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Abstract programs, and host immune responses were compared between
Gpresa~'™ and Gpre5a™'~/Len2™'™ littermates.

Rationale: Early pathogenesis of lung adenocarcinoma (LUAD)

remains largely unknown. We found that, relative to wild-type

littermates, the innate immunomodulator Lcn2 (lipocalin-2)

was increased in normal airways from mice with knockout of the

airway lineage gene Gprc5a (Gprc5a~'~) and that are prone to

developing inflammation and LUAD. Yet, the role of LCN2 in lung

inflammation and LUAD is poorly understood.

Measurements and Main Results: Lcn2 was progressively
elevated during LUAD development and positively correlated with
proinflammatory cytokines and inflammation gene sets. LCN2

was distinctively elevated in human LUADs, but not in LUSCs,
relative to normal lungs and was associated with COPD among
smokers and patients with LUAD. Relative to Gprc5a~'~ mice,
Gpre5a~'"/Len2™'™ littermates exhibited significantly increased
Objectives: Delineate the role of Lcn2 induction in LUAD lung tumor development concomitant with reduced T-cell
pathogenesis. abundance (CD4") and richness, attenuated antitumor immune
gene programs, and increased immune cell expression of protumor

Methods: Normal airway brushings, uninvolved lung tissues, and ;g - ory cytokines.

tumors from Gprcsa~ '~ mice before and after tobacco carcinogen

exposure were analyzed by RNA sequencing. LCN2 mRNA Conclusions: Augmented LCN2 expression is a molecular feature of
was analyzed in public and in-house data sets of LUAD, lung COPD-associated LUAD and counteracts LUAD development
squamous cancer (LUSC), chronic obstructive pulmonary disease in vivo by maintaining antitumor immunity.

(COPD), and LUAD/LUSC with COPD. LCN2 protein was

immunohistochemically analyzed in a tissue microarray of 510 Keywords: lung neoplasms; chronic obstructive pulmonary
tumors. Temporal lung tumor development, gene expression disease; immunity; lipocalin-2
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At a Glance Commentary

Scientific Knowledge on the
Subject: Inflammation in
pathological conditions such as chronic
obstructive pulmonary disease
(COPD) reprograms the immune
microenvironment and predisposes
tissues to cancer development and
progression.

What This Study Adds to the Field:
Augmented LCN2 expression is a
molecular feature of COPD-associated
lung adenocarcinoma and counteracts
lung adenocarcinoma development

in vivo by maintaining antitumor
immunity.

Lung adenocarcinoma (LUAD) represents
the most common subtype of lung cancer in
smokers and accounts for most cancer
deaths related to smoking (1). LUAD is
typified by poor clinical outcome (1).
Despite recent advances in immunotherapy,
LUAD displays variable responses to
immune-based treatment (2). There are few
strategies for prevention or early treatment
of LUAD largely because of a paucity of
characterized targets in its molecular
pathogenesis (3).

Inflammation in pathological
conditions such as chronic obstructive
pulmonary disease (COPD) reprograms
the immune microenvironment and
predisposes tissues to cancer development
and progression (4, 5). Proinflammatory
cytokines such as IL-17A, IL-18, and
IL-6 promote tumor progression, and
targeting these cytokines limits lung cancer
development (6-8). Treatment with the
IL-1B antibody canakinumab was shown
to reduce incident lung cancers (6). Airway
epithelial cells elicit host defense cues
mediated by surfactants, lipocalins,
defensins, and antimicrobial proteins
to counteract pathogenic effects of
inflammation or infection (9, 10). The
intricate balance between host defense
mechanisms and inflammation, for instance

in response to carcinogenic exposures, is
thought to be sentinel in disease (9, 11). Yet,
for LUAD that is etiologically related to
tobacco carcinogen exposure, we poorly
understand the role of the earliest host
defense and immunomodulatory cues in its
development.

We previously showed that mice with
knockout of the airway lineage gene Gprc5a
(G protein-coupled receptor family C type
5A) (Gprc5a_/ ~) and exposure to tobacco
carcinogen develop, in contrast to wild-type
(WT) mice, lung tumors with somatic
driver Kras variants (12, 13). Here, we
found that the lipocalin Lcn2 was
prominently progressively increased early
during in vivo LUAD development. LCN2
was also distinctively augmented in human
LUAD and was strongly associated with
COPD among both lung cancer—free smokers
and patients with LUAD. Deletion of Lcn2
in Gprcsa~’~ mice increased LUAD
development as well as elevated protumor
inflammatory signaling and reduced
antitumor immunity. Our findings suggest
that elevated LCN2 is a molecular feature of
COPD and antagonizes LUAD development.

Some of the results of this study have
been previously reported in the form of an
abstract (14).

