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ABSTRACT

The incidence of breast cancer is the number one cause of cancer in women globally.
Due to the complex heterogeneous diversity of this disease, certain classifications of breast
cancer have developed targeted therapeutic strategies whereas other breast cancer classifications
still remain without any effective therapies. Triple negative breast cancer (TNBC) is a pathology
that currently relies on conventional chemotherapy and has historical poor prognosis due to
chemo-resistance, distant metastasis, and patient relapse. This dissertation focuses on the results
of preclinical and clinical studies inhibiting inflammatory mediators propagating chemo-
resistance in TNBC. Previous work by our lab and others have established that IL-6 and
inducible nitric oxide synthase (iNOS) are utilized by TNBC to resist chemotherapy by inducing
cancer stem cells, cancer proliferation and metastasis. Clinical trials targeting IL-6 has not been
thoroughly investigated in the context of breast cancer and previously it is not yet known which
patients would benefit from anti IL-6 therapy. In experiment 1, we found that a specific
molecular subtype of TNBC resisted chemotherapy by mitogen-activated protein kinase
(MAPK) induced autocrine IL-6. In contrast, a different TNBC subtype had no MAPK
activation following chemotherapy, which led to unaltered IL-6 production. Utilizing TNBC
xenografts in female mouse models, we investigated the efficacy of tocilizumab, anti-IL-6R
antagonist. Tocilizumab combined with chemotherapy provided significant tumor growth
reduction compared to chemotherapy alone in mice with MAPK active TNBC xenografts.
Conversely, the combinational regimen provided no benefit in mice with MAPK inactive TNBC
xenografts. Our lab has previously investigated the durability of an iNOS inhibitor decreasing
TNBC burden in mice xenograft studies. In experiment 2, we investigated a phase I/1I trial on
the safety and efficacy of the iNOS inhibitor in TNBC patients with local advanced or metastatic
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disease. The inhibitor was well tolerated, and the objective response rate was 81.8% for local
advanced patients and 15.4% for metastatic patients. We also observed that 86% of patients with
progressive disease had detectable IL-6 in sera through two courses of iNOS therapy which may
give rationale for exploring the efficacy of tocilizumab in combination with iNOS inhibition in

future clinical trials.
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1. INTRODUCTION
1.1. Introduction to Triple Negative Breast Cancer

Triple negative breast cancers (TNBC) account for 15-20% of all breast cancer cases and
approximately one million new TNBC cases are diagnosed globally (/). Unfortunately, TNBC
patients will not benefit from endocrine and growth factor receptor neutralizing therapies as they
are receptor independent cancer cells. Because TNBC lacks any targeted therapies, the current
standard of care is chemotherapy. TNBC remains a very difficult to treat cancer as they are
chemotherapy-resistant, and most patients develop recurrence or distant metastasis (2). Indeed,
metastatic TNBC patients have a grim overall survival of 9-12 months undergoing conventional
therapies (3). Furthermore, the heterogeneity of TNBC results in numerous chemo-resistance
pathways that are not yet fully delineated. This necessitates ongoing research to elucidate the
cellular biology of TNBC to develop novel therapeutics to improve patient survival.

Previous molecular signaling pathway investigations by others identified that TNBC can
be subdivided into distinct subtypes based on gene expression signatures (4); this TNBC
subtyping model has been validated by an independent group (5). The basal-like 1 (BL1)
subtype had genes enriched in cell cycle and division (4), and TNBC patients with BL1 tumors
achieved the best pathologic complete response (pCR) rates (3, 6). In contrast, the mesenchymal
stem-like (MSL) subtype had gene enrichment in hallmark cancer pathways: metastasis,
angiogenesis, and stem cell (4). The MSL subtype also had genes enriched in the NF-kB
pathway, but the relevance of this inflammatory pathway was not investigated (4). Moreover,
patients with the MSL subtype achieved one of the worst clinical pCR rates (5, 6). Although this
TNBC subtyping method is reproducible and early studies show that BL1 tumors are susceptible
to antineoplastic agents, it is not yet clear what resistance mechanisms are utilized by MSL

tumors in response to chemotherapy. Therefore, elucidating MSL chemo-resistance mechanisms
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will allow integration of targeted therapies aimed to neutralize unique MSL pathways to
complement conventional therapy.

The literature reports that numerous inflammatory cytokines have been shown to
activate pro-tumor pathways in various cancers (7-/1). It has also been established that various
chemotherapy regimens correlate with elevated cytokine levels in cancer patients (/2-14).
Therefore, it is plausible that the resulting chemotherapy associated inflammatory cytokines may
promote resistance mechanism in TNBC cells. Our lab has previously investigated that TNBCs
rely on a tumor-produced inflammatory molecule (nitric oxide) to counter the efficacy of
docetaxel, a frontline chemotherapy agent for TNBC (75, 16). It is thus possible that TNBCs
may synthesize other inflammatory mediators to abrogate the effect of docetaxel. Given that
MSL TNBC had gene enrichment in the inflammatory NF-kB pathway, we hypothesized that
MSL TNBCs may resist docetaxel therapy with self-induced proinflammatory cytokines.

The paradigm of cancer cells producing autocrine inflammatory mediators has already been
established in the literature. Indeed, several inflammatory products have been elucidated as
cancer-promoting factors in the tumor microenvironment. To summarize, we begin our
discussion with IL-6, a classical activator of the STAT3 pathway (/7-20). IL-6/STAT3 activity
has been reported to drive cancer stem cell induction, metastasis, and cancer cell proliferation.
Abrogation of IL-6 in vitro led to increased TNBC cell death by chemotherapy as well as
suppressed tumor growth in live animal models (/7). These findings have been repeated by
others and preliminary data suggests a rationale for targeting IL-6 in TNBC pre-clinical models
(21, 22). Despite these advancements, the literature thus far does not provide any context into

which TNBC patients may be the prime candidates for IL-6 targeted therapy.



GM-CSF is another cytokine that promotes a pro-tumor role in the tumor
microenvironment. GM-CSF is widely provided as an immune adjuvant in cancer clinical trials
(23) to activate antigen presenting cells and promote cell mediated immunity against tumors.
However, there is growing literature that this immune stimulating cytokine can promote cancer
cell proliferation and metastasis (24, 25). Although there is scientific reasoning to provide GM-
CSF as an immune adjuvant, the possibility that this cytokine can directly stimulate cancer cells
highlights the paramount importance of understanding the direct consequence of inflammatory
mediators on the cancer target cells.

COX-2 has been established as a pro-tumor inflammatory mediator for several decades.
COX-2 and its main metabolite, PGE2, have been found to correlate with poor prognoses in
cancer and hypothesized to promote cancer proliferation and metastasis (26-28). In support,
others have provided pre-clinical context for COX-2 inhibition therapy by decreased tumor
growth in animal models (29, 30). Despite the clear evidence to target tumor derived COX-2,
clinical trials investigating COX-2 inhibitors have been largely disappointing with no evidence
of patient benefit (37, 32). This phenomenon could be explained by several hypotheses. Firstly,
it could be rationalized that COX-2 inhibition would provide greatest benefit to patients with
high COX-2 expressing tumors and modest to little benefit for patients with COX-2 independent
tumors. Therefore, it would be of interest to perform retrospective analysis of patient biopsy
samples to determine whether any benefit can be correlated based on COX-2 expression levels
prior to therapy. Secondly, due to the plasticity of cancer cells, it may be possible that even with
100% neutralization of tumor derived COX-2, there may be other COX-independent pathways

cancer cells may utilize to drive proliferation and metastasis.



NOS2 has been demonstrated to promote tumor progression in melanoma, glioma and
various other cancers (33-35). Our lab and others have also demonstrated that TNBC utilize
NOS2 by nitrosylating mediators of signaling pathways to promote chemo-resistance (135, 29).
By utilizing a NOS2 inhibitor, L-NMMA, our previous study found that L-NMMA promoted
endoplasmic reticulum stress and synergized with docetaxel to promote TNBC cell death. Our
studies have consistently found that L-NMMA provided durable benefit in mice models with
TNBC xenograft studies (15, /6). We therefore hypothesized whether L-NMMA may provide
benefit to patients at a clinical level and initiated a phase I safety and phase Il dose efficacy
study.

In summary, this dissertation will examine the pre-clinical benefit of IL-6 targeted
therapy against a specific molecular subtype of TNBC. This experiment will highlight the
underlying pathway responsible for docetaxel induced autocrine IL-6 production and anti-IL-6
efficacy study with animal models of TNBC xenografts. Furthermore, this dissertation will also
examine the clinical benefit of L-NMMA targeted therapy for TNBC patients. In closing, we

will discuss future applications of translating targeted IL-6 therapy for clinical applications.
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2. TOCILIZUMAB OVERCOMES CHEMOTHERAPY RESISTANCE IN
MESENCHYMAL STEM-LIKE BREAST CANCER BY NEGATING AUTOCRINE

IL-1A INDUCTION OF IL-6*

2.1. Abstract

Triple-negative breast cancer (TNBC) patients with mesenchymal stem-like (MSL)
subtype have responded poorly to chemotherapy whereas patients with basal-like 1 (BL1)
subtype achieved the best clinical response. In order to gain insight into pathways that may
contribute to the divergent sensitivity to chemotherapy, we compared the inflammatory profile of
the two TNBC subtypes treated with docetaxel. Cellular signaling analysis determined that
docetaxel activated MAPK pathway in MSL TNBCs but not BL1 TNBCs. The subsequent
MAPK pathway activation in MSL TNBCs led to an IL-1A mediated cascade of autocrine
inflammatory mediators including IL-6. Utilizing the humanized IL-6R antibody, tocilizumab,
our in vitro and in vivo data show that MSL TNBCs treated with tocilizumab together with
chemotherapy results in delayed tumor progression compared to MSL TNBCs treated with
docetaxel alone. Our study highlights a molecular subset of TNBC that may be responsive to
tocilizumab therapy for potential translational impact.

2.2. Introduction

Triple-negative breast cancers (TNBC) account for 15-20% of all breast cancer cases
and approximately one million new TNBC cases are diagnosed globally (7, 2). Unfortunately,
TNBC patients do not benefit from endocrine and growth factor receptor neutralizing therapies
as they are receptor-independent cancer cells. TNBC remains very difficult to treat and most

patients develop recurrence or distant metastasis (3, 4). Indeed, metastatic TNBC patients have a

* Reprinted with permission from “Tocilizumab overcomes chemotherapy resistance in mesenchymal stem-like breast cancer
by negating autocrine IL-1A induction of IL-6” by Andrew W Chung; Anthony J Kozielski; Wei Qian; Jianying Zhou; Ann C
Anselme; Alfred A Chan; Ping-Ying Pan; Delphine J Lee; Jenny C Chang, 2022. NPJ Breast Cancer, Volume 8, Pages 30-39,
Copyright 2022, The Authors.
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grim overall survival of 9-12 months undergoing conventional therapies (5, 6). Furthermore, the
heterogeneity of TNBC results in numerous chemoresistance pathways that are not yet fully
delineated. This necessitates ongoing research to elucidate the cellular biology of TNBC to
develop novel therapeutics to improve patient survival.

Previous molecular signaling pathway investigations by others identified that TNBC can
be subdivided into distinct subtypes based on gene expression signatures (7). The basal-like 1
(BLT) subtype had genes enriched in cell cycle and division (7), and TNBC patients with BL1
tumors achieved the best clinical responses (8, 9). In contrast, the mesenchymal stem-like
(MSL) subtype had gene enrichment in hallmark cancer pathways: metastasis, angiogenesis, and
stem cell (7). Patients with MSL subtype are more chemoresistant and achieve one of the worst
clinical response rates (8, 9). Although this TNBC subtyping method is reproducible and early
studies show that BL1 tumors are susceptible to antineoplastic agents, it is not yet clear what
resistance mechanisms are utilized by MSL tumors in response to chemotherapy. Therefore,
elucidating MSL chemoresistance mechanisms will allow integration of targeted therapies aimed
to neutralize unique MSL pathways to complement conventional therapy.

Numerous inflammatory cytokines have been shown to activate pro-tumor pathways in
various cancers (/0-14). It has also been established that various chemotherapy regimens
correlate with elevated cytokine levels in cancer patients (/5-17). Therefore, it is plausible that
the resulting chemotherapy-associated inflammatory cytokines may promote resistance
mechanisms in TNBC cells. Given that MSL TNBC had gene enrichment in the inflammatory
NF-kB pathway (7), we hypothesized that MSL TNBCs may resist docetaxel therapy with self-

induced proinflammatory cytokines.

12



As single agent taxanes are frontline therapy for TNBC patients (/8), we investigated
potential chemoresistant mechanisms by analyzing the inflammatory profile differences between
MSL and BL1 TNBCs treated with docetaxel. Our results suggest that docetaxel treated MSL
TNBC:s initiate an autocrine IL-1A circuit to promote tumor production of IL-6. This
mechanism is unique to MSL TNBCs and not observed in BL1 TNBCs. IL-6 is a well-
established inducer of STAT3 signaling (79, 20), and STAT3 signaling mediates cancer
proliferation (2/-23). Therefore, targeting tumor-derived IL-6 with pharmacological inhibitors
may negate chemoresistance pathways in docetaxel-treated MSL TNBCs. We tested our
hypothesis by investigating the therapeutic efficacy of tocilizumab, a humanized anti-IL6R
antibody with FDA approval for various auto-immune diseases (24, 25). This study aims to
elucidate the upstream pathway promoting autocrine cytokine production in MSL TNBCs, and
investigate the potential benefit of a novel regimen combining tocilizumab with docetaxel

against different TNBC subtypes.

