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Abstract

Immune checkpoint inhibitors targeting the interaction between programmed cell death-1 (PD-1)
and its ligand PD-L1 induce tumor regression in a subset of non-small cell lung cancer patients.
However, clinical response rates are less than 25%. Evaluation of combinations of immunotherapy
with existing therapies requires appropriate pre-clinical animal models. In this study, murine lung
cancer cells (CMT167 and LLC) were implanted either orthotopically in the lung or
subcutaneously in syngeneic mice, and response to anti-PD-1/PD-L1 therapy was determined.
Anti-PD-1/PD-L1 therapy inhibited CMT167 orthotopic lung tumors by 95%The same treatments
inhibited CMT167 subcutaneous tumors by only 30%, and LLC orthotopic lung tumors by 35%.
CMT167 subcutaneous tumors had more Foxp3* CD4* T cells and fewer PD-1* CD4* T cells
compared to CMT167 orthotopic tumors. Flow cytometric analysis also demonstrated increased
abundance of PD-L1M9M cells in the tumor microenvironment in CMT167 tumor-bearing lungs
compared to CMT167 subcutaneous tumors or LLC tumor-bearing lungs. Silencing PD-L1
expression in CMT167 cells resulted in smaller orthotopic tumors that remained sensitive to anti-
PD-L1 therapy, whereas implantation of CMT167 cells into PD-L1™ mice blocked orthotopic
tumor growth, indicating a role for PD-L1 in both the cancer cell and the microenvironment. These
findings indicate that the response of cancer cells to immunotherapy will be determined by both
intrinsic properties of the cancer cells and specific interactions with the microenvironment.
Experimental models that accurately recapitulate the lung tumor microenvironment are useful for
evaluation of immunotherapeutic agents.
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Introduction

A Dbreakthrough in cancer therapy is the development of immune checkpoint inhibitors.
Interaction of programmed cell death-1 (PD-1) with its ligands, PD-L1 or PD-L2, regulates
peripheral tolerance and protects tissues from autoimmune attack (1). However, induction of
PD-L1 expression on tumor cells can inhibit cytotoxic T cells, which allows tumors to
progress (2). Evidence that PD-L1 is up-regulated in non-small cell lung cancer (NSCLC)
has led to the development of immune-based therapies for NSCLC. However, response rates
in NSCLC patients across clinical trials of PD-1 and PD-L1 antibodies have ranged from
14.5% to 20% (3-7). The combination of immunotherapy with existing therapies such as
radiation therapy, chemotherapy, or other immunotherapeutic agents may improve response
rates. Testing of such combinations and development of patient selection criteria for
immunotherapy require preclinical models that mimic the human disease.

In vivo growth of lung cancer cells has been assessed by implanting human cells into
immune compromised mice (xenograft models). However, these mice lack T lymphocytes,
rendering this model unsuitable for examining immunotherapy. To study the role of adaptive
immunity in tumor progression, implantation of murine cancer cells into syngeneic mice is
required. There are few established murine lung cancer cell lines derived from C57BL/6
mice. Many studies use a subcutaneous model whereby tumors develop in the flank, which
fails to reflect the lung tumor microenvironment (TME). To examine the role of the TME in
lung cancer, our laboratory utilizes an orthotopic model in which murine lung cancer cells
are implanted into the lungs of syngeneic C57BL/6 mice (8-11). In this study, we examined
the response of tumors grown in the lung or subcutaneously to PD-1/PD-L1 inhibition. We
found that sensitivity to PD-1/PD-L1 antibodies was dependent on both the site of tumor
growth and the cancer cell line, and was associated with up-regulation of PD-L1 in both
cancer cells and stromal cells. This study suggests that the response of lung cancer to
PD-1/PD-L1 inhibition will be determined by interactions between cancer cells and non-
cancer cells specific to the lung.

Materials and Methods

Cell lines

CMT167 cells (12) were stably transfected with firefly luciferase as previously described
(11). Lewis Lung Carcinoma Cells (LL/2) were purchased from ATCC and luciferase-
expressing Lewis Lung Carcinoma cells (LLC) were purchased from Caliper Life Sciences
(LL/2-luc-M38). All cell lines were periodically tested for mycoplasma infection and were
last retested in February 2017. To avoid cross-contamination and phenotypic changes, cells
were maintained as frozen stocks and cultured for only two to four weeks before use in
experiments. Authentication of cell lines based on morphology, growth curve analysis, and
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metastatic phenotype was performed regularly, and no phenotypic changes were observed
through the duration of the study.

Kras sequence analysis

Total RNA was extracted from CMT167, LLC, and LL/2 cells using an RNeasy Mini Plus
Kit (QIAGEN). Reverse transcription was performed using an iScript cDNA Synthesis Kit
(Bio-Rad). Kras was amplified by PCR with the following primers: For, 5’-
GCCTGCTGAAAATGACTGAG-3'; Rev, 5'-TGCTGAGGTCTCAATGAACG-3’. PCR
products were purified using a QlAquick PCR Purification Kit (QIAGEN) and sequenced
using the reverse primer 5'-TCCAAGAGACAGGTTTCTCCA-3’.

Animals and tumor models

Wild type C57BL/6 mice and green fluorescent protein (GFP)-expressing mice [C57BL/6-
Tg(UBC-GFP)30Scha/J] were obtained from Jackson Laboratory (Bar Harbor, ME). PD-L1
knockout (KO) mice on a C57BL/6 background were provided by Dr. Haidong Dong (Mayo
Clinic, Rochester, MN). Animals were bred and maintained in the Center for Comparative
Medicine at the University of Colorado Anschutz Medical Campus. Experiments were
performed on 8-12 week old male mice. All procedures were performed under protocols
approved by the Institutional Animal Care and Use Committees at the University of
Colorado and Denver VA Medical Center.