Methods

Animal Housing and Tobacco
Carcinogen Exposure Experiments
Animal experiments were conducted
according to Institutional Animal Care and
Use Committee—approved protocols. Mice
were maintained in a pathogen-free
animal facility. Gprc5a '~ mice were
generated as previously described (12, 13)
and crossed with Lcn2™/™ animals (15) to
generate Gprcsa~ '~ /Len2™'” littermates.
Sex- and age-matched Gprc5a™'~ and
Gpres5a™'~/Len2™'™ mice were divided
into starting groups of 8-10 mice for
assessment at different time points and
were intraperitoneally injected with

50 mg/kg of body weight nicotine-specific
nitrosamine ketone (NNK) (in phosphate-
buffered saline; Toronto Research

Chemicals) three times per week for 8
weeks. Lung sections from all mice were
analyzed for lung tumor incidence
according to previously reported criteria
that include assessment of tumor
differentiation and invasiveness as well as
nuclear crowding, size, and atypia (16).
Immunohistochemical assessment of
murine LCN2 protein was performed as
previously described (15).

Immunohistochemical Analysis of
LCN2 and CD4* T-Cell Densities
Archived surgically resected tumor
specimens were collected from patients
with non-small cell lung cancer (n=510)
evaluated at MD Anderson Cancer Center,
and consents were approved by the
institution’s review board. LCN2 protein
was analyzed by immunohistochemistry
using a Leica Bond Max automated stainer
(Leica Biosystems). After antigen retrieval
at 100°C for 20 minutes (Bond ER Solution
#1; Leica Biosystems), 4-pm tissue sections
were incubated with anti-LCN2 polyclonal
goat primary antibody (AF1757, 1:1000
dilution; R&D Systems) and detected using
the Bond Polymer Refine Detection kit
(DS9800; Leica Biosystems). Cytoplasmic
expression of LCN2 was quantified using a
four-value staining intensity score (0, none;
1, weak; 2, moderate; and 3, strong) and the
extent of reactivity (0-100%). A final
expression score (H-score) was obtained by
multiplying the intensity and reactivity
extension values (range, 0-300) as
previously described (17). Preoperatively
untreated early-stage (stages 1-3) LUADs
with positive LCN2 H-scores (>3) were
retained for all analyses (n=271).
Immunohistochemical analysis of tumor-
infiltrating CD4" T cells was performed as
described previously (18). COPD was
assessed based on the guidelines by the
Global Initiative for Chronic Obstructive
Lung Disease classification—a patient with
a postbronchodilation FEV,/FVC ratio
<C0.7 was considered as having COPD (19).

Statistical Analysis
All statistical analyses were parametric and
performed using GraphPad Prism software
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and in R (r-project.org). All statistical
analyses between two groups were
performed using unpaired Student’s
t tests. Correlations between continuous
variables were statistically interrogated
using Pearson correlation coefficients.
Differences among three or more
groups were statistically evaluated
using ANOVA. Results with P values
less than 0.05 were considered
significant.

Additional details and methods are
found in the SUPPLEMENTARY METHODs in the
online supplement.

Results

Increased Lcn2 Expression during
Early Pathogenesis of LUAD

We previously found that Gprc5a™'~ mice
develop lung tumors with somatic

driver mutations in Kras (12, 13). We
performed RNA sequencing (RNA-seq)
analysis of normal airways from 8-week-
old Gprc5a™'~ and WT littermates (n=6
each). We identified 155 gene transcripts
that were significantly modulated between
Gprc5a~'~ and WT airways (Table El in
the online supplement), among which
Lcn2 was distinctively markedly elevated
in normal airways from Gprc5a '~ mice
(P <0.05; Figures 1A and 1B). We then
probed Lcn2 induction in LUAD
development. We found that Lcn2 was
significantly and progressively increased
with time in normal-appearing airways
from Gprc5a~'~ mice (n=6 mice per
time point; all P << 0.05; Figure 1C). Not
only was Lcn2 expression consistently
elevated in lung tumors (n=4-20
lesions per mouse) compared with
matched uninvolved normal tissues
(n=9-10 mice per time point) across

all time points (all P <0.01), it was

also progressively elevated with time

in the normal tissues (all P < 0.01;
Figure 1D). LCN2 protein in BAL fluid
was also significantly and progressively
increased with time during lung
tumorigenesis (all P < 0.05; Figure 1E).
LCN2 protein was also expressed in
epithelial cells from premalignant
lesions (hyperplasias and adenomas)
and more notably from LUADs

(Figure 1F). These findings demonstrate
that the innate immunomodulator

Lcn2 is increased early during LUAD
pathogenesis.
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Figure 1. Increased Lcn2 during lung adenocarcinoma (LUAD) development in Gpreba ™~ mice.