2.3. Results
2.3.1. Differential inflammatory gene expression in MSL vs BL1 TNBC cell lines

RNA sequencing was performed on four human MSL TNBC cell lines and four human
BL1 TNBC cell lines that were untreated or treated with docetaxel. Gene expression profile
differences were compared between untreated MSL vs BL1 TNBCs, and docetaxel-treated MSL
vs. BL1 TNBCs. Ingenuity Pathway Analysis (IPA) demonstrated that MSL TNBCs had a

higher inflammatory gene signature compared to BL1 TNBCs (7).
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Figure 2-1. RNA sequencing predicts higher expression of immune molecules in

MSL TNBCs compared to BL1 TNBCs.
Four MSL TNBC and four BL1 TNBC cell lines were treated in presence or absence of docetaxel (4

ng/ml) for 48 hours and RNA sequencing was performed. (A) IPA upstream regulator analysis of fold
change ratio (cutoff value of 5 or -5) comparing averaged RPKM from four untreated MSL TNBC to
averaged RPKM from four untreated BL1 TNBC. (B) IPA pathway builder of IL1A upstream regulator
network overlayed with dataset from Fig. 2-1A (fold change ratio comparing averaged MSL untreated to
averaged BL1 untreated samples). (C) Heat map expression of RPKM values from selection of genes
shown in IL1A upstream regulator network from Fig. 2-2B. (D) Confirmatory qPCR for same samples
used in RNA Seq experiment, shown are 2"-ACt values. Red represents MSL TNBC cell lines and green

represents BL1 TNBC cell lines.

IPA predicted that the IL-1 cytokine family was upstream regulators in MSL TNBCs at

baseline levels (Fig. 2-1A) and after docetaxel (Fig. 2-2A), which was missing in the BL1
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TNBC cell lines. IL-1A and IL-1B are both potent inflammatory cytokines with multi-faceted

roles in homeostasis, immunity, and inflammatory diseases (26, 27).
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Figure 2-2. MSL TNBCs have predicted IL-1A mediated signaling, which is absent
in BL1 TNBCs.
Four MSL TNBC and four BL1 TNBC cell lines were treated in presence or absence of docetaxel (4

ng/ml) for 48 hours and RNA sequencing was performed. (A) IPA upstream regulator analysis of fold
change ratio (cutoff value of 5 or -5) comparing averaged RPKM from four docetaxel treated MSL TNBC
to averaged RPKM from four docetaxel treated BL1 TNBC. (B) IPA pathway builder of IL1A upstream
regulator network overlayed with dataset from Fig. 2-2A (fold change ratio comparing averaged MSL
docetaxel treated to averaged BL1 docetaxel treated samples). (C) InnateDB analysis of aggregate 16
samples (four MSL media, four BL1 media, four MSL doc and four BL1 doc) with a permutation test
comparing MSL to BL1 (p-value < 0.05 and log2FC > 4). Shown are pathways upregulated in MSL
TNBCs compared to BL1 TNBCs. (D) IL-6 and (E) IL-1A average = SEM ELISA results from
supernatants collected 48 hours from each indicated human TNBC cell lines treated in presence or absence

of docetaxel at 4ng/ml. Each cell line was tested with three biological replicates and results are
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representative of at least two independent experiments. (F) Each cell line was treated in the presence or
absence of docetaxel (4ng/ml), and whole cell lysate was collected after 48 hours and western blot for
COX-2 and b-actin was performed for all indicated samples. Results are representative of at least two

independent experiments. Statistical analysis performed with unpaired t-test: * p <0.05; ** p <0.01.

Pathogen mediated activation is required for mature IL-1B and given that our model is in
the context of “sterile” inflammation with the absence of microbial antigens, we hypothesized
that upregulation of the IL-1B transcript would not result in biologically active IL-1B. We
confirmed that all TNBC cell lines did not produce any detectable levels of mature IL-1B protein
(data not shown). Next, we investigated the inflammatory network regulated by IL-1A in MSL
TNBCs. IPA network pathway results showed that MSL TNBC gene expression profiles had an
IL-1A regulated interaction with other inflammatory mediators such as IL-6, IL-8, CSF2,
CXCL2, CXCL3, IL-32, IL-11 at both baseline levels (Fig. 2-1B) and after docetaxel treatment
(Fig. 2-2B). Given that we observed an upregulated cytokine network in MSL TNBCs, analysis
was performed on a database for innate immune signaling pathways (InnateDB). Results
indicated that MSL TNBCs had a significant upregulation of cytokine-cytokine receptor
interaction compared to BL1 TNBCs (p < 0.05, Fig. 2-2C). In addition, heatmap analysis of the
RNA sequencing results confirmed that MSL TNBCs had higher gene expression of various
inflammatory mediators compared to their BL1 counterparts (Fig. 2-1C), which were validated
by confirmatory RT-PCR of select target genes (Fig. 2-1D). Cumulatively, these data suggest
that MSL TNBCs had an inflammatory gene expression profile that may be regulated by IL-1A
in a mechanism that is absent in BL1 TNBCs.

2.3.2. Docetaxel induces inflammatory mediators in MSL TNBCs and not BL.1

TNBCs
16



Next, we confirmed our RNA sequencing results by measuring select inflammatory
mediators following docetaxel treatment in vitro by examining protein induction. Docetaxel
treatment-induced statistically significant levels of IL-6 in MSL TNBCs ranging from
approximately 2-63 ng/ml (Fig. 2-2D), whereas docetaxel induced IL-6 inconsistently from BL1
TNBCs ranging from not detectable to 1 ng/ml. Similarly, docetaxel treatment mediated
statistically significant production of mature IL-1A in three out of four MSL TNBC cell lines
(Fig. 2-2E) compared to a complete absence of detectable extracellular IL1A in BL1 TNBCs.
COX-2 was also upregulated following docetaxel treatment in MSL. TNBCs (Fig. 2-2F), which
did not occur in BL1 TNBCs. As both mature and full-length forms of IL-1A are biologically
active (26, 27), we determined the expression of pro IL-1A by western blot in the representative
TNBC cell lines. In alignment with the extracellular IL-1A data (Fig. 2-2E), docetaxel induced
pro IL-1A only in the surveyed MSL TNBCs compared to virtual absence in BL1 TNBCs (Fig.

2-3).
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Figure 2-3. MSL TNBCs produce pro IL-1A in response to docetaxel, but not BL.1

TNBCs.
MSL TNBC cell lines and BL1 TNBC cell lines treated with or without docetaxel (4 ng/ml) for 48 hours,

western blot was performed for indicated proteins.

Because IL-6 is a well-characterized cytokine that is utilized for the benefit of various
cancers (2/-23), we explored the biological relevance of this cytokine in TNBCs. The signaling
component of IL-6 requires both the IL-6R and gp130 as the downstream signal transducer for
subsequent Jak/STAT activation (28). Although we found that all TNBC cell lines had
ubiquitous expression of IL-6R (Fig. 2-3), we also found that MSL. TNBCs had a trend of higher
expression of the gp130 signal transducer in comparison to BL1 TNBCs. Docetaxel however
did not alter the expression of the IL-6 signaling component in any TNBC cell line. These data
confirms that docetaxel augments an inflammatory cytokine profile unique to MSL TNBCs

which is notably absent in BL1 TNBCs.
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2.3.3. MAPK pathway mediated IL-1A promotes the inflammatory cascade in MSL

TNBCs

As our previous results indicated that IL-1A is an upstream in MSL TNBCs (Fig. 2-2A),
we investigated whether elimination of IL-1A would diminish the inflammatory profile in MSL
TNBCs. Two representative MSL TNBC cell lines, SUM-159 and MDA-MB-436, were treated
with docetaxel in the presence or absence of IL-1A neutralizing antibody. IL-1A neutralizing
antibody resulted in 72-77% reduction of docetaxel mediated production of IL-6 in the MSL

TNBC cell lines versus isotype control (p < 0.001 in both cell lines, Fig. 2-4A and Fig. 2-5A).
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Figure 2-4. IL-1A is the upstream cytokine that promotes docetaxel mediated
inflammation.
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(A) IL-6, PGE2, and IL-8 ELISA results from supernatants collected from human TNBC cell line treated
48 hrs in presence or absence of docetaxel (doc) at 4ng/ml, NA/LE IL-1A mAb (1pg/ml) or NA/LE
isotype mlgG2a (1pug/ml). (B) BL1 TNBC treated in presence or absence of recombinant human (rh) IL-
1A (2ng/ml) for 48 hrs and supernatants analyzed for IL-6 and IL-8 ELISAs. 2-4A and 2-4B show
average + SEM from n=3 biological replicates. (C) Indicated TNBCs were treated in the presence or
absence of doc (4 ng/ml) for 48 hrs. WB from whole cell lysates was performed, shown are representative
images. (D) Average £ SEM densitometry analysis is from n=3. (E) Shown are representative 20X images
(n=3 biological replicates) from S159 (MSL) cells cultured 48 hrs in chambered slides with or without doc
(4 ng/ml). Immunofluorescence staining for IL-1A (Alexa Fluor 488) and Phospho ERK1/2 (Alexa 546)
was performed. Statistical analysis performed with unpaired t-test: * p < 0.05; ** p < 0.01. All indicated

experiments are representative of at least two independent experiments.

IL-1A neutralizing antibody also resulted in virtual elimination of PGE2, the main
metabolite of COX-2 (29), following docetaxel treatment in the MSL TNBC cell lines (p < 0.05

for MDA-MB-436 and p < 0.001 for SUM-159, Fig. 2-4A and Fig. 2-5A).
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Figure 2-5. IL-1A promotes docetaxel mediated inflammation in MSL TNBCs, and
not BL1 TNBCs.
(A) Shown are IL-6, PGE2, and IL-8 ELISA results from supernatants collected 48 hrs from human TNBC

cell line treated in presence or absence of docetaxel (doc) at 4ng/ml, NA/LE IL-1A mAb (1pg/ml) or
NA/LE isotype mIgG2a (1ug/ml). (B) BL1 TNBC treated in presence or absence of recombinant human
(rh) IL-1A (2ng/ml) for 48 hrs and ELISAs analyzed supernatants for IL-6 and IL-8. Shown are average +
SEM from n=3 biological replicates. (C) TNBCs were treated in the presence or absence of doc (4 ng/ml)
for 48 hrs. WB from whole cell lysates was performed, shown are representative images. Average + SEM
densitometry analysis is from n=3. (D) Kira6 is an IRE1 inhibitor. MSL TNBC was treated for 48 hrs at

the indicated conditions (doc=4 ng/ml and Kira6=0.3uM) and supernatant was analyzed for IL-1A and IL-
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6. Shown are average + SEM ELISA results representative from n=3 biological replicates. Statistical
analysis performed with unpaired t-test: * p < 0.05; ** p <0.01. All indicated experiments are

representative of at least two independent experiments.

Because IL-6 and IL-8 are often reported in tandem to promote TNBC growth,
metastasis, and chemoresistance (21, 30, 31), we also evaluated if IL-1A neutralization
diminished docetaxel mediated production of IL-8. Indeed, IL-1A neutralization resulted in 66-
73% reduction of IL-8 in the MSL TNBC cell lines (p < 0.01 for MDA-MB-436 and p < 0.001
for SUM-159, Fig. 2-4A and Fig. 2-5A). We have previously shown that BL1 TNBCs do not
produce IL-1A (Fig. 2-2E). We, therefore, investigated whether BL1 TNBCs are capable of
downstream IL-1 signaling by treating two representative BL1 TNBC cell lines, MDA-MB-468
and HCC38, with recombinant human IL-1A. Treatment of BL1 TNBCs with recombinant
human IL-1A resulted in significant production of IL-6 and IL-8 (Fig. 2-4B and Fig. 2-5B)
indicating that BL1 TNBCs are capable of downstream IL-1 signaling and only lacking in
endogenous production of I1L-1.

Next, we and others have previously shown that taxane therapy induces endoplasmic
reticulum (ER) stress (32-34). Surprisingly, docetaxel treatment increased the ER stress sensor
IREla in MSL TNBCs, whereas BL1 TNBCs had no change after therapy (Fig. 2-4C, 2-4D and
Fig. 2-5C). Due to inconsistent findings with phosphorylated IRE1a between MSL and BL1
TNBCs, we verified docetaxel mediated inflammation was downstream of IRE1 with Kira6.
Kirab6 is an established IRE1 inhibitor (35, 36), and we found consistent abrogation of docetaxel
induced IL-1A and IL-6 by Kira6 in both MSL TNBCs Fig. 2-5D. Furthermore, ER stress has

been well-characterized for activation of MAPK pathway (37-39). In alignment with previous
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reports, we observed that docetaxel treatment of MSL TNBC showed a correlative increase in
both ERK1/2 phosphorylation and IL-1A (Fig. 2-4E). Cumulatively, our data show that
docetaxel induces ER stress and inflammation in MSL TNBCs which is not observed in BL1
TNBCs.

