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ABSTRACT
Tumor necrosis factor (TNF) is known as an important regulator of tumor microenvironment and
inflammation. TNF levels are markedly elevated in the bronchoalveolar lavage fluid (BALF) of patients with
chronic obstructive pulmonary disease (COPD), which is an independent risk factor for lung cancer. We
have previously shown that COPD-like airway inflammation promotes lung cancer in a K-ras mutant
mouse model (CC-LR mouse). This was associated with a significant increase of neutrophils in BALF,
accompanied by a marked increase in TNF level, suggesting a link between COPD, TNF, and lung cancer
promotion. Therefore, we first overexpressed TNF in the airway epithelium of CC-LR mice, which promoted
lung cancer by »2-fold. This was associated with increased numbers of Ki67 and CD31 positive cells in
lung tumors of CC-LR/TNF-Tg mice. We also found a robust increase in NF-kB activation, and numbers of
neutrophils and myeloid-derived suppressor cells (MDSCs) in lung. Accordingly, we depleted MDSCs in CC-
LR/TNF-Tg mice, which lead to significant tumor suppression emphasizing on the role of TNF-induced
MDSCs in K-ras induced lung tumorigenesis. Finally, we targeted TNF expression by crossing CC-LR mice
with TNF knock-out mice (CC-LR/TNF-KO), which resulted in a significant decrease in lung tumor burden in
the absence or presence of COPD-like airway inflammation. Interestingly, there were less MDSCs and
lower Ki67 and CD31 expression in the lung of the CC-LR/TNF-KO mice. We conclude that TNF links COPD
to lung cancer promotion by induction of an immunosuppressive MDSC response, and subsequent
amplification of proliferation and angiogenesis in tumors.
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Introduction

Cancer-related inflammation is an essential process in malig-
nant progression, which became one of the cancer hallmarks
with enabling effects.1,2 It is known now that both intrinsic
(induced by a genetic event) and extrinsic (e.g., infection-
induced) inflammation could promote cancer by inducing
tumor cells to produce various cytokines and chemokines and
subsequently attracting leukocytes to further amplify inflam-
mation in the tumor microenvironment.1,3 Among the wide
range of cytokines produced by tumor and stromal cells, TNF
has been reported as an important regulator in the tumor
microenvironment.4 The role of TNF in tumor immunity is
complex and remains controversial. Research studies using
high doses of exogenous TNF or gene modified tumor cell lines
secreting TNF demonstrate an antitumor activity for TNF.5-7

However, TNF has also shown tumor-promoting effects in var-
ious tumor models. In murine models of colitis, it has been

linked to colon and liver tumorigenesis through NF-kB activa-
tion and induction of inflammation-associated cytokines and
anti-apoptotic proteins.8-10 TNF is also involved in the induc-
tion, maturation, differentiation and recruitment of myeloid
derived suppressor cells (MDSCs) that may result in a pro-
tumor immunosuppressive inflammatory condition.11-14

Lung cancer is the leading cause of cancer death worldwide
both because of a high incidence and a low cure rate.15 Accu-
mulating evidence has shown a role for inflammation in the
pathogenesis of lung cancer, especially when induced by ciga-
rette smoke, that develops in patients with chronic obstructive
pulmonary disease (COPD).16 COPD is characterized by
chronic lung inflammation17,18 and is considered an indepen-
dent risk factor for lung cancer.19,20 We have previously estab-
lished a COPD-like mouse model of airway inflammation21

and shown that this type of airway inflammation,22 but not
asthma-like airway inflammation,23 promotes lung cancer in a
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K-ras mutant mouse model of lung cancer (CC-LR). CC-LR
mice have airway epithelial-restricted expression of an activated
form of K-ras. The significance of K-ras mutations in lung
tumorigenesis can be highlighted by the fact that K-ras muta-
tions are found in up to about 30–50% of lung adenocarcino-
mas, and that lung cancers harboring K-ras mutations are
more aggressive with worse prognosis.24,25 We found that
tumor promotion in CC-LR mice was associated with NF-kB
pathway activation, increased levels of inflammatory cytokines
including TNF, and recruitment of myeloid (macrophage, neu-
trophils, and MDSCs) and lymphoid (T helper 17 and T regula-
tory) cells.22,23,26,27 Here, using a genetic targeting strategy, we
showed autocrine and paracrine roles for TNF, which is tran-
scriptionally regulated by NF-kB, in lung cancer promotion
through regulating tumor cell proliferation and angiogenesis,
and induction of a MDSCs associated immunosuppressive
inflammatory response.

