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Lipopolysaccharide-Mediated Chronic Inflammation
Promotes Tobacco Carcinogen–Induced Lung Cancer
and Determines the Efficacy of Immunotherapy
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ABSTRACT
◥

Chronic obstructive pulmonary disease (COPD) is an inflam-
matory disease that is associated with increased risk of lung
cancer. Pseudomonas aeruginosa (PA) infections are frequent in
patients with COPD, which increase lung inflammation and
acute exacerbations.However, the influences of PA-induced inflam-
mation on lung tumorigenesis and the efficacy of immune check-
point blockade remain unknown. In this study, we initiated a
murine model of lung cancer by treating FVB/NJ female mice
with tobacco carcinogen nitrosamine 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) alone or in combination with
PA-lipopolysaccharide (LPS). LPS-mediated chronic inflammation
induced T-cell exhaustion, increased the programmed cell death-1
(PD-1)/programmed cell death ligand-1 (PD-L1) axis, and enhanced
NNK-induced lung tumorigenesis through an immunosuppressive
microenvironment characterized by accumulation ofmyeloid-derived
suppressive cells (MDSC) and regulatory T cells. Anti–PD-1 antibody
treatment reduced tumors in NNK/LPS-treated mice with a 10-week
LPS treatment but failed to inhibit tumor growth when LPS exposure

was prolonged to 16 weeks. Anti-Ly6G antibody treatment coupled
withdepletionofMDSCalone reduced tumorgrowth;whencombined
with anti–PD-1 antibody, this treatment further enhanced antitumor
activity in 16-week NNK/LPS-treated mice. Immune gene signatures
from a human lung cancer dataset of PD-1 blockade were identified,
which predicted treatment responses and survival outcome and
overlapped with those from the mouse model. This study demon-
strated that LPS-mediated chronic inflammation creates a favorable
immunosuppressive microenvironment for tumor progression and
correlateswith the efficacy of anti–PD-1 treatment inmice. Immune
gene signatures overlap with human and mouse lung tumors,
providing potentially predictive markers for patients undergoing
immunotherapy.

Significance: This study identifies an immune gene signature
that predicts treatment responses and survival in patients with
tobacco carcinogen–induced lung cancer receiving immune check-
point blockade therapy.

Introduction
Lung cancer is the leading cause of cancer-related deaths worldwide

with a 5-year survival rate of 19% (1). Non–small cell lung cancer
(NSCLC) accounts for approximately 85% of lung cancer, with
adenocarcinoma and squamous cell carcinoma being the most com-
mon subtypes (2). Tobacco smoking is a well-established risk factor for
lung cancer and the main cause of chronic obstructive pulmonary
disease (COPD; ref. 3). COPD is characterized by chronic airway

inflammation, and patients with COPDhave an increased risk for lung
cancer even after controlling for smoking (3). This suggests that COPD
is an independent risk factor of lung cancer, which provides a plausible
link between inflammation and lung cancer.

Pseudomonas aeruginosa (PA), a gram-negative bacterium, colo-
nized in the airway of patients with COPD. A constituent of the PA
cell membrane, lipopolysaccharide (LPS) triggers an innate immune
response, which correlates with increased inflammation and acute
exacerbations in patients with COPD (4). “Smoldering” inflamma-
tion in the tumor microenvironment produces tumor-promoting
effects by enhancing tumor-cell migration, invasion, metastasis,
epithelial–mesenchymal transition, and angiogenesis (5). In addi-
tion, chronic inflammation also induces immunosuppression asso-
ciated with accumulated myeloid-derived suppressor cells (MDSC)
and regulatory T cells (Treg), and increased production of related
cytokine mediators (e.g., IL10 and TGFb; ref. 6). However, the
mechanisms of bacteria-related chronic inflammation on lung
tumorigenesis remain unclear.

Local immune responses and systematic inflammation may not
only influence tumor progression but also alter treatment effec-
tiveness (7). Immunotherapy, such as checkpoint inhibitors, has
emerged as a valued modality in lung cancer treatment and yielded
sustained clinical responses (8, 9). However, the overall treatment
response rate in NSCLC is around 15% to 20%, and a deficiency
exists for biomarkers that are able to distinguish the responders
from nonresponders (10). Survival is increased in programmed cell
death-1 (PD-1) blockade recipients among patients with NSCLC
with COPD, suggesting that COPD-related inflammation affects
treatment efficacy (11, 12). However, the mechanism of effective
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immunotherapy remains unknown, and current biomarkers only
partially predicted response rates. This leaves a significant gap
between the current diagnosis and the prognoses for patients with
lung cancer under immunotherapy.

Recently, immune gene signatures of transcripts encoding cell
surface markers, cytokines, cell signaling molecules, and transcription
factors have been discovered that identify specific immune-related
responses (13). These immune gene signatures include those that have
been associatedwith clinical responses in a subset of patients with solid
tumors after treated with checkpoint inhibitors (14–16). However, the
value of these immune gene signatures has been hampered by the
complex nature of the tumor and immune cell interactions that are
dynamically altered during the different phases of tumor growth. This
creates a challenge to identify accurate immune gene signatures for
predicting responses to immunotherapy and patient survival. This
challenge could be partially addressed by identifying temporal
immune gene signatures in the animal models that can be compared
with those of patients with lung cancer.

