluctuation in the levels of these immunosuppressive factors might be
another explanation why the sequential administration of PD-1 and VEGFR2 inhibitors
was effective. Further validation may be needed to establish an ideal treatment schedule
for clinical application. However, we believe that the findings in this study may pave
the way for a novel immunotherapy strategy for lung cancer harboring EGFR mutations.

We previously reported that our lung cancer model reflects the clinical course of
EGFR-TKI treatment in human lung cancer harboring EGFR mutations (24). In this
study, we also confirmed that our model partially reproduced the clinical course of ICI
treatment in lung cancer harboring Egfr mutations. Our Egfr-mutant lung cancer model
was derived from type 2 pneumocytes with low expression of PD-L1, and PD-1

inhibition or concomitant combination therapy with EGFR-TKI and anti-PD-1 had
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limited effect on tumor growth, which reflects the clinical observation of human lung
cancer harboring EGFR mutations (46). Sugiyama et al. reveals that EGFR signaling in
cancer cells plays an important role in creating the non-inflamed TME of lung cancer
harboring EGFR mutations (4). They also showed that the CD8" T-cell/Treg ratio was
increased in clinical samples treated with EGFR-TKIs. Our mouse model had a non-
inflamed TME, in which a small number of CD8" T cells existed, but EGFR-TKI
administration increased CD8" T cells compared to Tregs, recapitulating their analysis
using clinical samples. Akbay et al. also report the effect of anti-PD-1 using a
genetically engineered lung cancer mouse model harboring a human £GFR mutations
that is driven by the CCSP promoter, which targets Clara cells (47), and has high PD-
L1 expression. Anti-PD-1 antibody alone in this setting effectively inhibits EGFR-
mutant lung cancer, but this model does not reflect the typical human lung cancer
harboring EGFR mutations. Consequently, we believe that our syngeneic lung cancer
mouse model is unique and more accurately reflects the tumor immune response of
human lung cancer harboring EGFR mutations.

Our study suggests that the effect of the dual blockade of PD-1 and VEGFR2 was
restricted by the TME status and that pre-treatment with EGFR-TKI was required to

modify the TME in lung cancer harboring EGFR mutations. In addition to the
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702 expression of PD-1 on CD8" T cells (34) or the expression of the CXCL9/CXCR3 axis
703  in the TME (48), another study reveals that the PD-1"CD8" T-cell/Treg ratio is

704  important for predicting the positive effect of ICIs in NSCLC (43). Currently, multiple
705  clinical studies investigating the combination of ICIs and anti-angiogenic agents in

706  order to accelerate tumor immunity have been conducted (16); however, the CD8" T-
707  cell/Treg balance might still be an important predictive factor for the effect of dual

708  blockade of PD-L1/PD-1 and VEGF/VEGFR2 pathways, suggesting that the pre-

709  treatment is required for cancers with a low CD8" T-cell/Treg ratio. Tu et al. reveals
710  that the second-generation EGFR-TKI, afatinib, with a relatively high ability to inhibit
711 wild-type EGFR, suppresses the proliferation of CD8" T cells by targeting pyrimidine
712 biosynthesis at an early time point and shows the beneficial effect of sequential therapy
713 with afatinib followed by anti-PD-1 in an EGFR—wild-type lung cancer model (49). The
714 direct effect of EGFR-TKI on stromal immune cells might also be explanation why the
715 sequential treatment was effective.

716 However, these findings raise the question of why not only PD-1 inhibition, but
717  also VEGFR blockade, is required as a sequential therapy to sustain tumor inhibition in
718  the EGFR-mutant lung cancer model. The TME is composed of a complex balance of

719 multiple types of immunostimulatory and suppressive factors (50). Several studies
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indicate that anti-angiogenic agents have a positive effect on tumor immunity by
inhibiting immunosuppressive cells, including Tregs, but our findings suggest that
VEGFR2 inhibition has a limited effect on inhibiting Tregs. Anti-VEGFR might inhibit
other suppressive immune cells in addition to Tregs. We also found that the expression
of FasL and VEGFR2 was increased on Egfr-mutated tumor cells treated with EGFR-
TKI. A previous study suggests that expression of FasL on cancer cells is involved in
the suppression of cytotoxic T lymphocytes (39), and we previously reported that anti-
VEGFR2 can directly inhibit EGFR-mutated lung cancer cells expressing VEGFR2
(38). Consequently, PD-1 inhibition may activate CD8" T cells, and anti-VEGFR2
might further enhance activation of CD8" T cells through inhibiting suppressive
immune cells or cancer cells expressing VEGFR2 and FasL in the sequential
administration setting.