Results

Overexpression of TNF in the airway epithelium causes
lung remodeling and promotes lung cancer

To verify the role of TNF on lung tumor promotion, we have
crossed our previously developed airway epithelial specific
overexpressing TNF transgenic mouse (CCSP-TNF-Tg)21 with
a CC-LR mouse22 to develop a lung specific K-ras mutant TNF
overexpressing mouse (CC-LR/TNF-Tg mouse). Interestingly,
the TNF overexpressing mouse has developed an emphysema-
tous lung phenotype with alveolar wall destruction, air trap-
ping, along with abnormally increased total lung capacity
(TLC) and functional residual capacity (FRC) (Fig. S1) further
confirming a role for TNF in COPD pathogenesis as we and
others previously described.21 Macroscopic and microscopic
examination of the lungs from epithelial-restricted TNF over-
expressing mice (CC-LR/TNF-Tg mice) showed development
of larger and advanced tumors (Fig. 1A) with local invasion to
the vessel walls (Fig. 1A, arrow head). Overexpression of TNF
in the airway epithelium also resulted in »50% (»1.9-fold)
increase in lung surface tumor number in CC-LR mice
(Fig. 1B) and total tumor volume (»3.8-fold) (Fig. 1C). No dis-
tant metastasis was found. Lung tumors from CC-LR/TNF-Tg
mice have also shown increased expression of proliferation
marker; Ki67 (Fig. 1D and E), angiogenic/invasion markers;
CD31 (Fig. 1F and G), and MMP9 (Fig. 1H and I), with no
changes in apoptosis marker; cleaved caspase 3 (data not
shown).

TNF overexpression induces MDSCs recruitment in the lung
tumor microenvironment

Macrophages are the predominant cells in the BALF of CC-LR
mice at the age of 14 weeks. By contrast, there was around a
10-fold increase in the number of infiltrated neutrophils in
the BALFs from CC-LR/TNF-Tg mice (Fig. 2A) similar to the
inflammatory profile that is present in our previously devel-
oped NTHi-induced COPD-like mouse model.21 It has been
reported that TNF signaling drives MDSCs accumulation in
the tumor microenvironment.14 We therefore analyzed the

proportion of MDSCs and MDSC subsets in the BALFs and
whole lung by flow cytometry. The Gr1CCD11bC MDSCs
population increased significantly after TNF overexpression in
the BALFs (»7.4-fold) (Fig. 2B and C) and whole lungs
(»12.1-fold) (Fig. 2D and E) of CC-LR mice. However, this
increase in total number of MDSCs was mostly due to an
increase in M-MDSCs subtype, because there was no change
in number of G-MDSCs in CC-LR/TNF-Tg mice compared to
CC-LR mice (Fig. 2F). To investigate the functional role of
MDSCs in the TNF-mediated promotion of lung tumors, we
depleted these cells by intraperitoneal (i.p.) injection of
RB6.8C5 monoclonal antibody in CC-LR/TNF-Tg mice, which
resulted in a significant reduction in lung surface tumor num-
ber (»1.8-fold) (Fig. 2G).