To investigate the impact of chronic inflammation on lung
tumorigenesis, we developed a two-staged murine model of lung
cancer. This model mimics smoking carcinogen–induced and
COPD-related, inflammation-promoted human lung cancers. The
model was established using 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (aka Nicotine-derived Nitrosamine Ketone: NNK) to
generate genetic instability, and repeated LPS treatment to induce
chronic inflammation. This exposure paradigm creates an immu-
nosuppressive microenvironment favorable of tumor progression
similar to that of inflammation-associated lung tumorigenesis in
patients with COPD. Using this model, we examined the immune
gene signature, cellular components, and cytokines produced in the
tumor microenvironment. In addition, we investigated the efficacy
of anti–PD-1 immunotherapy alone and in combination with
MDSC depletion to eliminate the immunosuppressive cellular
components. We demonstrated that the selected immune gene
signatures provide potential markers for predicting responses of
patients with NSCLC under immunotherapy.

Materials and Methods
Murine model and reagents

FVB/NJ (7 weeks, female) mice (RRID:IMSR_JAX:001800) were
purchased from The Jackson Laboratory. Procedures were approved
by the Institutional Animal Use and Care Committee of the University
of Pittsburgh (#17081148). LPS from PA (L9143, Sigma) was resus-
pended and diluted in PBS. NNK (M325750, Toronto Research
Chemicals) was dissolved in methanol and diluted in PBS. Mice were
treated with PBS, 3 mg NNK (i.p., biweekly for 4 weeks), 5 mg LPS
[intranasal instillation (i.n.), weekly for 16 weeks], or combined NNK
and LPS (Fig. 1A; ref. 17). In addition, mice exposed to NNK with/
without 10-week LPS instillation were treated with 200mg i.p. IgG2a
(2A3, BioXCell, RRID:AB_1107769), 200 mg i.p., anti–PD-1 (RMP1–
14, BioXCell, RRID:AB_10949053), and 200 mg i.p. once weekly for
6 weeks (Fig. 5A). Combined NNK and 16-week LPS exposed mice
were treated with 200 mg i.p. IgG2a, 200 mg i.p. anti–PD-1, 200 mg i.p.
anti-Ly6G (1A8, BioXCell, RRID:AB_1107721) or in combination
(Fig. 5C). Mice were euthanized 1 week after the last treatment, and
samples were obtained for transcript, protein, histopathologic, and
IHC analyses. Additional details on methods are presented in the
online supplement, and the study flowchart is in Supplementary
Fig. S1A to S1C.

Human immune gene signature analysis
The normalized mRNA of 730 immune-related genes and patient

profiles were previously obtained under an Institutional Review
Board–approved protocol, with informed consents downloaded from
the publicly available GSE93157 cohort (15). Tumor samples from 22
nonsquamous (non-SqNSCLC) and 13 squamousNSCLC (SqNSCLC)
before anti–PD-1 treatment were analyzed (Supplementary Table S1).
The tumor responsiveness to anti–PD-1 treatment was classified as
nonprogressive disease (NPD), which included stable disease (SD),
partial response (PR), complete response (CR), or progressive disease
(PD) based on modified RECIST 1.1 criteria (18). Differentially
expressed transcripts (n ¼ 130, absolute fold change > 1.5 and
unadjusted P < 0.05) between NPD and PD were determined using
Partek Genomics Suite (RRID:SCR_011860) and assigned as immune
gene panel (Supplementary Table S2). Immune gene signatures for
T-cell, B-cell, and natural killer (NK) cell were defined by the tran-
scripts, which were present in two or more studies of eight published
signatures (Supplementary Table S2; refs. 13, 19–25). IL17 and IL22
were selected as the Th17 cell signature (25). In GSE93157, themedian
gene level from the immune signature was used for the expressional
level quantification. The expression value of each patient was sorted
from low to high, and patients were classified into two groups (high vs.
low) based on the cutoff value of the signature. The best expression
cutoff referred to the signature value that yielded maximal survival
differences between the two groups at the lowest log-rank P value.

Mouse microarray and immune gene signature analysis
RNA extraction was performed using Trizol (Sigma Chemical).

RNA purity and integrity of samples were assessed by Bioanalyzer
(Agilent). The cDNAwas synthesized and hybridized onto HDWhole
Mouse Genome Microarray (Agilent, G2519F-014868). Partek Geno-
mics Suite (Partek) was used to process the raw microarray data, and
Robust Multi-array Average method was used for background cor-
rection. Differential expression analysis between NNK/LPS and NNK
was performed using Partek Genomics Suite, and the Benjamini–
Hochberg method was used to adjust the raw P values for multiple
testing. The transcript threshold was set at ≥ 2 or ≤ -2-fold and FDR <
0.05 for differentially expressed genes (DEG). The hierarchical clus-
tering heatmap was conducted using Partek Genomics Suite. Data are
deposited in the Gene Expression Omnibus database (GSE132661,
RRID:SCR_005012). Mouse ortholog genes to human immune sig-
nature transcripts for immune gene panel, T cell, B cell, NK cell, and
Th17 cell identified from published signatures (13, 19–25) were
selected with the species conversion tools from Ensembl (www.
ensembl.org; RRID:SCR_002344; Supplementary Table S2; ref. 26).
We used the mouse granulocytic MDSC gene signature (Supplemen-
tary Table S2) as identified by Fridlender and colleagues (27). The
median gene level from the immune signature was used for the
expressional level quantification.

Statistical analyses
According to data distribution, a parametric test (ANOVA, Student

t test) or a nonparametric test (Kruskal–Wallis, Mann–Whitney), with
appropriate post-hoc comparisons, was used to compare quantitative
variables across the different groups. Survival was compared using the
Kaplan–Meier analysis. The log-rank test was used to compare survival
or event-free survival between groups. Calculation of the area under
the ROC curve was used as a measure of discriminatory ability for the
immune gene signatures. The x2 test was used to compare frequencies
in one or more categories. P < 0.05 was considered significant.
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Figure 1.

