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ABSTRACT

INVESTIGATING THE ROLE OF NICOTINIC ACETYLCHOLINE RECEPTOR
AGONISTS IN LUNG CANCER PROGRESSION AND CHEMOSENSITIVITY IN THE
CONTEXT OF TREATING CHEMOTHERAPY-INDUCED PERIPHERAL
NEUROPATHY

By Sarah Lauren Kyte, B.S.

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor
of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2018

Director: Dr. David A. Gewirtz, Professor, Department of Pharmacology & Toxicology

While cancer chemotherapy continues to significantly contribute to the number of
cancer survivors, exposure to these drugs can often result in chemotherapy-induced
peripheral neuropathy (CIPN), a consequence of peripheral nerve fiber dysfunction or
degeneration. CIPN is characterized by sensory symptoms in the hands and feet, such
as numbness, burning, and allodynia, resulting in an overall decrease in quality of life.
Paclitaxel (Taxol), a microtubule poison that is commonly used to treat breast, lung, and
ovarian cancers, has been found to cause CIPN in 59-78% of cancer patients. There is
currently no effective preventative or therapeutic treatment for this side effect, which can
be a dose-limiting factor for chemotherapy or delay treatment. Our collaborators in the
laboratory of Dr. M. Imad Damaj have shown that nicotine, a nicotinic acetylcholine
receptor (NAChR) agonist, and R-47, an a7 nAChR silent agonist, can prevent and
reverse paclitaxel-induced peripheral neuropathy in mice. With regard to cancer, this work

demonstrates that nicotine and R-47 do not enhance A549 and H460 human non-small



cell lung cancer cell viability, colony formation, or proliferation alone, and they do not
attenuate paclitaxel-induced growth arrest, apoptosis, or DNA fragmentation. Most
importantly, nicotine and R-47 do not increase the growth of A549 tumors or interfere with
the antitumor activity of paclitaxel in tumor-bearing mice. These data suggest that
targeting NAChRs may be a safe and efficacious approach for the prevention and

treatment of CIPN in cancer patients.



INTRODUCTION

A. Chemotherapy-Induced Peripheral Neuropathy (CIPN)

Chemotherapy has played a significant role in the treatment and survival of cancer
patients. However, this pharmacological approach can lead to long-term symptoms of
drug toxicity, including chemotherapy-induced peripheral neuropathy (CIPN), a result of
peripheral nerve fiber dysfunction or degeneration. CIPN is characterized by sensory
symptoms in the hands and feet, including: numbness, tingling, burning pain,
hyperalgesia, and allodynia. Despite various chemotherapy drug classes and dosing
regimens, approximately 68% of cancer patients experience CIPN in less than a month
following the completion of their treatment, whereas 30% suffer from symptoms of CIPN
for 6 months or more after chemotherapy (Seretny et al., 2014). There is currently no
effective preventative or therapeutic treatment for CIPN; anticonvulsants,
antidepressants, and anesthetics only perform modestly in relieving CIPN-induced
neuropathic pain in cancer patients (Majithia et al., 2016). CIPN can present during
chemotherapy administration, thereby becoming a dose-limiting factor for chemotherapy
or even delay treatment. Without the development of an efficacious therapy, CIPN will
continue to negatively impact cancer patient survival and quality of life.

Paclitaxel, a taxane commonly used to treat breast, lung, and ovarian cancers, has
been found to cause CIPN both acutely and chronically in 59-78% and 30% of cancer
patients, respectively (Beijers et al., 2012). Although much research has been performed
to determine how paclitaxel and other cancer chemotherapy drugs (cisplatin, oxaliplatin,

vincristine, bortezomib) can induce CIPN, the mechanism remains to be completely



understood. The predominant hypotheses for paclitaxel’s mechanism of action in causing
neuropathy are built upon the drug’s ability to induce mitochondrial dysfunction and an

inflammatory response.