TNF deficiency inhibits K-ras mutant lung cancer

To further confirm the promoting role of TNF in lung cancer,
we crossed CC-LR mice with TNF-KO mice28 to generate a K-
ras mutant mouse with lack of TNF (CC-LR/TNF-KO mice),
then exposed them to a lysate of non-typeable Haemophilus
influenzae (NTHi) once a week for 8 weeks to induce a COPD
phenotype, as previously described.21 Lack of TNF significantly
inhibited lung cancer promotion in the absence (»2.4-fold, or
»60%) and presence (»1.3-fold, or »25%) of COPD-type air-
way inflammation (Fig. 3A and B). Tumor size and total tumor
volume also decreased robustly (»2.8-fold) (Fig. 3C). Histo-
pathologic examination of the lung sections from CC-LR/TNF-
KO mice showed that most lung tumors remain at the early
stage and have less inflammatory cell infiltrate compared to
CC-LR mice. This was associated with significant reduction in
tumor cell proliferation detected by reduced Ki67 expression
(Fig. 3D and E). Immunohistochemical staining of angiogene-
sis/invasion markers CD31 and MMP9 did not show any sig-
nificant decrease in the CC-LR/TNF-KO group compared to
CC-LR mice (Fig. 3F). However, there was a significant
decrease in expression of these markers in CC-LR/TNF-KO
mice exposed to NTHi compared to NTHi-exposed CC-LR
mice (Fig. 3G). Lack of TNF did not affect apoptosis of tumor
cells in CC-LR mice in the absence or presence of COPD-type
airway inflammation (data not shown).

TNF deficiency inhibits MDSCs recruitment

We have previously shown that lung cancer promotion by
COPD-type airway inflammation is associated with a robust
MDSC response.27 Therefore, we compared the inflammatory
cell populations in the lung of CC-LR/TNF-KO mice with age
and sex match control CC-LR mice in the absence and presence
of NTHi-induced COPD-type airway inflammation. Surpris-
ingly, lack of TNF did not change the BALF inflammatory cell
profile of CC-LR mice at baseline or after inducing COPD-type
airway inflammation (Fig. 4A and B). To further verify the
potential role of TNF on MDSCs during lung tumor promo-
tion, flow cytometry were done on BALF and total lung of CC-
LR and CC-LR/TNF-KO in the absence and presence of
COPD-type airway inflammation. There were no differences in
the percentage and number of Gr1CCD11bC MDSC population
in the BALF and the whole lung of CC-LR/TNF-KO at the
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baseline compared to CC-LR mice (Fig. 4C). However, we
found significant reduction in the number and percentage of
lung infiltrated (BALF and whole lung) Gr1CCD11bC MDSCs
in the CC-LR/TNF-KO mice compared to CC-LR mice after

induction of COPD phenotype by repetitive NTHi exposure
(Fig. 4D). It was interesting that unlike IL-6 blockade which
inhibited lung G-MDSCs infiltration,27 lack of TNF mostly
affected the M-MDSC population (Fig. 4E).

Figure 1. TNF overexpression in lung epithelium promotes lung cancer. (A) Histopathological appearance of lung tissue from CC-LR and CC-LR/TNF-Tg mice at the age
of 14 weeks (4£ magnification, scale bar D 250 mm, 10£ magnification, scale bar D 100 mm, applicable to all panels). (B) Lung surface tumor number, and (C) lung
tumor volume in CC-LR and CC-LR/TNF-Tg mice at the age of 14 weeks (mean § SE; �p < 0.05). (D) Representative photomicrographs (40£ magnification, scale
bar D 25 mm, applicable to all panels), and (E) quantitative analysis of Ki-67 positive cells in lung tumor tissue of CC-LR and CC-LR/TNF-Tg mice at the age of 14 weeks
(mean § SE; �p < 0.05). (F) Representative photomicrographs (40£ magnification, scale bar D 25mm, applicable to all panels), and (G) quantitative analysis of CD-31
positive cells in lung tumor tissue of CC-LR and CC-LR/TNF-Tg mice at the age of 14 weeks (mean § SE; �p < 0.05). (H) Representative photomicrographs (40£ magni-
fication, scale bar D 25 mm, applicable to all panels), and (I) quantitative analysis of MMP-9 positive cells in lung tumor tissue of CC-LR and CC-LR/TNF-Tg mice at the
age of 14 weeks (mean § SE; �p < 0.05).
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TNF possibly induces M-MDSC response via the NF-kB
pathway activation

