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eTOC blurb

McLoed et al. show that inhibition of NF-xB signaling in myeloid cells augments lung tumorigenesis. Myeloid-specific or systemic
NF-xB inhibition increases IL-1f3 production neutrophils, which enhances lung tumor formation. These studies highlight an important
resistance pathway that limits efficacy of NF-xB inhibitors.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McLoed et al.

10Department of Cell and Developmental Biology, Vanderbilt University, Nashville, TN, USA,

37232.

SUMMARY

While epithelial NF-xB signaling is important for lung carcinogenesis, NF-xB inhibitors are
ineffective for cancer treatment. To explain this paradox, we studied mice with genetic deletion of
IKKB in myeloid cells and found enhanced tumorigenesis in Kras®12D and urethane models of
lung cancer. Myeloid-specific inhibition of NF-xB augmented pro-IL-1f processing by cathepsin
G in neutrophils, leading to increased IL-1p and enhanced epithelial cell proliferation. Combined
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treatment with bortezomib, a proteasome inhibitor that blocks NF-kB activation, and IL-1 receptor

antagonist reduced tumor formation and growth /n vivo. In lung cancer patients, plasma IL-1f
levels correlated with poor prognosis and IL-1p increased following bortezomib treatment.
Together, our studies elucidate an important role for neutrophils and IL-1f in lung carcinogenesis

and resistance to NF-xB inhibitors.

Graphical Abstract

INTRODUCTION

The NF-xB pathway has become increasingly appreciated for its involvement in
carcinogenesis as studies continue to uncover its roles in primary tumor growth,
angiogenesis, and metastasis (Lin et al., 2010). In the lungs, NF-kB is activated in pre-
malignant airway epithelial lesions, atypical adenomatous hyperplasia (AAH) lesions in the
distal lungs, and invasive non-small cell lung cancer (NSCLC) (Tichelaar et al., 2005).
Based on this information, inhibition of the NF-xB pathway has been tested as a therapy for
lung cancer (Chen et al., 2011). The proteasome inhibitor bortezomib, which blocks
degradation of the inhibitor of NF-xB (IxB) as well as other proteins that are regulated by
the proteasome, is the best-studied agent for inhibiting NF-xB in humans; however,
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bortezomib has not been efficacious for NSCLC treatment (Besse et al., 2012; Fanucchi et
al., 2006). The mechanism of resistance to bortezomib and other NF-xB inhibitor therapies
is not known. Despite the disappointing results to date, numerous clinical trials have been
attempted or are currently under way to test various combinations of bortezomib and other
agents for cancer treatment. Our goals for these studies were to determine why NF-xB
inhibitors are ineffective for NSCLC and to identify new approaches to overcome resistance
to NF-xB inhibitors.

Our group and others have shown that NF-xB signaling in lung epithelial cells is crucial for
lung tumor formation. In mice, expression of a constitutively active form of IKKp (which
activates canonical NF-xB) in airway epithelium results in a >3-fold increase in lung tumor
formation after treatment with chemical carcinogens (Zaynagetdinov et al., 2012). In
addition, studies using a variety of methods to block NF-xB signaling in lung epithelium
have revealed a requirement for NF-xB signaling in lung cancer models driven by oncogenic
forms of Kras and EGFR (Basseres et al., 2010; Meylan et al., 2009; Saxon et al., 2016;
Stathopoulos et al., 2007; Xia et al., 2012). While some studies have shown short-term lung
tumor regression following NF-xB inhibition (Basséres et al., 2014; Xue et al., 2011),
pharmacologic NF-xB inhibition has not shown definitive long-term benefit in lung cancer
models. Highlighting the challenges of NF-xB inhibition, Xue et al. showed that murine
lung tumors developed resistance to therapy within a few weeks after treatment with
bortezomib or an inhibitor of IxBa phosphorylation (BAY 11-7082) (Xue et al., 2011).
Additionally, we showed that prolonged treatment with bortezomib enhanced, not hindered,
lung tumor formation in urethane-treated mice (Karabela et al., 2012). While it is possible
that tumor cells could develop intrinsic resistance to NF-xB inhibitors via the acquisition of
additional mutations (Xue et al., 2011), this would likely translate into sporadic appearance
of secondary resistance, as opposed to the uniform primary resistance to bortezomib
observed in solid tumors (Besse et al., 2012; Fanucchi et al., 2006). Based on these
observations, we postulated that systemic NF-xB inhibition evokes a pro-tumorigenic
response from a nonepithelial cell population that overrides the anti-tumor effects resulting
from NF-xB inhibition in epithelial cells.

Myeloid cells play important roles in both innate immunity and tumorigenesis (Giannou et
al., 2015; Stathopoulos et al., 2010; Zaynagetdinov et al., 2011). It is now well-accepted that
macrophages and neutrophils can act as pro- or anti-tumorigenic cells during tumorigenesis
depending on signals that they receive from the tumor and the tumor stroma (Fridlender and
Albelda, 2012; Rajnavolgyi et al., 2013). The role of NF-xB signaling in these cells during
tumorigenesis is controversial and seems to be organ- and/or context-dependent. Some
cancer models show that blocking NF-xB signaling in myeloid cells elicits a protective, anti-
tumorigenic response (Greten et al., 2004; Takahashi et al., 2010). Others show that
myeloid-specific NF-xB inhibition is detrimental and pro-tumorigenic (Enzler et al., 2011;
Yang et al., 2014). In tumor-associated macrophages, blocking NF-xB can result in an anti-
tumorigenic phenotype (Fong et al., 2008; Hagemann et al., 2008). On the other hand, a
recent study showed that blocking NF-xB signaling in macrophages impedes their ability to
mount anti-tumorigenic responses against melanoma cells (Yang et al., 2014).
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For these studies, we postulated that inhibition of NF-«xB signaling in myeloid cells could
elicit pro-tumorigenic responses that limit the effectiveness of global (systemic) NF-xB
inhibition. To test this hypothesis, we utilized a mouse model characterized by myeloid cell-
specific deletion of IKKB (IKKBAMYE mice; LysM-Cre/IKKpfIoX/flox) (| j et al., 2003). In
carcinogen-induced and genetic lung cancer models, we found that blocking NF-xB
signaling in myeloid cells enhances lung tumorigenesis through neutrophil-dependent
production of IL-10 and that combined NF-«xB and IL-1p targeted treatments reduces tumor
formation and growth.