A.1. Paclitaxel-Induced Mitochondrial Dysfunction

Atypical mitochondria, characterized as swollen and vacuolated, have been observed
in the peripheral nerves of preclinical paclitaxel-induced neuropathy models and in the
nerves of patients with peripheral neuropathy (Dalakas et al., 2001; Flatters and Bennett,
2006). Itis thought that paclitaxel can negatively impact mitochondrial function by opening
the mitochondrial permeability transition pore (mPTP) after binding to B-tubulin, a protein
within the mitochondrial membrane that is associated with the mPTP (Figure 1). The
mPTP is formed along the inner mitochondrial membrane under pathological conditions
and its opening is normally regulated by electron flux and the proton electrochemical
gradient. mPTP opening can lead to mitochondrial swelling, when influx from the
cytoplasm increases the volume-to-surface ratio, causing the rod-like shape of the
organelle to become more spherical (Xie et al., 2005). In addition, calcium is released into
the cytoplasm and the mitochondrial membrane potential (MMP) decreases, a
phenomenon that will ultimately close the mPTP. Atypical mitochondria present
simultaneously with mechanical hypersensitivity, indicating that there may be a causal
relationship between these two consequences of paclitaxel exposure.

Mitochondria produce reactive oxygen species (ROS) when the rates of electron entry
into and transfer through the electron transport chain are not balanced. Paclitaxel induces

an increase in intracellular calcium, which leads to insufficient calcium concentrations



inside the mitochondria and a decrease in adenosine triphosphate (ATP) production since
calcium is required for the activation of dehydrogenase enzymes in the citric acid cycle
(Hajnoczky et al., 2002). Dysfunctional oxidative phosphorylation within the mitochondria
results in ROS production, which can lead to the activation of caspases and apoptotic cell
death (Alirezaei et al., 2011). ROS generated by paclitaxel-induced atypical mitochondria
may be contributing to CIPN since neurons have a high metabolic rate, low antioxidant
supply, and are post-mitotic, making them more susceptible to the toxic effects of ROS
(Lee et al., 2012). For example, mitochondrial ROS are increased in the neurons of the
dorsal horn of the spinal cord following spinal nerve ligation (SNL) in rats, which is thought
to contribute to central sensitization and therefore sensory symptoms (Park et al., 2006).
In addition, administration of N-tert-butyl-a-phenylnitrone, a non-specific ROS scavenger,
can reverse both SNL- and paclitaxel-induced mechanical allodynia in rats (Kim et al.,

2004; Fidanboylu et al., 2011).

Paclitaxel
* IMMP 2
CaZ . Central
PP ) /" Sensitization
:> —> ROS
— Apoptotic

YATP 7 Cell Death

Figure 1. Paclitaxel induces mitochondrial dysfunction. When paclitaxel binds to the B-tubulin
of the mitochondrial membrane, the associated mitochondrial permeability transition pore
(mPTP) opens to release calcium into the cytoplasm; a reduction in intraorganelle calcium
causes the mitochondrial membrane potential (MMP) to collapse, ultimately leading to closure
of the mPTP. Influx through the mPTP causes mitochondrial swelling and vacuolization. The
loss of calcium leads to reduced production of adenosine triphosphate (ATP) by the citric acid
cycle. As a result, reactive oxygen species (ROS) are released by the dysfunctional organelle
to ultimately initiate the intrinsic apoptotic pathway and possibly contribute to central
sensitization proximal to the injured neuron.



A.2. Paclitaxel-Induced Inflammation

The second hypothesis relating to paclitaxel’'s neurotoxic mechanism of action
involves an inflammatory response. The immune system consists of various cell types,
one of which is the macrophage, a white blood cell that phagocytoses cellular debris and
releases inflammatory mediators upon stimulation by various molecules, such as
interferon-gamma (IFNy) and lipopolysaccharide (LPS). Paclitaxel has been shown to
mimic the agonistic activity of LPS at toll-like receptor 4 (TLR4) in macrophages, resulting
in the production of pro-inflammatory cytokines (Figure 2). In preclinical models of
paclitaxel-induced neuropathy, macrophages have been observed in the peripheral
nervous system, specifically in the dorsal root ganglia (DRG), as well as in the central
nervous system along with the resident microglia in the dorsal horn of the spinal cord
(Polomano et al., 2001; Liu et al., 2010). In addition, paclitaxel increases the expression
of TLR4 in both the DRG and the spinal cord. Mice and rats that do not possess TLR4
(knockout) or that have been treated with TLR4 antagonists exhibit decreases in
hyperalgesia, spinal glial responses to inflammation, and macrophage infiltration (Zhang
et al., 2016). Paclitaxel also enhances the expression of monocyte chemoattractant
protein-1 (MCP-1) in both the DRG and spinal cord. When this activity is inhibited by an
anti-MCP-1 antibody or MCP-1 receptor knockout, paclitaxel-induced mechanical
allodynia, macrophage recruitment, and loss of distal intra-epidermal nerve fibers are
attenuated (Zhang et al., 2013). Suppression of paclitaxel-induced peripheral neuropathy
in rats with interleukin-10 (IL-10), an anti-inflammatory cytokine, is associated with a

decrease in CD11b-positive (macrophage) immune cell recruitment, as well as reduced



tumor necrosis factor a (TNFa) and IL-13 expression in the lumbar DRG (Ledeboer et al.,
2007).

