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Exploring the Role of IL-1p/IL-1R in the Pathogenesis of K-ras Mutant Lung Cancer
Avantika Krishna, B.S.
Advisory Professor: Seyed Javad Moghaddam, M.D.
As the leading cause of cancer-related deaths worldwide, the development of targeted therapeutics to
treat lung cancer remains crucial. Non-small cell lung cancer (NSCLC), the most common histological
subtype predominantly comprises lung adenocarcinoma with driver mutations in the K-ras oncogene
(KM-LUAD). KM-LUAD progression partly occurs through activation of the NF-xB pathway
initiating an inflammatory response and creating a pro-tumor microenvironment. Notably, the pro-
inflammatory cytokine IL-1 a potent activator and product of the NF-kB pathway is elevated in the
lungs and sera of KM-LUAD patients. We have shown that IL-1p blockade promotes an anti-tumor
immune phenotype in a mouse model of KM-LUAD driven by lung epithelial cell-specific expression
of K-ras®?P (CCSPC/LSL-K-ras®P, CC-LR mouse), suggesting that IL-1p mediates tumor-
promoting inflammation. Yet, cell-specific mechanisms that underlie this effect are still poorly
understood. Thus, we sought to elucidate the role of IL-1p signaling via its ability to bind to its receptor,
IL-1R, by conditionally knocking out IL-1R in K-ras-mutant lung epithelial cells in CC-LR mice
(LR/IL-1RY%). Tumor development as well as immune microenvironment in 14 and 18-week-old
LR/IL-1R** mice in comparison to control CC-LR littermates were studied. Notably a 30% reduction
in tumor burden in LR/IL-1RY2 mice was evident at both time points tested when compared to their
CC-LR counterpart. Reduced tumorigenesis was shown to be driven by decreased angiogenesis and an
overall age-dependent effect on tumor-promoting inflammation was seen. Tumor reduction in 14-week-
old LR/IL-1R~* mice was associated with an abundance of myeloid cell subsets as well as a shift in
dendritic cell phenotype suggesting an increase in T-cell priming. This differed in 18-week-old LR/IL-
1RY2 mice where a stronger response to epithelial IL-1R targeting with a significant reduction in T-
cell associated markers as well as NF-xB activation was observed. Overall, these findings provide
insight into cell-specific mechanisms underlying the tumor-promoting effects of IL-1p signaling and
support the role of tumor cell-intrinsic factors in this process via shaping the tumor microenvironment.
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Chapter 1: Introduction

1.1 Lung Cancer Incidence and Relevance of KRAS Oncogene in NSCLC

Responsible for 20.8% of cancer-related deaths, lung cancer remains the leading cause of
global cancer mortality.>® Lung cancer can be classified into two common forms, the most predominant
being non-small cell lung cancer (NSCLC) accounting for 85% of lung cancer cases, with 60-70% of
those cases being diagnosed at their advanced stages.

NSCLC is known to comprise a heterogeneous class of tumors. The subtype lung
adenocarcinoma (LUAD) represents 40% of all lung cancer cases.* With a five-year survival rate of
less than 20%, the development of targeted therapeutics has been underway yet still met with little
success due to rapidly acquired resistance.® Resistance to chemotherapeutic agents has been attributed
to genetic and epigenetic factors, with genetic mutations causing activation of downstream signaling
pathways. Mutations such as these are known as oncogenic driver mutations resulting in tumor
metastasis and formation. Of interest the Kirsten rat sarcoma viral oncogene (KRAS) accounts for
approximately 25% of all oncogenic mutations in NSCLC.® As part of the small guanosine triphosphate
(GTP)ase family and modulated by guanine nucleotide exchange factors (GEFs) and GTPase activating
proteins, the KRAS protein switches between the “inactive”, GDP-bound and the “active” GTP-bound
forms.” The activated GTP-bound K-Ras triggers multiple downstream signaling pathways promoting
cell survival, proliferation and division.® Gain-of-function mutations in the K-ras gene can result in the
constitutive activation of the KRAS protein, thus preventing the hydrolysis of GTP and return to the
“inactive” GDP-bound state. The continuous activation of its downstream signaling pathways causes
potent oncogenic activities.? Due to its presence as well as role in NSCLC progression, the development
of targeted therapies for this protein has been of high interest. Recently, small molecular weight
inhibitors of mutant KRAS against advanced K-ras mutant LUAD (KM-LUAD) have been developed

but have shown limited success due to acquired resistance.’®? Thus, new, or improved strategies are



urgently needed for clinical management of KM-LUAD, although, advancement in this area is hindered
by our poor understanding of early events in the development and progression of this disease.
1.2 NF-kB pathway Activation Elicits Tumor-Associated Inflammation