Our study has several limitations. First, we did not verify our findings in human lung
cancer samples. Second, we did not verify our findings in other types of EGFR mutant
cancers, although its known that the type of mutations or co-occurring mutations can
affect the efficiency of IClIs (51,52). Third, we assessed only a subset of immune cells
(CD8" T cells and Tregs) but did not comprehensively evaluate the role of other

immune cells or stromal cells in the TME. Considering the complex interaction of the
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immune network, dual blockade of PD-1 and VEGFR2 could affect multiple immune
cells or stromal cells. Single-cell analysis may provide further details on the type of
immune cells or stromal cells that are targeted by PD-1 and VEGFR2 inhibitors or
provide insight into the complex interactions of immune cells leading to CD8* T-cell
activation. However, our lung cancer model more accurately reproduced the clinical
features of lung cancer compared to existing models to certain extent; thus, the findings
of this study may have potential implications to develop an alternative treatment
strategy for human lung cancer harboring EFGFR mutations.

In conclusion, we demonstrated that EGFR-mutated lung cancer with a non-inflamed
TME could be suppressed by combined immunotherapy. CD8" T cell-dominant TME
induced by EGFR inhibition and the discontinuation of EGFR-TKI, which reverted the
transient increase of immunosuppressive factors, may be an important factor defining
the effect and treatment schedule of combination therapy with anti-PD-1 and anti-
VEGFR2. This study provides new insights into the potential for combined
immunotherapy strategies for malignant diseases with expression of driver oncogenes

and a non-inflamed TME.
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Figure legends

Fig 1: CD8" T cell-dependent immunity is responsible for the inhibitory effect of
EGFR-TKI on tumor growth in Egfr-mutant lung cancer.

A. Left: NanoString analysis on lungs from wild-type mice (n=4 lungs. 4 mice per
group.) and genetically engineered mice bearing tumors with the Egfr exon 19 deletion
(n=4 lungs. 4 mice per group.) were assessed. Right: Relative gene expression score
related to immune cell function between the lungs from wild-type and genetically
engineered mice harboring Egfr exon 19 deletion. Benjamini-Hochberg procedure was
used to control the False Discovery Rate at 0.05. B. Left: Syngeneic Egfr-mutant lung
cancer mouse model treated with EGFR-TKI, gefitinib or saline with 0.5%
polyoxyethylene sorbitan monooleate as vehicle for 3 days. Right: Effect of gefitinib
(50 mg/kg, p.o.) or vehicle control on tumor growth in the Egfr-mutant lung cancer
model over 3 days. n = 6 tumors per group. 3 mice per group. Data shown are
representative of 3 independent experiments with similar results. C. Cytokine array on
Egfr-mutant lung tumors from mice treated with gefitinib (50 mg/kg) or vehicle for 3
days. D. Representative images of CD8 and Foxp3 IHC staining on Egfr-mutant lung
tumors from mice treated with vehicle or gefitinib (50 mg/kg) for 3 days..

Magnification: X200 or x800. Bars: 100 um. Data shown are representative of 3
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independent experiments with similar results. E. FCM analysis of CD8" T cells
(CD3*CD8"; left) and Tregs (CD4"CD25"FOXP3™; center) infiltrating Egfi-mutant lung
tumors. n=6 tumors per group. 3 mice per group. The CD8" T-cell/Treg ratio (right)
was then calculated. Data shown are representative of 3 independent experiments with
similar results. F. Tumor growth in the Egfr-mutant lung cancer model. Mice were
treated with gefitinib (50 mg/kg, p.o., 7 days/week) for 14 days with/without CD8" T-
cell depletion and subsequently observed for 14 days. Isotype antibody (n=6 tumors per
group. 3 mice per group) and anti-CD8 (n=6 tumors per group. 3 mice per group). Data
shown are representative of 2 independent experiments with similar results. G. Tumor
growth in the Egfr-mutant lung cancer model without gefitinib treatment with/without
CD8" T-cell depletion. Isotype antibody (n=6 tumors per group. 3 mice per group) and
anti-CD8 (n=6 tumors per group. 3 mice per group). Bars, meantstandard error. ns, not

significant. **p<0.01, ***p<0.001, ****p<0.0001, t-test. Ab, antibody.