Surgeries were performed under inhaled isoflurane anesthesia, and all efforts were made to
minimize suffering. For orthotopic tumors, a transverse skin incision was made along the left
lateral axillary line at the level of the xyphoid process, and subcutaneous fat was dissected
away as previously described (9). CMT167 or LLC cells (10%) were suspended in Hank’s
Buffered Salt Solution (HBSS) containing 1.35 mg/mL Matrigel (Corning) and injected
through the chest wall into the left lung, and the incision was closed using veterinary skin
adhesive. For subcutaneous tumors, the inoculation site was sterilized with ethanol, and
CMT167 cells suspended in 100 uL HBSS were injected subcutaneously into the lower
flank. Four weeks after CMT167 tumor implantation or three weeks after LLC tumor
implantation, mice were injected intraperitoneally with D-Luciferin (PerkinElmer, 300
mg/kg) immediately before euthanasia. Primary tumor size was measured using digital
calipers. Metastasis to the lungs, mediastinal lymph nodes, and liver were quantified by ex
vivo bioluminescence using an VIS 50 Imaging System (Xenogen) and Living Image
software (PerkinElmer).

PD-1 and PD-L1 pharmacologic antibody blockade

Rat monoclonal antibody to mouse PD-1 (clone RMP1-14), rat monoclonal antibody to
mouse PD-L1 (clone 10F.9G2), and isotype control antibodies (rat 1gG2a clone 2A3 for anti-
PD-1, rat IgG2b clone LTF-2 for anti-PD-L1) were purchased from BioXCell (Lebanon,
NH). Tumor-bearing mice were injected intraperitoneally [200 pg in PBS per dose (8-10
mg/kg)] three times weekly starting one week after tumor implantation.
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Immunostaining

Sections (5 um thick) were cut from formalin fixed, paraffin embedded (FFPE) tissue
blocks. Antigens were revealed by heating slides in Antigen Unmasking Solution (Vector
Labs). Slides were blocked with 3% normal goat serum, then incubated overnight with anti-
CD3e antibody (Abcam). After washing with TBST, slides were incubated with AF488
conjugated 1gG secondary antibody (Life Technologies). Slides were coverslipped with
VECTASHIELD Mounting Medium with DAPI (Vector Labs). Tumor-infiltrating
lymphocytes (TILs) were defined as lymphocytes within tumor cell nests or in direct contact
with tumor cells. For comparison of CMT167 and LLC tumors, three sections from each
animal were stained, and three random fields (40x) per section were quantified
independently by two blinded observers (HYL and MM); the mean was used for analysis.

Flow cytometry

For orthotopic tumors, the pulmonary circulation was perfused with heparinized PBS and
tumor-bearing left lungs were isolated. Flank tumors were dissected away from the
subcutaneous tissue and were mechanically dissociated and digested with a mixture
containing collagenase type 4 (8480 U/mL), elastase (7.5 mg/mL), and soybean trypsin
inhibitor (2 mg/mL) (all from Worthington Industries) in HBSS. Red blood cell lysis was
performed using RBC lysis buffer [0.15 M NH4CI, 0.1 mM KHCOg3, 0.1 mM Nay,EDTA (pH
7.2)]. Antibody panels are summarized in Supplementary Table S1. Samples were acquired
at the University of Colorado Cancer Center Flow Cytometry Shared Resource using a
Gallios flow cytometer (Beckman Coulter) and data were analyzed using Kaluza Software
(Beckman Coulter). To determine the abundance of PD-L19" cells in the TME, tumors
were implanted in GFP-expressing transgenic mice, and the ratio of GFP*PD-L1M9" to GFP
*PD-L1'%W cells was determined.

Recovery of lung cancer cells from tumor-bearing GFP-expressing transgenic mice

Three weeks after CMT167 tumor implantation or two weeks after LLC tumor implantation,
tumor-bearing left lungs were isolated and single cell suspensions were prepared. Cell
sorting was performed at the University of Colorado Cancer Center Flow Cytometry Shared
Resource using an XDP-100 cell sorter (Beckman Coulter). Lung cancer cells were
recovered from tumor-bearing GFP-expressing transgenic mice by sorting for GFP-negative
cells, and total RNA was isolated using an RNeasy Plus kit (QIAGEN).

RNA sequencing (RNA-seq)

CMT167 cells were recovered from three pools of mice consisting of five GFP-expressing
mice each, whereas LLC cells were recovered from five pools of mice consisting of four
GFP-expressing mice each. Total RNA was also isolated from cells in culture at the time of
injection. RNA-seq library preparation and sequencing were conducted at the University of
Colorado Cancer Center Genomics and Microarray Shared Resource. RNA libraries were
constructed using an Illumina TruSEQ stranded mRNA Sample Prep Kit. Sequencing was
performed on an Illumina HISEQ 2500 High Throughput Flow Cell. RNA-seq reads were
processed and aligned to the UCSC Mus musculus reference genome (build mmZ10) using
TopHat v2 (13). The aligned read files were processed by Cufflinks v2.0.2 (14), which uses
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the normalized RNA-Seq fragment counts to measure the relative abundance of transcripts.
The unit of measurement is Fragments Per Kilobase of exon per Million fragments mapped
(FPKM).