When paclitaxel binds to TLR4 in macrophages, DRG, and the dorsal horn of the
spinal cord, downstream signaling cascades are initiated, including the mitogen-activated
protein kinase (MAPK) pathway, which results in the activation of extracellular signal-
related kinases (ERK1/2), p38 MAPK, and Jun-amino terminal kinase (JNK) (Y Li et al.,
2015). The phosphorylation and activation of these transcription factors causes synthesis
and release of pro-inflammatory cytokines, such as IFNa/y, TNFa, IL-1, and IL-6.
Phosphorylated ERK1/2 and p38 MAPK have been found in the DRG following paclitaxel
administration, and this effect was reversed by the TLR4 antagonist lipopolysaccharide
from Rhodobacter sphaeroides (LPS-RS). Behavioral phenotypes of paclitaxel-induced
neuropathy are reduced after the administration of MEK1/2 (upstream of ERK1/2) and
p38 MAPK inhibitors (Y Li et al., 2015). Ligation of the L5 spinal nerve induces p38 MAPK
activation in both the spinal microglia and the DRG; an inhibitor of p38 MAPK activity,
SB203580, abrogates SNL-induced mechanical allodynia (Jin et al., 2003). In summary,
it appears that paclitaxel could be inducing an inflammatory response via activation of

macrophages, an action of the drug that is associated with CIPN.
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Overall, paclitaxel may be inducing mitochondrial dysfunction and/or a pro-
inflammatory response, both of which can contribute to neuronal toxicity and sensitization.
Continuing to determine how the neurotoxicity develops is important but can be a long
and complex process. Therefore, we chose a different strategy, which was to identify a
drug or class of drugs that could prevent and/or reverse CIPN due to its analgesic and
perhaps anti-inflammatory properties. We could then deduce the specific mechanism of
action (the receptor involved, the anatomical expression of said receptor, etc.) and further
enhance efficacy of the CIPN therapy, if possible, by targeting a specific receptor subtype.
This project was initiated in the laboratory of Dr. M. Imad Damaj at Virginia
Commonwealth University, where a model of paclitaxel-induced peripheral neuropathy
established in mice (Chapter 1) was utilized to test nicotinic acetylcholine receptor

(nAChR) agonists as potential treatments for CIPN (Chapters 2 and 4).



B. Nicotinic Acetylcholine Receptors (nAChRs) as a Therapeutic Target for CIPN

Nicotinic acetylcholine receptors (nNAChRs) are pentameric ligand-gated ion
channels located on the membranes of various cell types within the central and peripheral
nervous systems, including sensory neurons, as well as in muscle, tumor tissues, and
immune cells. These receptors can be homo- or heteromeric, depending on the
combination of the different subunits; for neuronal nAChRs, the possible subunits are a2-
7, 09-10, and B2-4. When an agonist binds to a nAChR, a conformational change allows
for the influx of sodium and calcium ions. In neurons, this ion flux results in depolarization
of the cell and initiation of an action potential. However, other downstream signaling
pathways of nAChRs may contribute to additional actions of the agonists, including
analgesia.

Nicotine, an agonist of nAChRs, has been shown to produce analgesic and
antinociceptive properties in humans and animals, respectively [see reviews by (Umana
et al., 2013; Flood and Damaj, 2014)]. For example, nonsmokers with spinal cord injuries
reported lower complex pain scores (both neuropathic and musculoskeletal symptoms)
following nicotine gum use (Richardson et al., 2012). Likewise, patients receiving acute
intranasal nicotine had lower post-operative pain scores and decreased their morphine
consumption (Flood and Daniel, 2004). Similar observations with nicotine have also been
made in rodents. For instance, nicotine has produced significant dose-dependent
antinociceptive effects in mice during the tail-flick and hot-plate assays, as well as
reductions in paw licking during both phases of the formalin test, signifying its ability to
alleviate pain induced by both thermal and inflammatory stimuli (AlSharari et al., 2012).