To investigate the potential relevance of asymmetrical MAPK pathway activation in the
two TNBC subtypes, we found docetaxel treatment resulted in the phosphorylation of MEK1/2
in MSL cell lines SUM-159 and MDA-MB-436 (Fig. 2-6A and Fig. 2-7A), whereas docetaxel

did not activate MEK1/2 in BL1 cell lines MDA-MB-468 and HCC38.
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Figure 2-6. Docetaxel induced MAPK activity promotes autocrine IL-1A/IL-6

production in MSL TNBCs.
(A) TNBCs were treated in the presence or absence of docetaxel (doc) at 4ng/ml for 48 hrs. WB from

whole cell lysates was performed, shown are representative images. Average + SEM densitometry
analysis is from n=3 biological replicates. (B) Cartoon representation of MAPK mediated induction of IL-

1A/IL-6. (C) PD 0325901 (PD03) is a MEK inhibitor. MSL TNBC was treated for 48 hrs at the indicated

conditions (doc=4 ng/ml and PD03=1uM), supernatants were measured for IL-1A and IL-6. Shown are
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average £ SEM ELISA results from n=4 biological replicates. (D) WB from paired whole cell lysates to
supernatant samples from Fig. 2-6C, shown is a representative image. Average + SEM densitometry
analysis is from n=4. Statistical analysis performed with unpaired t-test: * p < 0.05; ** p <0.01. All

indicated experiments are representative of at least two independent experiments.

To confirm the relevance of the MAPK pathway, MSL TNBC cell lines were treated in
the presence or absence of docetaxel with MEK inhibitor PD 0325901 (40). MEK inhibition led
to a statistically significant reduction of IL-1A both at baseline levels (p < 0.001) and after

docetaxel treatment (p < 0.001, Fig. 2-6C and Fig. 2-7B) in both MSL TNBC cell lines.
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Figure 2-7. Docetaxel mediated MAPK/IL-1A/IL-6 signaling observed in MSL
TNBCs, and not BL1 TNBCs.

(A) Indicated cell lines were treated in the presence or absence of docetaxel (doc) at 4ng/ml for 48 hrs.
WB from whole cell lysates was performed, shown are representative images. Average = SEM
densitometry analysis is from n=3 biological replicates. (B) PD 0325901 (PD03) is a MEK inhibitor. MSL
TNBC was treated for 48 hrs at the indicated conditions (doc=4 ng/ml and PD03=1uM) and supernatant
was analyzed for IL-1A. Shown are average £ SEM ELISA results from n=4 biological replicates. (C)
WB from paired whole cell lysates as supernatant samples from Fig. 2-7B, shown is a representative
image. Average + SEM densitometry analysis is from n=4. Statistical analysis performed with unpaired t-
test: * p <0.05; ** p <0.01. All indicated experiments are representative of at least two independent

experiments.
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Furthermore, the reduction of IL-1A likewise led to decreased production of the
downstream cytokine IL-6 in SUM-159 (p < 0.001, Fig. 2-6C). We next investigated the
phosphorylation of downstream targets ERK1/2 to validate that the effect of PD 0325901 was
the result of MEK inhibition (47). We confirmed that PD 0325901 significantly reduced
ERK1/2 phosphorylation both in the absence and presence of docetaxel (p < 0.01, Fig. 2-6D and
Fig. 2-7C) for both MSL TNBC cell lines. In addition, we also determined that MEK inhibition
resulted in a clear reduction of pro-IL-1A (Fig. 2-6D and Fig. 2-7C) which aligned with the
extracellular IL-1A reduction results as in Fig. 2-6C and Fig. 2-7B. These results indicate that
docetaxel mediates activation of the MAPK pathway to initiate the IL-1A driven inflammation in
MSL TNBCs (Fig. 2-6B). This mechanism does not occur in BL1 TNBCs as the MAPK
pathway remains unchanged following docetaxel treatment. Furthermore, we found that MSL

TNBCs responded dose-dependently to MEK inhibition by PD 0325901 (Fig. 2-8A).
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Figure 2-8. Dose dependent response of MEK1/2 inhibition against docetaxel

treated MSL TNBCs.
Shown are supernatant analysis from ELISA after 48 hour culture. MSL TNBC cell lines were treated

with docetaxel (4 ng/ml) and the following inhibitors: (A)PD03 (PD 0325901) is a MEK inhibitor and
shown is average technical replicates + SEM, representative from two independent experiments. (B)
T5224 is an AP-1 inhibitor and shown is average technical replicates + SEM, representative from two

independent experiments. (C) SC75741 is a NFkB inhibitor and shown is average + SEM from two
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independent experiments with n=3 biological replicates. Statistical analysis performed with unpaired t-test:

*p<0.05; ** p<0.01.

Cumulatively, our data aligns with previous reports that MAPK pathway activates
transcription factors that bind to the IL-1A promoter in tumorigenesis (42). As IL-1A can be
produced through MEK independent pathways (43, 44), we investigated the role of other
reported pathways that can induce IL-1A. Inhibition of AP-1 resulted in no reduction of IL-1A
and IL-6 in MSL TNBC cell lines (Fig. 2-8B), whereas inhibition of NF-kB resulted in
inconsistent reduction of IL-6 in MSL TNBC cell lines (Fig. 2-8C). This suggests that NF-kB
does not contribute to the MAPK/IL-1A axis, yet may play a minor independent role in IL-6
production. Cumulatively, these results show that docetaxel activates the MAPK pathway in
MSL TNBCs which triggers an autocrine IL-1A cascade for subsequent inflammation. This
mechanism is virtually absent in BL1 TNBCs as docetaxel treatment results in no MAPK
activation.

2.3.4. Docetaxel synergizes with IL-6 neutralization against MSL TNBC:s in vitro

As IL-6 has a multi-factorial role in promoting cancer cell proliferation, metastasis, and
cancer stem cell induction (/9-23), we investigated in vitro the potential efficacy of neutralizing
MSL TNBC autocrine IL-6 production in combination with docetaxel treatment. Dual treatment
of MSL TNBC cell lines with docetaxel and an IL-6 neutralizing antibody led to a significant
reduction in phosphorylation of STAT3, a potent transcription factor for cancer proliferation

(Fig. 2-9A and Fig. 2-10A).
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Figure 2-9. IL-6 neutralization in combination with docetaxel provides benefit

against MSL TNBCs, but not BLL1 TNBCs.
(A) The indicated TNBC cell lines were treated with docetaxel (4 ng/ml) with or without anti IL-6

$159 Ohr

o AN w aoO

$159 40 hr

media toc doc doc+ media toc doc doc+
toc toc

neutralizing antibody (0.1 pg/ml) or isotype control for 24 hours, and then western blot was performed.
Shown are representative western blot images and average + SEM densitometry of phosphorylated STAT3
from n=3 biological replicates for both TNBC cell lines. (B) Scratch migration for TNBCs treated for 40-
48 hours with or without docetaxel (4 ng/ml), anti IL-6 neutralizing antibody (1 pg/ml) and isotype control
(1 pg/ml). Shown are average = SEM % wound closure from n=5 biological replicates for all cell lines.
(C) Representative (from Fig. 2-9B) scratch migration image for S159 at t=0hr and t=40hr. (D) Secondary
mammospheres treated in the presence or absence of docetaxel (500 pg/ml) or tocilizumab (30 ng/ml).
Mammospheres were counted on day 7 on Incucyte by threshold of cell area > 1256 um?. Shown is a
representative image from S159 (MSL) on day 7. (E) Shown are average + SEM mammosphere
formation efficiency (MFE) from n=8 biological replicates of S159 (MSL). (F) Shown are average +

SEM MFE from n=8 biological replicates of BL1 TNBC. Statistical analysis performed with unpaired t-
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test: * p <0.05; ** p <0.01. All indicated experiments are representative of at least two independent

experiments.

In contrast, IL-6 inhibition resulted in inconsistent reduction of STAT3 phosphorylation
in BL1 TNBCs. We then determined whether IL-6 neutralization reduced TNBC cell migratory
capability. Scratch migration assays showed that docetaxel in combination with 1L.-6
neutralizing antibody led to a significant decrease in wound closure in MSL TNBC cell lines and

not BL1 TNBCs (Fig. 2-9B, 2-9C and Fig. 2-10B).
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Figure 2-10. Docetaxel with IL-6 neutralizing antibody provides benefit against
MSL TNBCs.

(A) Indicated TNBC lines were treated with docetaxel (4 ng/ml) with or without anti IL-6 neutralizing
antibody (0.1 pg/ml) or isotype control for 24 hours, and then western blot was performed. Shown are
representative western blot images and average £+ SEM densitometry of phosphorylated STAT3 from n=3
biological replicates. (B) Scratch migration for TNBCs treated for 40-48 hours with or without docetaxel
(4 ng/ml), anti IL-6 neutralizing antibody (1 [1g/ml) and isotype control (1 pg/ml). Shown are average +
SEM % wound closure from n=5 biological replicates for all cell lines. (C) Secondary mammospheres

treated in the presence or absence of docetaxel (500 pg/ml) or tocilizumab (30 ng/ml). Mammospheres
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were counted on day 7 on Incucyte by threshold of cell area > 1256 um?. Shown are average + SEM
mammosphere formation efficiency (MFE) from n=8 biological replicates of M436 (MSL). Statistical
analysis performed with unpaired t-test: * p < 0.05; ** p <0.01. All indicated experiments are

representative of at least two independent experiments.

Tocilizumab is a humanized anti-IL6R antibody with FDA approval for arthritis but not
yet for any cancer immunotherapy applications. As mammospheres are used as an in vitro
surrogate for cancer stem cells(45), we investigated the efficacy of tocilizumab in abrogating
mammosphere formation efficiency (MFE). MSL cell line SUM-159 had diminished secondary
mammosphere colonies when co-treated with docetaxel and tocilizumab compared to
chemotherapy alone (Fig. 2-9D). Although mono-therapy of tocilizumab resulted in decreased
mammospheres in only one MSL TNBC cell line, combination therapy of docetaxel and
tocilizumab led to a significant reduction of MFE in both MSL cell lines compared to docetaxel
treatment alone (Fig. 2-9E and Fig. 2-10C). Surprisingly, docetaxel combined with tocilizumab
also led to a significant reduction of MFE in a BL1 TNBC cell line (Fig. 2-9F). Despite these
unexpected results, our cumulative data clearly shows a consistent benefit of IL-6 targeted
therapy against MSL TNBCs compared to inconsistent benefit against BL1 TNBCs in vitro.

2.3.5. Tocilizumab combined with docetaxel has efficacy against MSL and not BL1
xenografts

To validate the relevance of docetaxel induced MAPK activity in vivo, we implanted cell
line xenografts into NSG female mice. Concurrent with our in vitro data, docetaxel treatment
led to significant phosphorylation of MEK1/2 in MSL xenografts and not BL1 xenografts (Fig.

2-11A).
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Figure 2-11. Tocilizumab in combination with docetaxel provides benefit against

MSL TNBC:s in vivo, and not against BLL1 TNBCs.
(A) Female NSGs were implanted with human TNBC cell lines and treated for two days with vehicle

(veh) or docetaxel (doc) 20 mg/kg. WB was performed from primary tumor and shown are average +
SEM densitometry (n=3 pairs for both cell line xenografts). The six indicated MSL samples were
performed on one membrane and the six BL1 samples were performed on a separate membrane. (B)
Female NSGs were implanted with human TNBC cell lines and treated with veh or doc (20 mg/kg). Two
days later, serum was collected and human IL-6 average + SEM was determined by ELISA. S159 =10
pairs, M436 = 8 pairs, M468 = 6 pairs. 2-11A and 2-11B significance was determined by unpaired t-test.
(C) Shown are average tumor volumes = SEM from cell line xenograft studies. M436 animals (n=6 per
group) received 5 cycles of therapy. M468 animals (n=6 per group) received 4 cycles of therapy, however
cycle 2 lacked any tocilizumab treatment for applicable groups. Tumor volume significance was
determined by 2-way ANOVA. (D) Kaplan-Meier (KM) survival from S159 xenografts (n=5 per group),

animals received 4 cycles of therapy. (E) Shown are average tumor volumes + SEM from PDX studies.
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4913 animals (n=5 per group) received 2 cycles of therapy. 3107 animals (n=6 per group) received 6
cycles of therapy. Tumor volume significance was determined by mixed effects analysis. (F) Model
figure of MSL TNBC resisting chemotherapy mediated by MAPK induction of IL-1A/IL-6. For all

statistical analysis: * p < 0.05; ** p < 0.01.

Furthermore, docetaxel increased human IL-6 production in mice bearing MSL TNBC
xenografts and not BL1 xenografts (Fig. 2-11B). Although we found inconsistent induction of
IL-1A in MSL xenografts, we confirmed virtually no detectable IL-1A in BL1 xenografts (Fig.

2-12A and 2-12B).
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Figure 2-12. Docetaxel mediated induction of IL-6 is specific for human MSL
TNBCs and not host murine IL-6 production.
(A) Female NSG mice were implanted with indicated human TNBC cell lines. On day zero, mice were

treated with vehicle (veh) or docetaxel (doc) 20 mg/kg. On day two, mice were sacrificed and primary
tumors were collected. Protein was isolated from tumor lysates and WB was performed. Shown are
results from n=3 pairs of mice from both cell line xenografts. The six indicated MSL samples were
performed on one membrane and the six BL1 samples were performed on a separate membrane. (B) S159
cell line xenograft IL-1A densitometry average + SEM comparing 3 pairs of animals. (C) Female mice of
indicated strains were treated with veh or doc (20 mg/kg). Two days later, serum was collected and
circulating mouse IL-6 average = SEM was measured by BD Bio mouse IL-6 ELISA kit. Both strains

included four pairs of animals. Statistical analysis performed with unpaired t-test: * p <0.05; ** p <0.01.
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Next to investigate the efficacy of tocilizumab in vivo, we distributed mice bearing MSL
or BL1 xenografts into groups receiving mono-therapy of docetaxel, tocilizumab, or dual
therapy. MDA-MB-436 (MSL) bearing animals had a statistically significant delayed tumor
growth when receiving dual therapy compared to chemotherapy alone (p < 0.001), whereas dual
therapy provided no benefit for MDA-MB-468 (BL1) bearing animals (Fig. 2-11C).
Furthermore in a second MSL (S159) xenograft model, animals receiving docetaxel in
combination with tocilizumab had a median increase in survival of two weeks (p < 0.01)
compared to animals receiving chemotherapy alone (Fig. 2-11D). Our lab has previously
characterized TNBC patient-derived xenografts (PDX) as MSL and BL1 subtypes (46). We,
therefore, investigated the efficacy of our anti-inflammatory regimen in mice bearing MSL and
BL1 PDXs. Similar to our cell line xenografts data, animals bearing MSL PDX benefited when
receiving docetaxel with tocilizumab (p < 0.001) as compared to chemotherapy alone (Fig. 2-
11E) and the benefit of dual therapy did not occur for animals bearing BL1 PDX. Although host
murine IL-6 will not bind to human IL-6R(47), we validated that docetaxel induction of IL-6 was
unique for a TNBC subtype rather than a broad cellular response to chemotherapy. Both
immunocompromised NSG and immunocompetent C57BL/6 animals had no statistical induction
of mouse IL-6 after chemotherapy (Fig. 2-12C).