RESULTS

Neutrophils enhance lung tumorigenesis when NF-xB activity is inhibited in myeloid

cells

To determine the role of NF-xB signaling in myeloid cells during lung tumorigenesis,
IKKBAMYE mice were fully back-crossed (>9 generations) to the tumor-susceptible FVB
background. Deletion of IKKP in myeloid cells in the bone marrow compartment was
confirmed by western blot (Figure S1). Subsequently, IKKBAMYe mice and WT littermate
controls were given a single intraperitoneal (IP) injection of the carcinogen urethane (1 g/
kg). Urethane causes lung tumors primarily through induction of Krasmutations (You et al.,
1989), but it can also induce a number of other driver mutations found in human cancers
(Westcott et al., 2014). At week 16 after injection of urethane, we found that IKKBAMYE mice
developed approximately twice as many lung tumors as WT mice (Figure 1A-B), indicating
that inhibiting NF-xB signaling in myeloid cells promotes lung tumorigenesis. To determine
if differences were detectable at an earlier stage of carcinogenesis, we harvested lungs at 6
weeks after urethane injection and identified a greater number of AAH lesions in lungs of
IKKBAMYe mice compared to WT mice (Figure 1D). Unexpectedly, at 6 weeks post-urethane,
we observed some fully formed tumors in the lungs of IKKBAMYe mice (Figure 1C). On lung
sections, 58% (7/12) of IKKBAMYe lungs contained adenomas at 6 weeks post-urethane
compared with 7.1% (1/14) of WT lungs (p<0.01 by Fisher's exact test). To investigate the
mechanism of enhanced tumorigenesis in IKKBAMYe mice, we performed
immunohistochemistry for markers of proliferation (PCNA) and apoptosis (cleaved
caspase-3). Although we did not observe any differences in cleaved caspase-3 staining
between IKKBAMYe and WT lungs, there were significantly more PCNA™ lung epithelial
cells in IKKBAMYE mice compared to WT mice (Figure 1E-F and data not shown). To
corroborate our findings from the urethane model, we utilized the LSL-Kras®12P (KrasG12D)
lung tumor model (Tuveson et al., 2004). We performed bone marrow transplantation in
Kras®12D mice using either WT (WT— Kras®12D) or IKKBAMYe (IKKBAMYE 5 KrasG1l2D)
donors. Lung tumors were induced in these bone marrow chimeras by intratracheal (1T)
instillation of adenoviral vectors expressing Cre recombinase (adeno-Cre). Similar to
urethane-injected IKKBA™Ye mice, IKKpAMYe— KrasG12D mice developed twice as many
lung tumors as WT— Kras®12P mice at 8 weeks after adeno-Cre treatment (Figure 1G-H).
Together, these studies show that blocking NF-kB signaling in myeloid cells promotes lung
tumorigenesis is both chemical and genetic models of lung cancer.
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Since NF-xB is an important regulator of inflammation, we next investigated the role of
myeloid NF-xB signaling on lung inflammation during tumorigenesis. No differences in
inflammatory cells in bronchoalveolar lavage (BAL) fluid were observed between untreated
WT and IKKBAMYE mice; however, at 6 weeks post-urethane injection, we observed
increased inflammatory cells in BAL from IKKBAMYe mice, indicating that heightened lung
inflammation in IKKBAMYe mice was an effect of carcinogen treatment (Figure 2A). To
evaluate specific myeloid subpopulations, we performed flow cytometry on lung cells from
IKKBAMYe and WT mice (Figure 2B). Consistent with findings in BAL, no differences in
neutrophil, monocyte, or macrophage cell populations were observed between untreated WT
and IKKBAMYe mice (Figure 2C). In contrast, we identified a selective increase in neutrophils
in the lungs of IKKBAMYE mice at 6 weeks post-urethane injection compared to WT mice but
no difference in total CD45* cells (Figure 2D, S2). Additional studies in Kras®12P model
bone marrow chimeras showed similar findings with increased lung neutrophils in
IKKpAMYe KrasG12D mice at 8 weeks after IT adeno-Cre instillation compared to WT—
Kras®12D mice (Figure 2E-F).

In order to determine if neutrophils were important for lung carcinogenesis, we performed
neutrophil depletion using antibodies against Ly6G (Fleming et al., 1993). WT and
IKKBAMYE mice were injected with urethane and administered anti-Ly6G antibodies or
isotype control 1gG antibodies (100 pg) twice weekly for 6 weeks. A marked reduction in
lung neutrophils was confirmed by flow cytometry (Figure 3A-B). While neutrophil
depletion significantly reduced AAH lesions in lungs of IKKBA™YE mice, we observed no
effect of this treatment in WT mice (Figure 3C). Next, we tested the effect of neutrophil
depletion on lung tumor formation. A bone marrow transplantation study was incorporated
into this experiment to verify that enhanced tumorigenesis in IKKBAMYe mice following
urethane treatment was due to bone marrow-derived leukocytes. Lethally-irradiated WT
mice received bone marrow from IKKBAMYe (IKKBAMYeWT) or WT (WT—WT) donors.
Bone marrow chimeras were injected with urethane and administered anti-Ly6G antibodies
or isotype control 1gG antibodies (100 pg) twice weekly for 6 weeks. At week 16 after
urethane injection, we observed increased tumor formation in the lungs of control (1gG-
treated) IKKBAMYeWT mice compared to control (IgG-treated) WT—WT mice (Figure
3D). In addition, neutrophil depletion using anti-Ly6G antibodies significantly reduced
tumor formation in IKKBAMYe—WT mice compared to control (IgG-treated)

IKKBAMYe sWT mice, identifying neutrophils as key mediators of increased tumor
formation in the setting of myeloid NF-xB inhibition.