The tumor microenvironment (TME) is comprised of an intricate network of stromal cells,
inflammatory immune cells, and cancer cells which all play a pivotal role when it comes to tumor
development and progression.'? Inflammation heavily impacts the composition of the TME, where
immune cells elicit the targeted destruction of cancer cells thus causing the immune system to act in an
anti-tumorigenic manner. Opposingly it can advance tumorigenesis by exerting tumor-promoting
signals onto epithelial and cancer cells.*®* Cancer-associated inflammation can develop extrinsically
through insults such as smoking, the primary cause of lung cancer, as well as intrinsically, via cancer-
initiating mutations. These mutations then cause subsequent recruitment and activation of inflammatory
cells, such as macrophages and myeloid-derived suppressor cells (MDSCs), that promote metastasis,
angiogenesis, and tumor growth.’® Tumor cell-mediated inflammation is largely dependent on the
activation of the NF-xB pathway. NF-xB is involved in inducing the expression of various mediators
including cell survival, adhesion, differentiation, and growth.®!" Additionally, NF-xB signaling
mediates cytokine/chemokine secretion and synthesis from immune cells, promoting their recruitment
and capability to maintain a pro-tumor microenvironment.'® ° In the context of KM-LUAD, studies
have indicated elevated activation of NF-«B in tumor tissue that is associated with unfavorable
prognosis in patients.2-2
1.3 Interleukin-1p Associated Inflammation and Targeting in NSCLC

The development of NF-kB-associated inflammation can lead to production of cytokines such
as IL-6, IL-17, and IL-22, which we have already shown to causally promote lung tumorigenesis.?*2
However, research regarding the role of IL-1p as a potent activator of the NF-kB pathway in the context
of KM-LUAD has yet to be addressed. Located upstream to the NF-kB pathway and associated with
multiple inflammatory, metabolic, and infectious diseases, IL-1B plays an important role in the context
of cancer metastatis.?’ Elevated levels of IL-1pB has been attributed to tumor-associated inflammation,
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leading to increased cell proliferation and angiogenesis. These high levels have been correlated with
tumor progression in multiple cancer models.?® Additionally, a prospective study (CANTOS) that
evaluated the treatment of neutralizing IL-1p antibody (Canakinumab) in patients with atherosclerosis,
indicated a reduction in lung cancer incidence and associated mortality.? This supported the interest in
targeting IL-1p as an effective therapeutic target, especially for lung cancer patients who have elevated
levels of IL-1B in their serum.®® Additionally, a downstream effector of IL-1B induced signaling as well
as a marker for chronic inflammation, the inflammatory protein CRP, was increased in patients with
metastatic NSCLC and was associated with poor survival in NSCLC patients undergoing resection.!
More importantly, our lab has previously found that antibody-based neutralization of IL-1p suppressed
the development of KM-LUAD in human-relevant mouse models of the disease. IL-1pB associated
immunosuppression of the TME, which occurs through the recruitment of myeloid-derived suppressor
cells (MDSCs), and neutrophil accumulation, with subsequent inhibition of cytotoxic T-lymphocytes
(CD8+ T cells) was significantly reversed upon anti IL-1B antibody delivery transitioning from a pro-
tumor immune phenotype to that of an anti-tumor immune phenotype.®?

This study as well as many others led to the interest in wanting to target the IL-1 pathway as a
means of treatment and due to the CANTOS trial, much research has gone towards targeting IL-1p in
NSCLC. Three large-scale randomized phase Il clinical trials (CANOPY-1, CANOPY-2, and
CANOPY-A) as well as one phase Il clinical trial (CANOPY-N) had gone into effect in the past few
years, using Canakinumab in combination with other drugs.®*3¢ Unfortunately, the outcome of these
trials, were either halted due to low enrollment or terminated due to lack of efficacy.®” This, in turn, led
to questioning the validity of the drug but more importantly prompted the interest in wanting to further
investigate the mechanistic effects of IL-1p inhibition in the context of NSCLC.

1.4 Interleukin-1 Inflammatory Pathway Activation, Signaling, and Targeting

There are four main IL-1 family members; IL-1a, IL-1p, IL-33, and IL-1 receptor antagonist
(IL-1RA), all closely linked to inflammation in the context of tumor progression. Within this family,
there are two pro-inflammatory cytokines IL-1a and IL-1B. Both cytokines are functionally distinct,
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evident through differences in their expression and activation. IL-1a acts as a dual-function cytokine;
in the nucleus as a transcription factor and in the cytoplasm as an ‘alarmin’.*® Interestingly research has
shown that IL-1a production could be controlled by IL-1B.%° Of the two cytokines, IL-1B, has been
more commonly known to be a target in cancer treatment due to its ability to promote
immunosuppression, induce tumor development and angiogenesis as well as promote cancer cell
migration and invasion.

Beginning its synthesis as a pre-form protein, pro-IL-1p must be cleaved and converted to IL-
1B, its active form. This process is highly controlled, requiring a ‘priming’ step which involves the
transcription of the IL-1p gene, initiated by lipopolysaccharides (LPS), toll-like-receptors (TLRs),
tumor necrosis factor (TNF), or even by itself as a positive feedback mechanism. Once pro-IL-1p has
been released into the extracellular space, it must be cleaved by Caspase-1 to mature into IL-1.
Caspase-1 activation occurs via inflammasomes, specifically nucleotide-binding domain-like receptor
protein 3 (NLRP3) with the aid of apoptosis-associated speck-like protein containing a CARD domain
(ASC). Interestingly like IL-1B the NLRP3 inflammasome is controlled by activation of the NF-kB
pathway, thus IL-1p as well as the NF-kB pathway heavily rely on one another to allow for continuous
pathway activation and IL-1B production.*® #* Once in its active form IL-1p is generally released by
immune cells such as monocytes, macrophages, and dendritic cells via pyroptosis. Pyroptosis is an
NLRP3-regulated form of cell death, that involves Caspase-1 mediated cleavage of the effector
molecule Gasdermin-D (GSDMD), leading to the formation of large pores in the cell membrane causing
cell death. However, this mechanism has been proven to not be the only means of IL-1p secretion, with
literature providing evidence of GSDMD-independent secretion as well as additional pathway