The NF-kB pathway has been reported to be involved in the
activation of MDSCs.29 IHC staining of lung section from
CC-LR/TNF-Tg mice showed nuclear translocalization of p65
subunit of NF-kB in most of normal and tumoral airway epi-
thelial cells, as well as inflammatory cells (Fig. 5A). Western
blot analysis of nuclear protein extracted from the whole lung
showed an increased level of p65 protein in the CC-LR/TNF-
Tg mice (Fig. 5B). This was associated with a decreased level of
endogenous NF-kB inhibitor, IkBa, in cytoplasmic protein
extract of whole lung from this transgenic mouse (Fig. 5C). Sur-
prisingly, immunofluorescence staining of lung sections for
NF-kB did not show a difference in overall NF-kB pathway
activation between the CC-LR mice and CC-LR/TNF-Tg mice
at tumor site (Fig. 5D). However, co-immunofluorescence
staining of infiltrated macrophages for NF-kB, showed around
a 1.8-fold increase in NF-kB activation level in CC-LR/TNF-Tg
compared to CC-LR control mice (Fig. 5E). This was associated

with an increased level of NF-kB target cytokines, IL-6 and
TGF-b in BALF of CC-LR/TNF-Tg mice (Fig. S2).

Discussion

Cancer-related inflammation is an essential process in malig-
nant progression.2 The tumor microenvironment in solid
tumors is characterized by a reactive stroma with an abundance
of inflammatory mediators and leukocytes, and proteolytic
enzymes produced by these cells.3 In this study, we investigated
the potential contribution of TNF in the pro-tumor inflamma-
tory lung microenvironment. TNF is highly elevated in tissues
and lung lining fluid of patients with COPD,30,31 and it is
thought to play a role in COPD pathogenesis.32,33 We have pre-
viously shown that COPD-like airway inflammation promotes
K-ras mutant lung cancer, and TNF is capable of recruiting leu-
kocytes, predominantly neutrophils and macrophages, into
BALF of mice when instilled intra-tracheally or overexpressed
in mouse airways.21 A marked increase in MDSCs infiltrating
the lungs and in circulation has been reported in smokers and

Figure 2. TNF overexpression in lung epithelium results in recruitment of neutrophils and myeloid derived suppressor cells (MDSCs). (A) Total and lineage-specific leu-
kocyte numbers in bronchoalveolar lavage fluids (BALFs) of CC-LR and CC-LR/TNF-Tg mice at the age of 14 weeks (mean § SE; �p < 0.05). (B, C) Percentage and abso-
lute number of Gr1CCD11bC cells in BALFs of CC-LR and CC-LR/TNF-Tg mice (mean § SE; �p < 0.05). (D, E) Percentage and absolute number of Gr1CCD11bC cells in
whole lung of CC-LR and CC-LR/TNF-Tg mice (mean § SE; �p < 0.05). (F) Percentage and absolute number of Gr-1CLy6CC cells in lung of CC-LR and CC-LR/TNF-Tg
mice (mean § SE; �p < 0.05). (G) Lung surface tumor number after MDSC depletion in CC-LR/TNF-Tg mice at the age of 14 weeks (mean § SE; �p < 0.05).
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Figure 4. TNF deficiency inhibits MDSCs recruitment to the lung. (A) Total and lineage-specific leukocyte numbers in BALFs of CC-LR and CC-LR/TNF-KO mice at the age of
14 weeks (mean § SE; �p< 0.05 for CC-LR vs CC-LR/TNF-KO). (B) Total and lineage-specific leukocyte numbers in BALFs of CC-LR and CC-LR/TNF-KO mice after 8 weeks of
NTHi exposure at the age of 14 weeks (mean § SE; �p < 0.05 for CC-LR vs CC-LR/TNF-KO). (C) Percentage and absolute number of Gr1CCD11bC cells in BALFs of CC-LR
and CC-LR/TNF-KO mice with and without 8 weeks of NTHi exposure at the age of 14 weeks (mean § SE; �p < 0.05). (D) Percentage and absolute number of
Gr1CCD11bC cells in lung of CC-LR and CC-LR/TNF-KO mice with and without 8 weeks of NTHi exposure at the age of 14 weeks (mean § SE; �p < 0.05). (E) Percentage
of Gr1CLy6CC cells in lung of CC-LR and CC-LR/TNF-KO mice with and without 8 weeks of NTHi exposure at the age of 14 weeks (mean § SE; �p < 0.05).