Myeloid-specific NF-xB inhibition results in increased IL-1p production by neutrophils
following carcinogen exposure

To determine how IKKp-deficient neutrophils exert their pro-tumorigenic effects during lung
carcinogenesis, we characterized neutrophils from IKKBAMYe and WT mice according to
morphological appearance, maturity, and function. We sorted neutrophils (CD45*/CD11b*/
Ly6C*/Ly6G™ cells) from lungs of urethane-treated IKKBAMYe and WT mice and confirmed
that these cells had segmented nuclei, characteristic of mature neutrophils (Figure 4A). As
early as 1 week post-urethane, IKKB2MYe mice had approximately 3-fold increase in
neutrophils in the lungs compared to WT mice, while lung monocytes (CD45*/CD11b*/
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Ly6C*/Ly6G™ cells), and macrophages (CD45/CD11b*/Ly6C~/Ly6G™ cells), as well as
peripheral blood neutrophils, were comparable between groups (Figure 4B and data not
shown). To determine if loss of NF-xB signaling affected maturation of neutrophils, we
measured expression of myeloperoxidase (MPO), an enzyme produced by mature
neutrophils, in Ly6G™ cells from IKKBA™Ye and WT mice at 1 week after urethane injection
(Figure 4C). Loss of NF-xB signaling in Ly6G™ cells from IKKBAMYe mice did not impair
MPO production (Figure 4C-D). We also examined N1/N2 markers in lung neutrophils by
real-time PCR but did not observe differences in anti-tumorigenic N1 markers (TNFa,
IL-12p35, ICAM1, IFNY, iNOS) or pro-tumorigenic N2 markers (CCL2, CCL5, CCL17,
VEGF, IL-10, Arg1) between neutrophils from urethane-injected WT and IKKB2MYe mice
(Figure 4E-F). Since a subset of Ly6G™ cells [granulocytic myeloid derived suppressor cells
(MDSCs)] may support tumorigenesis through suppression of anti-tumor responses from T
lymphocytes (Gabrilovich and Nagaraj, 2009), we assessed the ability of Ly6G* cells
isolated from lungs of urethane-treated IKKBAMYe mice to suppress effector T (Teff) cell
proliferation in an allogeneic mixed lymphocyte reaction assay. As shown in Figure 4G,
Ly6G* cells from IKKBAMYE mice failed to suppress proliferation of Teff cells stimulated by
allogeneic dendritic cells, indicating that Ly6G* cells from IKKBAMYe mice do not act as
MDSCs. These studies show that neutrophils from IKKBA™Ye mice are mature cells that are
not highly polarized towards N1 or N2 and do not exhibit immunosuppressive properties
during early lung tumorigenesis.

Since we did not identify differences in maturation or function of neutrophils from
IKKBAMYe mice, we investigated whether differential production of inflammatory mediators
could be responsible for increased tumorigenesis in the context of NF-xB inhibition. We
measured mRNA and protein expression of a panel of cytokines (G-CSF, GM-CSF, IFNy,
IL-1p, IL-4, IL-6, IL-10, IL-12p40, KC, MCP-1, and MIP-1a) in the lungs of IKKBAMYe and
WT mice at 1 week after urethane injection. Both KC mRNA and protein were increased in
lungs of IKKBAMYe mice, while IL-1p protein, but not mRNA, was upregulated (Figure 5A-
B). For IL-1p, increased protein without increased mRNA expression suggests increased
pro-1L-1p processing. No differences in IL-1 protein levels in the lungs were detected
between untreated WT and IKKBAMYE mice (data not shown). To determine the cellular
source for increased I1L-1B protein in IKKBAMYE mice, we sorted myeloid cells from lungs at
1 week after urethane injection and measured IL-1f in conditioned media. Neutrophils from
IKKBAMYE mice secreted nearly twice as much IL-1f as monocytes or macrophages (Figure
5C) and produced more IL-1f per cell than lung neutrophils from urethane-injected WT
mice (Figure 5D), identifying IKK-deficient neutrophils as the source of increased IL-1
protein levels in the lungs. To verify that neutrophils were the primary source of IL-1p, we
performed macrophage and neutrophil depletion studies in urethane-treated IKKBAMYe mice.
For macrophage depletion, urethane-treated IKKBA™Ye mice were administered liposomal
clodronate or vehicle (liposomal PBS) by IT injection (Zaynagetdinov et al., 2011) and
harvested at 1 week after urethane. Macrophage depletion did not alter IL-1p protein in the
lungs of IKKBAMYE mice (Figure 5E). For neutrophil depletion, urethane-treated IKKpAMYe
mice received IP injections of 100 g of anti-Ly6G or isotype control 1gG antibodies (Chen
et al., 2012; Fridlender et al., 2009) and lungs were harvested 1 week later. Neutrophil
depletion in mice treated with anti-Ly6G antibodies was confirmed by flow cytometry (data
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not shown). Compared to IKKBAMYe mice treated with control IgG antibodies, anti-Ly6G
antibody treatment significantly reduced IL-1p in the lungs (Figure 5F). Taken together,
these studies point to IL-1f as a neutrophil-derived mediator that could support enhanced
lung tumorigenesis.

Serine proteases have been implicated in the regulation of IL-1 processing by neutrophils
(Greten et al., 2007); therefore, we performed inhibitor studies to determine the mechanism
of dysregulated IL-1p release by lung neutrophils from IKKBAMYe mice. Lung neutrophils
were isolated from urethane-treated WT and IKKB2MYe mice and cultured in the presence of
inhibitors of caspase-1 (Ac-YVAD-cmk; YVAD), neutrophil elastase and proteinase 3
(MeOSuc-APPV-CMK; MeO), or cathepsin G (Z-GLP-CMK; GLP). While caspase-1
inhibition partially reduced I1L-1p release from IKKBA™Ye neutrophils, inhibition of the
serine protease cathepsin G blocked nearly all IL-10 secretion (Figure 5G). Additionally,
gene expression of cathepsin G was upregulated in lung neutrophils from urethane-treated
IKKBAMYe mice compared to WT mice, while no differences in expression were observed in
caspase-1, neutrophil elastase, or proteinase 3 (Figure 5H and data not shown). These data
implicate cathepsin G as the primary regulator of IL-1f processing by lung neutrophils in
urethane-treated mice. Increased cathepsin G expression and/or activity in IKKBAMYe
neutrophils likely accounts for the increased production of IL-1f by these cells.