Fig 2: Combination effect of the EGFR-TKI and anti-PD-1 on the TME and tumor
growth in Egfr-mutant lung cancer.
A. FCM analysis of PD-1"CDS8" T cells infiltrating Egfi-mutant lung tumor cells after 3

days of treatment with EGFR-TKI (gefitinib, 50 mg/kg, p.o.). n=6 tumors per group. 3
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mice per group. Data shown are representative of 3 independent experiments with
similar results. B. Representative images of PD-L1 and PD-L2 IHC staining in the Egf-
mutant lung tumors after 3 days of treatment with gefitinib (50 mg/kg, p.o.).
Magnification: X200 or x800. Bars: 100 um. Data shown are representative of 2
independent experiments with similar results. C. FCM analysis of PD-L1 and PD-L2 on
MC-38 cells or Egfr-mutant lung cancer cells treated with IFNy, IFNa, or vehicle as
DMEM. IFNy: 1x10? U/mL for 24 hours; IFNa: 5x10? U/mL for 24 hours. Data shown
are representative of 2 independent experiments with similar results. D. Tumor growth
in the Egfr-mutant lung cancer model treated with anti-PD-1 (10 mg/kg/day, i.p., every
5 days) or isotype control for 17 days. Isotype antibody group (n=5 tumors per group.
n=>5 mice per group) and anti-PD-1 group (n=5 tumors per group. 5 mice per group).
The tumors were subcutaneously transplanted into the single flank of each mice. E.
FCM analysis of CD8" T cells (left) and Tregs (center) infiltrating Egfi-mutant lung
tumors treated with anti-PD-1 (10 mg/kg/day, i.p.) or isotype control. The CD8" T-
cell/Treg ratio (right) was then calculated. n=6 tumors per group. 3 mice per group.
Data shown are representative of 3 independent experiments with similar results. F.
Tumor growth in the Egfr-mutant lung cancer model treated with EGFR-TKI (gefitinib,

50 mg/kg, p.o., 5 days/week) and anti-PD-1 or isotype control for 14 days and
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subsequently observed for 14 days. Isotype antibody (n=6 tumors per group. 3 mice per
group); anti-PD-1 (n=6 tumors per group. 3 mice per group). Data shown are
representative of 3 independent experiments with similar results. G. FCM analysis of
CDS8" T cells (left) and Tregs (center) infiltrating Egfi~-mutant lung tumors that were
treated with EGFR-TKI (gefitinib, 50 mg/kg, p.o.) or combination with anti-PD-1 (10
mg/kg/day, i.p.). The CD8" T-cell/Treg ratio (right) was then calculated. n=6 tumors per
group. 3 mice per group. Data shown are representative of 2 independent experiments
with similar results. Bars, mean+standard error. ns, not significant. ***p<0.001,
*EH%p<0.0001, t-test. Egfrr mt, Egfr-mutated lung cancer cells; Ab, antibody; Comb.,

combination EGFR-TKI/anti-PD-1.

Fig 3: Combination effect of the EGFR-TKI and anti-VEGFR2 on the TME and
tumor growth in Egfr-mutant lung cancer.

A. Representative images of CD31 IHC staining in Egfr-mutant lung tumors after 3
days of treatment with EGFR-TKI (gefitinib, 50 mg/kg, p.o. 5 days/week), anti-
VEGFR2 (10 mg/kg/day, i.p. every 3 days), combination EGFR-TKI/anti-VEGFR2, or
saline with 0.5% polyoxyethylene sorbitan monooleate as the vehicle control. n=6