involvement.*



IL-1p’s ability to impact the immune microenvironment
is only possible once it has bound to its respective membrane-
bound receptor IL-1 receptor (IL-1R). The IL-1 family of
receptors is comprised of 10 members, of which most form a
trimeric signaling complex, that requires a co-receptor. IL-1p
forms a trimeric complex comprised of both IL-1 Receptor 1 (IL-
1R1) or IL-1 Receptor 2 (IL-1R2) and their associated accessory
protein 1L-1 Receptor 3 (IL-1R3).** When IL-1p binds to its
receptor IL-1R1, a structural change occurs allowing IL-1R3 to
bind. This complex elicits a MyD88-triggered signaling cascade
of kinases initiating a pro-inflammatory response and activation
of the NF-«xB pathway. This is not the case when IL-1p binds to
IL-1R2, for it acts as a decoy receptor, leading to the
neutralization of IL-1B activity.** Differences in pathway
activation or lack thereof, once the cytokine is bound can be seen
in Figure 1. Since IL-1R1 is the sole receptor of IL-1p that
initiates a pro-inflammatory response via the NF-kB pathway, it

led us to our interest and my main hypothesis that; IL-1p binding
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Figure 1. Binding of IL-1f to
IL-1R2/IL-1R3 attenuates

signal cascade, as opposed to

IL-1R1/IL-1R3 (IL-1R),
initiating NF-xB  pathway
activation. Created in
Biorender.

to the IL-1 receptor leads to a tumor intrinsic inflammatory response that promotes KM-LUAD.

In summation, IL-1p’s ability to affect the immune cell compartment and induce tumor-

promoting inflammation has yet to be fully understood. Hence, gaining greater insight into the

mechanisms involved, as well as the importance of the interaction between IL-1f and its receptor, IL-

1R, is necessary. These studies will allow for the refinement of targeting IL-1p as a prevention or

treatment modality when used in the clinic.




Chapter 2: Results

2.1 Lung Epithelial Specific Conditional Deletion of IL-1R Reduces Tumor Burden at Both Early
and Late-Stage K-ras Induced Lung Tumorigenesis

Previously we have shown that IL-1f inhibition significantly reduces tumor burden via
transformation of the TME towards that of an anti-tumor immune phenotype.®? We believe that occurs
through the interaction between IL-1p and its receptor IL-1R, eliciting tumor promoting inflammation
through immune and tumor cell communication. Thus, we investigated the role of tumor epithelial IL-
1R in the context of K-ras mediated lung tumor progression. We accomplished this by our previously
established K-ras®?® driven LUAD mouse model (CC-LR). CC-LR mice have both the CCSPc™
recombinase, incorporating the insertion of Cre into the Club cell secretory locus, as well as a Lox-
Stop-Lox-Kras®2P mutation. This in turn allows for lung epithelial specific constitutive expression of
the Kras®'?P mutation and when crossed with our IL-1R conditional knockout mouse (IL-1R™), leads
to the simultaneous conditional deletion of the receptor within the lung epithelium (LR/IL-1R*%)
(Figure 2A&B). We tested epithelial 1L-1R deletion prior to and post adenocarcinoma formation, in
14- and 18-week-old mice. These two groups were termed the early and late-stage tumor development
timepoints. To confirm conditional deletion of the receptor, immunohistochemical staining of IL-1R1
was performed on 14-week-old mice. A significant reduction in IL-1R1 presence was observed and

quantified (Figure 2C).
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Figure 2: Conditional Knockout of IL-1R is Specific to the Lung Epithelium (A) Lung Epithelial
IL-1R targeting is specific to the Club cell, which simultaneously possess the Kras®*?® mutation.
(B) Representative mating pair involved in development of LR/IL-1R** mouse model. (C)
Photomicrographs of IL-1R stained lung sections obtained from 14-week-old mice.
Quantification presented as Mean Grey Value of IL-1R+ staining. Data represent mean + SEM.

*P < 0.05 by unpaired t test.

Upon conditional targeting of the receptor an average 30% reduction in surface tumor number
was evident at both timepoints tested when compared to their CC-LR counterpart (Figure 3A). This
was similarly seen via histopathological analysis which indicated a significant reduction in tumor area
as well as lesion formation and size. Furthermore, a potential shift towards a more hyperplastic lesion
phenotype as opposed to the expected adenoma/adenocarcinoma in late-stage LR/IL-1R* was visually
seen (Figure 3B). These results led us to investigate the impact of tumor epithelial IL-1R deletion in
the context of cell proliferation and angiogenesis previously known to be elevated in our CC-LR mice

and inhibited upon IL-1p blockade.
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Figure 3: Conditional Knockout of Lung Epithelial-Specific IL-1R Reduces Tumor Burden and
Angiogenesis but Not Cell Proliferation at Both Early and Late Stages. (A) Surface tumor
number of 14- and 18-week-old mice. (B) Photomicrographs of H&E-stained lung, including
representative calculated tumor areas measured using ImageScope Software. (C&D)
Photomicrographs of Ki-67 and ERG-stained lung sections. Quantification presented as % of Ki-
67 and ERG positive cells respectively. Data represent mean + SEM. **P < 0.05, *P < 0.05 by

unpaired t test.