Systemic NF-xB inhibition increases IL-1p production in mice and humans with lung

cancer

We next sought to determine whether IL-1f dysregulation could be detected following
treatment with pharmacological NF-«xB inhibitors in mice and human NSCLC patients. WT
mice were treated with the proteasome inhibitor bortezomib (1 mg/kg) (Karabela et al.,
2012; Xue et al., 2011) or vehicle by IP injection on days 2 and 6 following urethane
injection and harvested at day 7 (Figure 6A). We observed elevated numbers of neutrophils
in BAL from bortezomib-treated mice compared to vehicle-treated controls (Figure 6B). In
addition, we found increased IL-1f protein in both serum and lungs of bortezomib-treated
mice compared to mice treated with vehicle (Figure 6C-D). To test whether these effects
were common to different classes of NF-kB inhibitors, we repeated our studies using BAY
11-7082 (BAY). NF-xB inhibition was verified by luciferase activity as a measure of NF-xB
activity in vehicle- or BAY-treated NF-xB reporter mice (Everhart et al., 2006) after
urethane injection (Figure S3). At 1 week after urethane injection, BAY treatment resulted in
increased neutrophils in BAL and lung tissue (Figure 6E-G). BAY-treated mice also had
elevated IL-1p protein in lung homogenates compared to vehicle-treated mice, similar to
IKKBAMYe mice (Figure 6H). Unlike IKKBAMYE mice, however, KC expression was not
increased in BAY-treated WT mice (Figure S4).

To investigate the relevance of our mouse model findings to human NSCLC, we obtained
blood samples from a completed study involving 28 chemotherapy-naive individuals with
advanced stage (111-1V) NSCLC (protocol NCT01633645) (Table S1). In this study, patients
received one cycle of bortezomib followed by a standard chemotherapy/bortezomib
combination regimen. In plasma obtained before and 24 hours after the first dose of
bortezomib (1 mg/m?), we measured a panel of cytokines (IL-1f, IL-8, TNF, and IL-6) using
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cytometric bead array and found that treatment with bortezomib significantly increased
IL-1p protein in the plasma of advanced NSCLC patients; however, no differences were
detected in IL-8, TNF, or IL-6 (Figure 61-L). In addition, we found that after controlling for
age and performance status, IL-1p level at baseline significantly correlated with reduced
progression-free survival in this cohort (p=0.026) (Figure 6M).

IL-1B promotes lung tumorigenesis, enhances epithelial cell proliferation, and mediates
resistance to NF-xB inhibitor therapy

Since IL-1B production is increased in tumor models in the setting of myeloid and systemic
NF-kB inhibition, we investigated the impact of IL-1p on lung tumorigenesis using the
clinically available IL-1 receptor antagonist (IL-1ra, anakinra/Kineret®). IL-1ra (60 mg/kg/
day) was delivered during the first 4 weeks after urethane injection to WT and IKKpAMYye
mice usingsubcutaneously implanted osmotic pumps (Figure 7A). Osmatic pumps filled
with vehicle (PBS) were used as controls. As shown in Figure 7B, IL-1ra treatment
significantly decreased the number of AAH lesions in the lungs of IKKBA™Ye mice at 6
weeks after urethane injection. To evaluate the impact of IL-1p signaling on tumor
formation, we repeated these studies and harvested mice 16 weeks after urethane treatment.
We found that IL-1ra treatment reduced lung tumors in IKKBAMYE mice by more than 50%
compared to IKKBAMYE mice treated with vehicle (Figure 7C). Based on our finding that
IKKBAMYe mice have increased lung epithelial cell proliferation during tumorigenesis, we
tested whether IL-1f could exert its pro-tumorigenic effects by altering proliferation of
epithelial cells. We performed PCNA immunostaining on lung sections from IL-1ra- and
PBS-treated IKKBAMYE mice harvested 6 weeks after urethane and found reduced PCNA*
lung epithelial cells in IL-1ra-treated IKKBAMYe mice (Figure 7D), demonstrating that IL-1f
signaling supports epithelial cell proliferation during tumorigenesis. Together, these results
indicate a pro-tumorigenic role for IL-18 in the setting of NF-xB inhibition in myeloid cells.

Since IL-1p is dysregulated and supports tumor cell proliferation in the context of NF-xB
inhibition, we next tested whether the addition of IL-1ra could improve the efficacy of NF-
kB inhibitor therapy in two different lung cancer models. In the first model, we injected
murine Lewis lung carcinoma (LLC) cells subcutaneously into the flanks of syngeneic WT
mice. When tumors reached approx 100 mm2, mice were divided into four treatment groups:
bortezomib, IL-1ra, bortezomib plus IL-1ra, or vehicle control. Bortezomib (or vehicle) was
administered by IP injection twice weekly, and IL-1ra (or PBS control) was administered
throughout the treatment course via osmotic pump. Whereas monotherapy with bortezomib
or IL-1ra did not affect tumor growth, combination therapy with bortezomib and IL-1ra
significantly reduced tumor growth compared with all other groups (Figure 7E). For the
second model, we used doxycycline (dox)-inducible Kras®12P mice (Fisher et al., 2001). In
a preliminary study, we treated mice with dox for 4 weeks followed by bortezomib twice
weekly for 1 week and found increased neutrophils in the lungs compared to vehicle-treated
mice (Figure 7F). Subsequently, we treated inducible Kras®12P mice with dox for 4 weeks
and then randomized mice to treatment with bortezomib, IL-1ra, bortezomib plus IL-1ra, or
vehicle control for 4 additional weeks. While treatment with bortezomib reduced tumor
numbers compared to vehicle control and IL-1ra groups, lung tumors were reduced by 90%
in mice administered combination therapy with bortezomib and IL-1ra (Figure 7G-H). In
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these studies, combination therapy with bortezomib and IL-1ra reduced tumor formation and
growth and was more effective than bortezomib alone.