Recurrent exposure to LPS promotes tobacco smoke carcinogen–induced lung tumorigenesis.A, FVB/NJ (7weeks, female)micewere exposedwith PBS, NNK (3mg
i.p. biweekly for 4 weeks), LPS (5 mg weekly i.n. instillation for 16 weeks), or NNK and LPS (NNK/LPS) combined. B, Hematoxylin and eosin staining of the tumor-
bearing lungs. Arrows, lung tumors.C,Quantification of the number of tumors inmice exposed to PBS (n¼ 5), NNK (n¼ 15), LPS (n¼ 9), or NNK/LPS (n¼ 11). Results
aremean�SDof one representative dataset of four independent experiments. ���� ,P<0.0001 using one-wayANOVAwithpost-hocBonferroni correction.D,Tumor
incidence rate (percent) in various exposure groups. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 using x2 test. E, The number of AH foci, adenomas, and
adenocarcinomas in the lungs of NNK compared with NNK/LPS exposure mice. Values are mean � SD. �� , P < 0.01; ���� , P < 0.0001 using two-way ANOVA with
post-hoc Bonferroni correction. F, Tumor area (percent) was calculated in NNK (n ¼ 5) and NNK/LPS exposure (n ¼ 5). Values are mean � SD. �� , P < 0.01 using
Student t test. G, Hematoxylin and eosin staining of tumors derived from NNK- and NNK/LPS-treated mice. Bottom, high-magnification images. Arrow, TILs.
Scale bars, 100 mm.
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Results
NNK-induced lung tumorigenesis is augmented by LPS-
mediated chronic inflammation

To investigate the mechanism by which LPS-mediated chronic
inflammation influences NNK-induced lung tumorigenesis, we
employed a murine lung cancer model that combined NNK expo-
sure with recurring intranasal LPS instillation (NNK/LPS; Fig. 1A).
Lung tumors in mice treated with NNK alone were smaller and less
frequent than tumors in mice treated with combined NNK/LPS
(Fig. 1B). Quantitatively, mice treated with NNK alone had approx-
imately 1.5 tumors per mouse, whereas mice exposed to LPS alone
had no lung tumors (except one tumor in all LPS-treated
mice; Fig. 1C). Combined NNK/LPS exposure increased lung
tumors by 8-fold (Fig. 1C). In lung tumor incidence, tumors
developed in approximately 75% NNK-exposed mice, whereas lung
tumors developed in 100% NNK/LPS-exposed mice (Fig. 1D).
Pathologic stage of proliferative pulmonary lesions including alve-
olar hyperplasia (AH), adenoma, and adenocarcinoma (Fig. 1E;
Supplementary Fig. S2) as well as tumor area (Fig. 1F) were greater
in the combined NNK/LPS mice compared with the NNK alone
mice. Notably, NNK-induced lung tumors displayed limited inflam-
matory cells infiltrates (Fig. 1G, plots 1 and 2). In contrast, tumors
in combined NNK/LPS-treated mice displayed enhanced inflam-
matory cell recruitment with infiltrating leukocytes adjacent to and
throughout the tumors (Fig. 1G, plots 3 and 4, arrow). These results
suggested recurrent LPS exposure augmented NNK-induced lung
tumorigenesis by recruiting tumor-infiltrating leukocytes in the
tumor microenvironment.

Combined NNK/LPS exposure alters lung inflammatory
profiles and increases the accumulation of
immunosuppressive cells

To assess the consequences of LPS-mediated inflammation in
the lung, we analyzed the cellular profiles and cytokines in the
bronchoalveolar lavage (BAL). Total and differential BAL leuko-
cytes were not different between control and NNK-treated mice
(Fig. 2A and B). However, total and differential BAL leukocytes
including macrophages, neutrophils, and lymphocytes increased in
the presence of chronic LPS exposure regardless of NNK treatment
(Fig. 2A and B). Similarly, BAL cytokines were not different
between control and NNK-exposed mice, whereas IP-10, IL17,
G-CSF, KC, and MIP-1a increased in the LPS exposure group
(Fig. 2C–G). Notably, combined NNK/LPS exposure further
increased the inflammatory cytokines IL17, G-CSF, KC, and
MIP-1a (Fig. 2D–G), which is indicative of granulocytic MDSC
recruitment and development, and the formation of immunosup-
pressive microenvironment (28, 29).

To further characterize immune cells in the tumor-bearing
mice, we performed the immune cell profiling of lung tissue by
flow cytometry. The number of CD4þ T-helper cells (Th1, Th17),
CD8þ T-cytotoxic cells (Tc1), Tregs, granulocytic MDSCs (Gr-
MDSCs), and monocytic MDSCs (M-MDSCs) did not differ
between NNK-exposed and control mice (Fig. 2H–M). In con-
trast, the combined NNK/LPS group had increased Th1, Th17,
Tregs, and MDSCs as compared with all other exposure groups
(Fig. 2H–L). Tc1 cells did not differ among any treatment groups
(Fig. 2M). Our data indicated that combined NNK/LPS exposure
increased lung inflammatory cytokine production and recruitment
of immunosuppressive cells (i.e., MDSCs and Tregs) in the tumor
microenvironment.