Immunohistochemical staining of Ki-67 and ERG was performed respectively. Interestingly at
both timepoints tested, no change in Ki-67+ cells were seen in LR/IL-1R** mice when compared to
CC-LR’s as opposed to the significant reduction in ERG+ cells found at both early and late stage
timepoints (Figure 3C&D).

These results suggest that tumor epithelial IL-1R plays an important role in K-ras®*?® associated
tumor progression potentially mediated via angiogenesis at both early and late-stage tumor
development.

2.2 Lung Epithelial IL-1R Driven Angiogenesis Promotes K-ras Mediated Tumor Growth

Having seen a marked reduction in ERG upon lung epithelial IL-1R deletion, we wished to
further assess the involvement of angiogenesis and its role in tumor progression. Thus, we performed
immunohistochemical staining of vascular differentiation marker CD31 on tissue sections from both

early and late-stage lesions. A distinct difference in CD31 staining was evident, amongst LR/IL-1R**



mice at the late stage timepoint, indicating a decrease in vascularization that could be involved in the

reduced tumor burden seen previously in LR/IL-1R* mice (Figure 4A).
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Figure 4: Lung Epithelial IL-1R Driven Angiogenesis Promotes K-ras Mediated Tumor Growth.
(A) Photomicrographs of CD31 stained lung sections obtained from 14- and 18-week-old mice.
Quantification presented as Mean Grey Value of CD31+ staining. (B) Representative WB images
and analysis of VEGFR2 and g-actin protein levels in whole-lung tissue. (C) Relative mRNA

expression of VEGF and CD31 markers in whole lung normalized to Actb. Data represent mean

+ SEM. *P < 0.05 by unpaired t test.
Furthermore, we were interested in measuring VEGFR2 expression, a receptor for the major

angiogenic regulator VEGF and shown to be regulated by the NF-xB.*> Western blot analysis revealed
asignificant decrease in VEGFR2 expression in LR/IL-1RY2 at the late stage timepoint when compared
not only to its CC-LR counterpart but additionally to early stage LR/IL-1R** mice (Figure 4B). gPCR
analysis of VEGF and CD31 markers, further confirmed these findings, with a trend for a decrease in
these markers primarily seen in 18-week-old LR/IL-1R*2 mice (Figure 4C). These findings provided
evidence for the role of IL-1p/IL-1R induced angiogenesis in tumor progression and indicated its

primary involvement at the late stage timepoint.



2.3 Early and Late-Stage Changes in Lung TME Upon IL-1R Targeting
IL-1B is produced and secreted by multiple cell types, primarily myeloid cells which are
involved in the induction of early lung cancer metastasis.“® Thus, we were interested in evaluating the

role of immune cells in the context of tumor inhibition seen upon lung epithelial IL-1R deletion.
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Figure 5. Early and Late-Stage Contexture of Immune Cells Upon IL-1R Targeting Tumor
Differs (A) Inflammatory cell and lineage-specific white blood cell numbers from BALF’s of 14-
and 18-week-old mice. (B-D) Representative flow cytometry analysis performed on 14-week-old
mice. Quantification of monocytes (CD64+CD11b+), macrophages (CD64+), dendritic cells

(CD103+). (E) Relative mRNA expression Mrcl, Cd8a, Cd4, Ifny, and 116 markers normalized to

Actb or Cd45 expression. Data represent mean £ SEM. *P < 0.05 by unpaired t test.

Evaluation of Wright-Giemsa stained bronchoalveolar lavage fluid (BALF) from early stage
LR/IL-1R** indicated an overall increase in inflammation compared to age matched CC-LR’s. This
was evident through a significant increase in total white blood cells, primarily comprised of
lymphocytes and macrophages. Conversely a trend for decrease in total white blood cells, lymphocytes
and macrophages was prominent in LR/IL-1R>2 mice at the late stage timepoint (Figure 5A). This
difference in inflammation or lack thereof at later stages of tumor development indicates a time
dependent role that immune cells have regarding tumor promoting IL-1p /IL-1R crosstalk.

To evaluate these findings, flow cytometry analysis was performed on whole lung tissue
obtained from early stage LR/IL-1R*2 and CC-LR mice. Overall, a significant increase in total
monocytes was seen, however, when evaluating their inflammatory and resident subsets no significant
differences in their abundances were observed. There was however an increased trend in inflammatory
monocytes found in LR/IL-1R** mice compared to their control (Figure 5B). Further analysis of
macrophages and dendritic cells (DCs) was performed, as they are known to differentiate from myeloid
progenitor cells. Overall, no significant difference in amount of macrophage and dendritic cell subsets
was seen, yet an interesting shift towards the conventional dendritic cell 2 subset (cDC2) was noticed

(Figure 5C&D) These results not only highlight the role of monocytes in early-stage tumor prevention,
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however, additionally allude to the recruitment or involvement of T-cells in combatting tumor
progression and metastasis.