DISCUSSION

Our studies identify IL-1f as a targetable, pro-tumorigenic mediator that contributes to
resistance of lung tumors to NF-xB inhibitors. We showed that inhibition of NF-xB in
myeloid cells enhances lung tumorigenesis and paradoxically increases infiltration of
neutrophils into the lungs. NF-kxB-deficient neutrophils produced elevated levels of IL-1f,
which was regulated by the serine protease cathepsin G. Consistent with studies in mice with
myeloid-specific NF-xB inhibition, systemic delivery of pharmacological NF-«xB inhibitors
to WT mice significantly increased lung neutrophils and IL-1f production during lung
tumorigenesis. In humans with advanced stage NSCLC, plasma IL-1p concentration
inversely correlated with progression-free survival and IL-1f levels were increased following
treatment with the proteasome inhibitor bortezomib. Neutrophil depletion studies and
pharmacological IL-1ra treatment, both of which reduced lung tumors in the setting of
myeloid NF-«xB inhibition, support a causative role for neutrophil-derived IL-1f in lung
tumorigenesis. Further, we demonstrated that combined treatment with bortezomib and
IL-1ra reduces tumor formation and growth /7 vivo and that IL-1f exerts its pro-tumorigenic
effects by stimulating lung epithelial cell proliferation. In addition to demonstrating an
important role for IL-1p in promoting lung carcinogenesis and mediating resistance to NF-
kB inhibitors, these data support broader utilization of rational combined biological
therapies to treat lung cancer.

Together with existing literature, our findings suggest that the lung microenvironment could
support both pro- and anti-tumorigenic outcomes resulting from inhibition of NF-xB
signaling. Consistent with our previous studies showing pro-tumorigenic outcomes from
long-term bortezomib treatment (Karabela et al., 2012), these data demonstrate that
inhibition of NF-«xB signaling specifically in myeloid cells enhances lung tumorigenesis.
Our findings are also in agreement with a recent report in which myeloid NF-xB inhibition
supported enhanced growth of melanomas (Yang et al., 2014). In opposition, previous
studies using a colon cancer model and a model of lung cancer induced by oncogenic Kras
plus cigarette smoke found that inhibition of NF-xB signaling in myeloid cells inhibited
tumorigenesis (Greten et al., 2004; Takahashi et al., 2010). We suggest that differences in
tumorigenic outcomes in response to myeloid-specific NF-kB inhibition may be due to
differential effects on pre-existing inflammation in the tumor microenvironment. Both the
azoxymethane plus dextran sulfate colon cancer model and the oncogenic Kras plus cigarette
smoke model are highly inflammatory models in which myeloid NF-xB inhibition reduces
carcinogenesis as well as cytokine expression and inflammatory cell infiltration (Greten et
al., 2004; Takahashi et al., 2010). In contrast, the lung cancer models in our studies result in
only mild inflammation, and myeloid NF-kB inhibition increases inflammation in these
settings. Therefore, it may be that the overall impact of myeloid NF-xB inhibition on
tumorigenesis is dependent upon the inflammatory environment. In environments with high
levels of pre-existing inflammation, inhibition of NF-xB signaling may reduce
protumorigenic inflammation by blocking transcription of NF-xB-dependent mediators,
consequently suppressing tumor formation and growth. In contrast, up-regulation of IL-1p
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processing by neutrophils may play an important pro-tumorigenic role in less inflammatory
environments, which may be more similar to human lung cancer, by providing important
proliferation signals to mutated epithelial cells. In either case, it may be that combination
biological approaches to block inflammatory signaling are superior to NF-xB inhibition
alone.

In our studies, we discovered that both myeloid-specific and systemic inhibition of NF-xB
induce an increase in lung neutrophils during lung carcinogenesis. This increase in lung
neutrophils was not a result of increased circulating neutrophils, but could be related to
increased recruitment or prolonged survival, which has been previously described for NF-
kB-inhibited neutrophils (Hsu et al., 2011; Langereis et al., 2010). Although we found
increased expression of the neutrophil chemoattractant KC in urethane-treated IKKpAMYe
mice, WT mice treated with systemic NF-xB inhibitors also had increased neutrophils in the
lungs but did not show increased KC expression, suggesting that KC is not the critical
mediator of lung neutrophilia observed in our models. The N1/N2 neutrophil polarization
paradigm has been used to explain anti- or protumorigenic functions of neutrophils
(Fridlender et al., 2009). Several studies have shown that N2 tumor-associated neutrophils
exert their pro-tumorigenic properties through production of angiogenic factors, matrix-
degrading enzymes, and immunosuppression (Reviewed in Sionov et al., 2014). In contrast,
our studies show that neutrophils with inhibited NF-«xB signaling are not highly polarized
towards N1 or N2 and are not immunosuppressive. Instead, NF-xB-deficient neutrophils
have a unique pro-tumorigenic phenotype characterized by dysregulated processing of the
inflammatory mediator IL-1f.

While we identified an important role for neutrophils in accelerating lung tumorigenesis in
the context of NF-xB inhibition, other cell types may also contribute to this phenotype.
Although not directly tested in our studies, interactions between neutrophils and
macrophages may be important for creating a pro-tumorigenic environment in the lungs.
This idea is supported by our previous finding that macrophages are important for urethane-
induced tumorigenesis (Zaynagetdinov et al., 2011), as well as a recent study demonstrating
that macrophages with inhibited NF-xB signaling are unable to mediate anti-tumor
responses against metastatic melanoma cells (Yang et al., 2014). Future studies are necessary
to fully elucidate interactions between inflammatory cell types and epithelial cells that
regulate lung carcinogenesis.

A connection between elevated IL-1 and lung cancer in humans has been suggested by
studies showing that a single nucleotide polymorphism (-31C-T) in /LZBincreases IL-1p
expression and lung cancer risk (Li and Wang, 2013; Lind et al., 2007). Our studies extend
these findings by showing that IL-18 levels in plasma were inversely correlated with
progression-free survival of NSCLC patients. Further, we found that plasma IL-1p levels of
NSCLC patients increase following NF-xB inhibition with the proteasome inhibitor
bortezomib, suggesting that our explanation for resistance to NF-«xB inhibitor therapy is
relevant to NSCLC patients. Although the mechanisms by which IL-1f3 impacts lung tumor
biology are not fully understood, our findings suggest that IL-1p exerts its pro-tumorigenic
effects by promoting proliferation of lung epithelial cells. Our observations are consistent
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with a prior report that IL-1p increases proliferation of human NSCLC cells (Wang et al.,
2014).