Figure 3. TNF deficiency inhibits lung cancer promotion. (A) Histopathological appearance of lung tissue from CC-LR and CC-LR/TNF-KO mice with and without 8 weeks
of NTHi exposure at the age of 14 weeks (10£ magnification, scale bar D 100 mm, applicable to all panels). (B) Lung surface tumor number in CC-LR and CC-LR/TNF-
KO mice with and without 8 weeks of NTHi exposure at the age of 14 weeks (mean § SE; �p < 0.05 for CC-LR vs CC-LR/TNF-KO mice). (C) Lung tumor volume in
CC-LR and CC-LR/TNF-KO mice with and without 8 weeks of NTHi exposure at the age of 14 weeks (mean § SE; �p < 0.05 for CC-LR vs CC-LR/TNF-KO mice). (D) Rep-
resentative photomicrographs (40£ magnification, scale bar D 25 mm, applicable to all panels), and (E) quantitative analysis of Ki-67 positive cells in lung tissue of
CC-LR and CC-LR/TNF-KO mice with and without 8 weeks of NTHi exposure at the age of 14 weeks (mean § SE; �p < 0.05). (F) Representative photomicrographs
(20£ magnification, scale bar D 50 mm, applicable to all panels), and (G) quantitative analysis of CD-31 positive cells in lung tissue of CC-LR and CC-LR/TNF-KO mice
with and without 8 weeks of NTHi exposure at the age of 14 weeks (mean § SE; �p < 0.05). (H) Representative photomicrographs (40£ magnification, scale bar D
25 mm, applicable to all panels), and (I) quantitative analysis of MMP-9 positive cells in lung tissue of CC-LR and CC-LR/TNF-KO mice with and without 8 weeks of
NTHi exposure at the age of 14 weeks (mean § SE; �p < 0.05).
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COPD patients.34 We have found here that there is a robust
accumulation of MDSCs in the lung of TNF overexpressing
K-ras mutant mice or CC-LR mice with NTHi-induced COPD-
like airway inflammation. This finding is in agreement with a
recent study, which showed TNF involvement in enhancement
of MDSCs response during chronic inflammation.13 MDSCs
are a heterogeneous population of myeloid progenitor cells,
including immature macrophages, granulocytes, and dendritic
cells (DCs), that are endowed with a robust immunosuppres-
sive activity.35 These cells engage in cross-talk with each other,
resulting in the release of proinflammatory cytokines (e.g., IL-
1, IL-6, IL-17, and TNF), chemokines (e.g., CCL2, CXCL5, and
CXCL12), growth factors (e.g., TGF-b, GM-CSF, and VEGF),
and other effector molecules (e.g., S100A8/A9, high-mobility
group box 1).36 These factors, in turn, induce the accumulation
and enhance the function of immune-suppressive cells, such as
regulatory T cells, plasmacytoid DCs, tumor-associated macro-
phages, and MDSCs. It has been recently shown that TNF
expression during chronic inflammatory conditions lead to
enhanced intrinsic MDSC-suppressive function by increasing
the activity of both NOS2 and arginase 1 (Arg-1) via the
S100A8 and S100A9 proinflammatory proteins and their recep-
tor RAGE.13,36 M-MDSCs were also reported to suppress CTL-
mediated cytotoxicity via the induction of NO synthase (iNOS)
and Arg-1, and the production of reactive nitrogen species,
IL-10, and TGF-b.12,37 They also suppress NK cell cytotoxicity
by inhibiting perforin production in a cell–cell contact depen-
dent manner.38 MDSCs could also subvert macrophages toward
a pro-tumor M2 phenotype through their production of

IL-10.36 Note that MDSCs share properties and gene expression
profiles with M2-polarized TAMs, and it is likely that, by
nature, they skew toward an M2 polarization.39 Recent data
clearly indicate that the pro-tumoral role of MDSCs is not lim-
ited to generating a suppressive niche around the tumor but,
rather, these cells also play an important role in tumor progres-
sion even through immune-independent mechanisms.40 In our
studies, lack of TNF expression partially inhibited the recruit-
ment of MDSCs, particularly M-MDSCs, in lung of CC-LR
mice with COPD-like lung inflammation, which is considered
a chronic inflammatory condition. This was associated with
reduced tumor cell proliferation. Meanwhile, over expression
of TNF and induction of COPD-type inflammation in the lung
of CC-LR mice resulted in tumor promotion and increased
tumor cell proliferation. This prompted us to deplete MDSCs
in CC-LR/TNF-Tg mice, which lead to significant tumor sup-
pression, further verifying the effect of TNF-induced MDSCs
on lung cancer promotion.