Quantitative real time-PCR (rt-qPCR) was performed on whole lung tissue to better
characterize the immune cells involved. A significant reduction in expression of M2 macrophage
associated gene Mrcl was evident in late-stage LR/IL-1R** mice compared to both age matched CC-
LR and early-stage LR/IL-1R** mice. Unexpectedly a significant decrease in Cd8a, Cd4 and IFN-y
was evident only in late stage LR/IL-1R*~2 mice, differing from increased T-cell associated cytotoxic
activity seen upon IL-1p inhibition (Figure 5E&F).* When comparing both early and late-stage time-
points, a decrease in pro-inflammatory cytokine known to be play a role in the activation of the NF-xB
pathway; IL-6, was seen (Figure 5F). These results suggest the involvement of macrophages regarding
IL-1B driven tumor growth via the induction of a tumor promoting M2 associated phenotype.
Additionally, a decrease in overall immune cell associated markers in late stage LR/IL-1R* suggests
their differing involvement regarding tumor progression. Early-stage tumor epithelial IL-1R deletion
in combating tumor growth may be driven primarily by immune cell associated signaling as opposed
to late-stage deletion which relies more on tumor cell associated signaling.

2.4 1L-1B/IL-1R Medicated NF-kB Pathway Activation is Mainly Associated with Late-Stage
Tumor Phenotype

K-ras mediated tumor progression is associated with inflammation, arising from the activation
of multiple pro-inflammatory pathways. This activation can be elicited by tumor-immune cell crosstalk
but additionally through the release of cytokines such as IL-1p. Having seen a differing role of immune
cell subsets as well as inflammation at the timepoints tested we wished to evaluate the activation of

pro-inflammatory pathway NF-kB.
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Figure 6. IL-14/1L-1R Mediated NF-xB pathway Activation is Mainly Associated with Late-
Stage Tumor Phenotype. (A) Photomicrographs of p65 stained lung sections obtained from 14-
and 18-week-old mice. Quantification presented as Mean Grey Value of p65+ staining. (B)

Representative WB images and analysis of p65 and g-actin protein levels in whole-lung tissue.

Data represent mean = SEM. **P < 0.001 *P < 0.05 by unpaired t test.
Immunohistochemical analysis of p65, a subunit of NF-kB that is predominantly involved in

its activation, did not show a significant decrease in early-stage LR/IL-1R~* mice compared to their
CC-LR control, however a lack of p65 expression was evident in late-stage LR/IL-1R~* mice (Figure
6A). These results were confirmed via Western blot analysis, where expression of p65 greatly differed
amongst 14- and 18-week-old LR/IL-1R** mice (Figure 6B). Lack in p65 expression suggests
involvement of NF-xB pathway activation in tumor progression in later-stage of tumorigenesis as well
as the role of tumor epithelial IL-1R in prompting its activation. No difference in p65 expression was
seen in early-stage LR/IL-1R~* mice, supporting the more dominant involvement of immune cells,
such as myeloid cells known to respond to IL-1f regulated NF-«xB activation in the context of tumor
progression.

2.5 Tumor/Epithelial-Specific-IL-1R Conditional Targeting Has No Affect KM-LUAD

Associated Stem-Like Properties

Research has shown involvement of IL-1f in regulation and function of stem-like properties,
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which are upregulated in our mouse model and mediated via NF-xB associated cytokine 1L-22.26 4

Thus, we wished to evaluate the effects that tumor/epithelial IL-1R targeting would have on stemness.
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Figure 7. Tumor/Epithelial-Specific-IL-1R Conditional Targeting Has No Affect KM-LUAD
Associated Stem-Like Properties. Photomicrographs of immunofluorescent stained lung sections
obtained from 14 and 18-week-old mice. (A) Quantification presented double positive CCSP/SPC
cells. DAPI (Blue), CCSP (Red), and SPC (Green) cells. (B) ALDH1 (Red) expression. (C)
Relative mRNA expression of Sox2, Nanog and Oct4 markers in whole lung normalized to Actb.

Data represent mean = SEM. *P < 0.05 by unpaired t test.

Immunofluorescence (IF) imaging of known subset of cancer stem cells (CSC’s); Club Cell
Secretory Protein (CCSP) and Surfactant Protein C (SPC) double positive cells was performed. CCSP
and SPC were used as they are primarily found in the bronchoalveolar duct junction where most stem-
like cells are in the context of KM-LUAD. No significant difference in number of these double positive
cells was seen at both early and late-stage LR/IL-1R~* mice when compared to their controls (Figure
7A). These results were supported when measuring the CSC marker ALDH1, which visually showed
no difference in expression (Figure 7B). Furthermore, PCR analysis of core stem cell genes, Sox2,
Nanog and Oct 4, indicated no change in expression at both time-points tested (Figure 7C) further
confirming our IF findings. Overall, these results indicate lack of involvement of IL-1f signaling in the

induction of stemness properties of double positive CSCs in the context of KM-LUAD progression.
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Chapter 3: Discussion and Future Direction

Taken together, our results indicate a time dependent effect for tumor/epithelial cell specific
IL-1R in KM-LUAD progression (Figure 8). Epithelial IL-1R targeting resulted in a significant tumor
reduction at both early and late-stage time points. Of interest, a difference in lesion phenotypes was
observed between 14-week and 18-week-old mice, a time point primarily associated with
adenoma/adenocarcinoma development. 18-week-old mice had a greater number of hyperplastic
lesions which may have resulted from a decrease in IL-1R presence on tumor cells. This in turn could
halt the ability of the receptor to interact with pro-inflammatory IL-1f3 causing the inhibition of tumor
growth.