Quantitative real-time PCR (qRT-PCR)

CMT167 cells were recovered from three pools of mice consisting of three tumor-bearing
GFP-expressing mice each and LLC cells were recovered from four pools of mice consisting
of two tumor-bearing GFP-expressing mice each, and total RNA was isolated using an
RNeasy Plus Kit (QIAGEN). Total RNA was also isolated from cancer cells grown in
culture, either in the presence or absence of IFNy (100 ng/mL). Reverse transcription was
performed using an iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR analysis was
conducted in triplicate in an iCycler (Bio-Rad). Sequences of primers used were: PD-L1
(For: 5'-TGCTGCATAATCAGCTACGG-3’, Rev: 5-GCTGGTCACATTGAGAAGCA-3"),
B-actin (For: 5"-GGCTGTATTCCCCTCCATCG-3’, Rev: 5’-
CCAGTTGGTAACAATGCCATGT-3").

shRNA knockdown of PD-L1

Three shRNAs (sh67998, sh68000, sh68001) to mouse PD-L1 and a non-targeting control
shRNA were obtained from the Functional Genomics Facility at the University of Colorado
Cancer Center. Lentiviral particles were generated by transfecting shRNA vectors into 293T
cells using Turbofect (Thermo Scientific). CMT167 cells were transduced with lentiviral
particles and placed under puromycin selection. Cells were analyzed for PD-L1 mRNA
expression by gRT-PCR and protein expression by flow cytometry as described above. The
pool of cells with the highest degree of knockdown (CMT sh68001) was designated CMT
shPD-L1 and used in orthotopic mouse experiments. CMT167 cells transduced with non-
targeting control shRNA were designated CMT shCON.

CD8* T-cell immunodepletion

Rat monoclonal anti-mouse CD8 (clone 53-6.72) and rat IgG2a (clone 2A3) were purchased
from BioXCell (Lebanon, NH). Mice were injected intraperitoneally [200 pg in PBS per
dose (8-10 mg/kg)] twice weekly starting one day prior to tumor implantation and
throughout the course of the tumor progression experiment.

Isolation of bone marrow derived macrophages (BMDMs) and treatment with cancer cell
conditioned media (CM)

Bone marrow cells isolated from C57BL/6 mice were matured into macrophages using M-
CSF (eBioscience, 50 ng/mL) as previously described (10). Two days after isolation, 25%
control media, 25% LLC CM, or 25% CMT167 CM was added to bone marrow cells (CM
were normalized to total protein). Culture media was replaced every three days. As a
positive control, macrophages matured in M-CSF only were stimulated with recombinant
mouse interferon-y (Sigma, 100 ng/mL). For neutralization experiments, monoclonal
antibodies against IL7 (BioXCell clone M25) and IL15 (eBioscience clone AlO.3) were
added along with CM (10 pg/mL). After 10 days, total RNA was isolated from BMDMs.
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Statistical analysis

Results

Data are presented as mean + SEM. Differences between groups were identified using
Student unpaired ftest or one-way ANOVA. Under all circumstances, £ < 0.05 was
considered significant.

CMT167 cells, luciferase-expressing LLC cells, and LL/2 cells express oncogenic K-Ras

Although there are hundreds of human lung cancer cell lines, there are few murine lung
cancer cell lines. In this study, we used two murine lung cancer cell lines derived from
C57BL/6 mice, CMT167 and LLC cells. CMT167 cells have previously been reported to
harbor an activating Kras®2Y mutation (15). Direct DNA sequencing confirmed that
CMT167 cells harbor a Kras®22Y mutation (Supplementary Fig. S1A). The DNA
sequencing chromatogram of Krasin luciferase-expressing LLC cells purchased from
Caliper revealed a double peak in codon 12 that corresponded with a heterozygous activating
Kras®12C mutation (Supplementary Fig. S1B). DNA sequencing of Krasin LL/2 cells
purchased from ATCC revealed an identical heterozygous Kras®22¢ mutation
(Supplementary Fig. S1C). Thus, these cell lines represent K-Ras mutant lung cancers.

Sensitivity of CMT167 orthotopic tumors to PD-1/PD-L1 inhibition

We have previously shown that murine lung cancer cells injected into the lungs of syngeneic
C57BL/6 mice form a primary tumor, which subsequently metastasizes to the other lung
lobes, mediastinal lymph nodes, and liver (10, 11). Since this model recapitulates many
features of human lung cancer, we sought to determine whether orthotopic tumors are
sensitive to anti-PD-1/PD-L1. Wild type C57BL/6 mice were treated with anti-PD-1, anti-
PD-L1, or control 1gG starting one week after CMT167 orthotopic tumor implantation.
Treatment with either checkpoint inhibitor reduced primary tumor size by approximately
95%; 40% of mice receiving anti-PD-1 and 60% of mice receiving anti-PD-L1 had no
detectable tumors (Fig. 1A). PD-1 and PD-L1 inhibition reduced the metastatic burden in the
other lung lobes by 81% and 87%, respectively (Fig. 1B). Metastases were detected in some
animals that had undetectable primary tumors, suggesting that primary tumors were initially
present and regressed with checkpoint inhibitor treatment. Immunofluorescence staining of
tumor-bearing lungs for CD3e (Fig. 1C) revealed dense nests of tumor-infiltrating T
lymphocytes in mice treated with anti-PD-1 [Fig. 1C(c) and 1C(d)] and anti-PD-L1 [Fig.
1C(g) and 1C(h)]. Although lymphocytes were identified in tumors from control animals
[Fig. 1C(a), 1C(b), 1C(e), 1C()], large nests of lymphocytes were not observed. These data
suggest that in our orthotopicmodel, treatment with anti-PD-1/PD-L1 leads to accumulation
of TILs that mediate antitumor responses.