Recurrent LPS exposure enriches T-cell–related immune
response pathways and induces T-cell exhaustion

To elucidate the regulatory mechanisms and gene signatures of
NNK/LPS-mediated inflammatory cytokines and immunosuppressive
cellular phenotypes, we performed the mRNA microarray analysis of
mouse lungs from the four experimental conditions. Unsupervised
hierarchical clustering of 1,179 DEGs identified by comparing NNK/
LPS versus NNK yielded 2 main clusters, which separated control and
NNK group from LPS and NNK/LPS group (Fig. 3A, left plot). We
identified a cluster enriched in lymphocyte chemokines (Cxcl9, Cxcl10,
Cxcl13, and Ccl20) and inhibitory checkpoint receptor (Pdcd1) that
increased following recurrent LPS exposure (Fig. 3A, left plot, between
2 black lines, and right plot). We also analyzed the 1,179 DEGs using
Ingenuity PathwayAnalysis (IPA, RRID:SCR_008653), and the results
suggested that multiple enriched pathways are associated with T-cell
immune responses (Fig. 3B; Supplementary Table S3). These results
were further validated by qRT-PCR for checkpoint inhibitory receptor
transcripts, including Pdcd1, Ctla4, Lag3, and Tim-3 (Supplementary
Table S4), which increased in the presence of recurrent LPS exposure in
both LPS and NNK/LPS groups (Fig. 3C). Importantly, Pdcd1 tran-
scripts increased more in the NNK/LPS group as compared with other
inhibitory checkpoint receptor transcripts Ctla4, Lag3, and Tim3
(Fig. 3C). Taken together, T-cell–related immune response and
associated T-cell exhaustion pathways were enriched in transcripts
in the recurrent LPS exposure groups.

Combined NNK/LPS exposure augments PD-1/programmed
cell death ligand-1 axis in the tumor microenvironment

To characterize the tumor-infiltrating T lymphocytes (TIL) and
PD-1 expression in the tumor microenvironment, we performed
multiplex IHC staining of CD4, CD8, and PD-1 to examine the TILs
and PD-1 expression in the tumor microenvironment (Fig. 4A).
CD4þ and CD8þ T cells and PD-1þ cells increased in lung tumors
of NNK/LPS group compared with NNK group (Fig. 4A). PD-1
expression was frequently colocalized with tumor-infiltrating CD4þ

and CD8þ T cells, especially in NNK/LPS-treated lung tumors
(Fig. 4A, bottom plots). The number of tumor-infiltrating CD4þ

and CD8þ cells of NNK/LPS group was greater than that of NNK
group. (Fig. 4B, left plot). Also, the percentage of CD4þ cells and
CD8þ cells colocalized with PD-1 protein was higher in NNK/LPS
group than NNK group (Fig. 4B, right plot). Furthermore, we
confirmed that the ligand of PD-1 protein, programmed cell death
ligand-1 (PD-L1), expression was increased in mouse lung protein
(Fig. 4C) and in IHC-stained sections of NNK/LPS group as
compared with that of NNK group (Fig. 4D). Collectively, recurrent
LPS exposure increased tumor-infiltrating T cells with colocalized
PD-1 expression and tumor PD-L1 expression in NNK-induced
lung tumors.

Antitumor efficacy by PD-1 blockade antibody is affected by
LPS-mediated inflammatory responses

Based on the increased PD-1/PD-L1 protein in tumors induced by
NNK/LPS exposure, we hypothesized that PD-1 checkpoint inhibition
by anti–PD-1 antibody could inhibit inflammation-promoted lung
tumorigenesis. We first evaluated the anti–PD-1 antibody treatment
after combined 4-week NNK and 10-week LPS exposure when lung
tumors formation is at an early stage (Fig. 5A and B). Extending LPS
exposure to 16 weeks (Fig. 5 and D) increased lung tumor number as
compared with 10 weeks in NNK/LPS-exposed mice (13.6 vs. 9.8, P¼
0.0025, Fig. 5B and D). Anti–PD-1 treatment effectively decreased
lung tumors in the NNK/LPS group, but did not differ in the NNK
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Figure 2.

LPS alters tobacco smoke carcinogen–induced inflammatory profiles and increased the accumulation of immunosuppressive cells in the lungs. A, FVB/NJ (7 weeks,
female) mice were exposed with PBS, NNK (3 mg i.p. biweekly for 4 weeks), LPS (5 mg weekly i.n. instillation for 16 weeks), or NNK and LPS (NNK/LPS) combined.
Quantification of total cell number from BAL of exposure groups (n¼ 5 for each group).B,Differential cell counts of inflammatory cells in BAL fluid. C–G, Cytokines/
chemokines in BAL and protein extracts (n¼ 5 for each group) of exposure groupswere analyzed by Luminex assay and enzyme-linked immunosorbent assay. Flow
cytometry analysis of immune cell population ofmouse lungs in different exposure groups harvested atweek 17 after initiation of NNKand LPS treatment as indicated
in Fig. 1A. The cellular markers included Th1 (H), Th17 (I), Tregs (J), granulocytic MDSCs (K), monocytic MDSCs (L), and Tc1 (M). Values are mean � SD and
are representative of three independent experiments. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 using one-way ANOVA with post-hoc Bonferroni
correction. CTL, control; Th1, T-helper cell type 1; Th17, T-helper cell type 17; Tc1, CD8þ cytotoxic T lymphocyte.
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Figure 3.