We found that both myeloid-specific and systemic NF-xB inhibition increase IL-1f protein
expression in the lungs. Although IL-1 mRNA expression is regulated by the NF-xB
pathway (Cogswell et al., 1994), our findings are consistent with previous reports showing
that NF-kB inhibition in myeloid cells increases IL-1p processing under conditions of septic
shock and acute lung injury (Greten et al., 2007; Hsu et al., 2011; Huang et al., 2011). While
IL-1p processing is thought to be primarily regulated by the inflammasome in most cells,
serine proteases have been implicated in IL-1p processing by neutrophils (Greten et al.,
2007; Guma et al., 2009). Our findings indicate that cathepsin G strongly regulates IL-1
production by neutrophils and that expression of cathepsin G is upregulated in neutrophils
with inhibited NF-xB. Therefore, increased neutrophilia in the lungs during NF-xB
inhibition and increased processing of pro-IL-1f by cathepsin G in individual neutrophils
likely contribute to increased IL-1p production in this setting. Since cathepsin G has been
correlated with tumor grade and clinical stage in NSCLC (Maksimowicz et al., 1997), future
studies targeting this protease could be warranted.

Although IL-1 receptor blockade alone was ineffective in reducing tumor formation and
growth in our models, these studies demonstrate that the addition of IL-1ra to NF-xB
inhibition improves the effectiveness of NF-xB inhibitor therapy. In a heterotopic flank
tumor model, combination therapy was the only regimen that slowed tumor growth
compared to vehicle control. In the dox-inducible Kras®12P model, bortezomib
monotherapy reduced tumor formation but combination therapy with bortezomib and IL-1ra
was most effective. These findings indicate that the effects of bortezomib are variable and
model-dependent. In contrast, we showed impressive responses to combined bortezomib/
IL-1ra treatment in both tumor models tested. Of the 35 clinical trials included in the
ClinicalTrials.gov database that investigate bortezomib in lung cancer, only three have used
combined therapy with bortezomib and another targeted agent. Since combined targeted
therapies may be the most direct way to manage disease and reduce nonspecific side effects
from treatment (Gibbs, 2000), our studies support future human studies combining NF-xB
inhibitors with IL-1ra or other targeted biological therapies aimed at overcoming resistance
mechanisms.

EXPERIMENTAL PROCEDURES

Mouse studies

All animal care and experimental procedures were approved and conducted according to
guidelines issued by the Vanderbilt University Institutional Animal Care and Use
Committee. Lung tumors were induced in IKKBAMYe mice (IKKB/M: LysM-Cre) (Li et al.,
2003) and littermate wild-type (WT) controls by a single IP injection of urethane (ethyl
carbamate, 1 g/kg) (Sigma-Aldrich). BAY 11-7082 (10 mg/kg body weight, Cayman
Chemical) or bortezomib (1 mg/kg; Selleckchem) was delivered by IP injection as described
(Xue et al., 2011). Lung tumors were induced in LSL-Kras®12D mice (Tuveson et al., 2004)
using 1T instillation of adeno-Cre (1.5x107 PFU). Lung tumors were established in mice
expressing dox-inducible Kras®12P in CCSP* lung epithelial cells [CCSP-rtTA (tet-O)-

Cell Rep. Author manuscript; available in PMC 2016 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McLoed et al. Page 12

Kras®12D] and littermate WT controls (Fisher et al., 2001) via consumption of dox (0.5 g/L)
in drinking water for 4 weeks. Subsequently, mice were treated with dox plus vehicle
control, bortezomib, IL-1ra (60 mg/kg/d; Amgen), or combination bortezomib and IL-1ra
for 4 weeks. Subcutaneous tumors in C57BL/6 mice were established by injection of
2.5%10° syngeneic Lewis Lung Carcinoma (LLC) cells in the right flank. When tumor size
reached about 100 mm?, mice were randomized and treated with vehicle control,
bortezomib, IL-1ra, or combination of bortezomib and IL-1ra. Tumor sizes were measured
using Traceable digital calipers (Fisher Scientific). NF-xB reporter mice have been
previously described (Everhart et al., 2006).

Human samples

Twenty-eight chemotherapy-naive patients with inoperable locally advanced (Stage 111B) or
metastatic (Stage IVV) NSCLC were treated with bortezomib (1 mg/m?) as part of a phase I
clinical trial performed at the University Hospital of Crete (Protocol NCT01633645).
Bortezomib was administered alone for the first cycle of treatment. All subsequent treatment
cycles contained bortezomib plus gemcitabine and cisplatin. Plasma samples were collected
before and 24 hours after the first dose of bortezomib. This trial (The “Velcade” project) was
approved by the IRB of the University Hospital of Crete (No. 8433/21-09-2006) and the
National Ethics Committee (No. 77659/22-11-2007).

Neutrophil depletion, macrophage depletion, and neutralization of IL-1 receptor

For neutrophil depletion, 100 ug of anti-Ly6G antibodies (Clone 1A8, BioLegend) or 1gG2a
isotype control antibodies (BioLegend) were delivered by IP injection twice a week for the
first six weeks after urethane injection. Depletion of macrophages was conducted as
previously described (Zaynagetdinov et al., 2011). To block I1L-1p signaling, mice were
treated with 60 mg/kg/day of IL-1 receptor antagonist (IL-1ra) (anakinra/Kineret®, Amgen)
or PBS (vehicle control) delivered by subcutaneously implanted Alzet osmotic pumps
(infusion rate of 0.5 uL/h, DURECT Corp.). After 2 weeks, osmotic pumps were replaced to
complete a 4-week course of treatment.