2.4. Discussion

TNBC patients currently lack specific targeted therapeutics and have shown marginal
benefit to immune checkpoint blockade therapy. It has previously been shown by others that
high expression of IL-1A and IL-6 both correlate with poor prognosis for breast cancer patients
(21, 42). And other preclinical studies have investigated the efficacy of tocilizumab against

breast cancers broadly without necessarily delineating which TNBC patients would benefit the
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most from tocilizumab (48-50). Here, we provide evidence that a molecular subset of TNBC
resists conventional chemotherapy by a MAPK mediated autocrine IL-1A/IL-6 axis (Fig. 2-
11F). Furthermore, our data potentially identifies a population of TNBC patients that may
benefit from supplementing chemotherapy with tocilizumab to eliminate autocrine tumor
production of IL-6. Currently, tocilizumab is not FDA approved for any tumor malignancies.
Previous clinical trials have found that targeted IL-6 therapies provided no benefit in
hematological malignancies, renal, and prostate cancer (57, 52). To the best of our knowledge,
no clinical trial has completed an investigation of the potential efficacy of tocilizumab for TNBC
patients.

We hypothesize that differential benefit from IL-6 blockade may be due to a gradient
physiological effect of IL-6. BL1 TNBCs produce quantifiable levels of IL-6 both in vitro and
in vivo, but to a lesser extent compared to MSL TNBCs. Neutralization of BL1 autocrine IL-6
provided no benefit in reducing tumor cell proliferation in vivo. In contrast, MSL TNBCs
producing substantial IL-6 were effectively targeted with tocilizumab possibly providing insight
that a gradient effect from autocrine IL-6 is necessary to promote tumor resistance. Therefore,
our model demonstrates that tocilizumab will not be beneficial universally for TNBC patients.
This novel therapeutic regimen will likely only improve the outcome for patients with
chemoresistant tumors driven by MAPK induced IL-6.

This study identified MAPK activity-induced expression of other inflammatory
mediators that may also be candidates for targeted therapy against MSL tumors. Although
COX-2 has been well characterized to promote tumor angiogenesis and downregulate anti-tumor
immunity, TNBC clinical trials targeting COX-2 have been largely unsuccessful (53-55). Our

data shows that only a subset of TNBCs undergo MAPK induced expression of COX-2 after
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docetaxel therapy, which may indicate that COX-2 inhibitors may not provide benefit for all
TNBC patients. We, therefore, hypothesize that upon subtyping TNBC patients and performing
a retrospective analysis of completed clinical trials investigating COX-2 inhibitors, there may be
a differential response rate to COX-2 inhibitors based on tumor subtypes and MAPK activity of
patient tumors.

IL-8 is a chemokine that recruits macrophages and neutrophils into the tumor
microenvironment, and tumor-associated macrophages and neutrophils have been demonstrated
to favor a pro-tumor niche (56). We identified IL-8 as another downstream inflammatory
mediator produced by docetaxel resistant MAPK active tumor cells. IL-8 anti-biologic therapy
has already been established to be safe in phase I trials against metastatic tumors and is currently
under investigation in several phase Il studies (57). Cumulatively, we endeavor to provide a
rationale for a clinical trial that identifies TNBC patients with chemo-refractory tumors driven
by MAPK activity. In essence, these patients may benefit from supplementing conventional
chemotherapy with targeted therapies against MAPK driven production of IL-6, COX-2, and IL-
8.

The chief limitation of our study is the absence of immune cellular contribution in the
context of IL-6 blockade in vivo. Although we acknowledge that IL-6 has a broad cellular effect
and is produced by diverse cell types, we provide clear evidence that docetaxel mediated
MAPK/IL-6 activity is specific for a subtype of TNBCs. This is evident as docetaxel failed to
induce host mouse IL-6 in both immunocompromised and immune-competent animals. Finally,
tocilizumab will neutralize IL-6 signaling by antagonizing IL-6R regardless of the cellular

source of IL-6 in the tumor microenvironment.
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It should be noted that while we have consistently completed two representative MSL
cell lines vs. two representative BL1 cell lines (i.e., S159 and M436 vs. M468 and H38), there
were two notable exceptions: 1. Scratch migration (Fig. 2-10B), M436 did not migrate during
the indicated time conditions. We, therefore, substituted with M231 as a second MSL TNBC for
scratch migration. 2. Mammospheres (Fig. 2-9F), we failed to initiate mammospheres with
M468 after two months. Published literature confirmed that M468 does not form
mammospheres. We could not find evidence that others established successful H38
mammospheres. H1937 was the only BL1 TNBC cell line that others established
mammospheres; we, therefore, investigated only H1937 as the sole BL1 cell line for
mammospheres.

Although BL1 TNBCs can produce autocrine IL-6, tocilizumab provides no benefit
against two BL1 xenografts in vivo. Due to inconsistent benefit of neutralizing IL-6 against BL1
tumors in vitro (Fig. 2-9F and Fig. 2-10A), we acknowledge that tocilizumab may possibly
provide benefit for some non-MSL TNBC patients. However, our principal hypothesis is that
tocilizumab therapy may provide greater efficacy against tumors with MAPK-driven IL-6
production. To investigate our hypothesis, we would design a phase 2 clinical trial screening 100
to 200 TNBC patients by RNA sequencing for sufficient enrollment of MSL patients as MSL is
representative of 10-19% of TNBC patients (8, 9). All enrolled MSL trial patients would receive
taxane therapy in combination with tocilizumab and evaluated for regimen efficacy. In addition,
baseline tissue analysis for MAPK expression between responders and non-responders will be
evaluated as potential predictive biomarkers for tocilizumab therapy.

Our investigation potentially identifies a population of TNBC patients that may benefit

from supplementing conventional chemotherapy with a novel anti-inflammatory cocktail
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regimen to negate MAPK-driven autocrine cytokines. In addition, our results may also apply to
other cancer pathologies reliant on MAPK pathway for therapy resistance. Ultimately, it is a
paramount objective to improve the identification of cancer patients for targeted therapy

regimens.

2.5. Methods
2.5.1. Cell culture, reagents, and antibodies

The following human MSL and BL1 TNBC cell lines were used for this study (7):
SUM-159, MDA-MB-436, MDA-MB-231, MDA-MB-157, MDA-MB-468, HCC38, HCC1937,
and HCC1599. Cell lines were purchased from ATCC, authenticated, and regularly tested for
mycoplasma. All cell lines were cultured in DMEM (HyClone- Logan, Utah) supplemented with
10% fetal bovine serum (FBS), Antibiotic-Antimycotic (GenDepot- Katy, Texas), and L-
glutamine (Corning- Manassas, Virginia) in a 5% CO; incubator at 37°C. For the indicated in
vitro conditions, the following tissue culture reagents were used at following concentrations
unless noted differently: docetaxel (NovaPlus, 4 ng/ml from Ebewe Pharma, Austria), human IL-
1A neutralizing antibody (R&D clone 4414, 1 pg/ml), mouse IgGaa isotype control antibody
(R&D clone 20102, 1 pg/ml), recombinant human IL-1A (R&D 200-LA, 2 ng/ml), DMSO
(Sigma D2650), PD 0325901 (R&D 4192, 1uM), human IL-6 neutralizing antibody (BD
Biosciences clone MQ2-13A5, 0.1 ug/ml), rat IgG; isotype control antibody (BD Biosciences
clone R3-34, 0.1 pg/ml), tocilizumab (Roche, 30 ng/ml from San Francisco, CA), and Kira6
(Cayman Chemical 19151 from Ann Arbor, MI).

Anti-human antibodies used for ELISAs: IL-1A capture and detection (R&D clone 4414

and catalog# BAF200, respectively), IL-6 capture and detection (BD Biosciences clones MQ2-
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13A5 and MQ2-39C3, respectively), IL-8 capture and detection (BD Biosciences clones G265-5
and G265-8, respectively). R&D items from Minneapolis, MN; Sigma items from St. Louis,
MO; BD Biosciences items from San Jose, Ca.

The following Cell Signaling Technology (Danvers, MA) anti-human antibodies were
used for western blots: COX2 (12282), B-actin (4970), GP130 (3732), B-tubulin (2146), ERK1/2
(4695), phospho-ERK1/2 (9101), MEK1/2 (4694), phospho-MEK1/2 (9154), GAPDH (5174),
STAT3 (9139), IREla (3294), and phospho-STAT3 (9145). Abcam (Cambridge, MA) anti-
human IL-1A (ab206410), anti-human phosphor-IRE1 (ab124945) and anti-human IL-6R
(ab128008) were also used for western blots.

2.5.2. RNA sequencing analysis

Human TNBC cell lines were treated in the presence or absence of docetaxel (4 ng/ml)
for 48 hours and RNA was extracted with RNeasy Plus Mini Kit (Qiagen from Hilden,
Germany). Genomic DNA was removed with gDNA eliminator spin columns and total RNA
purification was done according to manufacturer’s instructions. cDNA library preparation and
RNA Sequencing was performed by the Genome Sequencing Facility of Greehey Children’s
Cancer Research Institute at the University of Texas Health San Antonio as previously described
(58). RNA sequencing data processing and analysis of RPKM values were done as previously
described (59). In brief, RNAseq reads were quality filtered using Trimmomatic (doi:
10.1093/bioinformatics/btul 70) and aligned to the human reference genome assembly
GRCh38.p12 using HISAT2. Next, HTSeq was used to determine how many reads mapped to
each features (doi: 10.1093/bioinformatics/btu638). Differential gene expression was performed
using a permutation test for linear models. A total of 921 out of 24850 ENTREZ gene ID passed

a fold-change cutoff of 4 and a p-value cutoff of 0.05 for pathway analysis on InnateDB (doi:
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10.1093/nar/gks1147). Pathway over-representation analysis was performed using
hypergeometric distribution test and Benjamini-Hochberg false discovery rate correction.
2.5.3. Ingenuity Pathway Analysis (IPA)

One RNA sequencing dataset analyzed fold change ratio of averaged RPKM gene
expression from untreated MSL TNBCs compared to averaged RPKM gene expression from
untreated BL1 TNBCs. The other dataset analyzed fold change ratio of averaged RPKM gene
expression from docetaxel treated MSL TNBCs compared to averaged RPKM gene expression
from docetaxel treated BL1 TNBCs. Fold change ratio cut-off of 5 or -5 was utilized for both
datasets and the “Core Analysis” function on IPA was utilized for upstream analysis of uploaded
datasets. Estimated RPKM values were used to visualize heatmaps.

2.5.4. Western blot analysis

Human TNBC cell lines were treated under the indicated conditions and whole-cell
lysates were collected with RIPA buffer (Sigma), 1% protease inhibitor, and 1% phosphatase
inhibitor. In brief, cells were washed with cold phosphate-buffered saline (PBS) twice and lysed
with complete RIPA buffer. Culture wells were then scraped with cell scrapers, lysate solutions
were collected and incubated on ice for 20 min. Following centrifugation at 4°C max speed for
10 min, whole-cell lysates were collected for western blot. Protein gel electrophoresis was
performed on Bolt™ 4-12% Bis-Tris Plus Gels (ThermoFisher- Carlsbad, CA) followed by
transfer onto 0.2 ['m PVDF membranes. After 1 hr blocking in 5% milk, blots were stained
overnight with previously listed primary antibodies at 4°C in 5% BSA.

All primary antibodies for WB were diluted 1:1000, except anti-human IL-6R
(ab128008) was diluted at 1:500. Following overnight incubation, blots were developed with

Cell Signaling Technology secondary antibodies anti-rabbit IgG HRP-linked (#7074, 1:2000
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dilution) or anti-mouse IgG HRP-linked (#7076, 1:2000 dilution). Blot signals were detected
with the BioRad XRS+ and densitometry analysis was performed with BioRad’s Image Lab
software. After development of phosphorylated targets, blots were stripped with Restore™
Western Blot Stripping Buffer (ThermoFisher) and re-probed with relevant total protein
antibody. All indicated western blots are from the same membrane except Figure 1F, Figure SA
and Supplementary Figure 7A (see individual figure legends for more details).

2.5.5. ELISA analysis

Cultured supernatants from TNBC cell lines treated under indicated conditions were
collected after 48 hrs. Human IL-1A, IL-6, and IL-8 ELISAs were performed with previously
listed paired capture and detection antibodies according to the manufacturer’s instructions.
Human prostaglandin E2 (PGE2) ELISA was performed according to the manufacturer’s
instructions (Cayman 514010- Ann Arbor, MI).