LPS-mediated chronic inflammation increased cell-related immunity and induces T-cell exhaustion. FVB/NJ (7 weeks, female) mice were exposed with PBS, NNK
(3mg i.p. biweekly for 4weeks), LPS (5mgweekly i.n. instillation for 16weeks), or NNK and LPS (NNK/LPS) combined. Mouse lungmRNAwas analyzed bymicroarray
(n¼ 3 for each group).A, Unsupervised hierarchical clustering heatmap based on the DEGs (n¼ 1,179, absolute fold change ≥ 2, FDR < 0.05) between NNK/LPS and
NNK. Arrows indicate lymphocyte recruitment CXCL9, CXCL10, CXCL13, and CCL20, and inhibitory checkpoint receptor PDCD1 transcripts. B, Pathways identified
by IPA based on 1,179 DEGs. C, Levels of inhibitory checkpoint receptors, PDPD1, CTLA-4, LAG3, and TIM-3 in each exposure group were quantified by quantitative
real-time PCR (n¼ 6/group). Values are mean� SD. �� , P < 0.01; ���, P < 0.001; ���� , P < 0.0001 using one-way ANOVAwith post-hoc Bonferroni correction. CCL20,
chemokine (C-Cmotif) ligand 20; CTLA-4, cytotoxic T-lymphocyte associated protein 4; CXCL9, chemokine (C-X-Cmotif) ligand9; CXCL10, chemokine (C-X-Cmotif)
ligand 10; CXCL13, chemokine (C-X-Cmotif) ligand 13; LAG3, lymphocyte-activation gene 3; PDCD1, programmed cell death 1; TIM-3, T-cell immunoglobulin mucin-3.
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group (Fig. 5B). Interestingly, when LPS instillation was extended
from 10 to 16 weeks (Fig. 5C), the anti–PD-1 treatment only
slightly decreased lung tumors and did not reach the statistical
significance, suggesting that prolonged/persistent LPS treatment
induced additional inhibitory mechanisms in the tumor microen-
vironment (Fig. 5D).

Based on our findings that MDSCs increased and chemokines/
cytokines profiles altered in the tumor microenvironment after
16-week combined NNK/LPS exposure (Fig. 2), we hypothesized that
infiltrating MDSCs contribute to this inhibitory activity. Anti-Ly6G
antibody, which depletes Gr-MDSCs, decreased lung tumor number
compared with isotype control, indicating a tumor-promoting effect

Figure 4.

CombinedNNK and LPS exposure increases TILswith colocalized PD-1 and increases tumor PD-L1 expression.A,Representative CD4 (red), CD8 (magenta), and PD-1
(green) cell infiltration in lung tumors. Nuclei are identified by DAPI staining. Scale bars, 50 mm. Dotted lines outline tumor boundaries.B,Quantification of CD4þ and
CD8þ TILs and percentage of PD-1 expression in CD4þ and CD8þ TILs. � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001 using Student t test. C, PD-L1 levels in lung lysates
from NNK (n¼ 4) and NNK/LPS-treated mice (n¼ 4), representative results from one experiment of three individual experiments. �, P < 0.05 using Mann–Whitney
test. D, Representative PD-L1 IHC staining of NNK and LPS/NNK-exposed lung tumors, and the positive tumor cell surface staining was scored. Scale bars, 100 mm.
DAPI, 40 ,6-diamidino-2-phenylindole.
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Figure 5.

LPS-mediated inflammation alters immune contexture and correlates with PD-1 blockade efficacy. A, The treatment paradigm of anti–PD-1. Mice were exposed to
NNK or NNK combined with 10-week LPS exposure and treated with either IgG control (IgG2a) or anti–PD-1 for 6 weeks. B, After treatments from weeks 10 to 16
without additional LPS exposure, anti–PD-1 treatment decreased lung tumor number inNNK/LPSmice but did not differ in NNKmice as comparedwith IgG2a control
mice. ��, P < 0.01; ��� , P < 0.001 using Student t test. C, The treatment paradigm of anti–PD-1 and anti-Ly6G. Mice were exposed to NNK combined with 16-week LPS
treated for either IgG control (n ¼ 8), anti–PD-1 (n ¼ 8), anti-Ly6G (n ¼ 8), or combined anti–PD-1 and anti-Ly6G (n ¼ 8) for 6 weeks. D, After 16 weeks, anti–PD-1
treatment only slightly decreased lung tumors in NNK/LPSmice and was not statistically significant as compared with IgG2a control. Anti-Ly6G antibody effectively
inhibited NNK/LPS-induced lung tumors and further enhanced treatment efficacy in combination with ant–PD-1 antibody. Values are mean � SD and are
representative of two independent experiments. ��� , P < 0.001; ���� , P < 0.0001 using one-way ANOVA with post-hoc Bonferroni correction. E, Flow cytometry
analysis of granulocytic MDSCs of mouse lungs in 10-week and 16-week NNK/LPS group (n ¼ 10 for each group). Values are mean � SD. ���� , P < 0.0001 using
Student t test. The granulocytic MDSC signature of the 10-week and 16-week NNK/LPS group in themousemicroarray dataset was analyzed. Values are mean� SD.
�� , P < 0.01 using Mann–Whitney test. IgG, immunoglobulin G; Ly6G, lymphocyte antigen 6 G.
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by Gr-MDSCs (Fig. 5D). Importantly, treatment with combined anti–
PD-1 and anti-Ly6G antibodies further decreased lung tumor number
compared with the anti–PD-1 or anti-Ly6G treatment alone, suggest-
ing enhanced antitumor activity by the combinatory treatment
(Fig. 5D). In addition, we confirmed that infiltrating Gr-MDSCs
increased in the tumor-bearing mouse lungs when LPS exposure was
extended from 10 to 16 weeks in the NNK/LPS combined exposure
(Fig. 5E, left plot). Consistent with the flow cytometry data, Gr-MDSC
gene signature transcripts increasedmore at 16 weeks than at 10 weeks
of NNK/LPS exposure (Fig. 5E, right plot). In addition, T-cell, B-cell,
Th17-cell, and NK-cell signature transcripts increased more at
16 weeks than at 10 weeks of NNK/LPS exposure (Supplementary
Fig. S3), suggesting that the less prominent antitumor effect of anti–
PD-1 antibody was not due to decreased adapted cellular immune
components. Our results indicate that PD-1 blockade effectively
inhibited inflammation-associated lung tumorigenesis in NNK-
treated mice combined with a shorter 10-week LPS exposure. For
lung tumors resulting from extended exposure of 16-week NNK/LPS
exposure, immunotherapy that combined PD-1 blockade with Gr-
MDSC depletion significantly inhibited tumor growth and enhanced
the treatment efficacy.