PD-L1 expression in CMT167 orthotopic tumors

Next, we examined /n vivo expression of PD-L1 in CMT167 orthotopic tumors. To
distinguish cancer cells from normal mouse lung epithelial cells, CMT167 cells were
implanted into GFP-expressing transgenic mice. Two weeks after tumor implantation,
tumor-bearing lungs were analyzed by flow cytometry. Uninjected mice were used for
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controls (Fig. 2A). In mice with CMT167 orthotopic tumors, a subset of both cancer cells
(GFP-) and non-cancer cells (GFP*) expressed PD-L1 (Fig. 2B). PD-L 19" cells were more
abundant in the microenvironment of CMT167 tumor-bearing mice than in control mice.
Although cancer cells expressing high levels of PD-L1 (GFP~;PD-L1"i9") were detected, this
population appeared smaller and expressed less PD-L1 than host-derived PD-L1M9" cells in
the TME. To confirm PD-L1 expression on cancer cells, CMT167 cells were recovered from
tumors using flow cytometry (Supplementary Fig. S2), and were compared with cancer cells
grown in culture using RNA-seq. From this analysis, we determined that PD-L1 mRNA
expression was induced in CMT167 cells /n vivo (Fig. 2C). We confirmed these data in
separate isolations of CMT167 cells recovered from GFP mice using gRT-PCR (Fig. 2D). As
a positive control, CMT167 cells were treated /n viitro with IFNy to stimulate PD-L1
expression.

We have previously characterized subpopulations of macrophages and other immune cells in
the TME using flow cytometry (9). Using a similar strategy (Supplementary Fig. S3), we
analyzed distinct populations of PD-L1M3" cells in the TME (Table 1). Although PD-L1 was
expressed by multiple cell types, the dominant population of PD-L1M9" cells in CMT167
orthotopic tumors was alveolar macrophages. The non-macrophage PD-L 19" cells were
comprised of dendritic cells, endothelial cells, and CD45~ CD31" cells that likely include
fibroblasts.

Both CMT167 cells and immune cells must express PD-L1 for sensitivity to PD-L1

inhibition

To assess the specific contribution of PD-L1 expression by cancer cells, we depleted PD-L1
in CMT167 cells using shRNA (Supplementary Fig. S4A-B) and assessed response to PD-
L1 antibody blockade /n vivo. As shown in Fig. 2E, depleting PD-L1 partially reduced
primary tumor growth compared to control cells in mice receiving isotype antibody (25.5
+8.3mm3 shCON vs 9.2 + 2.3 mm3 shPD-L1, P= 0.06). However, anti-PD-L1 antibody
further inhibited growth of CMT shPD-L1 tumors (9.2 + 2.3 mm? isotype vs 1.1 + 0.6 mm3
anti-PD-L1, < 0.01).

To evaluate the role of PD-L1 in the TME, we implanted CMT167 cells into wild type
C57BL/6 and PD-L1 KO mice. CMT167 tumor growth was inhibited in PD-L1 KO mice
compared with WT mice (Fig. 2H: WT 16.85 + 2.894 mm?3 vs PD-L1 KO 1.753 + 1.252
mms3, A= 0.003). Due to the strong inhibition (~90%) of tumor growth, we were unable to
determine whether CMT167 orthotopic tumors grown in PD-L1 KO mice respond to
PD-1/PD-L1 immunotherapy. Based on these data, we propose that targeting PD-L1 on both
cancer cells and cells of the TME is critical for the antitumor effects of PD-L1 inhibition.

Sensitivity of CMT167 subcutaneous tumors to PD-1/PD-L1 inhibition

To determine the importance of the lung TME in mediating the response to PD-1/PD-L1
inhibition, CMT167 cells were implanted subcutaneously in wild-type C57BL/6 mice.
Tumor-bearing mice were treated with anti-PD-1 monoclonal antibody, anti-PD-L1, or
control 1gG starting one week after tumor implantation. In contrast to our orthotopic model,
PD-1/PD-L1 antibody blockade had a modest effect only on CMT167 subcutaneous tumor
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growth compared to tumor-bearing mice treated with control 1gG (Fig. 3A: 1gG2a 1202
+203.5 mm3 vs anti-PD-1 605.7 + 179.4 mm3, £=0.0412; 1gG2b 1592 + 285.6 mm3 vs
anti-PD-L1 1125 + 251.5 mm3, P = 0.2547).

We sought to determine whether the differential response of CMT167 orthotopic tumors and
subcutaneous tumors to PD-1/PD-L1 antibody blockade was associated with differences in
T-cell responses. Flow cytometric analysis (Supplementary Fig. S5) demonstrated that CD8*
T cells were more abundant in CMT167 subcutaneous tumors compared to CMT167
orthotopic tumor-bearing lungs (Fig. 3B), but there was no significant difference in CD4* T
cells (Fig. 3C), leading to a decreased CD4:CD8 ratio in CMT167 subcutaneous tumors
(Fig. 3D). Although there was a higher frequency of PD-1* CD8" T cells in CMT167
subcutaneous tumors (Fig. 3E), there were fewer PD-1* CD4* T cells compared to CMT167
orthotopic tumor-bearing lungs (Fig. 3F). In CMT167 subcutaneous tumors, 69.34 + 2.48%
of CD4" T cells expressed Foxp3 (Fig. 3G), compared to 11.38 + 0.43% of CD4* T cells in
CMT167 orthotopic tumors, indicating regulatory T cells (Tregs) are more abundant in
subcutaneous tumors. Thus, tumors generated by the identical lung cancer cell line
implanted in different anatomical sites led to different T-cell responses.