tumors per group. 3 mice per group. Data shown are representative of 2 independent
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experiments with similar results. Magnification: x200 or x800. Bars: 100 um. B. Tumor
growth in the Egfr-mutant lung cancer model treated with anti-VEGFR2 (10 mg/kg/day,
1.p., every 3 days) or isotype control for 7 days. Isotype antibody (n=4 tumors per
group. 2 mice per group); anti-VEGFR2 (n=6 tumors per group. 3 mice per group). Data
shown are representative of 3 independent experiments with similar results. C-D.
Representative images of CD8 and Foxp3 IHC staining in the Egfr-mutant lung cancer
tumors after 3 days of treatment with EGFR-TKI (gefitinib, 50 mg/kg, p.o., 5
days/week), anti-VEGFR2 (10 mg/kg/day, i.p., every 3 days), combination EGFR-
TKT/anti-VEGFR2, or saline with 0.5% polyoxyethylene sorbitan monooleate as the
vehicle control. Magnification: x200 or x800. Bars: 100 um. Data shown are
representative of 2 independent experiments with similar results. E. FCM analysis of
CDS8" T cells (left) and Tregs (center) infiltrating Egfi-mutant lung tumors treated with
anti-VEGFR2 (10 mg/kg/day, i.p.) or isotype control every 3 days. The CD8" T-
cell/Treg ratio (right) was then calculated. n=6 tumors per group. 3 mice per group.
Data shown are representative of 2 independent experiments with similar results. F.
Tumor growth in the Egfr-mutant lung cancer model treated with EGFR-TKI (gefitinib,
50 mg/kg, p.o., 5 days/week) and anti-VEGFR2 (10 mg/kg/day, i.p., every 3 days) or

isotype control for 14 days and subsequently observed for 14 days. Isotype antibody
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(n=6 tumors per group. 3 mice per group); anti-VEGFR2 (n=6 tumors per group. 3 mice
per group). Data shown are representative of 3 independent experiments with similar
results. G. FCM analysis of CD8" T cells (left) and Tregs (center) infiltrating Egfi-
mutant lung tumors treated EGFR-TKI (gefitinib, 50 mg/kg, p.o., 5 days/week) or
combination EGFR-TKI/anti-VEGFR2 (10 mg/kg/day, i.p., every 3 days) for 3 days.
The CD8" T-cell/Treg ratio (right) was then calculated. n=6 tumors per group. 3 mice
per group. Data shown are representative of 2 independent experiments with similar
results. Bars, meantstandard error. ns, not significant. *p<0.05, **p<0.01,

*Ex%p<0.0001, t-test. Ab, antibody; Comb., combination EGFR-TKI/anti-VEGFR2.

Fig 4: Combination effect of anti-PD-1 and anti-VEGFR2 on the TME and tumor
growth in Egfr-mutant lung cancer.

A. Tumor growth in the Egfr-mutant lung cancer model treated with combination of
anti-PD-1 (10 mg/kg/day, i.p., per 5 days) or combination anti-PD-1/anti-VEGFR2 (10
mg/kg/day, 1.p., every 3 days) for 10 days. anti-PD-1 (n=4 tumors per group. 2 mice per
group); combination (n=6 tumors per group. 3 mice per group). B. FCM analysis of
CDS8" T cells (left) and Tregs (center) infiltrating Egfr-mutant lung tumors treated with

anti-PD-1 (10 mg/kg/day, i.p., per 5 days) or combination anti-PD-1/anti-VEGFR2 (10
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mg/kg/day, i.p., every 3 days) for 3 days. The CD8" T-cell/Treg ratio (right) was then
calculated. n=6 tumors per group. 3 mice per group. Data shown are representative of 2
independent experiments with similar results. Bars, mean+standard error. ns, not

significant, t-test. Ab, antibody; Comb., combination anti-PD-1/anti-VEGFR2.

Fig. 5: Subsequential combination effect anti-PD-1 and anti-VEGFR2 on tumor
growth in Egfr-mutant lung cancer with prior EGFR-TKI treatment.

A. Representative images of CD8 and Foxp3 IHC staining in Egfr-mutant lung tumors
treated with EGFR-TKI (gefitinib, 50 mg/kg, p.o., 7 days/week) for 3 or 14 days. Data
shown are representative of 3 independent experiments with similar results.
Magnification: x200 or x800. Bars: 100 pm. B. FCM analysis of the CD8" T-cell/Treg
ratio in Egfr-mutant lung tumors after 3 or 14 days of EGFR-TKI treatment. n=5-6
tumors per group. 3 mice per group. Data shown are representative of 2 independent
experiments with similar results. ***p<0.001, t-test. C. FCM analysis of PD-1"CD8" T
cells in Egfr-mutant lung tumors after 3 or 14 days of EGFR-TKI treatment. n=6 tumors
per group. 3 mice per group. Data shown are representative of 2 independent
experiments with similar results. ****p<0.0001, t-test. D. Schematic image of the