(A) Heat map showing differentially expressed transcripts between normal airways of wild-type (WT) and
Gpre5a™’~ mice (n=6 per genotype) by RNA sequencing (RNA-seq). Columns indicate individual
mouse airways and rows indicate transcripts (red, upregulated; blue, downregulated). (B) Comparison of
Len2 mRNA expression in normal airways between WT (blue) and Gpre5a ™~ (red) mice. (C) Temporal
assessment of Lcn2 mRNA levels by RNA-seq in normal airways of Gpre5a™~ mice (n=6 per time
point) before treatment (baseline) and at various time points after NNK exposure (end of NNK and 2, 4,
and 6 mo after NNK). (D) Analysis of Lcn2 mRNA expression by RNA-seq in normal lung tissues (blue,
n=9-10 per time point) with matched lesions (hyperplasias, adenomas, LUADs [red], n = 4-23 per time
point) of Gore5a '~ mice at end of NNK and 3 and 7 months after NNK treatment. () Analysis of LCN2
protein in BAL fluid of Gpre5a™~ mice at the different time points after NNK exposure (n = 7-10 per time
point) by ELISA. P values denoting comparisons between two groups were obtained using unpaired
Student’s t test, and values for analysis of Lcn2 expression progressively with time were obtained using
ANOVA. (F) Representative histopathologic (H&E) and LCN2 immunoreactivity from NNK-exposed
Gprc5a~’~ mice with hyperplasia (left), adenoma (middle), and lung adenocarcinoma (right).
Scale bars: top row, 100 pm; middle and bottom rows, 50 pm. *P < 0.05, **P < 0.01, and
***P < 0.001. H&E = hematoxylin and eosin; NNK = nicotine-specific nitrosamine ketone.
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Elevated LCN2 in Human LUAD

We were prompted to evaluate the
expression of LCN2 in human LUADs.
LCN2 was significantly elevated in human
LUAD:s but not in lung squamous cell
carcinomas (LUSCs) from the The Cancer
Genome Atlas (TCGA) cohort (20, 21)
compared with normal lung tissues

(P <0.001; Figure 2A). LCN2 mRNA

was significantly elevated in the LUADs
when compared with LUSCs, and this
observation was validated in the
independent cohort developed by MD
Anderson, PROSPECT (Profiling of
Resistance Patterns and Oncogenic
Signaling Pathways in Evaluation of
Cancers of the Thorax [22]; P<0.001;
Figures 2B and 2C). LCN2 mRNA was also
significantly increased in KRAS-mutant
LUADs (KM-LUAD:s) relative to KRAS-
WT LUAD:s in three independent data
sets (all P <0.05; Figure 2D; 23-25). By
immunohistochemistry analysis of a tissue
microarray of 271 early-stage (stages 1-3)
non-small cell lung cancer and without
preoperative treatment (Figure 2E), we
found that LCN2 protein was significantly
upregulated in LUADs relative to LUSCs
(P<0.001; Figure 2F). We also found that
LCN2 protein was increased in KM-LUADs
that were WT for STK11 and TP53 when
compared with LUADs that were WT for
all three genes as well as for EGFR in our
tissue microarray and in the The Cancer
Genome Atlas cohort (all P < 0.05;

Figure 2G). Despite no significant
correlation between LCN2 and LUAD
histologic patterns (Figures E1A and E1B),
LCN2 significantly and inversely correlated
with NKX2-1 in both LUAD and KM-
LUAD, suggesting an association between
LCN2 induction and gastric differentiation
(Figures E1C and E1D), in line with
previous reports (22, 26). These findings
suggest that LCN2 is augmented in the
pathogenesis of human LUAD.

Upregulated LCN2 Is Associated with
COPD

Earlier work has shown that LCN2 is
induced upon inflammation (27). Len2
expression was significantly and markedly
positively correlated with levels of the
proinflammatory cytokines I/1b, 1118, and
116 (all P<0.05; Figure E2A) and with an
inflammation gene signature (P < 0.001;
Figure E2B) in normal lung tissues from
Gpresa~'™ mice. We were thus enticed to
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Figure 2. Elevated LCN2 expression in human lung adenocarcinoma (LUAD). (A) LCN2 mRNA levels
were examined between normal lung tissues (blue, n=59) and LUADs (red, n=514) as well as between
normal lung tissues (blue, n=51) and lung squamous cancers (LUSCs) (red, n=502) in the The Cancer
Genoma Atlas (TCGA) data sets (20, 21). (B) LCN2 mRNA levels were also directly examined between
LUSCs (blue, n=502) and LUADs (red, n=514) in the TCGA data sets. (C) LCN2 mRNA levels were
statistically compared between LUSCs (blue, n=57) and LUADs (red, n=152) in the MD Anderson
dataset, PROSPECT (Profiling of Resistance Patterns and Oncogenic Signaling Pathways in Evaluation of
Cancers of the Thorax) (22). (D) LCN2 mRNA levels were also statistically compared between LUADs that
are wild type (WT) for KRAS and KRAS-mutant LUADs (KM-LUADs) in the following cohorts: Okayama
and colleagues (blue, WT, n=206; red, KM, n=20); Selamat and colleagues (blue, WT, n=236;