Angiogenesis is an important step in lung cancer progres-
sion. It is reported that MDSCs and TAMs infiltration corre-
lates with increased vascular density and worse clinical
outcomes in human cancer.41,42 It is reported that VEGF blocks
DC development and function while simultaneously driving
MDSC accumulation.43-45 In addition to tumor cells, MDSCs
themselves produce VEGF, thereby, creating an autocrine feed-
back loop that sustains MDSC accumulation.46 Soluble MMP9
produced by tumor cells also promotes MDSC accumulation
and tumor angiogenesis.47 We have found strong evidence of
tumor angiogenesis and invasion in CC-LR/TNF-Tg mice,

Figure 5. TNF induces activation of NF-kB pathway in lung infiltrating macrophages and M-MDSCs. (A) Representative photomicrographs of P65 positive cells in lung tis-
sue of CC-LR and CC-LR/TNF-Tg mice (20£ magnification, scale bar D 50 mm, applicable to all panels). (B) Western blot analysis of P65 protein on the nuclear protein
extracted from whole lung tissue of CC-LR and CC-LR/TNF-Tg mice. (C) Western blot analysis of IkBa on the total protein extracted from whole lung tissue of CC-LR and
CC-LR/TNF-Tg mice. (D) Representative immunofluorescence staining showing P65 positive cells in lung tumors from CC-LR and CC-LR/TNF-Tg mice (40£ magnification,
scale bar D 25 mm, applicable to all panels). (E) Representative immunofluorescence photomicrograph (40£ magnification, scale bar D 25 mm, applicable to all panels)
and absolute number of P65 and F4/80 double positive cells in lungs of CC-LR and CC-LR/TNF-Tg mice (mean § SE; �p < 0.05).
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characterized by increased CD31 and MMP-9 expression which
was reduced in CC-LR/TNF-KO mice.

As a major signaling pathway regulating inflammation, cell
survival, proliferation, and angiogenesis, abnormal activation
of NF-kB has been linked to the development of many cancer
types, including lung cancer.48 Recent studies in various cell
lines and mouse models showed that NF-kB is required for K-
ras induced lung tumor progression. In our previous studies,
we have also found significant activation of NF-kB and STAT3
signaling in our K-ras mutant lung cancer model (CC-LR)
which was amplified after inducing COPD-like inflammation.23

As lung cancer progresses, NF-kB activation is maintained pri-
marily by TNF that induces activation of IKKb via the canoni-
cal pathway,49 which we and others have shown its targeting in
the airway epithelium inhibits lung tumorigenesis. However, in
this study, we observed activation of the NF-kB pathway in the
inflammatory cells more than the tumor site in the CC-LR/
TNF-Tg mice, which could promote MDSCs accumulation and
function as previously described.29,50

An interesting crosstalk between MDSCs and tumor cells
also exists. Tumor cells increase MDSC production of IL-6 and,
in turn, MDSCs enhance IL-6 production by tumor cells. IL-6
also increases MDSC suppressive activity, but inhibits MDSC
production of IL-10.36 In our previous studies, we have shown
that IL-6 blockade in CC-LR mice not only inhibits intrinsic
lung cancer development but also inhibits the promoting effect
of extrinsic COPD-like airway inflammation by a tumor cell
intrinsic mechanism and through paracrine effects by reprog-
ramming the tumor microenvironment.27 It is also reported
that MDSC-derived production of TGFb results in increased
tumor burden in lung.51 Interestingly, we have also found
increased levels of TGFb and IL-6 that could induce an
immuno-suppressive T regulatory response in our TNF overex-
pressing K-ras mutant model.