treatment schedule. (1) prior EGFR-TKI treatment for 14 days (2) sequential therapies
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as indicated for 7 days. (3) observation period for 14 days. E. Tumor growth in the
Egfr-mutant lung cancer model (mice form D) treated with EGFR-TKI (gefitinib, 50
mg/kg, p.o., 7 days/week) for 14 days, followed by treatment with anti-PD-1, anti-
VEGFR2, or combination anti-PD-1/anti-VEGFR2 for 7 days and subsequently
observed for 14 days. Isotype control (n=6 tumors per group. 3 mice per group), anti-
VEGFR2 (10 mg/kg/day, i.p., every 3 days; n=6 tumors per group. 3 mice per group),
anti-PD-1 (10 mg/kg/day, 1.p. every 5 days; n=6 tumors per group. 3 mice per group),
combination anti-PD-1/anti-VEGFR2 (n=6 tumors per group. 3 mice per group). Data
shown are representative of 2 independent experiments with similar results. *p<0.05,
one-way ANOVA with post-hoc Tukey’s test. F. H. Survival of mice form E or G was
calculated using the Kaplan—Meier method, and differences in survival were evaluated
using the log-rank test. Kaplan—Meier plot shows percentage of animals with tumor
burden below 500% compared to those at Day 14 for the duration of this study. n=6
tumors per group. 3 mice per group. Data shown are representative of 2 independent
experiments with similar results. *p<0.05, **p<0.01, Log-rank test with Bonferroni
correction (F), Log-rank test (H). G. Tumor growth in the Egfr-mutant lung cancer
model treated with EGFR-TKI (gefitinib, 50 mg/kg, p.o., 7 days/week) for 14 days and

subsequent combination anti-PD-1 (10 mg/kg/day, i.p., every 5 days) and anti-VEGFR2
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(10 mg/kg/day, i.p., every 3 days). Isotype antibody (n=6 tumors per group. 3 mice per
group); anti-CD8 (n=6 tumors per group. 3 mice per group). Data shown are
representative of 2 independent experiments with similar results. *p<0.05, t-test. Bars,
mean+tstandard error. ns, not significant. Ab, antibody; Comb., combination anti-PD-

1/anti-VEGFR2; Iso, isotype.

Fig. 6: Sustained effect of subsequential combination of anti-PD-1 and anti-
VEGFR2 on the TME in Egfr-mutant lung cancer with prior EGFR-TKI
treatment.

A.C.F. Representative images of CD8, CD11c, and Foxp3 IHC staining in EGFR-
mutant lung tumors at Day 21 post treatment with isotype antibody, anti-PD-1, anti-
VEGFR2, or combination anti-PD-1/anti-VEGFR2. Data shown are representative of 2
independent experiments with similar results. Magnification: x200 or x800. Bars: 100
um. B.D.G. The CD8*, CD11c¢", and Foxp3™" areas were quantified using ImagelJ
software. Data shown are representative of 2 independent experiments with similar
results. Data are presented as the mean+S.E. (n=5 field-of-view per group,
Magnification: x200). Bars, mean+standard error. ns, not significant. *p<0.05,

**E%p<0.001, ****p<0.0001, one-way ANOVA with post-hoc Tukey’s test. E. Ccl19
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RNA expression in the tumors treated with saline with 0.5% polyoxyethylene sorbitan
monooleate as vehicle for 3 days or indicated drugs at 3, 14 and 21 days. Comb.,
combination anti-PD-1/anti-VEGFR2; gef, geftinib (50 mg/kg 7 days/week); d, days;
gefl4d-vehicle D21, gefitinib for 14 days followed by isotype antibody for 7 days;
gefl4d-anti-VEGFR2 D21, gefitinib for 14 days followed by anti-VEGFR2 (10
mg/kg/day, 1.p., every 3 days) for 7 days; gefl4d-anti-PD-1 D21, gefitinib for 14 days
followed by anti-PD-1 (10 mg/kg/day, i.p., per 5 days) for 7 days; gefl14d-comb D21,
gefitinib for 14 days followed by combination anti-PD-1/anti-VEGFR2 for 7 days. n=1

tumors per group.
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