red, KM, n=22); Beer and colleagues (blue, WT, n=46; red, KM, n=239) (23-25). (E) Representative
photomicrographs of histopathologic (H&E) and LCN2 immunohistochemical analyses of LUSC (left) and
LUAD (right) specimens from the assessed tissue microarray (see MetHops). (F) LCN2 protein expression
was statistically compared between LUSCs (blue, n=284) and LUADs (red, n=187) using tumor with
positive LCN2 H-scores. (G) LCN2 protein levels were also statistically compared between WT- and KM-
LUADs in a tissue microarray using tumors with positive LCN2 H-scores (blue, WT, n = 36; red, KM, n =50)
and in TCGA reverse-phase protein array data set (blue, WT, n=41; red, KM, n =20). Solid horizontal lines
represent median LCN2 log, expression values, H-scores, or protein z-scores. Differences in LCN2
levels between two groups were statistically assessed using the unpaired Student’s ¢ test. Scale bar,
100 pm. *P<0.05, *P < 0.01, and **P < 0.001. H&E =hematoxylin and eosin; ns=not significant.
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Figure 3. Upregulation of LCN2 in human chronic obstructive pulmonary disease (COPD) and COPD-associated lung adenocarcinoma (LUAD). (A) LCN2
mMRNA was statistically analyzed using unpaired Student’s t test in normal-appearing airway brushings (n = 238) from lung cancer—free patients in the data
set by Steiling and colleagues based on COPD status (without COPD, blue, n=151; with COPD, red, n =87; 28). LCN2 mRNA levels in airway brushings
were also statistically assessed based on the Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria for COPD staging (middle panel; blue,
no COPD, n=133; red, GOLD 1-4, n=19-61 per stage) using unpaired Student’s t test. LCN2 mRNA levels were also correlated with FEV; percentage
using Pearson’s correlation coefficient (right panel). (B) LCN2 mRNA levels were statistically compared between patients without and with antiinflammatory
treatment using all patients with COPD (GOLD 1-4; left panel; red, no treatment, n=64; blue, treatment, n=23) and patients with moderate to severe
COPD (GOLD 2-4; right panel; red, no treatment, n=58; blue, treatment, n=22) (28) using the Student’s t test. (C) LCN2 expression was statistically
compared using unpaired Student’s t test between normal lung tissues adjacent to LUADs without (blue, n=19) and with (red, n =6) COPD as well as between
normal lungs adjacent to lung squamous cancers (LUSCs) without (blue, n =9) and with (red, n =9) COPD in the data set by Bhattacharya and colleagues (29).
(D) LCN2 expression was statistically compared using the unpaired Student’s t test between LUADs without (blue, n=58) and with (red, n=27) COPD as well
as between LUSCs without (blue, n=12) and with (red, n=15) COPD in the MD Anderson cohort, PROSPECT (Profiling of Resistance Patterns and
Oncogenic Signaling Pathways in Evaluation of Cancers of the Thorax) (22). (E) LCN2 H-scores were statistically compared using the unpaired Student’s ¢ test
between LUADs from the MD Anderson tissue microarray cohort without (blue, n = 98) and with (red, n = 43) COPD and between LUSCs from the same tissue
microarray without (blue, n=34) and with (red, n=25) COPD. *P <0.05 and **P < 0.001. ns=not significant.
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Figure 4. Loss of Lcn2 augments lung adenocarcinoma (LUAD) development in tobacco carcinogen—-exposed Gprcsa™’~ mice. (A) Schematic timeline

depicting NNK i.p. injection of 8-week-old Gpre5a ™~ and Gpre5a ™~ /Len2™/~ mice divided into groups of 8-10 mice (per genotype and time point) and
studied at baseline, end of NNK, and 3 and 7 months after NNK treatment. () LCN2 was quantified by ELISA in BAL fluid collected from Gpresa ™~

and Gprc5a ™~ /Len2™~ mice at the indicated time points (1 =7-9 mice per group). (C) LUAD incidence (number of tumors per mouse) was statistically
compared using the unpaired Student’s ¢ test between Gpresa™’~ and Gpresa ™~ /Len2™/~ mice (n=8-10 mice per group) at 3 and 7 months after NNK.
(D) Schematic illustrating lung orthotopic transplantation of Gpresa™~ LUAD MDA-F471 celis (2.5 X 10° cells) in 8-week-old wild-type (WT), Gprea™~, and
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in orthotopically transplanted lungs of WT, Gprc5a™~, and Gpreba™'~/Len2™™ recipient mice (n = 7-9 mice per group). Differences between two groups were
statistically examined using the unpaired Student’s t test. *P < 0.05, *P <0.01, and **P < 0.001. i.p. = intraperitoneal; NNK = nicotine-specific nitrosamine
ketone.
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Figure 5. Loss of Lcn2 in tobacco carcinogen—exposed Gprc5a’/ ~ mice promotes gene expression