For in vivo analysis of human IL-6 in mice implanted with human cell lines, serum was
collected after two days of treatment with vehicle or docetaxel. Mouse sera were analyzed with
the previously listed human-specific ELISA antibodies for human TNBC produced IL-6 in vivo.
2.5.6. RT-PCR

Human TNBC cell lines were cultured in the presence or absence of docetaxel (4 ng/ml)
for 48 hrs, and RNA was isolated with Qiagen RNeasy Mini Kit (74104) according to
manufacturer’s instructions. cDNA synthesis was performed with BioRad’s iScript cDNA
synthesis kit (1708891) and real-time PCR (RT-PCR) was performed with BioRad’s iQ SYBR
Green Supermix (1708882) following the manufacturer’s instructions on BioRad’s CFX96.

BioRad items are from Hercules, CA. Primers are listed under Table 2-1.
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Table 2-1. RT-PCR primer sequences.

primer Sequence 5' -> 3

Human IL-1A Forward CGCCAATGACTCAGAGGAAGA
Human IL-1A Reverse AGGGCGTCATTCAGGATGAA
Human IL-6 Forward CAAATTCGGTACATCCTCGACGGC
Human IL-6 Reverse GGTTCAGGTTGTTTTCTGCCAGTGC
Human COX-2 Forward | TGCATTCTTTGCCCAGCACT
Human COX-2 Reverse | AAAGGCGCAGTTTACGCTGT
Human TBP Forward TTGGGTTTTCCAGCTAAGTTCT
Human TBP Reverse CCAGGAAATAACTCTGGCTCA

2.5.7. Mammosphere formation efficiency

TNBC cell lines were cultured as primary mammospheres with MammoCult medium
(Stem Cell Tech #05620) supplemented with heparin (Stem Cell Tech #07980) and
hydrocortisone (Stem Cell Tech # 07925) according to manufacturer’s instructions. Stem Cell
Tech items are from Cambridge, MA. Cells were seeded at 24,000 cells per well in 2 mL of
complete MammoCult medium in 6-well ultra-low attachment plates. Every two-three days, 1
mL of fresh MammoCult medium was added to the wells. After eight to eleven days, cells were
collected with 0.05% trypsin and neutralized with 10% FBS for secondary mammosphere assays.
The cells were then re-suspended in complete MammoCult medium and seeded at 8,000 cells per
well in 24-well ultra-low attachment plates. Secondary mammospheres were treated under the
presence or absence of docetaxel (500 pg/ml) and tocilizumab (30 ng/ml) on day zero. On day
three, cells were re-fed with complete MammoCult medium and tocilizumab (30 ng/ml final)
was re-added to applicable wells. On day seven, mammospheres were quantified with Incucyte
Live-Cell Imaging System and its bundled software. Quantification included a minimum cell

area of 1256 pm? and mammosphere formation efficiency was calculated as follows: (number of
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spheres / 8,000) x 100%. Mammosphere assays were repeated with eight replicates for each
treatment group.
2.5.8. Scratch migration assay

TNBC cell lines were seeded overnight in 6-well culture plates and grown to 60-90%
confluence. The cell monolayer was then scratched with a p200 pipette tip, and the monolayer
was washed with PBS. The monolayer was then left untreated or treated with docetaxel (4
ng/ml) in the presence or absence of IL-6 neutralizing antibody or isotype control antibody (1
pg/ml). The scratch widths were then captured on the EVOS brightfield microscope
(ThermoFisher) at 2X magnification for time = 0 hr. Cells were incubated for 40-48 hrs, and
then the scratch widths were re-captured at 2X magnification. At all time points, average scratch
widths were determined from n = 5 measurements. Percent wound closure was calculated as
follows: 100 x [(scratch width at T = 0 hr) — (scratch width at T = final hr)] / (scratch width at T
=0 hr).
2.5.9. Immunofluorescence

SUM-159 cell lines were cultured overnight in eight chambered cell culture slides
(Corning 354118) pre-coated with Poly-L-lysine (Sigma P1399). Cells were then treated in the
presence or absence of docetaxel (4 ng/ml) for 48 hours and then stained for
immunofluorescence. In brief, cells were fixed with 4% paraformaldehyde and permeabilized
with 100% methanol. After blocking, cells were stained for Phospho ERK1/2 (R&D MAB1018)
overnight at 4C. The next day, cells were washed and stained with goat anti-rabbit Alexa Fluor
546 (ThermoFisher A-11035). Afterwards, cells were washed and stained for IL-1A (R&D

MAB200) followed by goat anti-mouse Alexa Fluor 488 (ThermoFisher A-11001). Slides were
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mounted with Vectashield (Vector Labs H-1200 from Burlingame, Ca) and sealed with
coverslips. Slides were imaged on the EVOS FL Auto Imaging System.
2.5.10. In vivo experiments

The Houston Methodist Hospital Research Institute Animal Care and Use Review Office
approved this study. All tumor models were developed orthotopically in the mammary fat pad of
female NOD scid gamma (NSG) mice and handled as described previously (58). In brief, cell
lines were injected into the right mammary fat pad of female NSGs: SUM-159 (3x10°), MDA-
MB-436 (9x10°) and MDA-MB-468 (2x10°). Patient derived xenografts (PDX) were derived and
subtyped as MSL and BL1 as previously described (46, 58). After tumors were grown
orthotopically to 100-200 mm? in volume, mice were randomized into groups of (i) vehicle
control, (ii) docetaxel (20 mg/kg), (iii) tocilizumab (20 mg/kg), (iv) docetaxel and tocilizumab
(both 20 mg/kg). All groups were treated intraperitoneally once every 2 weeks.
For in vivo analysis of murine IL-6 production following docetaxel therapy, female NSG and
C57BL/6 mice were treated with vehicle or docetaxel (20 mg/kg). Sera were collected after two
days and analyzed with mouse IL-6 ELISA kit (BD Biosciences 550950).
2.5.11. Statistical analysis

Statistical analyses were performed using two-tailed unpaired t-tests in Microsoft Excel.
For all mice model experiments, outcomes of interest included tumor growth kinetics, biomarker
expression and disease specific survival. Survival outcomes were compared using log-rank
(Mantel-Cox) test and visualized using Kaplan-Meier curves. Two-way ANOVA and log-rank
(Mantel-Cox) tests were performed using GraphPad Prism 8.
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3. FIRST-IN-CLASS PHASE 1/2 CLINICAL TRIAL TARGETING NITRIC OXIDE
IN TREATMENT OF CHEMORESISTANT TRIPLE-NEGATIVE BREAST CANCER

PATIENTS*

3.1. Abstract

The inducible nitric oxide signaling (iNOS) pathway is associated with poor prognosis in
triple-negative breast cancer (TNBC). Prior studies using in vivo models showed that the
inhibition of the iNOS pathway by using the pan-NOS inhibitor NG-monomethyl-L-arginine (L-
NMMA) reduced tumor growth and enhanced survival. Here, we report a first-in-class phase 1/2
trial of L-NMMA plus taxane for patients with chemorefractory locally advanced (LABC) or
metastatic TNBC, as well as immune correlates to therapy response. A total of 35 TNBC patients
were recruited (phase 1, n=15; phase 2, n= 24, including 4 recommended phase 2 dose (RP2D)
patients from phase 1). In phase 2, 54.2% had metastatic TNBC (with 5 median prior lines of
chemotherapy) and 45.8% had LABC (anthracycline-refractory). Overall response rate (ORR)
was 45.8% (11/24); 81.8% (9/11) for LABC and 15.4% (2/13) for metastatic TNBC. Among the
LABC patients, 3 patients had a pathological complete response (CR) at surgery (27.3%). Grade
>3 toxicity was noted in 21% of patients; however, none was attributed to L-NMMA. Correlative
data analyzed by imaging CyTOF showed that non-responders had a significantly higher
expression of biomarkers associated with M2 macrophage polarization and levels of circulating
IL-6 and IL-10, observations consistent with higher circulating M2 macrophages in non-responder
peripheral blood mononuclear cell (PBMC). In contrast, responders may have decreased pro-
tumor N2 neutrophils at end of therapy. This combination warrants further investigation in larger
studies along with the evaluation of M2 macrophage and N2 neutrophil biomarkers as a potential

predictor to iNOS targeted therapy.
* Reprinted with permission from “A phase 1/2 clinical trial of the nitric oxide synthase inhibitor L-NMMA and taxane for
treating chemoresistant triple-negative breast cancer” by Andrew W Chung; Kartik Anand; Ann C Anselme; Alfred A Chan;

Nakul Gupta; Luz A Venta; Mary R Schwartz; Wei Qian; Yitian Xu; Licheng Zhang; John Kuhn; Tejal Patel; Angel A Rodriguez;
Anna Belcheva; Jorge Darcourt; Joe Ensor; Eric Bernicker; Ping-Ying Pan; Shu Hsia Chen; Delphine J Lee; Polly A Niravath;
Jenny C Chang, 2021. Science Translational Medicine, Volume 13, Pages 1-11, Copyright 2021, The Authors.
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3.2. Introduction

Triple-negative breast cancer (TNBC) constitutes 10-20% of all breast cancers and is
characterized by the lack of expression of estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER2) (/, 2). Increased risk of metastases is one
of the main reasons for increased mortality in TNBC patients (2). Conventional therapy may
eliminate most of the tumor cells except breast cancer stem cells (BCSCs) which have tumor-
initiating properties (3). Two previously identified putative genes, namely ribosomal protein L39
(RPL39) and myeloid leukemia factor 2 (MLF2), regulated by inducible nitric oxide signaling
(INOS, NOS2) pathway may play a role in BCSCs’ self-renewal and metastasis (4). Robust
published preclinical data have demonstrated that increased iNOS expression in various cancers,
including TNBC, is associated with poor prognosis (5-7). We have previously published that
NOS inhibition with the pan-NOS inhibitor NG-monomethyl-L-arginine (L-NMMA) decreased
cell proliferation, migration, and mammosphere formation in vitro and significantly reduced
tumor growth, lung metastases, tumor initiation, and self-renewal in TNBC patient-derived
xenograft (PDX) models (8). Based on these data, we planned a first-in-class phase 1/2 trial of
L-NMMA plus taxane for patients with chemorefractory locally advanced or metastatic TNBC.
L-NMMA has been studied in the management of cardiogenic shock in an international,
multicenter, phase 3 placebo-controlled trial and was well tolerated with a safe toxicity profile
9).

The primary objectives of the clinical trial were 1) to assess the maximum tolerated dose
(MTD) of L-NMMA when combined with docetaxel in the treatment of refractory locally
advanced or metastatic TNBC patients, and 2) to determine the efficacy of L-NMMA combined
with a taxane, as assessed by the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1.

Secondary objectives were 1) to describe the dose-limiting toxicities (DLTs) and other toxicities
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associated with L-NMMA when combined with taxane as assessed by the Common Terminology
Criteria for Adverse Events (CTCAE) v4.03, and 2) to determine the recommended phase 2 dose
(RP2D) of L-NMMA when combined with docetaxel/amlodipine. The exploratory objectives
were 1) to study the plasma pharmacokinetics (PK) and pharmacodynamics (PD) of L-NMMA,
2) to measure circulating serum cytokines, 3) to describe changes in tumor immune
microenvironment with 35 biomarkers evaluated using multiplex immunohistochemistry with
Hyperion tissue imaging, and 4) to describe changes peripheral blood mononuclear cells
(PBMCs) using CyTOF.

3.3. Results

3.3.1. Patient characteristics

From July 2016 to September 2020, 35 patients were enrolled in this phase 1/2 study -15
patients recruited into the dose-finding phase 1 portion (flow diagram description Fig. 3-1A), and
a total of 24 patients (including 4 from phase 1) recruited for the phase 2 efficacy study (consort
diagram Fig. 3-1B, Table 3-1). The median age of the whole cohort was 59 years (36-75 years).
Sixty-nine percent of patients had metastatic disease and 31% of the patients had chemotherapy-

refractory locally advanced breast cancer (LABC).
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Figure 3-1. Overview of phase 1b recruitment to determine recommended phase II

dose.
(A) Investigation of combination doses of docetaxel (two doses) and L-NMMA (seven doses) to

determine recommended phase II dose (RP2D). (B) Consort diagram.

Table 3-1. Patient Characteristics
Phase I (n=15) | Phase II (n=24; 4 | Total patients
from Phase ) (n=35)

Median age, years (range) 62 (46-68) 58.5 (36-75) 59 (36-75)

Race
Non-Hispanic Caucasian | 6 (40%) 14 (58.3%) 19 (54.3%)
Hispanic Caucasian 2 (13.3%) 0 (0%) 2 (5.7%)
African American 6 (40%) 8 (33.3%) 12 (34.3%)
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Asian 1 (6.7%) 2 (8.3%) 2 (5.7%)

Stage
Metastatic breast cancer | 13 (86.7%) 13 (54.2%) 24 (68.6%)
Locally advanced 2 (13.3%) 11 (45.8%) 11 (31.4%)
Median prior lines of | 4 (3-7) 5(2-7) 4.5 (3-7)

chemotherapy (range)

In the phase 1 portion, 87% of patients had metastatic disease, while 13% had locally
advanced breast cancer refractory to anthracycline-based chemotherapy (all locally advanced
patients had doxorubicin plus cyclophosphamide as the first regimen). Of 24 patients enrolled in
phase 2, 54% percent (13 patients) had metastatic disease with five median prior lines of

chemotherapy, and 46% (11 patients) had chemorefractory LABC.