The tumor growth elicited by IL-1B/IL-1R tumor epithelial interaction was demonstrated to be
primarily induced by angiogenesis. This confirmed our previous findings which indicated the
involvement of IL-1B in promoting angiogenesis® and endothelial cell specific IL-1R inflammatory
pathway involvement in prompting VEGF production.*® The response mentioned above, however, was
seen more significantly in our LR/IL-1RY2 late-stage mice, as opposed to early-stage. These results
indicate an age dependent sensitivity, with greater involvement of tumor cell specific production of
VEGF in eliciting tumor growth at the late stage timepoint. Further analysis measuring the
proangiogenic cytokines COX-2 and HIF-1a induced by IL-1B which are shown to mediate
angiogenesis, would be of interest.*® 5 The observed alterations in histological progression at both
timepoints which could potentially be mediated by angiogenic factors brought our attention to
incorporate the use of a p53 mouse model to further evaluate the effects of IL-1R conditional targeting
in the context of metastasis.

Along with cancer cells other immune cell subsets secret IL-1p3. Therefore, we expected that
inhibiting IL-1R on the tumor epithelium could play a role in dampening the pro-inflammatory immune
cell-cancer cell crosstalk. The mentioned results were expected to be seen more drastically in myeloid

cells, the primary producers of I1L-1f3, shown to have tumor promoting properties in the TME of the
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lung. Furthermore, we had previously confirmed these findings, where targeting IL-1p in CC-LR mice
led to the depletion of neutrophils and polymorphonuclear (PMN) myeloid-derived suppressor cells.®?
Interestingly, an increase in inflammation was apparent upon tumor epithelial IL-1R deletion at the
early-stage timepoint. Further analysis indicated the involvement of macrophages, as well as cDC2 cell
subsets playing a role in tumor development in the early stage timepoint. This observation suggests that
a compensatory mechanism may be at play, where lack of IL-1R in the tumor could potentially lead to
an increase in cytokine secretion. This influx of certain cytokines in the TME may increase activation
of other immune cell subsets such as T-cells, whose involvement is of interest due to changes seen in
the cDC2 cell compartment.

cDC2’s are less well known within the context of cancer and are believed to elicit a tumor
promoting Th2 response. Recently, however, literature has shown these cells possess a dual role in
tumor regulation. In humans, ¢cDC2’s has been evidenced to be involved in priming CD8+ T cell
responses under inflammatory conditions.>! Additionally, evidence regarding cDC2 association with
better prognosis in lung cancer patients has come to light.>2 Thus, our results along with previous
findings by others support our interest in better understanding T-cell priming involvement in the context
of IL-1B/IL-1R mediated tumorigenesis.

The above-mentioned observation was less conspicuous when studying tumor epithelial IL-1R
inhibition in late-stage lesions, where a noticeable decline in inflammation was evident. Further
evaluation of immune associated markers indicated a decrease in CD4+ and CD8+ T cells. This could
potentially be due to the role of IL-1p in the context of T-cell activation and dendritic cell priming.
Dendritic cell release of IL-1B can promote CD4+ T cell differentiation and activation.® Furthermore,
it has been shown that the NLRP3 inflammasome-IL-1R axis can initiate CD8+ T cell activity via
pyroptosis.> Thus upon early-stage IL-1R targeting, the initial influx of immune cells may be present
due to elevated levels of IL-1B or lack of response from the tumor upon IL-1p release. However, as
time progresses within this model, the decrease in IL-1p production by the tumor due to inhibition of
its IL-1p auto stimulatory loop could perhaps lead to a decrease in DC priming and an overall anti-
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inflammatory response. Furthermore, failure to initiate a cytotoxic T-cell response via DC priming of
dying tumor cells in the absence of IL-1R, as well as exogenous IL-1p has been demonstrated.* These
conclusions, however, must be confirmed through further analysis of the lymphoid cell subset.
Experiments, such as Single-Cell RNA sequencing, could additionally be used to exacerbate the exact
T-cell subtypes involved in tumor regression in these contexts.

These studies also signify the importance of IL-1f signaling and its relation to the myeloid cell
compartment. Hence, targeting the IL-1R in the myeloid cell compartment using a bone marrow

transplant approach should be considered.
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Figure 8. IL-f/IL-1R signaling in the tumor/epithelial cell is involved in tumor promotion via
changes in the immune microenvironment in early and late tumor stages. (Left) IL-1R/IL-1f
signaling is intact, prompting tumor associated inflammation characterized by increased
angiogenic factors, production of PMN-MDSCs, and neutrophils involved in tumor cell
dissemination/invasion. Furthermore, inhibition of cytotoxic T-cell function and infiltration
occurs via the release of neutrophil elastase. (Right) IL-1R/IL-18 signaling is partially inhibited
due to conditional deletion of IL-1R on the tumor epithelium, leading to cancer cell death. This
causes a reduction in tumor and immune cell mediated angiogenesis, lack of response to IL-1f
producing immune cells, and potential involvement of T-cell activity which must be further