Immune gene signature reveals PD-1 blockade responsiveness
and progression-free survival in patients with NSCLC

Our results demonstrated that immune contexture in the tumor
microenvironment could affect PD-1 blockade efficacy. Thus, we
hypothesized that the expression of a unique immune gene signature
in the tumormicroenvironment could reveal PD-1 blockade treatment
responsiveness. To test this hypothesis, we analyzed transcriptomes
from a cohort of 35 NSCLC patients with varied PD-1 blockade
response (GSE93157; Supplementary Table S1; ref. 15). We identified
a 130-gene immune gene panel from the cohort and established
immune cell gene signatures for T cell, B cell, NK cell, and Th17 cell
based on curated data from eight publicly available expression datasets
(Supplemental Table S2; ref. 13).We applied this gene set to the cohort
of patients with NSCLC, and separated patients as NPD, including CR,
PR, and SD patients, versus the patients with PD. We generated 4
hierarchical DEGs clusters (C1–C4, leftmost column) based on the
supervised patient groups (Fig. 6A). Overall, the transcriptomes of
patients with NPD displayed an increased expression of immune-
related genes compared with those of patients with PD. Most T-cell–
andB-cell–associatedmarkers localized to theC1 cluster, whereasNK-
cell, Th17-cell, and other immune-relatedmakers were observed in the
other clusters (Fig. 6A). Moreover, T-cell, B-cell, Th17-cell, and NK-
cell signatures exhibited higher expression in patients with NPD than
PD (Fig. 6B). ROC analysis was performed to evaluate the diagnostic
accuracy of these gene signatures to predict treatment responses (NPD
vs. PD) in GSE93157. The results indicated excellent diagnostic
accuracy for which all immune cell signatures were with an area
under curve > 0.7 and P < 0.05 (Supplementary Fig. S4A–S4E). In
addition, the increased expression of immune cell gene signature was
associated with prolonged progression-free survival in patients with
both squamous and nonsquamous NSCLC (Fig. 6C).

Comparison of the immune gene signature of NSCLC patients
with PD-1 blockade responsiveness to the immune gene
signature in the murine tumor model

Next, we examined the possible utility of our inflammation-
associated murine lung cancer model in recapitulating patients
with NSCLC receiving immunotherapy treated with PD-1 blockade.
We found that 127mouse homologous genes correspondedwith a 130-

gene human immune gene panel from the GSE93157 cohort. Using
these 127 genes, we performed immune gene signature analysis of the
mouse mRNA microarray dataset. The supervised hierarchical clus-
tering revealed 3 gene clusters (C1–C3, leftmost column) with similar
immune cell gene signatures identified for the same types of cells in the
human lung cancer cohort (Fig. 7A). The immune cell gene signatures
for T cell, B cell, Th17 cell, and NK cell represented stepwise-induced
innate and adaptive immune responses, which had increased expres-
sion in the NNK/LPS group as compared with NNK group (Fig. 7B).
Collectively, these findings support that our NNK/LPS lung tumor
model well represents the “hot” tumor microenvironment with pro-
found infiltrating immune cell signatures observed in the human lung
cancer dataset.

Discussion
In this study, we characterized a two-staged murine lung cancer

model, in which a tobacco smoke–associated carcinogen, NNK, initi-
ates lung tumorigenesis, which is augmented through LPS-mediated
chronic inflammation that, in turn, leads to an immunosuppressive
tumor microenvironment. This inflammation-associated lung cancer
murine model was originally established by our laboratory to evaluate
the Kras mutation frequency under recurrent inflammation (17) and
subsequently reproduced by other research groups (30, 31).

In this model, immunosuppression was demonstrated by MDSCs
and Treg accumulation, induced T-cell exhaustion, and increased PD-
1/PD-L1 checkpoint pathway activities. PD-1 blockade exhibited
favorable efficacy during an early tumor-forming stage with a shorter
LPS-induced inflammation. Moreover, a combined treatment of PD-1
blockade and MDSC depletion exhibited stronger antitumor activity.
Our findings support the concept that a combined treatment of PD-1
blockade and MSDC depletion could be a novel therapeutic approach
for treating lung cancers associated with chronic pulmonary inflam-
mation, as are frequently present in COPD patients with recurrent
infections. In addition, we identified an immune gene signature, which
effectively predicted treatment responses and survival outcomes in
patients with lung cancer received PD-1 blockade therapy.

Cigarette smoke–induced airway inflammation plays an essential
role in the pathogenic process of COPD and lung cancer (32). It is
characterized by increased numbers of neutrophils together with
increased macrophage and T lymphocytes in peripheral airways, lung
parenchyma, and pulmonary vessels (33). One limitation of our study
is that the COPD status of the patients with lung cancer in GSE93157
was not available. Approximately 40% to 70%of lung cancer cases have
coexisting COPD (34). The majority of the GSE93157 cohort (92%)
were current or former smokers that could have cigarette smoke–
related pulmonary inflammation. These patients had increased cyto-
kines and chemokines similar to patients with COPD (32). Previously,
nebulized LPS has been reported to mimic the effects of cigarette
smoke in the lower airway of laboratory animals and humans, resulting
in bronchoalveolar neutrophil influx, airway obstruction, bronchial
hyperresponsiveness, and pulmonary protein extravasation (35–38).
These common features of pulmonary inflammation supported a link
of this inflammation-associated murine lung cancer model with the
human lung cancer cohort analyzed in this study.