3.3.2. Pharmacodynamics and pharmacokinetics

To determine successful targeting of iNOS, we assayed patients’ sera for the main

metabolites of nitric oxide, namely serum nitrates and nitrites (/0). The concentration of total
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serum nitrates and nitrites decreased significantly in Cycle 1 from baseline (Day 1) mean of 22.3

uM to Day 2 mean of 13.6 uM (p<0.0001) (Fig. 3-2A).
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Figure 3-2. Pharmacodynamics from RP2D patients and pharmacokinetics analysis
of docetaxel and L-NMMA.

(A) Shown are pharmacodynamics (PD) data by measurement of patients’ sera for NO metabolites
nitrates and nitrites. Median values for each time point were normalized to starting day for each cycle:
Cycle 1 time points were normalized to Day 1; Cycle 2 time points were normalized to Day 22.
Pharmacokinetics data of L-NMMA and docetaxel clearance are shown for patients (B) 100_010, (C)
100 _013, (D) 100 _015, and (E) 100_016. Friedman’s test was performed to determine the significance of

PD data comparing Day 2 to respective baseline Day 1 for each cycle.

61



Similarly, the concentration of total serum nitrates and nitrites significantly decreased in
Cycle 2 from baseline (Day 1) mean of 21.9 uM to Day 2 mean of 13.6 uM (p<0.0001). This
pharmacodynamics (PD) data indicates successful on-target suppression of the iNOS pathway in
the trial participants. Next, to determine the pharmacokinetics (PK), we assayed the sera from two
patients receiving 15 mg/kg L-NMMA and 75 mg/m? docetaxel (Fig. 3-2B and 3-2C) and two
patients receiving 17.5 mg/kg L-NMMA and 100 mg/m2 docetaxel (Fig. 3-2D and 3-2E). For all
patients regardless of dosage, we observed rapid clearance of both drugs as Tmax for L-NMMA
was 2 hours and Tmax for docetaxel was 4 hours, consistent with the reported rapid clearance of
both agents (//, 12). Cumulatively, our PD and PK data show effective targeting of iNOS and
reproducible clearance of both agents.
3.3.3. Phase I dose-limiting toxicities

Of the 15 patients that were recruited, one patient had treatment-associated syncope at
17.5 mg/kg L-NMMA which resolved rapidly with intravenous fluids, and one patient had arterial

thrombosis at 20 mg/kg which was successfully treated with thrombectomy and anticoagulation.

3.3.4. Phase 2 toxicities

While 83.3% of patients experienced any grade toxicity, only 20.8% of the patients had
documented Grade > 3 toxicity. None of the Grade >3 toxicity was attributed to L-NMMA (Table

3-2).
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Table 3-2. Phase II Toxicities

Toxicity Grade 1 or 2 | Grade >3 Any Grade | Likely Likely
attributed | attributed
79.2% 20.8% 83.3%
to L- | to Taxane
(19/24) (5/24) (20/24)
NMMA
Constitutional 10 (41.7%) | 1 (4.2%) 11 (45.8%) | No Yes
Gastrointestinal 10 (41.7%) | 0 (0%) 10 (41.7%) | No Yes
Peripheral neuropathy 7 (29.2%) 1 (4.2%) 8(33.3%) | No Yes
Dermatological 7 (29.2%) 1 (4.2%) 8(33.3%) | No Yes
Musculoskeletal 5(20.8%) 0 5(20.8%) | No Yes
Hematological 5(20.8%) 0 5(20.8%) | No Yes
Mucositis 4 (16.7%) 0 4(16.7%) | No Yes
Pulmonary 4 (16.7%) 0 4(16.7%) | Yes No
Infectious 0 2 (8.3%) 2 (8.3%) No Yes
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Cardiovascular 2 (8.3%) 0 2(8.33%) | Yes No
Renal 0 1 (4.16%) 1 (4.16%) | No Yes
Elevation AST /ALT 0 1 (4.16%) 1 (4.16%) | No Yes
Dehydration 0 1 (4.16%) 1 (4.16%) | No Yes
Electrolyte imbalance 1 (4.16%) 0 1(4.16%) | No Yes
Hypotension 1 (4.16%) 0 1(4.16%) | Yes No
Neurological 1 (4.16%) 0 1(4.16%) | No Yes
Sinus tachycardia 1 (4.16%) 0 1(4.16%) | Yes No

Two patients were counted as treatment failure as they were taken off study due to adverse
events (AEs) prior to the first restaging scan post Cycle 2 - one patient had thrombectomy for right
common carotid arterial thrombosis, and the second patient had pneumonia with Cycle 2. Adverse
events possibly attributed to L-NMMA included four patients with pulmonary symptoms - grade
1 cough (n=2), and grade 1 dyspnea (n=1), grade 2 dyspnea (n=2); 2 patients with chest pain that
resolved without any intervention; one patient with sinus tachycardia which resolved without any

intervention; and one patient with hypotension which resolved with oral hydration. Systolic and
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diastolic BP was measured before the first dose of L-NMMA on Cycle 1, and at the end of Cycle
2. Twenty-two patients received 2 complete cycles of L-NMMA and docetaxel; two discontinued
early due to toxicity. Mean systolic BP for the 21 evaluable patients marginally increased from
117.7 (95% CI 108.4, 127.1) at baseline to 133.0 (95% CI 121.6,144.4) at end of Cycle 2. Mean
diastolic BP increased from 62.5 (95% CI 57.7, 67.2) at baseline to 73.2 (95% CI 67.9, 78.5) (See
Table 3-3 and Fig. 3-3).

Table 3-3. Change in Mean and Median blood pressure from baseline to end of cycle
2 for 21 patients who had at least 2 cycles of L-NMMA and docetaxel.

95% CI 95% CI p-value
Blood Time Bounds for Bounds for Paired | Signed-
Pressure Period N Mean Mean Std Dev | Median Median Min | Max I-test rank
e Baseline 21 | 117.7 | 1084 | 127.1 20.5 113.0 102 135 92 159 5
Systolic | g emeasure | 21 | 133.0 | 1216 | 1444 | 250 | 1310 | 109 | 154 | 102 | 185 | *-0002 [<0.0001
" .| Baseline 21 62.5 577 67.2 10.4 61.0 55 67 48 7
Diastolic g emeasure | 21| 732 ] 679 785] 117 | 740 | 70 | 76 | 53 | o9 ] < %-0001 | <0.0001
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Figure 3-3. Changes in blood pressure comparing baseline to end of Cycle 2.
Significant changes in systolic and diastolic blood pressure in 21 patients comparing baseline to after 2

cycles of therapy were determined by paired t-test and signed-rank.

3.3.5. Phase 2 efficacy

Percent change in tumor sizes (Fig. 3-4A) suggested clinical durability of combining L-

NMMA with chemotherapy in TNBC patients.
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Figure 3-4. Phase 2 efficacy of L-NMMA and taxane therapy in TNBC patients.
(A) Shown is a waterfall plot of tumor size changes from 22 TNBC patients treated at RP2D of L-

NMMA. Two RP2D patients were withdrawn due to toxicity. (B) Shown are the phase 2 efficacy

the patients with chemorefractory locally advanced disease (LABC), the overall response rate was
81.8% (9/11); 36.36% (4/11) complete response (CR), and 45.45% (5/11) partial response (PR).
In patients with metastatic disease, the response rate was 15.4% (2/13). The median number of
prior chemotherapy regimens for patients with metastatic disease was 5 lines (range, 2-7). Among
four patients with chemorefractory LABC who had CR as per imaging, three were found to have
a pathologic complete response (pCR) at surgery and one had residual cancer burden-1I (RCB-II)
at surgery. Thus, the pCR rate for chemorefractory LABC was noteworthy at 27.3% (3/11). Fig.
3-5 (A and B) is from representative Patient #100-48 with advanced chemorefractory metaplastic

breast cancer, a subtype of highly chemoresistant TNBC with the worst prognosis, comparing

responses.

baseline (BL) and end of therapy (EOT) images.
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Figure 3-5. Response for patient 100-48 with chemorefractory LABC.
Patient 100-48 who had chemotherapy-refractory locally advanced metaplastic triple-negative breast

cancer (A) at baseline, after having received 4 cycles of doxorubicin and cyclophosphamide, and before
trial enrollment. (B) Pathologic complete response in breast post neoadjuvant chemotherapy with L-

NMMA and docetaxel.

The skin ulceration and tumor mass responded to the study regimen despite no response
to anthracyclines. At surgery, she was found to have pathologic complete response in her breast.
The clinical benefit rate (CR, PR, and SD) for LABC was 90.9% (10/11) and 53.8% (7/13) for

patients with metastatic disease (Fig. 3-4B).
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3.3.6. Circulating cytokines

A panel of 38 circulating cytokines was determined by the Luminex assay at Day 1
(baseline), Day 2, and Day 5 of Cycles 1 and 2 for twenty patients (13 responders and 7 non-
responders). Twenty-one cytokines increased over time in all patients, with the highest increase

on Day 5 for both Cycles 1 and 2 (Fig. 3-6A and Fig. 3-7A).

1111111111119 1112222222222222222222255555555555555555555

o IL-10 (pg/ml) » GM-CSF (pg/ml) IL-1A (pg/ml)
C A
80
60
40
20
o
Cycle 1 Cycle 2 Cycle 1 Cycle 2 Cycle 1 Cycle 2
VEGF (pg/ml) 1L-12p40 (pg/ml)

* Responders
e Non-responders

Cycle 1 Cycle 2

Figure 3-6. Circulating cytokines analysis in RP2D patients.

(A) Heat map of statistically significant circulating cytokines and chemokines during treatment from 20
patients treated at RP2D. For each cytokine, data was standardized to set the highest measured value as
100 by a constant. Next, each unique constant was multiplied to respective cytokines to normalize the
expression scale from zero to 100, and significant changes on Days 2 and 5 in respect to baseline were
determined by paired t-test. Shown are standardized cytokine values from cycle 1: Days 1, 2, and 5. (B)

Principal component analysis between responders (13) versus non-responders (7) was performed on Day
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5, significance was determined by PERMANOVA. (C) 20 patients’ sera from indicated time points were
analyzed by Luminex for 38 circulating cytokines/chemokines. Shown are the significant differential
expression between responders (13) versus non-responders (7). Significance was determined with

pairwise analysis by Wilcoxon Ranked-Sum test. For all statistical analysis: * p < 0.05; ** p <0.01.

These cytokines represented diverse categories including pro-inflammatory cytokines,
anti-inflammatory cytokines, chemokines, cell-mediated immune cytokines, hematopoiesis,
mitogen, and anti-viral inflammatory markers. The heat map indicates increased circulating
cytokines (/3-17), including TNF-a, IL-10, IL-6, and IL-8 with treatment. Next, as exploratory
analysis for predictive biomarkers, principal component analysis (PCA) showed that non-
responder patients had significantly greater global changes vs. responder patients on Day 5 for

both cycles (Fig. 3-6B and Fig. 3-7B).
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Figure 3-7. Cycle 2 sera cytokines analysis in RP2D patients.

(A) Heat map of statistically significant circulating cytokines and chemokines during treatment from 20
patients treated at RP2D. For each cytokine, data was standardized to set the highest measured value as
100 by a constant. Next, each unique constant was multiplied to respective cytokines to normalize the

expression scale from zero to 100, and significant changes on Days 2 and 5 in respect to baseline were
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determined by paired t-test. Shown are standardized cytokine values from Cycle 2: Days 1, 2, and 5. (B)
Principal component analysis between responders (13) versus non-responders (7) was performed on Day

26, significance was determined by PERMANOVA. For all statistical analysis: * p <0.05; ** p <0.01.

By Wilcoxon ranked-sum test, non-responder patients had significantly higher levels of
GM-CSF during Cycle 1 and increased IL-10, IL-1A, and IL-6 in both cycles (Fig. 3-6C). VEGF,
IFNa2, and IL-12p40 were also significantly different between responders and non-responders,

the physiological relevance of these findings will be investigated in follow-up clinical studies.

3.3.7. CyTOF

To profile circulating immune populations, we analyzed PBMC by CyTOF from two
responders vs. two non-responders at baseline, Day 17 (during Cycle 1) and Day 38 (during Cycle
2). Log2 fold change analysis during Cycle 1 and 2 in respect to baseline for cell percentage over
CD45+ was performed on each patient. During Cycle 1 (Day 17), we observed a trend that
responders have higher CD4 and CDS8 populations compared to non-responders, whereas non-

responders have a higher representation of the monocyte family (Fig. 3-8A).
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Figure 3-8. Peripheral blood and tissue analysis for cellular phenotyping in RP2D
patients.
Two responder patients and two non-responder patients’ baseline, day 17 and day 38 peripheral blood

mononuclear cells were analyzed by CyTOF. (A) Heatmap expressing Log2 fold change of day 17 and
day 38 in respect to baseline for all four patients for cell percentage over CD45+ population. (B) Shown
are tSNE plots for one responder and one non-responder patient at indicated time points. (C) Three
responder patients and three non-responder patients’ paired baseline (BL) and end of treatment (EOT)
tissue sections were analyzed by Imaging Mass Cytometry (IMC). Group analysis of CD15 and M2
macrophages comparing changes from BL to EOT between the responders vs. non-responders.
Significance was determined by mixed model two-way ANOVA. (D) Shown are representative IMC

metacluster overlays of one non-responder patient and one responder patient.
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These trends were consistent during Cycle 2 (Day 38) except for no observable difference

in CD4 populations between the two groups. The CyTOF cell percentage over CD45+ data is

shown in Fig. 3-9 for all four patients.
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Figure 3-9. CyTOF analysis on peripheral blood mononuclear cells from RP2D

patients.