evaluated. Created in Biorender.
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Following these findings, we studied the involvement of the NF-xB pathway, known to be
heavily activated by IL-1p and downregulated upon its inhibition. Once again, a time dependent
response was evident, where NF-xB activity was more affected in the late-stage time point. These
results may confirm the involvement of tumor cell intrinsic mechanisms mainly participating in tumor
progression at the late-stage timepoint, through inhibition of the NF-xB pathway. Additionally, it could
suggest the role of alternative inflammatory pathways being involved in early-stage IL-1R/IL-1B
associated tumor development. It would be essential to assess the STAT3 and MAPK/ERK pathway
activities which has been shown that could be activated by NF-«xB regulated cytokines.?*2 Furthermore,
we can evaluate the p38-MAPK pathway associated with promoting cell migration via IL-1R/IL-1
endothelial cell interaction.*

Lastly, having previously shown the involvement of NF-«xB regulated cytokines in promoting
cancer stemness properties and evidence indicating the role of IL-1 in facilitating stemness associated
tumor growth, we were interested in evaluating the effects of cancer stemness in our LR/IL-1R¥4
mice.?47 Interestingly no change in markers associated with cancer stemness was evident, potentially
indicating a lack of involvement of IL-1p in promoting KM-LUAD related stem-like properties. On the
other hand, our previous studies indicate that tumor of advanced stages in the lung, express more of an
alveolar type Il cell phenotype (AT2).5” These AT2 cells could be derived from Club cells due to the
activated K-ras oncogene and the observed phenotypic shift may be involved in prompting aggressive
tumor growth. AT2 cells can generate AT1 cells, to maintain lung homeostasis in response to injury.
This differentiation is mediated by IL-1B associated signaling.%® It has been shown that upon
differentiation towards an AT1 cell phenotype, AT2 cells first transit into alveolar intermediate cells
(AICs). AIC’s have been characterized to be Krt8+, which expand upon KM-LUAD associated
pathogenesis.®® Thus, these findings prompt the intent to study Krt8+ presence and activity when
knocking out IL-1R on the tumor epithelium.

Our studies support the ability of IL-1p to elicit an inflammatory response in the context of
KM-LUAD development. Hence, our intent to inhibit IL-1f to treat other lung associated diseases with
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elevated levels of this cytokine would be of interest. Chronic Obstructive Pulmonary Disease (COPD),
caused by exposure to inhaled pollutants, can increase the risk of lung cancer (3 to 10-fold) and 50-
70% of most lung cancer individuals have COPD at the time of diagnosis.®® COPD is caused by
neutrophil and pro-inflammatory cytokine mediated airway inflammation.®* These neutrophils show
increased NF-«xB signaling, which in turn regulates and is activated by alveolar macrophages.®?
Furthermore, there has been evidence linking the NLRP3 inflammasome and its subsequent
inflammatory cytokines to the inflammation observed in COPD patients. Of note, one of these cytokines
being IL-1B, commonly elevated in the lungs of patients with COPD.%® Additionally, we have shown
that COPD-like airway inflammation increases lung carcinogenesis through the induction of a pro-
inflammatory microenvironment.%” Thus in the future we plan to test effects of targeting IL-1B as a
means of inhibiting COPD-associated lung tumorigenesis.

Regarding potential caveats to this study, it is important to note that the experiments completed
were performed using whole lung lysates, thus the combination of both tumor epithelial and immune
cells was present during analysis. Therefore, for future studies the goal of isolating epithelial cells from
immune cells to allow for better characterization and precise analysis of what occurs upon tumor
epithelial IL-1R targeting must be accomplished. Furthermore, we should not forget that targeting IL-
1R, not only inhibits IL-1p signaling but additionally IL-1a signaling. Thus, potential effects of tumor
depletion upon IL-1R targeting could be attributed to IL-1a depletion as well, however its role in the
context of tumor progression especially within KM-LUAD is still not well understood.®

Altogether, these findings support the time dependent effects of IL-1p/ IL-1R tumor epithelial
signaling in promoting tumor growth. Due to the drastic differences evident within the immune cell
compartment at both timepoints, evaluating the effects of IL-1R targeting in a time-dependent manner
would be of interest in the future. This could be done using a tamoxifen induced mouse model, where
IL-1R deletion is controlled as opposed to conditionally knocked out since birth. This in turn would aid
in the assessment of targeting the receptor as a potential means of treatment for KM-LUAD within the
clinic.
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In conclusion, our study provides new perspectives regarding the mechanisms involved in the
immune associated tumor promoting effects of IL-1f signaling in the context of KM-LUAD.
Furthermore, increased understanding of IL-1f’s time dependent roles along with the involvement of
lymphoid cell recruitment and activation could pave way for the development of novel context-specific

targets for the prevention and treatment of KM-LUAD.
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Chapter 4. Methods

4.1 Mice

Our lab has developed a K-ras Driven Mouse Lung Adenocarcinoma Model, known as the CC-
LR mouse as previously described®. This model is created by mating mice carrying a Cre recombinase
inserted into Club Cell Secretory Protein locus (CCSP™®) to mice harboring the LSL-K-ras®?P to allow
for lung epithelial specific constitutive expression of the mutant K-ras®'?° and the development of KM-
LUAD. LR/IL-1R~~mice were created by crossing CC-LR mice with mice kindly provided by Tylor
Jacks harboring conditional allele of IL-1R (IL-1R*%). 14 and 18 weeks of age were chosen as early
and late stage timepoints, with adenocarcinoma formation primarily associated with 14- to 18-week-
old mice. Mice were housed under pathogenic free conditions and handled according to MD Anderson
IACUC Guidelines.