Although several inflammation-associated lung cancermodels have
been established and studied, the effect of immune contexture during
chronic inflammation on lung tumorigenesis and the efficacy of
immune checkpoint inhibitors have not been defined in these models.
Furthermore, some of the models are either genetically Kras-driven
lung cancer models (39–41) or using susceptible strain such as A/J
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Figure 6.

Immunegene signatures predict responsiveness toPD-1 blockadeandare associatedwith progression-free survival. Tumor samples of 35patientswithNSCLCbefore
anti–PD-1 treatment were analyzed for the gene expression using the GSE93157 dataset. A, Expression profiles of 130 DEGs from NPD and PD tumors (red,
increased; blue, decreased as compared with mean for each gene). Overall response (NPD and PD), drug response (CR, PR, SD, and PD), and histologic type
(non-SqNSCLC and SqNSCLC) are indicated at the top of the heatmap. Immune cell gene signatures for T cell, B cell, Th17 cell, and NK cell are indicated. B, Gene
signatures across patients with PD and NPD status. �, P < 0.05; �� , P < 0.01; ��� , P < 0.001 using Student t test. C, Kaplan–Meier survival analysis based on selected
gene signatures in non-SqNSCLC and SqNSCLC. P value determined with log-rank test. Th17, T-helper cell type 17.
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mice, which develop 88% to 100% Kras mutations in NNK-induced
lung tumors (42, 43). Although models using A/J mice are useful to
study lung tumorigenesis, they do not reflect the broad spectrum of
mutations in human lung adenocarcinomas (44). The FVB/NJ mouse
strain used in this study typically generates Kras mutation rates of
approximately 45% in NNK-induced lung tumors (17), which is close
to the frequency of 32% KRAS mutation rates in human lung adeno-
carcinoma (45). In addition, we have performed preliminary studies
suggesting that tumors in our model have a low frequency of Egfr
mutations. Thus, this model could provide a useful tool to investigate
lung tumorigenesis related to these mutations.

Although NNK alone did not generate many lung tumors in FVB/
NJ as compared with A/J mice, FVB/NJ mice proved to be useful in
determining the role of inflammation in promoting lung tumorigen-
esis and the efficacy of immunotherapy. The lack of PD-1 blockade
treatment efficacy against NNK-induced lung tumors could be due to
“cold immune tumor” or “non-T cell-inflamed tumor,” as we dem-
onstrated in Figs. 2 and 3. In FVB/NJ mice treated with NNK alone,
lung tumors had few tumor-infiltrating immune cells with minimal

production of cytokines and chemokines in the microenvironment.
These “cold immune tumors” may not unleash the pre-existing
immunity to initiate effective antitumor immunity through anti–
PD-1 treatment (46). In FVB/NJ mice treated with NNK and LPS,
lung tumor number increased 8-fold, which is greater than the 1.5-fold
increase of lung tumors in A/J strain (30). These findings suggest that
FVB/NJ mice are more susceptible to inflammation-promoted lung
tumorigenesis and could be a more relevant mouse model to study the
response of immunotherapy in inflammation-associated lung cancer.

We compared the immune responses of the two mouse strains,
FVB/NJ and A/J, after being exposed to combined NNK and LPS.
We analyzed the DEGs and downstream pathways of our FVB/NJ
dataset and that of A/J GSE64027 dataset (31). There are 362 over-
lapped DEGs (Supplementary Fig. S5A), which were enriched in
T-cell–related signaling pathways (Supplementary Fig. S5B), indicat-
ing that chronic LPS exposure induced common T-cell–inflamed
tumor microenvironment regardless of mouse strains. This result is
consistent with the increased Tregs, PD-1þCD4þ, and PD-1þCD8þ T
cells in A/J mice (47) as well as in the FVB/NJ mice (Figs. 2J and 4B).

Figure 7.

Immune gene signatures demonstrate the clinical relevance of the mouse lung cancer model to patients with NSCLC. A, The immune gene profiling of mouse lungs
after treatments of PBS, NNK, LPS, and NNK/LPS for 16 weeks. Mouse orthologs (n ¼ 127 transcripts) were identified from the human immune gene panel (n ¼
130 transcripts) extracted from GSE93157 (Supplementary Table S2). The immune gene profiling of mouse lungs after treatments was presented by clustering
heatmap (red, increased; blue, decreased as compared with mean for each gene). Immune cell gene signatures including T cell, B cell, Th17 cell, and NK cell
were labeled. B, Immune cell gene signatures for T cell, B cell, Th17 cell, and NK cell were quantified. Values are mean � SD. � , P < 0.05; ���� , P < 0.0001
using Mann–Whitney test.
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Furthermore, the distinct immune response pathways in FVB/NJ were
mainly involved in innate immunity pathways such as Fcg receptor–
mediated phagocytosis, NK cell signaling, and the production of nitric
oxide reactive oxygen species in macrophages (Supplementary
Fig. S5C), which are consistent with the dominate immune responses
mediated byMDSCs from the phagocyte and macrophage lineages. In
contrast, A/Jmice were prone to have an adaptive immune response as
indicated by enrichment in pathways such as PKCq signaling in T
lymphocytes, OX40 signaling, and CD28 signaling in T helper cells
(Supplementary Fig. S5D). These results reflect the divergence of
immune response patterns among inbred mouse strains, which could
partially represent the heterogeneity of genetic and immune back-
ground in human population.