programs associated with reduced antitumor immunity. (A) Differentially expressed genes between
Gprc5a™~ lungs at 7 months after nicotine-specific nitrosamine ketone (NNK) compared with
baseline (top left, n=1,116 gene features) and between Gpresa™ /Len2™~ lungs at the same time
points (top right, n =775 gene features; n = 9-10 mice per group) were identified by RNA-sequencing
analysis as described in the online supplement section. Columns denote lung samples and rows
represent gene features (red, upregulated; blue, downregulated). Pathways (bottom left) and gene
sets (bottom right) enriched among Gprc5a ™~ and Gprc5a™~/Len2™~ lung tissues with time were
identified using Ingenuity Pathways Analysis (IPA) and then cross-compared and plotted. Activation
of the pathway or gene set between 7 months after NNK and baseline for Gprc5a~~ (white bars)
and Gpre5a ™ ~/Len2™~ (black bars) is indicated by the z-scores. (B) Topological gene—gene
network analysis of genes associated with stimulation of leukocytes in Gpresa™~ (left) and
Gprc5a~~/Lcn2™~ (right) lungs at 7 months after NNK compared with baseline (red, upregulated)
were derived using IPA. Predicted activation of leukocyte stimulation based on the gene set is
indicated by the orange color (in Gore5a™”~ mice). (C) The following T-cell signatures indicative of

interrogate lung LCN2 in the context of
COPD, a pulmonary disorder typified by
inflammation (4). By analysis of a public
data set of normal-appearing airway
brushings from smokers with and without
COPD (28), we found that LCN2 was
significantly higher in patients with COPD
relative to smokers without the disease
(P<0.001; Figure 3A, left). LCN2 was also
significantly progressively increased with
COPD stage (P < 0.001; Figure 3A, middle)
and inversely correlated with FEV,;%
(P<0.001, R=—0.31; Figure 3A, right).
Patients with COPD who received
antiinflammatory treatment by inhalation
exhibited reduced airway expression of
LCN2, an association that reached statistical
significance when tested in patients with
moderate to severe COPD (P < 0.05;
Figure 3B, right). In an independent

data set (29), we found that LCN2 was
significantly elevated in normal tissues
adjacent to COPD-associated LUADs
compared with uninvolved tissues from
patients with LUAD without COPD

(P < 0.05; Figure 3C). In an independent
cohort (PROSPECT [22]), LCN2 was also
significantly elevated in patients with
COPD-associated LUADs compared with
those without COPD (P < 0.05; Figure 3D).
Furthermore, immunohistochemical
analysis demonstrated significantly higher
LCN2 protein in patients with LUADs with
COPD compared with those without
COPD (P < 0.05; Figure 3E). None of these
effects were observed when LCN2 was
assessed in uninvolved normal tissues or
tumors from patients with LUSC (Figures
3C-3E). There were no significant
differences in LUAD histological patterns
between patients with and without COPD
(Figure E3). Of note, even among KM-
LUADs, LCN2 protein was significantly
increased in COPD-associated LUADs
relative to tumors without COPD (P < 0.05,
Figure E4). These findings suggest that
elevated LCN2 is a molecular feature of
COPD and COPD-associated LUAD.

Increased Lung Tumor Development
in Gprc5a—'~ Mice with Knockout of
Len2

We generated Gprc5a~'~ mice with
knockout of Lcn2 (GprcSaf/f/Lcn27/ )
and then compared NNK-associated
temporal lung tumor development between
age- and sex-matched Gprcsa™'~ and
Gpresa~'"/Len2™'™ littermates (8-10 mice
per group) (Figure 4A). We confirmed
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Figure 6. Loss of Lcn2 decreases T-cell abundance and elevates proinflammatory cytokines
during lung adenocarcinoma (LUAD) development. (A) Flow cytometry analysis of total (left) and
IL-17A-expressing CD4* T cells (right) in lungs of Gpre5a ™~ (blue) and Gpresa™~/Len2™~ (red)

significant and progressive upregulation
of LCN2 in BAL fluid of Gprc5a™'~
mice, which was absent in the

Gpre5a~' " /Len2™'™ littermates (P < 0.001;

Decreased antitumor immune gene signatures

Increased IL-1p in dendritic cells, IL-17A in CD4+ T cells

Decreased T cell abundance (CD4+) and richness

Figure 4B). Intriguingly, we found that

Gpre5a~'~/Len2™'™ mice exhibited
significantly increased lung tumor

development at both 3 and 7 months after

NNK (both P < 0.01; Figures 4C and E5A).
Relative to WT (n=9) and Gprc5a_/ B
(n=7) mice, Gprc5a7/ “/Len2”’ littermates
(n=7) transplanted with Gprc5a~'~ LUAD
cells (MDA-F471) (30) exhibited elevated
lung tumor volumes and burden (Figures
4D-4F). Also, compared with control
shRNA-transduced cells, MDA-F471 cells
with stable knockdown of Lcn2 exhibited
increased activating phosphorylation of
AKT and ERK1/2 both basally and in
response to treatment with 50 ng/ml
epidermal growth factor (Figures E5B and
E5C). Our findings demonstrate that
inhibition of early induction of Lcn2
markedly augments LUAD development.