In summary, we demonstrated that TNF promotes lung can-
cer by recruiting MDSCs infiltration and induction of an
immunosuppressive, proliferative and proangiogenic microen-
vironment probably via NF-kB signaling. Therefore, our results
introduce TNF as a potential target with preventive and thera-
peutic benefits for K-ras mutant lung cancer patients with
COPD using already available TNF neutralizing antibody,52

and antagonist,13 or its receptor inhibitor.14

Materials and methods

Animals

CCSPCre/LSL-K-rasG12D mice (CC-LR) were generated as previ-
ously described.22 Briefly, this is a mouse generated by crossing
a mouse harboring the LSL-K-rasG12D allele with a mouse con-
taining Cre recombinase inserted into the Clara cell secretory
protein (CCSP) locus. CC-LR mice were crossed with TNF
transgenic (TNF-Tg) mice previously generated by us21 and
TNF knock out (TNF-KO) mice purchased from the Jackson
Laboratory.28 All mice were housed under specific pathogen-
free conditions and handled in accordance with the Institu-
tional Animal Care and Use Committee of M. D.
Anderson Cancer Center. Mice were monitored daily for evi-
dence of disease or death.

NTHi lysate aerosol exposure

A lysate of NTHi strain 12 was prepared as previously
described,21 the protein concentration was adjusted to 2.5 mg/mL
in phosphate buffered saline (PBS), and the lysate was frozen in
10 mL aliquots at¡80�C. To deliver the lysate to mice by aerosol,
a thawed aliquot was placed in an AeroMist CA-209 nebulizer
(CIS-US, Bedford, MA) driven by 10 L/min of room air supple-
mented with 5% CO2 for 20 min.

Histochemistry

The tracheas of euthanized mice were cannulated with PE-50
tubing and sutured into place. The lungs were infused with
10% buffered formalin (Sigma, St. Louis, MO) and then
removed and placed in 10% buffered formalin for 18 h. Tissues
were then transferred to 75% ethanol, embedded in paraffin
blocks, and sectioned at 5-mm thickness. The sections on glass
slides were dried at 60�C for 15 min and then were deparaffi-
nized and stained with hematoxylin and eosin (H&E) by incu-
bating the tissues in Harris hematoxylin (Sigma) followed by
serial eosin (Sigma) and graded ethanol steps. The H&E-
stained slides were examined by a pathologist blinded to geno-
type and treatment, and the proliferative lesions of the lungs
were evaluated in accordance with the recommendations of the
Mouse Models of Human Cancer Consortium.53

Immunohistochemistry

Previously sectioned lung samples on slides were immuno-
histochemically (IHC) stained and evaluated for expression
of Ki67 (1:200; abcam, MA, USA), CD31 (1:10; BD Bioscien-
ces, CA, USA), MMP9 (1:500; Santa Cruz, CA, USA),
cleaved caspase-3 (1:500, abcam), p65 (1:100, abcam), F4/80
(1:100, ThermoFisher Scientific, MA, USA), and DAPI
(Sigma, MO, USA), Alexa Fluor 488 Dye and Alexa Fluor
594 (Invitrogen, MA, USA). All antibodies reacted with
mouse antigens. Heat-induced antigen retrieval was per-
formed using 10 mmol/L of citrate buffer (pH 6) in a pres-
sure cooker for 20 min. Endogenous peroxidase was
quenched with 3% hydrogen peroxide for 30 min at room
temperature. Blocking was performed with non-immune
normal serum. Immunoreactivity for immunohistochemistry
was detected using biotinylated IgG secondary antibodies
specific for each primary antibody followed by incubation
with ABC kit (Vector Laboratory, Burlingame, CA) for
30 min, and stained with diaminobenzidine chromogenic
substrate for 4–10 min. Slides were counter-stained with
Harris hematoxylin for 30 sec, followed by dehydration and
mounted with cytoseal 60 (ThermoFisher Scientific, MA,
USA). Images were obtained by an OLYMPUS BX 60
inverted microscope at 4£, 20£, or 40£ magnification with
Image-Pro Plus, version 4.5.1.22. The numbers of labeled
positive cells for any of these markers were quantitated as a
fraction of total tumor nuclei per high power field (40£) in
10 fields from three mice of each group. Results were
expressed as percentage of positive cells § SE.
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Assessment of lung tumor burden and inflammation