Statistical analysis

Mouse data were analyzed using the GraphPad Prism 5.0 software (GraphPad Software
Inc.), and values are presented as mean = SEM. Pair-wise comparisons were made using
Student's t-tests. For experiments conducted over several time points or with multiple
comparisons, a twoway ANOVA with a Bonferroni post-test was used.

Data from the 28 chemotherapy-naive subjects were analyzed using R software version 3.1.2
(www.r-project.org) and were expressed as median (interquartile range) for continuous
variables and frequencies (proportions) for categorical variables. IL-10, IL-8, TNF, and IL-6
before and 24 hours after initial treatment were compared using Student's t-test. Spearman
correlation between baseline IL-15 and progression-free survival time in months was
analyzed. We further applied a multivariable linear regression model to adjust for both
subjects’ age at baseline and performance status. Normality of residuals of the linear model
was diagnosed, and log transformation on progression-free survival time was performed to
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correct non-normal residuals if needed. p<0.05 was considered statistically significant for
both mouse and human data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Inhibition of NF-xB signaling in myeloid cells enhances lung
tumorigenesis.

Carcinogen treatment induces IL-1f processing in neutrophils with NF-xB
inhibition.

NF-xB targeting with bortezomib increases IL-1f production in NSCLC
patients.

Combination therapy with bortezomib and IL-1R antagonist slows tumor
growth in mice.
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Figure 1.
Inhibition of NF-xB signaling in myeloid cells increases lung tumorigenesis and epithelial

cell proliferation. A) Representative photomicrographs and B) Number of lung tumors in
WT and IKKBAMYE mice at 16 weeks after a single injection of urethane (n=16-22 mice per
group). C) Representative photomicrographs showing an AAH lesion (red arrow) in the lung
of WT mice or tumor in IKKBAMYe mice, and D) Number of AAH lesions counted per H&E-
stained lung section (3 sections per mouse) from WT and IKKBAMYE mice harvested at week
6 after injection of urethane (n=9-10 mice per group). E) Immunostaining for PCNA™ cells
and (F) Number of PCNA* cells per lung section (averaged from 25 sequential fields taken
at 40x magnification) from WT and IKKB2MYe mice harvested at week 6 after urethane
injection (n=3-4 per group). G-H) Lethally-irradiated LSL-Kras®12P mice received bone
marrow from WT (WT—Kras®12D) or IKKBAMYe (IKKBAMYe—; KrasC12D) mice. Lung
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tumors were induced by instillation of 1T adeno-Cre (1.5x107 PFU). G) Representative
photomicrographs and H) Number of lung tumors in WT—Kras®12P and
IKKpAMYe - KrasC12D mice at 8 weeks after adeno-Cre (n=4-9 mice per group) *p < 0.05.
See also Figure S1.
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Figure 2.

Neutrophils are increased in the lungs of mice lacking myeloid NF-xB signaling. A)
Number of total BAL cells in WT and IKKB2AMYe mice at baseline (C) and at 6 weeks after
urethane injection (U) (n=7-9 mice per group; *p < 0.05 compared with urethane-treated
WT mice). B) Representative FACS plots and (C-D) Percentages of viable CD45*/
CD11b*/Gr1M neutrophils (Gri"), CD457/CD11b*/Gr1!°% monocytes (Gr1!o%), and CD45*/
CD11b*/Gr1"d macrophages (Gr1"€9) in the lungs of WT and IKKBAMYe mice at (C)
baseline and (D) 6 weeks after urethane injection (n=4-11 mice per group; *p < 0.05
compared with WT). E) Representative FACS plots and (F) total viable CD45*/CD11b*/
Ly6G* neutrophils in the lungs of WT—Kras®12D and IKKBAMYe— KrasC12D mice 8 weeks
after adeno-Cre (n=4 mice per group; *p < 0.05 compared with WT—Kras®12D), Ly6G
identifies the granulocytic subgroup of the Grl marker. See also Figure S2.
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Figure 3.
Neutrophils promote lung tumorigenesis in the absence of myeloid NF-xB signaling. All

mice were treated with isotype control IgG or anti-Ly6G depletion antibodies (100 g by IP
injection) for the first 6 weeks following urethane injection. A) Representative FACS plots
and (B) total viable CD45*/CD11b*/Ly6C*/Ly6G™ lung neutrophils demonstrating depletion
efficiency in IKKBAMYE mice harvested 3 days after the last dose of antibody (n=4 mice per
group). C) Number of AAH lesions per lung section from IgG- and anti-Ly6G-treated WT
and IKKBAMYe mice at 6 weeks after urethane injection (n=6-9 mice per group). D) Lethally-
irradiated WT mice received bone marrow from WT or IKKBA™YE mice. Lung tumors at 16
weeks after urethane injection in bone marrow chimera mice treated with 1gG or anti-Ly6G
antibodies for the first 6 weeks of tumorigenesis (n=6-8 mice per group). *p < 0.05.
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Figure 4.
Mature neutrophils are increased in the lungs during early tumorigenesis in the absence of

myeloid NF-xB signaling. A) FACS sorting strategy and photomicrographs demonstrating
cell morphology of lung monocytes (CD45*/CD11b*/Ly6C*/Ly6G™) and neutrophils
(CD45%/CD11b*/Ly6C*/Ly6G") isolated from lungs of WT and IKKBA™Ye mice at 1 week
after urethane injection. B) Numbers of CD11b*/Ly6G* neutrophils (Ly6G™*), CD11b*/
Ly6C* monocytes (Ly6C*), and CD11b*/Ly6G"®9/Ly6C"®9 macrophages (Ly6G/C"9) in the
lungs of WT and IKKBA™Ye mice at 1 week after urethane injection (n=3 mice per group,
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representative of 2 independent experiments; *p<0.05 compared to WT). C) Flow cytometry
plot (including fluorescence minus one [FMQ] control) and (D) mean fluorescence intensity
(MFI) showing expression of MPO in viable CD45*/CD11b*/Ly6G™ cells from lungs of WT
and IKKBAMYe mice at 1 week after urethane injection (n=4 mice per group). Expression of
(E) N1 and (F) N2 markers in CD45%/CD11b*/Ly6G™ cells isolated from lungs of IKKpAMYe
mice at 1 week after urethane injection (n=4-5 mice per group). G) CD45*/CD11b*/Ly6G™*
cells isolated from lungs of IKKBA™Ye mice at 1 week after urethane injection do not impair
the ability of allogeneic dendritic cells (DC) to induce proliferation of CFSE-labeled
responder CD4*/CD25~ T cells (Teff) (1:1, performed in duplicate).
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Figure 5.