4.2 Assessment of Lung Tumor Burden and Inflammation

Prior to dissection, mice were anesthetized via intraperitoneal (IP) injection of avertin (Sigma),
and their tracheas were cannulated and sutured into place. Upon dissection, visible surface tumors were
counted. To collect tissue for RNA and Protein, mice first underwent BALF collection, encompassing
the administration and collection of two 1 mL aliquots of PBS through a cannula. Blood collection via
the posterior vena cava was then performed. Subsequently lungs were perfused with PBS and separated
and snap frozen for RNA or protein analysis. For tissue histology, following perfusion, lungs were
inflated with 10% buffered formalin (Sigma) for the duration of 10 minutes, then collected and held in
formalin then PBS for two consecutive days prior to paraffin embedding for further experimentation.

4.3 Immunohistochemistry (IHC) / Immunofluorescent (IF) Staining

IHC staining for proliferation marker Ki-67 (1:200; Cat ab16667, Abcam), angiogenesis
marker ERG (1:200; Cat ab92513, Abcam), vascular differentiation marker CD31 (1:200; Cat
ab77699T, Cell Signaling), NF-kB pathway activation marker p65 (1:2000; Cat ab32536, Abcam) and

the IL-1 receptor marker (1:50; Cat sc-393998, Santa Cruz), were completed as previously established,
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including optimization prior to experimentation. Stained slides were then imaged using an upright
microscope. Ratio of positive staining to total tumor cells obtained from 20x field images slides where
then quantified via ImageJ (NIH).
4.4 1solation of Lung Inflammatory Cells by Flow Cytometry

Lung homogenate obtained from PBS perfused lungs post dissection for 14-week-old mice were
obtained following protocol as previously described.®? Cells obtained were primarily stained with
surface markers prior to permeabilization using transcription factor-staining kit (Invitrogen) for
intracellular cytokine detection. Antibodies used are listed in Table 1. Data was obtained using the
LSRFortessa X-20 (BD) and analyzed using FlowJo software and an established gating strategy
previously used by our lab.

Table 1. Myeloid Panel

Antibody Clone Fluorescence Dilution Factor
Ghost Dye -- Violet 510 1:100
CD45.2 104 redFluor 710 1:100
CD11b MI/70 FITC 1:100
CDl11c N418 PE-Cy7 1:100
Ly6C HK1.4 APC 1:100
Ly6G 1A8 PE 1:100
CD206 C068C2 BV421 1:100
I-A/I-E M5/114.15.2 BVv711 1:100

4.5 Quantitative RT-PCR Analysis (QRT-PCR)

RNA was obtained from lung homogenate, extracted using the Qiagen extraction kit following
the manufacturer’s provided protocol. qRT-PCR experiments were performed using qScript cDNA

SuperMix (Quanta Biosciences) and SYBR Green FastMix (Quante Biosciences). The CFX96 Touch
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Real-Time PCR Detection System (Bio-Rad) was used and fold changes for each group measured was

obtained via the 222t method. Primers used can be found in Table 2.

Table 2
Gene Forward Reverse
IL-6 5’ CTGATGCTGGTGACAACCAC3’ 5’CAGACTTGCCATTGCACAAC3’
Mrcl S TTGGACGGATATGGAGGG3’ 5’"CCAGGCAGTTGAGGAGGTTC3’
CD4 5'GAAGATTCTGGGGCAGCATGGCAAAG3' 5TTTGGAATCAAAACGATCAAZ'
CcDS8 5'CTGCGTGGCCCTTCTGCTGTCCT3' 5'GGGACATTTGCAAACACGCT3'
IFNg S TTTTTCCAGCAGACCAGCTT3’ 5’ AGAGATTATCGGAGCGCCTT3’
VEGF 5° CTGCTGTAACGATGAAGCCCTG3’ 5S’GCTGTAGGAAGCTCATCTCTCC3’
CD31 5> CCAAAGCCAGTAGCATCATGGTC3’ 5’ GGATGGTGAAGTTGGCTACAGG3’

List of primers used in real-time qPCR.

4.6 Western Blot Analysis (WB)

Protein extracts were prepared from lung homogenate using a solution comprised of RIPA buffer
(Sigma) and protease inhibitor cocktail (Thermo Fisher Scientific). Protein extraction and WB
experimentation were performed as previously described. Concentration of protein was evaluated using
a bicinchoninic acid assay. Primary antibodies used are as follows; VEGF (1:1000; Cat 9698s Cell
Signaling), IL-1R (1:1000; Cat sc-393998, Santa Cruz), and p65 (1:1000; Cat ab32536, Abcam) and B-
actin (1:1000; Cat 4970s, Cell Signaling).

4.7 Statistical Analysis
Data analysis was performed using two-tailed unpaired t-tests, where a P-value <0.05 was considered

significant. Data was presented as a mean £SEM and graphed using GraphPad Prism.
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