Two responder patients and two non-responder patients’ baseline, day 17 and day 38 peripheral blood

mononuclear cells were analyzed by CyTOF for cell percentage over CD45+ population. Cell percentage

data is shown for all four patients at indicated time points.
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To visualize the differences, we observed by tSNE plots an increase in CDS8 effector
memory cells in responder patients and an increase in myeloid cells in non-responder patients

throughout therapy (Fig. 3-8B).

3.3.8. Tissue imaging mass cytometry

After assessing differences in PBMCs between the two groups, we next investigated
intratumor immune profiling. To identify tumor immune cell infiltration, we performed imaging
mass cytometry (IMC) analysis on 35 cell surface markers comparing baseline (BL) to end of
treatment (EOT) breast cancer tissue from three responders vs. three non-responders. We first

visualized the represented metacluster IMC data from all six patients by tSNE (Fig. 3-10).
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Figure 3-10. IMC analysis on tissue from RP2D patients.

Three responder patients and three non-responder patients’ paired baseline (BL) and end of treatment
(EOT) tissue sections were analyzed by Imaging Mass Cytometry (IMC). Shown are tSNE plots for

indicated metaclusters from all six patients.

Two-way ANOVA from the IMC showed that the non-responders had a significantly
increased M2 macrophage, while responders had significantly increased CD15+ granulocyte
population at EOT (Fig. 3-8C). Metacluster images from non-responder and responder are shown
as representation from group analysis (Fig. 3-8D). CDI15 is a pan-granulocyte marker (/8). As
neutrophils represent 70% of all white blood cells (/9), we investigated for a neutrophil-specific
marker, myeloperoxidase (MPO) (20) by immunohistochemical staining in paired IMC patients.

Due to insufficient tissue at EOT from the third IMC responder in post-treatment tissue, two
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additional responders were substituted for a total of four responders in MPO+ neutrophils analysis.
MPO staining aligned with our IMC results showing no significant changes of CD15 granulocytes
at EOT in non-responders (Fig. 3-11A), but a significant increase of CD15 granulocytes in two

matched responders (Fig. 3-11B, two patients left side).
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Figure 3-11. Immunohistochemistry staining for MPO in RP2D patients.
Shown are 10X THC staining images for myeloperoxidase from (A) three non-responder patients and (B)

four responder patients. Scale bar represents 100 pm.
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While the other two responders did not mirror this increase of CD15 granulocytes at
EOT (Fig. 3-11B, two patients’ right side), our data suggest that some responders may have an
influx of neutrophils at EOT, an observation that is not apparent in non-responders.

Next, to determine the functional relevance of changes in neutrophils over time in
responders, we performed immunofluorescence (IF) staining on the above-mentioned tissues.
There is growing evidence that neutrophils can be polarized into different activation states (21-
24). N1 neutrophils have anti-tumor characteristics and low levels of arginase, while N2
neutrophils are immunosuppressive, supporting a pro-tumor microenvironment with high levels
of arginase. The arginase expression-dependent neutrophil polarization plays a critical function
in anti-tumor immunity as deprivation of arginine leads to loss of T cell function and
proliferation (22, 25). Therefore, we investigated double IF labeling for MPO (neutrophil
marker) and arginase as a potential marker to distinguish between N1 and N2 neutrophils in

patient tissues.
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Figure 3-12. Immunofluorescent staining in RP2D patients.
Shown are 10X IMF staining for myeloperoxidase (red), arginase (green), and merged (yellow) from (A)

three non-responder patients and (B) four responder patients. Scale bar represents 100 pm.

We observed that co-localized expression of MPO and arginase did not change in non-
responders, whereas co-localized expression of MPO and arginase decreased in responders at EOT
(Fig. 3-12A and 3-12B). These data support that the influx of neutrophils in responders may

represent a shift from pro-tumor N2 neutrophils into anti-tumor N1 neutrophils.

3.4. Discussion
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This phase 1/2 clinical study builds on robust published work and is the first-in-class
clinical study of iNOS inhibition in cancer patients. Additionally, immuno-modulation of the
tumor microenvironment and the potential mechanistic basis by which iNOS inhibition enhances
chemotherapy response is described.

Previously, by isolating the subpopulation with chemo-resistant stem-like properties (4,
26, 27), we identified two putative candidate genes, RPL39 and MLF?2, which were associated
with treatment resistance. In RPL39 and MLF2 knockdown experiments in TNBC PDXs, tumor
shrinkage together with the reduction in lung metastases was observed (4). Through a series of
bioinformatic analyses, iNOS signaling was determined to be the primary pathway common to
both genes. Further analysis revealed that RPL39 and/or MLF2 overexpression and knockdown
increased and decreased iNOS protein levels, respectively (4). iNOS has been described to be a
mediator of metastasis in different cancer types (28-30) and elevated iNOS expression has been
linked to poor survival in breast cancer (31, 32). We recently reported that increased iNOS
expression correlates with poor survival and metastasis in TNBC patients (&). The pan-NOS
inhibitor L-NMMA was evaluated in TNBC PDX preclinical studies (8, 33). We demonstrated
the efficacy of L-NMMA in combination with chemotherapy in four PDX models. In all four
models, the addition of L-NMMA significantly reduced tumor volume compared to docetaxel
alone. The clinical study was designed based on these published studies.

In this study, the overall response rate was 45.8% for the whole cohort, with 16.7%
achieving CR. In metastatic TNBC, the response rate of 15.4% and clinical benefit rate of 53.8%
were noteworthy for heavily pretreated patients who had a median of five prior lines of
chemotherapy. (34, 35) In the chemorefractory LABC cohort, the response rate was impressive

at 81.8%, with 36.4% achieving CR. Of note, 27.3% of the anthracycline refractory LABC
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patients achieved pCR at the surgery where the expected response based on historic published
results is expected to be less than 5% (36).

The regimen was well tolerated and only 21% had grade > 3 toxicity, with none of the
>Grade 3 toxicity attributed to L-NMMA. The anticipated blood pressure elevation was
manageable with the addition of oral amlodipine, in this regimen.

Imaging mass cytometry (IMC) is a highly multiplexed single-cell protein detection
system. IMC technology can simultaneously interrogate 35 protein markers in a single 5-micron
tissue section of formalin-fixed paraffin-embedded (FFPE) tissue while preserving tissue
architecture and cellular morphology to uncover biomarker correlations and immune-cancer cell
interactions. Our combined IMC and blood analysis data suggest that non-responders to L-
NMMA and taxane may have a cumulative M2 macrophage signature. Firstly, our PBMC
analysis of responders vs. non-responders by CyTOF showed a trend of increased circulating
monocytes in non-responders (Fig. 3-8A and 3-8B). The CyTOF data consistently showed high
expression of M2 macrophage markers CD163+ and PPARYy+ in circulating PBMCs from non-
responder patients compared to inconsistent trends in responder patients during therapy (37, 38).
As a correlate, we also observed increased circulating CD8s in responders compared to
inconsistent CD8 changes in non-responders with therapy. Our data is suggestive that higher
circulating M2 macrophages in non-responders may repress cell-mediated immunity given that
responders have higher circulating CD4 and CDS populations with lower circulating CD163+
and PPARy+ cells. Moreover, our IMC results further showed that non-responder patients had a
significant increase in intra-tumor M2 macrophages at end of therapy (Fig. 3-8C, and 3-8D). In
addition, we found IL-10 expression was significantly higher in non-responders (Fig. 3-6C). IL-
10 is an immunosuppressive cytokine produced by M2 macrophages (39, 40) and has a high
correlation with poor prognosis in various cancers (4/-43). Furthermore, non-responders had

80



significantly higher levels of IL-6 (Fig. 3-6C) and IL-6 can promote induction of M2
macrophages (44-46). Furthermore, IL-6 is an inducer of STAT3 signaling and the IL-6/STAT3
axis is a well-established pathway for cancer metastasis, proliferation, and stem cell induction
(47-49). There is growing evidence that IL-1A may drive IL-6 induction in breast cancer (50).
Similarly, tumor-derived GM-CSF modulates the tumor microenvironment to favor pro-tumor
immunity (5/-53). The significance of elevated IL-1A, IL-6, IL-10, and GM-CSF in non-
responders may potentially serve as a predictor to L-NMMA efficacy and have biological
context for poor outcome.

Tumor-associated neutrophils (TANs) have been reported to have a strong correlation
with poor patient outcomes in various cancers (24). Our previous studies have demonstrated that
TNBCs utilize iNOS to resist chemotherapy (8, 33). Given that neutrophils express iNOS
constitutively (54), we hypothesized that L-NMMA may target TANs in the microenvironment
of chemorefractory TNBC patients. Surprisingly, we noted that responders had increased tumor
neutrophils (Fig. 3-8C) at end of treatment. There is growing literature that neutrophils may
undergo differential polarization into an N1 anti-tumor or N2 pro-tumor state in murine models
(55), which may be distinct from humans (23). However, by using arginase as a marker of N2
neutrophils (22, 25), we observed decreased arginase expression at EOT in responders (Fig. 3-
12B), suggesting that responders to L-NMMA therapy may have reprogrammed N1 neutrophils
to assist in effective anti-tumor immunity.

L-NMMA in combination with taxanes was well tolerated with a notable response rate
in heavily pretreated metastatic TNBC patients who were refractory to multiple lines of
chemotherapy and in chemorefractory locally advanced TNBC patients leading to unexpected
pathologic complete responses. Immunomodulation of the tumor microenvironment with

increased neutrophils at the tumor site in responders, while having M2 macrophages at end of
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therapy in non-responders were observed. This combination warrants further investigation in
larger studies along with correlative biomarker evaluation.

3.5. Materials and Methods

3.5.1. Patients

Female patients >18 years of age with pathologically determined chemorefractory locally
advanced TNBC or metastatic TNBC. TNBC is defined as estrogen receptor-negative and
progesterone receptor-negative (<10% staining by immunohistochemistry (IHC) for estrogen and
progesterone receptor) and HER2 negative (status as defined by the current American Society of
Clinical Oncology and College of American Pathologists (56)) were eligible for the trial. The study
was approved by the Institutional Review Board at the Houston Methodist Hospital and written
informed consent was obtained from all patients before sample and data collection. The trial was
registered at Clinicaltrials.gov (NCT02834403). All patients had an Eastern Cooperative
Oncology Group (ECOG) performance status of < 2 and a cardiac ejection fraction of > 45%.
Exclusion criteria included history of poorly controlled hypertension (defined as systolic BP> 150
mm Hg at baseline), use of docetaxel within the past 12 months, New York Heart Association
class III or greater cardiac disease, history of myocardial infarction, stroke, ventricular arrhythmia
or symptomatic conduction abnormality within the past 12 months, history of congenital QT
prolongation or absolute correct QT interval of >480 msec and symptomatic central nervous

system metastases.

3.5.2. Clinical Study Design

The Phase 1 portion of the study (Fig. 3-1) was designed to investigate the combination

at two dose levels of docetaxel (75 and 100 mg/m?) and seven dose levels of L-NMMA (5, 7.5,
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10, 12.5, 15, 17.5, and 20 mg/kg). The starting dose for L-NMMA was at 7.5 mg/kg and docetaxel
at 75 mg/m>. L-NMMA was given Day 1-5 IV every three weeks and docetaxel was given IV after
L-NMMA on Day 1 every 3 weeks; therefore, one cycle is defined as each 3-week regimen. A
standard Bayesian model averaging continual reassessment method (CRM) approach was used to
determine recommended phase 2 L-NMMA dose (RP2D). In the phase 2 portion of the study,
patients were treated with the L-NMMA combination at the RP2D and taxane at standard
chemotherapy doses. Patients treated at the RP2D in the phase I portion of the study were included
in the phase 2 portion of the trial. Patients received a maximum of six (21-day) cycles of the L-
NMMA combination. L-NMMA was administered as a 2-hour intravenous (I'V) infusion on Days
1-5 of each cycle. To prevent L-NMMA-induced hypertension, amlodipine (10 mg) was
administered for 6 days at each cycle, starting 24 hours before the first dose of L-NMMA. Enteric-
coated low-dose aspirin (81 mg) was orally administered once daily during the six 21-day cycles,
as thromboembolic prophylaxis. The phase 2 portion of the trial was conducted using Simon’s
optimal two-stage design. Patients with amenable tumors had biopsies performed at two time
points, at baseline and end of treatment. Patients during study enrollment were recommended to
follow a low nitrate diet. Blood pressure was monitored on the day of treatment for each dose of
L-NMMA. Computed tomography (CT) scan of the chest, abdomen, and pelvis was performed at
baseline and the end of Cycles 2, 4, and 6. The response was assessed using the RECIST 1.1.
Patients with chemorefractory locally advanced breast cancer had ultrasound measurements at the
end of Cycles 2, 4, or 6 (chemorefractory locally advanced breast cancer patients received 4 or 6
cycles). Pathologic responses, in particular, pathologic complete response defined as no residual
disease in the breast, were recorded. Toxicities in the phase 2 trial were described as per Common
Terminology Criteria for Adverse Events (CTCAE) v4.03. All radiological assessments (NG, LV)

and all surgical pathology (MS) were independently assessed and confirmed.
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3.5.3. Pharmacodynamics and pharmacokinetics assays

Serum was analyzed for the effect of L-NMMA on lowering systemic iNOS by measuring
nitric oxide metabolites, namely serum nitrites, and nitrates. In brief, serum samples were purified
through 10 kDa molecular weight Ultra-0.5 Centrifugal Filters (Amicon, Millipore) to remove
hemoglobin and the purified samples were then assayed for circulating nitrites and nitrates using
a commercially available fluorometric assay (Cayman Chemicals #780051). To measure the
clearance of docetaxel and L-NMMA, pharmacokinetic assays were done described by previously

validated methods (57-59).