Next, we examined PD-L1 expression in CMT167 subcutaneous tumors. CMT167 cells
were implanted into GFP-expressing transgenic C57BL/6 mice, and after 2 weeks,
subcutaneous tumors were analyzed by flow cytometry. As with CMT167 orthotopic tumors,
a subset of both cancer cells (GFP™) and stromal cells (GFP*) expressed PD-L1 (Fig. 3H).
Compared to CMT167 orthotopic tumors, GFP~ PD-L1M9" cancer cells were more abundant
in CMT167 subcutaneous tumors, but GFP* PD-L1M3" TME cells were less abundant (Fig.
3H). Similar to CMT167 orthotopic tumors, the dominant population of PD-L1M9" cells in
CMT167 flank tumors consisted of macrophages (Table 1). However, all the PD-L1high
macrophages within subcutaneous tumors are recruited from the bone marrow and
circulation, and as expected, PD-L1M9" alveolar macrophages were not detected. There was
a higher proportion of CD11b*Ly6G*PD-L 19" cells in CMT167 subcutaneous tumors,
which could represent either neutrophils or myeloid-derived suppressor cells (MDSCs).

Orthotopic lung tumors differ in sensitivity to anti-PD-1/PD-L1 therapy

We examined the response of a second K-Ras mutant murine cell line, LLC, in our
orthotopic model. In contrast with CMT167 tumors, LLC orthotopic tumor growth was not
inhibited by PD-1/PD-L1 antibody blockade (Fig. 4A and 4B). Immunofluorescent staining
of LLC tumors for CD3e (Fig. 4C) failed to show the dense nests of TILs found in CMT167
tumors, even in mice treated with PD-1/PD-L1 neutralizing antibodies. In cancer cells
recovered from GFP-expressing transgenic mice, PD-L1 mRNA expression was lower in
LLC cells (Fig. 2C-D), indicating that LLC cells express less PD-L1 than CMT167 cells /n
vivo. Increases in PD-L1 expression on cancer cells and in PD-L1M9" cells in the TME were
less in LLC tumors than in CMT167 tumors (Fig. 4D-E).

CMT167 and LLC orthotopic tumors activate T lymphocytes to a similar extent

To determine whether the differential response of CMT167 and LLC orthotopic lung tumors
to PD-1/PD-L1 inhibition was due to differences in T-cell activation, FFPE lung sections

Cancer Immunol Res. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 9

from tumor-bearing animals were stained for CD3* cells and TILs were counted (Fig. 5A—
B). Although there were more tumor-infiltrating CD3* T lymphocytes per high-power field
in CMT167 tumors (Fig. 5C), abundant CD3* T lymphocytes were also detected within LLC
tumors. Immunodepletion of CD8* T cells increased LLC tumor growth to a similar degree
as CMT167 tumors (Fig. 5D), indicating that CD8"* T cells constrain CMT167 and LLC
tumors to a similar extent. Flow cytometric analysis of orthotopic tumor-bearing lungs
demonstrated a decrease in CD8* T cells (as a percentage of CD45* cells) in LLC orthotopic
tumors compared to uninjected lungs (Fig. 5E), but no difference in CD4"* T cells (Fig. 5F).
CD44 and CD69 expression on CD8* T cells was detected in both CMT167 and LLC
orthotopic lung tumors (Supplementary Fig. S6B-C), suggesting T cells are activated by
both tumors. Moreover, both CMT167 and LLC orthotopic lung tumors induced PD-1
expression on CD8" and CD4* T cells (Fig. 5G—H). Thus, in contrast with CMT167
subcutaneous tumors, the insensitivity of LLC tumors to anti-PD-1/PD-L1 was not
associated with differences in PD-1 expression on T lymphocytes.

Induction of PD-L1 expression on macrophages in vitro is mediated by IL7 and 1L15

We hypothesized that differences in PD-L1 expression on non-tumor cells in the lung were
mediated by differences between the secretomes of CMT167 and LLC cells. To identify
factors that up-regulate PD-L1 expression on macrophages, BMDMs were stimulated with
conditioned media (CM) from each cell line. Addition of CM from either cell line increased
PD-L1 expression at both the transcriptional and protein level (Fig. 6A-B). However,
CMT167 CM increased PD-L1 expression more than LLC CM (Fig. 6A). Analysis of genes
that code for secreted proteins expressed > 5-fold higher in CMT167 compared to LLC cells
in vivorevealed increases in IL7 and I1L15 (Supplementary Fig. S7, Fig. 6C), which have
been shown to induce PD-L1 expression on macrophages (16). /n vitro, neutralization of
both IL7 and I1L15 with monoclonal antibodies blocked upregulation of PD-L1 on BMDMs
induced by CMT167 CM, whereas neutralization of either IL7 or IL15 alone had no effect
(Fig. 6D).