Loss of Lcn2 Suppresses Gene
Expression Programs Associated

with Antitumor Immunity

We next sought to pinpoint gene expression
alterations associated with Lcn2 during
LUAD pathogenesis. We performed
RNA-seq analysis of baseline normal

lung and tumor-bearing tissues at 7
months after NNK in Gprc5a~'~ and
Gpre5a~'~/Len2™'™ littermates (n=9-10
mice per group). We identified 1,116 (Table
E2) and 775 (Table E3) differentially
expressed genes (adjusted P value <0.05)
in Gpre5a~'~ and Gpresa™'~/Len2™/
littermates, respectively (Figure 5A, top).
Relative to Gprcsa '~ littermates,
Gprcs5a~'"/Len2™'” tumor-bearing lungs
exhibited overall reduced activation of
antitumor immune phenotypes (Figure
5A, bottom left) and gene sets (Figure

5A, bottom right). Genes indicative of
immune cell infiltration or reactivity

(e.g., Cd3e, Cd4, Cd40lg) were increased in
Gpresa~'~ tumor-bearing lungs, contrary
to their distinct lack of modulation in
Gprcsa™'~/Len2™'™ littermates (Figure 5B).
Tumor-bearing lungs from both groups
exhibited similar levels of multiple immune
checkpoints including Ctla4 and Pdcdl
(Figure 5B). Analysis of signatures
indicative of T-cell states (see online
supplement) showed that relative to
baseline, tumor-bearing lungs from only
Gpresa~'~ mice displayed significantly
activated T-cell and expanded T-cell

Figure 5. (Continued). different phenotypes were propagated and computed for each sample as described in the online supplement: CTL = cytotoxic T
lymphocyte; CYT =T cell, cytolytic activity; TIS =tumor inflammation signature; IFN-vy; and T-cell expanded and T-cell exhaustion signatures. The T-cell
signatures were then statistically compared between Gprc5a™'~ and Gpresa™ ~/Len2™/~ lungs at baseline and at 7 months after NNK. P values were

calculated between Gprcsa ™

~ lung tissues (blue) at baseline and 7 months after NNK as well as between Gprc5a™~/Lcn2™~ lungs (red) at the same

time points using the unpaired Student’s t test. “P < 0.05, **P < 0.01, and ***P < 0.001. Activ. = activation; apop. = apoptosis; iCOS =inducible T-cell
costimulator; Inhib. =inhibition; Leuk. = leukocytes; PKC = protein kinase C; resp. =response; Stimul. = stimulation; Th1 =T-helper cell type 1.
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signatures, which is in contrast to
suppressed cytotoxic T-cell activity in
Gpresa~'~/Len2™'™ lungs (Figure 5C).
IFN-vy and T-cell exhaustion signatures
were increased in tumor-bearing lungs
irrespective of Lcn2 genetic background.
Additionally, deconvolution of immune
infiltration (see SUPPLEMENTARY METHODS)
revealed significantly reduced neutrophil
(P<0.001) and CD4" T-cell (P < 0.05)
abundance in Gpresa™'~/Len2™'™ relative
to Gpresa~’~ lungs at baseline (Figure E6).
These data suggest attenuated antitumor
immune responses during LUAD
development upon loss of Lcn2.

Loss of Lcn2 Modulates Host Immune
Responses during Lung Oncogenesis
We next interrogated temporal immune
responses during LUAD development in
Gpresa™'™ and Gpresa™'~[Len2™'™

mice. Although both groups exhibited
gradual increases with time in CD8™"
T-cell abundance (Figure E7A),
Gpre5a~'~/Len2™'™ relative to Gpresa™'~
lungs exhibited significantly suppressed
abundance of CD4" T cells across

all time points (all P < 0.001; Figure
6A, left). Tumor-bearing lungs of
Gpresa™'"[Len2™'™ relative to Gpresa™
littermates mice exhibited significantly
higher levels of IL-17A-expressing CD4 "
T cells at 3 and 7 months after NNK (both
P <0.05; Figure 6A, right). PD-1
expression on T/B cells was significantly
increased (all P <0.001) in tumor-bearing
lungs compared with baseline in both
Gpres5a~'™ and Gpresa™'"/Len2™'™ mice
(Figure 6B), consistent with our RNA-seq
analysis (Figures 5B and 5C). Relative to
Gprc5a~'™ littermates, lung dendritic cells
in Gpresa™'"/Len2™'™ mice exhibited
significantly elevated expression of IL-13
(all P<0.01; Figure 6C) and PD-1/

PD-L1 (all P<0.05; Figure E7B). Also,

/—

normal (nonmalignant) lung tissue from
Gpre5a~'/Len2™'™ mice exhibited more
pronounced inflammatory lesions (Figure
E7C). Additionally, sequencing analysis
revealed significantly enhanced productive
T-cell receptor rearrangements in
Gprc5a~'™ but not Gpresa™' ™ [Len2™'~
tumor-bearing lungs at 7 months after
NNK (P < 0.05; Figure 6D). Furthermore,
LCN2 protein positively and significantly
correlated with CD4 ™" T-cell density among
early-stage preoperatively untreated
COPD-associated LUADs (P < 0.05,
R=0.31; Figure 6E). In an independent
data set of COPD-associated LUAD, LCN2
was significantly positively correlated with
host defense markers (CXCL1, DEFBI,
SAAI, and FCGR3B) and the IL-1 decoy
receptor ILIR2, as well as significantly
inversely correlated with protumor
immune markers (CCL2, CCL22, IL6ST)
and oncogenic antigens (CEACAMS5,
CEACAMS) (all P <0.05; Figures ESA and
E8B). Our data demonstrate that inhibition
of Lcn2 induction elevates protumor
inflammatory signaling while augmenting
lung tumor development.