Neutrophils from IKKBAMYe mice produce increased IL-1p following urethane injection.
Expression of cytokines by A) mRNA and B) protein in the lungs of WT and IKKpAMYe
mice harvested 1 week after urethane (n=10-11 mice per group; *p < 0.05 compared with
WT). C) Concentration of IL-1f in the conditioned media following 12-hour culture of lung
Ly6G* neutrophils, Ly6C* monocytes, or Ly6G/C"®9 macrophages isolated from IKKpAmYe
mice at 1 week after urethane injection (n=3; *p < 0.05 compared with Ly6C* and Ly6G/
CN®9), D) Concentration of IL-1f in the conditioned media following 12-hour culture of
equal numbers of lung Ly6G* neutrophils from WT and IKKBA™MYE mice isolated at 1 week
after urethane injection (n=8 mice per group). E) IL-1p protein levels in lung homogenates at
1 week after urethane in the lungs of IKKBA™Ye mice treated with liposomal clodronate or
PBS on day 5 following urethane injection (n=6 mice per group). F) IL-1p protein levels at 1
week after urethane in the lungs of IKKBAMYe mice treated with anti-Ly6G antibodies (100
ug) or control IgG antibodies by IP injection on days -1, 2, and 5 relative to the day of
urethane injection (n=3-5 mice per group; *p < 0.05 compared with IKKBA™Ye mice treated
with control 1gG antibodies). Lung Ly6G™ neutrophils were isolated from WT and
IKKBAMYe mice at 1 week after urethane injection. G) IL-1p concentration in the conditioned
media after culture with inhibitors (all 100 M) of caspase-1 (Ac-YVAD-CMK), neutrophil
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elastase and proteinase-3 (MeOSuc-APPV-CMK), or cathepsin G (Z-GLP-CMK) (n=3-8
replicates per group; #p>0.05 compared to WT Unt; *p<0.05 compared to either WT or
IKKBAMYe Unt). H) mRNA expression of cathepsin G in lung Ly6G* neutrophils isolated
from WT and IKKBA™Ye mice at 1 week after urethane injection.
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Figure 6.
Pharmacological inhibition of NF-xB increases IL-1f in mice and indicates worse survival

in NSCLC patients. A) Schematic representation of NF-xB inhibition protocol using
bortezomib (Bort). In addition to urethane, WT mice were treated with IP injections of Bort
(1 ma/kg) or vehicle control (Veh). B) BAL cells in Bort- or \eh-treated WT mice at 1 week
after urethane injection (n=4-5 mice per group; *p<0.05 compared to Veh). C) Serum and
(D) lung IL-1B protein levels from Bort- or \eh-treated WT mice 1 week after urethane (n=6
mice per group). E) Schematic representation of the NF-kB inhibition protocol using BAY
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11-7082 (BAY). In addition to urethane, WT mice were treated with IP injections of the
specific NF-xB inhibitor BAY (10 mg/kg) or Veh. F) BAL cells in BAY- and Veh-treated
WT mice at 1 week after urethane injection (n=8 mice per group). G) Number of Ly6G*
neutrophils and Ly6C* monocytes in the lungs of BAY- or Veh-treated mice at 1 week after
urethane injection (n=4-5 mice per group; *p<0.05 compared to Veh). H) IL-1p protein
levels in the lungs of BAY- or \eh-treated mice at 1 week after urethane injection (n=8 mice
per group). 1) IL-8, (J) TNF, (K) IL-6, and (L) IL-1p protein levels in the plasma of NSCLC
patients treated before (Ohr) and 24hr after treatment with bortezomib (1 mg/m?2) (n=28
patients; *p < 0.05 compared with 0 hr). M) Correlation analysis between progression-free
survival and baseline plasma IL-1f protein levels in advanced NSCLC patients treated with
bortezomib plus standard chemotherapy (p=0.026). See also Figures S3, S4 and Table S1.
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Figure 7.
IL-1p facilitates lung tumorigenesis by stimulating epithelial cell proliferation and supports

resistance to bortezomib therapy. A) Schematic representation of IL-1 receptor antagonist
(IL-1ra) treatment protocol. WT and IKKB2AMYe mice were injected with a single dose of
urethane and treated by osmotic pump delivery of 60 mg/kg/day of IL-1ra or PBS for the
first 4 weeks. B) Number of AAH lesions per H&E-stained lung section harvested from
IKKBAMYe mice at week 6 after injection of urethane (n=9 mice per group, *p < 0.05
compared with PBS). C) Lung tumors on H&E-stained lung sections from WT and
IKKBAMYE mice cut at predetermined depths (5 sections per mouse, n=7 mice per group;
*p<0.05 compared with PBS-treated IKKBAMYE mice). D) Number of PCNA™ cells per lung
section (averaged from 25 sequential fields taken at 40x magnification) from IKKpAMYe
mice harvested at week 6 after urethane injection (n=9 mice per group; *p<0.05 compared
with PBS). E) Fold change of subcutaneous LLC tumor volume over 10 days of treatment
with vehicle control, bortezomib, I1L-1ra, or bortezomib plus IL-1ra (n=6-9 mice per group;
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*p<0.05 compared with control). F-H) Inducible Kras®12P mice were treated with
doxycycline (dox) for 4 weeks to develop lung tumors. (F) Percentage of Ly6G* and Ly6C*
cells in the lungs of dox-inducible KrasG12D mice treated for 1 additional week with Bort or
Veh plus dox (*p<0.05 compared to Veh). (G) Representative photomicrographs and (H)
Numbers of surface lung tumors in mice treated with dox alone for 4 weeks followed by 4
weeks of treatment with dox plus vehicle control, bortezomib, IL-1ra, or bortezomib plus
IL-1ra (n=6-7 mice per group; *p<0.05 compared with control.
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