On the first day after the final NTHi exposure, animals were
euthanized by i.p. injection of a lethal dose of avertin (Sigma).
In all mice (n D 8 per group per time point) lung surface tumor
numbers were counted and then in some of them (n D 8 per
group per time point) the lungs were prepared for histologic
analysis as described above. H&E sections were prepared from
3 to 5 animals per group. Five randomly selected microscopic
fields from peripheral and central regions of the lungs were
photographed, and the percentage of the lung field occupied by
tumors measured by overlaying of these images on a dotted
grid as we previously described.54 In other mice (n D 8 per
group per time point), bronchoalveolar lavage fluid (BALF)
was obtained by sequentially instilling and collecting two ali-
quots of 1 mL PBS through a tracheostomy cannula. Total leu-
kocyte count was determined using a hemacytometer, and cell
populations were determined by cytocentrifugation of 300 mL
of BALF followed by Wright–Giemsa staining. The remaining
BALF (1,400 mL) was centrifuged at 1,250g for 10 min, and
supernatants were collected and stored at ¡80�C.

Cytokines and chemokines measurement

The levels of inflammatory mediators in the BALF were
assessed using MCYTOMAG-70K assay (Millipore, St Charles,
MO), according to the manufacturer’s instructions. Due to
reagent incompatibilities, TGF-b was assayed separately from
the other cytokines using the TGFB-64K-01 (Millipore) assay.
Data were collected using a Luminex 100 (Luminex Corpora-
tion, TX, USA). Standard curves were generated using a five-
parameter logistic curve-fitting equation weighted by 1/y (Star-
Station V 2.0; Applied Cytometry Systems, CA, USA). Each
sample reading was interpolated from the appropriate standard
curve.

Western blot analysis

Total proteins were prepared from each group of mouse
lungs. Lung samples were removed and immediately placed
in RIPA buffer and a protease inhibitor mixture. The sam-
ples were then homogenized and centrifuged at 14,000g for
20 min at 4�C. The supernatants were collected as the total
proteins. Nuclear proteins were extracted using NE-PER
Nuclear Protein Extraction Kit (Pierce, IL, USA) according
to the instructions. Protein concentrations were measured
using the Bradford protein assay (Bio-Rad Laboratories,
CA, USA). Equal amounts of the proteins (40 mg for total
proteins and 20 mg for nuclear proteins) were boiled for
5 min in the presence of loading buffer, loaded on each
lane, and separated by 10% SDS-PAGE. The gels were then
transferred to nitrocellulose membranes. Equal amounts of
protein loading for each lane were checked by Ponceau
(Sigma) staining. The anti-p65, anti-IkBa, anti-Lamin-B1
and anti-b-actin (abcam) antibody were diluted to the con-
centration according to commercial recommendations
(1:1,000). Immunoreactive bands were detected with Pierce
ECL Western Blotting Substrate (Pierce, IL, USA).

Isolation of lung resident mononuclear cells and flow
cytometry

Lungs were harvested after perfusion with PBS. Lungs were first
inflated with 0.1 mg/mL collagenase IV and DNase1 for 15 min
at 37�C. Single cell suspensions were prepared by mechanical
dissociation of lung tissue through a 70-mm nylon mesh. Lung
cells were suspended in PBS and layered on LSM Lymphocyte
Separation Medium (MP Biomedical, CA, USA). Cells were
centrifuged at room temperature for 20 min at 900g. Mononu-
clear cells were harvested from the gradient interphase. Cells
were stained with fluorescently labeled antibodies using CD45
(30-F11), CD11b (M1/70), F4/80 (BM8), CD11c (N418), Ly-6C
(AL-21), Ly-6G (1A8), and I-A/I-E (M5/114.15.2) markers on
ice for 30 min.55 Cells were analyzed and gated on an LSRII
machine. Data were further analyzed by FlowJo.

Statistical methods

Summary statistics for cell counts in BALF and IHC positive
cells in lung tissue were computed within treatment groups,
and analysis of variance with adjustment for multiple compari-
sons was conducted to examine the differences between the
control group and each of the treatment groups in the presence
or absence of NTHi exposure. For tumor counts, comparisons
of groups were made using Student’s t-test. Differences were
considered significant for p < 0.05.
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