Discussion

Here we found that Lcn2 was elevated in
normal and malignant lung tissues during
LUAD development and highly correlated
with proinflammatory cytokines and
signatures. LCN2 was also significantly
increased in human LUADs but not in
LUSCs compared with normal tissues and
was a molecular feature of KM-LUAD and
COPD. We further found that loss of Lcn2
in lung tumor-prone mice exacerbated
LUAD development with evidence of
compromised antitumor immunity and
heightened protumor inflammatory
phenotypes. Our findings point to a

novel protective role for Lcn2 in which
we hypothesize that augmented lung
LCN2 counteracts LUAD development
(Figure 6F).

Our findings are in line with reports
showing augmented LCN2 and its possible
protective roles during inflammatory
states (27), including in the lung (31, 32).
Previous studies underscored the important
role of LCN2 in airway defense, particularly
in attenuating inflammation and in
pathogen clearance (31, 32). It is thus
plausible to surmise that upregulated
expression of LCN2 during early phases of
lung oncogenesis is likely a host defense
mechanism (against genetic insults, tobacco
smoke, and/or inflammation) that helps
to limit protumor inflammatory cues
(Figure 6F). This supposition is in line with
previous work showing that Lcn2 loss in
1110~'~ mice enhanced the progression of
colitis to colon cancer and elevated the
expression of the proinflammatory cytokine
IL-6 (27). Of note, we found that LCN2 was
elevated in normal lung tissues and LUADs
from patients with COPD, a disease typified
by pulmonary inflammation and that
increases the risk for developing lung
malignancy (33). These findings are in close
agreement with a previous study showing
elevated LCN2 in plasma of patients with
COPD compared with healthy subjects (34).
Thus, it is conceivable that LCN2 is a
biomarker of COPD—with higher expression
indicating elevated inflammation and,
perhaps, increased likelihood of progression
to lung cancer. Interestingly, we found that
LCN2 expression in human COPD-
associated LUAD positively correlated with
markers of host defense (e.g., DEFBI) and
was inversely correlated with levels of
oncogenic antigens (e.g., CEACAMS5) and
gene features of protumor immunity
(e.g., CCL2). Given our findings, it is
conceivable that LCN2 may prevent the

Figure 6. (Continued). mice at baseline, end of NNK exposure, and at 3 and 7 months after NNK (n = 8-10 mice per group). (B) Flow cytometry analysis of
PD-1in CD4™ (left) and CD8™ (middle) T cells as well as in B cells (right) from lungs of Gpresa™~ (blue) and Gpresa™ ~/Len2™ ™ (red) mice at baseline and
at 7 months after NNK (n = 4-5 per group). (C) Flow cytometry analysis of pro-IL-1B in dendritic cells from Gpre5a™~ (olue) and Gpresa™~/Len2™~ (red)
lungs before and after NNK exposure (n =8-10 mice per group). Differences were statistically assessed between the two genotypes within time points
using unpaired Student’s t test. (D) T-cell receptor B (TCRB) sequencing was performed as described in the online supplement. Time-dependent changes
in productive TCR rearrangements were statistically evaluated for Gpre5a™~ (olue) and Gpresa ™~ /Len2™~ (red) lungs (n=5-6 mice per group) using
ANOVA. *P < 0.05, **P <0.01, and **P < 0.001. (E) Correlation between CD4* T-cell density and LCN2 H-scores in LUADs with chronic obstructive
pulmonary disease (COPD) (n=43) was statistically interrogated using Pearson’s correlation coefficient. (F) Schematic summarizing the study’s main
findings. Lcn2 expression in both normal-appearing lung tissues and tumors was augmented during tobacco carcinogen—associated LUAD development
in Gpre5a™’~ mice and correlated with markers of inflammation. Human LCN2 was upregulated in LUAD but not in lung squamous cancer when
compared with normal lung, and its expression in normal tissues or tumors was associated with COPD. Genetic deletion of Lcn2 in Gprc5a’/ ~ mice
increased tobacco carcinogen—associated lung tumor development and protumor immune phenotypes exemplified by decreased antitumor immune gene
signatures, increased proinflammatory cytokine production by CD4* T cells and myeloid cells, and reduced T-cell richness—overall suggestive of a
protective role for LCN2 induction in LUAD pathogenesis. MFI=mean fluorescence intensity; NNK = nicotine-specific nitrosamine ketone.
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progression of COPD to lung cancer, a
conjecture that warrants future studies.