In this model, recurrent LPS exposure leads to increased lym-
phocyte recruitment into the lung, with the greatest increase in
T cells. Our results indicate that in the inflammatory tumor
microenvironment, elevated cytokines and persistent T-cell recep-
tor overstimulation could induce T-cell exhaustion in areas sur-
rounding lung tumors (48). The increased CD4þ and CD8þ TILs
colocalized with increased PD-1 expression in NNK/LPS-treated
mice supported the existence of exhausted TILs. Interestingly,
patients with NSCLC with coexisting COPD often develop increases
in exhausted CD4þand CD8þ TILs with coexpression of PD-1,
CTLA-4, LAG3, and TIM-3 (11). This suggested that chronic
inflammation–mediated dysregulation of immune responses cor-
related with exhausted TILs. In addition, PD-L1 increased in lung
tumors of NNK/LPS-treated mice compared with those of NNK-
treated mice, which may represent a response to IFNg secretion by
TILs and LPS-induced TLR-4 signaling (49).

Several past studies have attempted to identify the gene signatures
for immune cellular phenotypes (19, 21,22, 24). Each has detected
various gene sets for the individual immune cell type, but only a few
have identified overlapped genes. This presents a challenge as to
what immune gene signatures should be used for the specific
immune cell types. To present a viable solution to this problem,
we analyzed the available datasets from eight publications and
defined the immune cell gene signatures for T cell, B cell, and NK
cell, using the gene sets in specific immune cell types presented in
two or more studies among eight gene datasets. Furthermore, we
performed immune gene signature analysis of the murine lung
cancer model using the gene sets identified from the human lung
cancers under anti–PD-1 treatment to evaluate the clinical rele-
vance of animal studies. In the murine model, NNK/LPS-exposed
mice had increased T-cell gene signature expression as compared
with NNK-exposed mice with similar signature expression pattern
in human lung tumors, which distinguished patients with NPD
from patients with PD, indicating a T-cell inflamed tumor micro-
environment (Figs. 6B and 7B).

Trujillo and colleagues previously reported that T-cell inflamed
tumor microenvironment was associated with favorable efficacy of
PD-1 blockade (50), which was consistent with better response in
10-week NNK/LPS-treated mice and patients with NPD under suc-
cessful anti–PD-1 treatment in GSE93157 cohort (Fig. 5B). However,
the efficacy of anti–PD-1 treatment was diminished in 16-week LPS
exposure (Fig. 5D) due to increased late-stage influx of immunosup-
pressive cells, such as Gr-MDSC in the tumor microenvironment
(Fig. 5E). This occurred despite an appearance of an increased T-cell
signature in 16-week NNK/LPS tumors as compared with 10-week
NNK/LPS tumors (Supplementary Fig. S3). This reflects the complex-
ity of immunologically “hot” tumors with various dynamics of infil-
trating immune cells including immunosuppressive cells, which

impair checkpoint inhibitor–mediated antitumor activity (46). These
in vivo results provided a plausible explanation why that a subset of
patients still had disease progression after anti–PD-1 treatment,
despite high immune gene signature expression as seen in GSE93157
cohort (Fig. 6A). Furthermore, most T-cell and B-cell signature
transcripts clustered together in both murine model and the lung
cancer cohort with similar treatment responses and survival outcomes,
suggesting the potential antitumor immunity of B cells and the possible
B–T-cell interaction of antigen presentation, or antibody-mediated
activities in the tumor microenvironment (24).

An immunosuppressive tumor microenvironment hinders natural
host immune responses and the efficacy of cancer immunotherapies.
MDSCs in the tumor microenvironment not only inhibit effector T-
cell and NK-cell functions but also can directly promote tumor
progression and metastasis (51). The percentage of myeloid cells
increased in NNK/LPS mice including CD11bþLy6Gþ cells (Gr-
MDSCs) and CD11bþLy6G� cells (M-MDSCs and other myeloid
cells; ref. 52). After 16-week NNK/LPS exposure, multiple inflamma-
tory cells increased in the tumor, especially Gr-MDSCs (Fig. 2L),
which suppressed and impaired anti–PD-1 treatment efficacy
(Fig. 5D). Gr-MDSCs' mediated immunosuppression and impaired
anti–PD-1 treatment efficacy have been observed in studies of other
cancer types (52–54).

Our findings demonstrated that Gr-MDSC depletion significantly
decreased lung tumors, and with combined anti–PD-1 further
enhanced antitumor response (Fig. 5D). In a related study, Clavijo
and colleagues reported that Gr-MDSC depletion in mice enhanced
effector immune cell (CD8þ TIL CD107aþ and NK CD107aþ) acti-
vation and rescued antigen-specific T-lymphocyte reactivity lost dur-
ing tumor progression in oral cancer (53). In agreement with our
result, Gr-MDSC depletion within a T-cell inflamed syngeneic system
sensitized tumors to anti–CTLA-4 antibody-induced tumor rejection.
These results suggest outcomes could be improved by identifying the
coexistence of the inhibitory signals, such as the presence of immu-
nosuppressive cells (e.g., MDSCs and Tregs). Therefore, removal of
these inhibitory signals, such as MDSC depletion together with
checkpoint inhibitors, could improve cancer immunotherapy efficacy.

Our current study represents a clinically relevant murine lung
cancer model, similar to those COPD-like airway inflammation
promoted lung cancer development with the characteristics of a
favorable immunosuppressive microenvironment for tumor progres-
sion. Furthermore, the LPS-mediated inflammatory microenviron-
ment affects PD-1 blockade efficacy, and combined PD-1 blockade and
MDSC depletion improved treatment efficacy. Finally, we have iden-
tified valuable immune gene signatures associated with treatment
responses and survival outcome in patients with NSCLC under
immunotherapy. This preclinical model and the immune gene sig-
natures could be potentially useful for the further exploration and
evaluation of immune checkpoint inhibitors for NSCLC treatment.
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