Discussion

NSCLC cells and immune cells in the TME can inhibit antitumor T cells through multiple
pathways, including through coinhibitory receptors such as PD-1. Pharmacologic antibodies
targeting PD-1 or its ligand PD-L1 can relieve inhibition of antitumor T cells, resulting in
immune attack on tumors (2). These agents have shown efficacy in clinical trials for several
types of cancer (17, 18), resulting in FDA approval for use of these agents for treatment of
NSCLC and melanoma. However, response rates in NSCLC patients have ranged from
14.5% to 20% (3-7). Developing patient-selection criteria for these agents and rational
combinations with other therapies requires a better understanding of factors that mediate
response to immune checkpoint inhibitors. One critical issue is the contribution of the TME
to anti-PD-1/PD-L1 therapy.

In this study, we have compared responses to anti-PD-1/PD-L1 therapy in several
immunocompetent models of lung cancer. Our data support a system in which intrinsic
properties of the cancer cells, as well as interactions between cancer cells and immune cells
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in the TME, determine the response to PD-1/PD-L1 inhibitors. Whereas anti-PD-1/PD-L1
therapy inhibited CMT167 orthotopic lung tumors by 95%, CMT167 subcutaneous tumors
were only inhibited by 30%. Silencing PD-L1 expression in CMT167 cells resulted in
smaller orthotopic tumors that remained sensitive to anti-PD-L1 therapy, suggesting PD-L1
expression in the TME plays a role in immune escape of tumors. Moreover, CMT167
orthotopic tumors in PD-L1 KO mice are approximately 1/10™ the size of CMT167
orthotopic tumors in WT mice, which indicates that PD-L1 on non-tumor cells can limit
antitumor immunity. Since the immunogenicity of CMT167 cells is identical in both
orthotopic and subcutaneous models, we propose that specific features of the lung TME are
critical for mediating the response to PD-1/PD-L1 inhibitors.

TILs have been investigated as a biomarker for response to anti-PD-1/PD-L1 therapy. The
presence of TILs was associated with local PD-L1 expression in both primary and metastatic
melanoma tumors (19). The presence of tumor CD8* T cells and PD-1 expression in patients
may represent positive predictive biomarkers for anti-PD-1/PD-L1 therapy (20). A threshold
level of intratumor CD8* PD-1 expression dictates therapeutic response to anti-PD-1 therapy
(21). In our studies, PD-1 expression on CD8" T cells did not predict response to anti-
PD-1/PD-L1 therapy, since the frequency of PD-1* CD8* T cells was higher in CMT167
subcutaneous tumors than CMT167 orthotopic tumors, and comparable between CMT167
orthotopic tumors and LLC orthotopic tumors. However, PD-1 can be induced in multiple
contexts, including recently activated T cells and subsets of exhausted cells (22). Given this
complexity and the evolving understanding of which cells confer the therapeutic benefit of
PD-1/PD-L1 blockade (23-25), we have avoided describing the PD-1* T cells found in our
studies as exhausted. However, we observed more Tregs in CMT167 subcutaneous tumors
than in CMT167 orthotopic tumors, which may explain why subcutaneous tumors are less
responsive to anti-PD-1/PD-L1 therapy. In our studies, there were also fewer PD-1" CD4* T
cells in CMT167 subcutaneous tumors than in CMT167 orthotopic tumors. Several roles for
CD4* T cells in antitumor immunity have been reported, including secretion of effector
cytokines such as IFNy (26, 27) and IL4 (28, 29), recruitment of effector cells including
eosinophils and macrophages (30, 31), and provision of help to CD8" T cells for optimal
priming and effector function (32, 33) and generation of CD8" memory T cells (34).
Whether subsets of PD-1" T cells differ between CMT167 orthotopic tumors, LLC
orthotopic tumors, and CMT167 subcutaneous tumors will be the subject of future studies.

In CMT167 orthotopic tumors, PD-L1 was upregulated on cancer cells and alveolar
macrophages. However, in CMT167 subcutaneous tumors, PD-L1 was expressed mainly on
cancer cells, macrophages recruited from the circulation, and CD11b* Ly6G™* cells that may
represent neutrophils or MDSCs. Since the populations of macrophages in subcutaneous
tumors are different from those in lung tumors, we hypothesize PD-L1* alveolar
macrophages have different functions than PD-L1* macrophages recruited from the
circulation. However, proving that alveolar macrophages are responsible for differences
between orthotopic tumors and subcutaneous tumors is challenging, because resident
alveolar macrophages cannot be selectively depleted from the lungs. Conversely, alveolar
macrophages injected into the flank would not be expected to maintain their phenotype in a
different microenvironment. Effector cell populations responsible for killing tumor cells are
also likely different between CMT167 orthotopic tumors and subcutaneous tumors, similar

Cancer Immunol Res. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 11

to what was shown for antibody-mediated Killing of melanoma cells grown in different
anatomical sites (35). One challenge in comparing orthotopic tumors and subcutaneous
tumors is that analysis of the lung TME includes regions of normal lung, whereas analysis of
the subcutaneous TME is limited to tumor-infiltrating cells. Thus, comparison of the relative
abundance of immune cell subpopulations in different tumor models is difficult.