A notable observation in our study was
the specific elevated expression of LCN2 in
LUAD but not in LUSC even among patients
with COPD. LUADs and LUSCs are thought
to arise from distinct anatomical regions and
cells of origin (1). Whereas LUSCs tend to
develop more proximally in the lung (upper
airways), LUADs commonly arise from
the lung periphery (1). Also, LUSCs are
thought to develop from basal (including
bronchiolar) cells, whereas alveolar and
airway secretory (e.g., club) cells are alleged
cells of origin for LUADs (35, 36). Increased
LCN2 expression has been reported in
airway goblet cells and alveolar type II
pneumocytes of inflamed lungs (37).

Also, single-cell analysis of murine lungs
work revealed that Lcn2 was abundantly
expressed in alveolar type II cells (38). We
found that LCN2 was inversely correlated
with the lineage-specific oncogene NKX2-1
in LUAD, suggesting that LCN2 may be
associated with LUADs that exhibit
increased gastric differentiation (22). It

is plausible that airway lineage-specific
cues may account for the distinctive
upregulation of LCN2 in LUAD and for the
inflammation-associated host defense roles
of this lipocalin in LUAD evolution.

LCN2 has been classically described as
an immunomodulator in neutrophils (39).
LCN2 was also shown to be induced in
other myeloid cells, such as dendritic cells
(40), upon lung inflammation and infection
(41). Thus, although we showed that LCN2
is highly expressed in lung tissues, distinct
roles for this lipocalin in nonepithelial
subsets and particularly immune
cells cannot be discounted, especially
because our murine models comprised
nonconditional knockout of host Lcn2.
Also, our bulk RNA-seq analysis of
mouse lung tissues did not discriminate
signaling cues in epithelial and neutrophil
compartments. Nonetheless, we present
multiple lines of evidence that LCN2 plays
major roles in the lung epithelium during

LUAD pathogenesis. LCN2 was highly
expressed in murine and human airway and
tumor cells, including those from patients
with COPD and LUAD, and in vitro
knockdown of its expression increased
LUAD cell proliferation and survival
signaling. Our findings are in line with
earlier work showing that LCN2 is highly
expressed in lung epithelial cells in response
to inflammation (37). Future studies are
warranted to delineate epithelial- versus
neutrophil-derived host defense roles of
LCN2 in LUAD development.

LCN2 was reported to be central in
maintaining a T-helper cell type 1 (Thl)
phenotype (40). Also, loss of Lcn2 was shown
to attenuate proliferation of T cells in models
of autoimmune encephalomyelitis (42). It is
important to accentuate that our study
demonstrated that loss of Lcn2 augmented
proinflammatory cytokine (IL-1f and IL-17A)
expression by immune cells. Indeed, IL-17A
has been attributed critical roles in mediating
COPD-type chronic inflammation after
prolonged smoke exposure and in promoting
lung tumorigenesis in inflammation-associated
LUAD models (43, 44). We found that
Gpre5a~'~ mice with Len2 deletion exhibited
increased IL-1p expression in myeloid cells.
We also previously demonstrated that
targeting proinflammatory cytokines reduced
LUAD development concomitant with
elevated Thl and cytolytic immune responses
(7, 45). Interestingly, earlier work showed that
LCN2 attenuated nuclear factor-kB (NF-«kB)-
mediated signaling and proinflammatory
cytokine production in macrophages and
retinal tissue (46, 47). It is reasonable to
surmise that induction of LCN2 during
early phases of lung oncogenesis restricts
proinflammatory signatures, which in turn
leads to sustenance of antitumor immune
phenotypes. Future studies are warranted to
further explore the immunomodulatory role of
LCN2 in LUAD development.

Previous studies underscored tumor
promoting roles for LCN2 (48). For
instance, disruption of Lcn2 was shown to
suppress metastasis of murine breast cancer

(15). Whereas these reports mostly focused
on advanced cancers and mechanisms of
tumor progression and metastasis, our
study centered on early pathogenesis of
LUAD. Our findings are in accordance with
the report by Moschen and colleagues in
which Lcn2 deletion resulted in early
development of colorectal tumors in mice
with inflammatory colitis (27). Of note,
LCN2 was previously shown to be elevated
in lung tumors (49, 50)—an observation
that we describe herein and that, at first
glance, may provoke a supposition that the
lipocalin is a lung oncogene. Based on our
findings, we suggest that increased LCN2
in patients with overt lung lesions is in
response to proinflammatory cues. It is
plausible that similar proinflammatory
signals lead to induction of LCN2 in lung
inflammatory diseases such as COPD and
in early phases of LUAD development—for
instance, through NF-kB and JAK/STAT
pathways as described by earlier reports
(46, 47). However, it cannot be neglected
that human LUAD:s still arise despite high
expression of LCN2, possibly suggesting
escape mechanisms from LCN2-mediated
protective roles or alternative context-
dependent roles for LCN2 in later stages of
LUAD progression (e.g., metastasis), which
warrant further investigation.

Our study suggests that augmented
LCN2 is a molecular feature of COPD
and LUAD. Our findings also point to
novel host defense cues in counteracting
tumor-promoting immune responses and
development of LUAD, thus paving the way
for identification of new phenotypic targets
for early detection and management of
this malignancy in high-risk smokers (e.g.,
patients with COPD).
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