3.5.4. Circulating cytokines assays

Systemic levels of cytokines and other soluble immune mediators were determined by
Luminex multiplex cytokine analysis (Human Cytokine/Chemokine Magnetic Bead Panel,
Millipore HCYTMAG-60K-PX41) for 38 analytes: epidermal growth factor (EGF), fibroblast
growth factor basic (FGF-2), eotaxin, transforming growth factor-alpha (TGF-a), granulocyte-
colony stimulating factor (G-CSF), FMS-like tyrosine kinase 3 ligand (FIt-3L), granulocyte-
macrophage colony-stimulating factor (GM-CSF), fractalkine, interferon-a2 (IFN-a2), interferon-
v (IFN-y), GRO, CXCL10, macrophage-derived chemokine (MDC), soluble CD40L, IL-1a, IL-
1B, IL-1 receptor antagonist, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-
12p40, 1L-13, IL-15, IL-17, monocyte chemoattractant protein-1 (MCP-1), MCP-3, macrophage
inflammatory protein (MIP)-1a, MIP-1B, TNF-a, TNF-b, and VEGF. All patient serum samples
were assayed according to the manufacturer’s instructions, and plates were analyzed by

Millipore’s Luminex 200.

3.5.5. CyTOF
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PBMCs were isolated from peripheral blood and frozen until all time points were
collected. On the day of CyTOF staining, PBMC from the same patients at different time points
were thawed and recovered. Single cell suspension was stained with metal-tag viability dye for
5min and wash with Cell staining buffer (Fluidigm), followed by staining of surface markers and
intracellular markers separately, according to the Foxp3 staining kit (eBioscience). Cells were then
stained with Cell ID Intercalator Ir (Fluidigm) at 4C overnight. The next day, cells were washed
and prepared for acquisition with Helios (Fluidigm). The data was analyzed by Cytofbank. Briefly,
data were normalized, gated out beads and dead cells, and gated on singlet and CD45+ cell
population, which was selected to perform a tSNE analysis. The tSNE plot is gated according to
display the cell populations with different colors. The ratio of the different cell populations within
CD45+ cells was quantified by Cytobank. Log2 fold change was calculated of Day 17 vs. Day 1,
and Day 38 vs. Day 1 for different cell populations (percentage of CD45+) and plotted by heatmap.
To plot tSNE, we used the Barnes-Hut t-SNE implementation in Rtsne package. Data were 99th-
percentile normalized before the analysis, and we used the default t-SNE parameters (initial

dimensions,110; perplexity,30; theta,0.5). The random seed is recorded for reproducibility.

3.5.6. Tissue biopsies- Imaging mass cytometry

The Hyperion Imaging System (Fluidigm), CyTOF technology together with imaging
capability was used on 12 biopsy samples from 6 patients (3 responders, and 3 with progressive
disease) recruited to the phase 2 study to determine the profile of circulating suppressor and
effector immunocytes. The 35 markers are listed under Table 3-4. A detailed description of

Imaging Mass Cytometry (IMC) was done as previously described (60).
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Table 3-4. List of IMC marker antibodies.

GzmB
CD20
CD3
CD206
CD4
CD8a
a-SMA
Pan-CK
CD31
PD-L1
PD-1
CD163
CD80
Foxp3
pPSTAT1
CD45
E-cadherin
CcD68
CD14
RORgt
HER2
pSTAT3
CD15
p-S6
pNF-kB
Ki67
PR
Collagen
CD1c
ER
Gata3
Tbet
HLA-DR
CD86
CD56

3.5.7. Immunohistochemistry

Baseline (BL) and end of therapy (EOT) tissue from seven RP2D patients (three non-
responders and four responders) were evaluated by IHC for myeloperoxidase (MPO). In brief, 5
um sections of FFPE tissue were prepared on slides. After xylene deparaffinization and ethanol

rehydration, antigen retrieval (Tris-Cl, pH 9.0) was performed followed by hydrogen peroxide
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fixation. After blocking with Avidin/Biotin Blocking kit (Vector Labs), the primary antibody for
MPO (diluted 1:200) was incubated for 1 hour at room temperature. Next, HRP conjugated anti-
rabbit secondary antibody (Dako) was incubated for 30 minutes at room temperature. Then
chromogens were produced by DAB reaction (Dako). After counterstaining with hematoxylin,
slides were mounted and imaged under bright field microscopy. MPO antibody was from
ThermoFisher Scientific (cat# PA5-16672).

3.5.8. Immunofluorescence

BL and EOT tissue from the same seven patients as MPO IHC went through the same
deparaffinization and antigen retrieval as previously described with no hydrogen peroxide fixation.
Followed by 1 hour blocking with 10% normal goat serum at room temperature, primary
antibodies (Arginase 1:50 and MPO 1:200) were dually incubated for 1 hour at room temperature.
Next, secondary antibodies (Alexa 488 anti-mouse and Alexa 594 anti-rabbit, both 1:200) were
dually incubated for 1 hour at room temperature. Slides were mounted with Vectashield (Vector
Labs H-1200) and sealed with coverslips. Images were acquired within one week. Arginase
antibody was from Abcam (cat# ab212522). Alexa anti-mouse 488 (cat# A-11001) and Alexa
anti-rabbit 594 (cat# A-11012) are both from ThermoFisher Scientific.

3.5.9. Statistical analysis

The following statistical analyses were performed for each respective assay.

Pharmacodynamics: Friedman’s test for a randomized block design based on the intra-patient

ranked data was performed to determine significant effect due to day measurements of total

nitrates/nitrites measured in sera.

Luminex heat map: For normalization of each cytokine, pg/ml data was standardized to set the

highest measured value as 100 by a constant. Next, each unique constant was multiplied to
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respective cytokines to normalize the expression scale from zero to 100. Next, paired t-test was
performed comparing Days 2 or 5 to respective Day 1 for each cycle. Finally, normalized data of

21 cytokines with significant changes on Days 2 or 5 were graphed by heat map.

Luminex PCA: For an individual day, PCA was conducted on the cytokines data for all patients
across both responders and non-responders. The top 3 principal components which account for the
maximum variance in the data are plotted for each patient in one figure. In the 3-dimensional PCA
space, Permutational multivariate analysis of variance (PERMANOVA, number of
permutations=9999) was used to test the null hypothesis that the centroids and dispersion of the
two groups of patients (responders and non-responders) are equivalent for all groups. A rejection
of the null hypothesis means that either the centroids and/or the distribution are different between

the groups.

Luminex significance by group effect: Significance was determined with pairwise analysis by

Wilcoxon Ranked-Sum test.

IMC significance by group effect: Two-way ANOV A was performed for three responders vs. three

non-responders comparing BL versus EOT tissues.

Significance of blood pressure change: Significant changes in systolic and diastolic blood pressure

comparing baseline to after 2 cycles of therapy were determined by paired t-test and signed-rank.
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4. CONCLUSIONS

4.1. Pre-clinical and clinical merits of inhibiting inflammatory mediators in
treatment of TNBC

In chapters 2 and 3, we highlighted the pre-clinical and clinical therapeutic merits in
treatment of TNBC with tocilizumab and L-NMMA, respectively. Neither anti-inflammatory
agents are currently FDA approved in the management of breast cancer, however we provide
evidence for additional follow-up studies in large cohort clinical trial studies for potential
applications as targeted therapy options for TNBC patients. To the best of our knowledge, there
have not yet been any clinical trials investigating the efficacy of using anti-IL-6 targeted
therapies in breast cancer. There are however additional pre-clinical studies that have
investigated the efficacy of tocilizumab against TNBC. The first study found that tocilizumab in
combination with Notch signaling inhibition led to suppression of tumor growth in vivo (/). The
second study found that tocilizumab decreased the potential induction of breast cancer stem cells
(2). Furthermore, this study found that tocilizumab treatment promoted anti-tumor M1
macrophage polarization over the pro-tumor M2 macrophage. And furthermore, one study found
that tocilizumab synergized with cisplatin therapy in targeting TNBC cell lines (3). As an
extension to these published studies, we identify a specific cohort of TNBCs highlighted by
active MAPK pathway which may be ideal targets for tocilizumab therapy. In chapter 3, we
report our findings of the first study reporting the safety and efficacy of iNOS inhibition therapy
for TNBC patients. Although no other cancer clinical trials have investigated the efficacy of L-
NMMA, there is growing literature evidence that iNOS signaling is utilized by a variety of

cancer pathologies (4, 5). Given our results that L-NMMA is safe, there may be rationale to
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utilize this anti-inflammatory agent in other cancer pathologies that also utilize iNOS as a
mechanism for tumor-persistence.
4.2. Rationale for investigating tocilizumab with chemotherapy in TNBC

In chapter 2, we found that the MAPK pathway induction of IL-1Awas the main
upstream contributor for exacerbated autocrine IL-6 production in response to chemotherapy.
Although we did not find any evidence that MAPK pathway contributed to regulating iNOS in
TNBC:s, there are additional pathways that can promote iNOS in the TNBC microenvironment
(6). In order to further rationalize the potential application of tocilizumab for TNBC patients, we
re-analyzed the phase Ib/Il clinical trial from Experiment 2 with IL-6 expression as a parameter

of interest (Fig. 4-1).
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Figure 4-1. L-NMMA patients IL-6 levels comparing responders vs non-

responders.
20 patients’ sera from indicated time points were analyzed by Luminex for 38 circulating

cytokines/chemokines. Shown are the significant differential expression of IL-6 between responders (13)
versus non-responders (7). Significance was determined with pairwise analysis by Wilcoxon Ranked-Sum

test. ¥ p <0.05.

In chapter 3, we previously established there was differential upregulation of IL-6
comparing the two cohorts on day 5 of both cycles. It is noteworthy that of non-responders to L-
NMMA therapy, the same six patients (85.7%, 6/7) maintained detectable levels of circulating

IL-6 during the first two cycles of therapy. And only 1/7 non-responder patients had no
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detectable levels of IL-6. In contrast, responder patients either had consistent low to no
detectable levels of IL-6 and in one case, a stark decrease of IL-6 during the progression of L-
NMMA therapy (patient 34, complete responder).

In order to evaluate any prognostic significance of IL-6, we re-analyzed the ORR of the

patients with expression level of IL-6 as the parameter of interest (Fig. 4-2).
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Figure 4-2. L-NMMA patients tumor change based on IL-6 expression.
Shown are tumor changes from the same 20 L-NMMA RP2D patients analyzed by Luminex from
experiment 2 (Figure 4) with group assignment based on circulating IL-6 levels during cycle 2 day 5 of
therapy. Patients with > 10 pg/ml of IL-6 were grouped as High IL-6 and patients with < 10 pg/ml of IL-6

were grouped as Low IL-6. Wilcoxon rank-sum test was performed to determine percent change between

the two cohorts.

The two cohorts of patients comparing high IL-6 patients to low IL-6 patients were
analyzed to determine whether the percent change of tumor volume differed based on IL-6
expression during cycle 2 day 5. We determined that the results were significant (p < 0.0.5) and

that IL-6 expression may correlate with tumor decrease and efficacy to L-NMMA therapy in
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TNBC patients. These results are encouraging and may potentially provide non-responders to L-
NMMA therapy another inflammatory mediator targeting option with the inclusion of
tocilizumab therapy.

4.3. Limitations

The chief limitation of chapter 2 was the absence of immune cells for in vivo efficacy of
tocilizumab. As IL-6 is an immune mediator, it has a multi-faceted role in regulating immune
cells. However, this limitation was difficult to overcome in chapter 2 due to lack of knowledge
on the MSL vs BL1 subtype of murine TNBC cell lines which made syngeneic models
problematic. However, our results from chapter 2 still provide clear evidence that MAPK active
tumor cells produce autocrine IL-6 as a chemo-resistance mechanism and tocilizumab
neutralizes this pathway. Given that tocilizumab will neutralize IL-6R activity, it will not
necessarily matter whether there are additional cells in the tumor microenvironment which also
produce paracrine IL-6 for tumor cells. Furthermore, there is evidence that tocilizumab therapy
will promote skewing of anti-tumor M1 macrophages which is in alignment with previous
studies indicating IL-6 is a M2 macrophage polarizing cytokine (7, §). Therefore, this may
indicate that tocilizumab will have a twofold effect by preventing M2 macrophage induction and
neutralizing IL-6 mediated resistance pathways on TNBCs.

4.4. Translation of tocilizumab to patient therapy

Although Figures 4-1 and 4-2 highlight the potential combination of chemotherapy with
tocilizumab and L-NMMA for TNBC patients, the lab will need to investigate the benefit of
tocilizumab and chemotherapy regimen first (as done with L-NMMA in chapter 3). Although
previous anti-IL-6 biologic therapy trials against various other cancers failed to provide benefit,
we hypothesize in our proposed clinical trial rationale that not all TNBC patients will have 1L-6

dependent tumors for chemo-resistance. Rather, the objective will be to evaluate whether
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patients with evidence of either MAPK active tumors or rising levels of IL-6 during
chemotherapy are ideal candidates to tocilizumab therapy. If confirmed that tocilizumab
provides efficacy for TNBC patients with MAPK active tumors or persistent circulating levels of
IL-6, we may then one day evaluate the relevance of combining tocilizumab with L-NMMA.
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