A second lung cancer cell line (LLC) implanted into the same lung microenvironment as
CMT167 cells is less sensitive to PD-1/PD-L1 inhibition, with less induction of PD-L1
expression on cells in the TME. Consistent with these data, CMT167 CM upregulated PD-
L1 expression on BMDMs /n vitro more than LLC CM, indicating soluble factors produced
by cancer cells contribute to induction of PD-L1 in the TME. Analysis of genes that code for
secreted proteins demonstrated that CMT167 cells express higher levels of IL7 and 1L15,
which have been shown to induce PD-L1 expression on macrophages (16). /n7 vitro,
neutralization of both IL7 and IL15 with monoclonal antibodies blocked upregulation of PD-
L1 on BMDMs induced by CMT167 CM. Neutralization of either IL7 or IL15 alone had no
effect, which suggests these cytokines synergize to induce PD-L1 expression on BMDMs.
Future studies will explore this potential synergy, and whether blocking these factors may
represent an approach to prevent T-cell exhaustion in lung cancer. The relative contribution
of PD-L1 on cancer cells and cells in the TME to sensitivity to PD-1/PD-L1 inhibition also
remains a subject for future investigation.

Since our data demonstrate that both CMT167 and LLC cell lines express oncogenic K-Ras,
the differences in response to PD-L1/PD-1 inhibitors are not related to the oncogenic driver.
The differential responses of CMT167 and LLC tumors to PD-L1 antibody blockade are also
unlikely to be due to differences in the immunogenicity of the cancer cells, since activated T
lymphocytes were detected within both tumors, and growth of orthotopic tumors formed by
both cell lines was increased to the same extent by CD8* T-cell immunodepletion.
Moreover, both CMT167 and LLC orthotopic tumors induce expression of CD44, CD69,
and PD-1 on T cells. One difference is that CMT167 cells represent an epithelial cell line
that expresses abundant E-cadherin, whereas LLC cells are mesenchymal and express little
E-cadherin (Supplemental Fig S8). Mesenchymal NSCLC cell lines express higher levels of
PD-L1 and are more responsive to anti-PD-L1 blockade (36). Our study demonstrates the
reverse, with the more epithelial CMT167 cells expressing higher levels of PD-L1 /n vivo
and demonstrating greater response to PD-1/PD-L1 inhibition than the more mesenchymal
LLC cells. However, CMT167 cells and LLC cells also differ in their cytokine profile, both
in vitro and in vivo. Thus, the soluble factors produced by the cancer cell may be a better
predictor of response to PD-1/PD-L1 inhibition than the state of differentiation. Although
JAK mutations are a primary resistance mechanism to anti-PD-1 therapy in melanoma and
colon cancer (37), genetic analysis of LLC cells revealed no mutations in either JAKZ or
JAKZ (Supplemental Fig S8), and JAK mutations are therefore not the reason LLC tumors
are insensitive to anti-PD-1/PD-L1 therapy.

In summary, we conclude that understanding basic mechanisms regulating immune
checkpoints and testing rational combinations of checkpoint inhibitors require an orthotopic
model, in which tumors develop in the appropriate microenvironment. The response to these
agents will depend on the nature of the cancer cells, as well as interactions between cancer
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cells and non-cancer cells present in the lung. Defining the factors that regulate PD-L1
expression on both cancer cells and cells of the TME will provide targets for the treatment of
lung cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(h) PD-L1 40x

PD-1 and PD-L1 antibody blockade inhibit growth of CMT167 orthotopic lung tumors.

CMT167 orthotopic tumor-bearing mice were injected with anti-PD-1, anti-PD-L1, or

isotype control antibody (n7= 5 for each group). Effects of anti-PD-1/anti-PD-L1 therapy on

(A) CMT167 primary tumor volume and (B) metastatic burden in the other lung lobes.
point represents an individual mouse. (C) Representative CD3 immunostaining (FITC,
green) of sections from mice treated with control 1gG2a (a and b), anti-PD-1 (c and d),

Each

control 1gG2b (e and f), and anti-PD-L1 (g and h). Nuclei were stained with DAPI (blue);
tumor borders are indicated by arrowheads. (a,c,e,g) Low power image (10x), scale bar =
200 pm; (b,d,f,h) high power detail of boxed regions from low power images (40x), scale bar

=100 pm.
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Fig. 2.

Pg—Ll expression is upregulated on both cancer cells and in the TME in CMT167 orthotopic
lung tumors. Representative flow cytometric plot from uninjected mice (A) and CMT167
tumor-bearing mice (B). Similar results were obtained in 5 independent experiments, with 2
mice in each pool. (C) PD-L1 mRNA expression from cancer cells recovered from tumor-
bearing mice was analyzed by RNA-seq and compared to cancer cells in culture. Each RNA
isolation represents a pool of 4-5 mice. (D) PD-L1 mRNA expression from cancer cells
recovered from tumor-bearing mice was determined by gRT-PCR and compared with cells
cultured /n vitro, either in the presence or absence of IFN-y (3 separate RNA isolations). (E)
Effects of depleting PD-L1 in CMT167 cells on primary tumor size. CMT shCON isotype 7
=7, CMT shCON PD-L1 mAb n=8, CMT shPD-L1 isotype n= 10, CMT shPD-L1 PD-L1
mAb n=10. (F) CMT167 cells were implanted in the left lungs of wild-type C57BL/6 mice
and PD-L1 KO mice (n7= 4 for each group). Statistically significant differences are indicated
as determined by one-way ANOVA (C-E) or Student unpaired ftest (F), ** = P<0.01, ***
= P<0.001.
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Fig. 3.
CMT167 subcutaneous tumors induce a T-cell response that is skewed toward CD8+ T cells

and are less sensitive than CMT167 orthotopic tumors to anti-PD-1/PD-L1 therapy. (A)
CMT167 subcutaneous tumor-bearing mice were injected with anti-PD-1, anti-PD-L1, or
isotype control antibody (n7= 10 for IgG2a and anti-PD-1 groups, /=5 for IgG2b and anti-
PD-L1 groups). CMT167 orthotopic tumor-bearing lungs (7= 9) and CMT167 subcutaneous
tumors (7= 7) were analyzed by flow cytometry for (B) CD8* T cells, (C) CD4* T cells, (D)
CD4:CDS8 ratio, (E) PD-1 expression on CD8" T cells, (F) PD-1 expression on CD4* T
cells, and (G) Foxp3 expression in CD4* T cells. Statistically significant differences are
indicated as determined by Student unpaired ftest; ** = £< 0.01, *** = P< 0.001. (H) PD-
L1 expression was analyzed by flow cytometry in CMT167 subcutaneous tumors. Similar
results were obtained in five independent mice.
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Fig. 4.

LEC orthotopic tumors are less sensitive than CMT167 orthotopic tumors to anti-PD-1/PD-
L1 therapy. LLC orthotopic tumor-bearing mice were injected with anti-PD-1, anti-PD-L1,
or isotype control antibody (7= 4 for each group). Effects of anti-PD-1/anti-PD-L1 therapy
on (A) LLC primary tumor volume and (B) number of liver metastases. (C) Representative
CD3 immunostaining of tissue sections from mice treated with control 1gG2a (a and b), anti-
PD-1 (c and d), control IgG2b (e and f), and anti-PD-L1 (g and h). Nuclei were stained with
DAPI (blue); tumor borders are indicated by arrowheads. (a, c, e, g) Low power image
(10x), scale bar = 200 pm; (b, d, f, h) high power detail of boxed regions from low power
images (40x), scale bar = 100 um. (D) Representative flow cytometric plot from LLC tumor-
bearing mice. Similar results were obtained in 5 independent experiments consisting of 2
mice each. (E) The percentage of GFP*PD-L1M9" cells in mice implanted with CMT167
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tumors or LLC tumors was compared to uninjected mice. Each point represents an
individual animal (n= 5 for each group). ** = < 0.01, *** = < 0.001.
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Fig. 5.
Both CMT167 orthotopic lung tumors and LLC orthotopic lung tumors generate an adaptive

immune response and induce PD-1 expression on T cells. Tissue sections from CMT167
(representative image shown in Fig. 5A) and LLC (representative image shown in Fig. 5B)
tumor-bearing mice were stained for CD3 (FITC, green) and nuclei were stained with DAPI
(blue). Magnification x20. (C) Quantification of tumor-infiltrating lymphocytes in CMT167
tumors (7= 9) and LLC tumors (7= 6). (D) Effects of CD8" T cell immunodepletion on
growth of CMT167 (=7 each group) and LLC orthotopic tumors (7= 6 each group).
CMT167 (n=9, same mice as in Fig. 3B-F) or LLC tumor-bearing lungs (7= 9) were
analyzed by flow cytometry and compared with lungs from naive mice (7= 8) for (E) CD8*
T cells, (F) CD4™ T cells, (G) PD-1 expression on CD8* T cells, and (H) PD-1 expression
on CD4* T cells. Statistically significant differences are indicated as determined by Student
unpaired ttest (C-D) or by one-way ANOVA (E-H); * = P<0.05, ** = P<0.01, *** = P<
0.001.
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Fig. 6.
Conditioned media (CM) from CMT167 cells induces higher levels of PD-L1 in bone

marrow derived macrophages than CM from LLC cells. (A) Bone marrow derived
macrophages were treated with CM from CMT167 cells or LLC cells. Data represent the
mean of 3 experiments using 3 separate isolations of CM. (B) A representative overlay of
PD-L1 expression is shown from untreated BMDMs (blue), BMDMs treated with LLC CM
(green), and BMDM s treated with CMT167 CM (red). Similar results were obtained in 3
independent experiments using 3 separate isolations of CM. (C) IL7 and IL15 mRNA
expression was determined by RNA-seq from CMT167 cells and LLC cells, both /in7 vitro
and /n vivo. (D) Effects of IL7 and 1L15 neutralization on upregulation of PD-L1 on
BMDMs induced by CMT167 CM. Data represent the mean and SEM from 3 independent
experiments. Statistically significant differences are indicated as determined by one-way
ANOVA; * = P<0.05, ** = P<0.01, *** = P< 0.001.

Cancer Immunol Res. Author manuscript; available in PMC 2018 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lietal.

Table 1

Subsets of PD-L1"9" cells in CMT167 and LLC tumors.

Page 22

Cells (% of GFP+PD-L1M9" by flow cytometry)

CMT167 orthotopic (n =
4 pools of 2 mice)

CMT167 subcutaneous
(n =7 tumors)

LLC orthotopic (n =4
pools of 2 mice)

Alveolar macrophages 59.4 + 4.98 N.D. 46.3 £ 4.40

Interstitial and monocyte-derived recruited 24.2+2.03 67.66 + 2.29 456 +4.33
macrophages

Dendritic cells 4.0 +1.46 1.8+1.60 15+1.43

CD11b+Ly6G+ myeloid cells N.D. 28.66 + 1.60 25+1.37

Endothelial cells 41+1.44 1.8+1.29 0.7 +0.66

Total PD-L1M9" (% of GFP+ cells) 16.88 +0.84 8.05+1.90 9.53+0.95

Statistically significant differences by ANOVA compared to CMT167 orthotopic tumors are shown in bold. N.D. = not detected
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