With regard to neuropathic pain, nicotine has been shown to reverse mechanical allodynia



in a rat chronic constriction injury (CCI) model, and reverse both cold and mechanical
allodynia following oxaliplatin treatment (Di Cesare Mannelli et al., 2013). Nicotine and
other nicotinic agonists are thought to relieve pain via nicotinic modulation, predominantly

of the a7 subtype, in the descending pain transmission pathway (Umana et al., 2017).

C. nAChRs and Cancer

Before nicotine could be thoroughly investigated as a potential CIPN therapy, we
had to consider the actions of the drug in cancer models, those that would represent the
cancer patient population suffering from CIPN. An ideal neuropathy treatment would be
administered prior to and during cancer chemotherapy in order to protect the peripheral
nerves from degeneration and/or alterations in function. In this scenario, the patients
would have proliferating cancer cells; therefore, it would be beneficial for any adjuvant
therapy to possess anti-tumor properties. If that were not possible, then it would be
necessary to demonstrate that the neuroprotective compound does not enhance cancer
progression or negatively impact chemosensitivity.

Taking these parameters into consideration, investigating nicotine as a CIPN
therapy may be challenging since the scientific literature suggests that binding of NAChR
agonists on the plasma membrane of a tumor cell activates the receptor, which could
promote proliferative and anti-apoptotic signaling (Figure 3; Grando, 2014). Preclinical
studies testing this hypothesis have been conducted, albeit under different experimental
conditions. Our analysis of the literature on nicotine and its role in lung cancer in Chapter
3 summarizes what is known relating to nicotine, cancer progression, and cancer

chemotherapy, and compares the methodology and results of numerous studies in order



to identify remaining knowledge gaps. Overall, we discovered that various effects of
nicotine in lung cancer cell lines and lung tumor-bearing mice have been reported in the
literature, ranging from enhancing growth to having no significant effect to even
decreasing proliferation. With regard to human studies, it has been reported that nicotine
replacement therapy (NRT), specifically nicotine gum, is not a significant predictor of any
cancer type, which is in contrast with cigarette smoking that is predictive of lung cancer
(Murray et al., 2009). While it can be assumed that this finding would be the most reliable
when considering how nicotine would impact patients in the clinic, it is important to
consider that the study participants began NRT when cancer-free. Therefore, our work
with nicotine in cell culture and in animal models of cancer are necessary to predict if

nicotine and other nAChR agonists could be viable CIPN treatments.
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Figure 3. Nicotinic acetylcholine receptor downstream signaling pathways thought to facilitate
the pro-tumor effects of nicotine in cancer. Akt, protein kinase B; Bcl-2, B-cell lymphoma 2
protein; CaMKIl, Ca2+/calmodulin-dependent protein-kinase 1l; Jak2, Janus kinase 2; MEK,
mitogen-activated protein kinase kinase; mPTP, mitochondrial permeability transition pore;
NF-kB, nuclear factor-kB; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PLC,
phospholipase C; ROCK, RHO-associated protein kinase; STAT, signal transducer and
activator of transcription. Adapted from (Grando, 2014).
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D. Dissertation Aims

We hypothesize that nicotine, and specific nicotinic acetylcholine receptor
(nAChR) agonists, may be effective in preventing and reversing chemotherapy-induced
peripheral neuropathy without enhancing lung tumor growth or interfering with the

antitumor efficacy of the chemotherapy drug paclitaxel.

Specific Aim 1: To determine if nAChR agonists enhance the proliferation of lung
cancer cells. In order to test if nicotine and selective nAChR agonists, such as the a7
NAChR silent agonist R-47, are capable of enhancing the proliferation of lung cancer cells,
we evaluated the effect of these drugs on cell viability, colony formation, and rate of
growth in two human non-small cell lung cancer (NSCLC) cell lines, A549 and H460.
These cell lines were chosen since paclitaxel is commonly used to treat NSCLC and
because they express nAChRs (Dasgupta et al., 2006; Ettinger et al., 2010; Yoo et al.,
2014). To assess if these findings translate to an animal model, we administered the
NAChR agonists in two lung tumor-bearing mouse models, murine Lewis lung carcinoma
(LLC) cells in C57BL/6J mice and human A549 cells in NOD scid gamma (NSG) mice, to

determine their influence on tumor volume and tumor weight.

Specific Aim 2: To ensure that nAChR agonists do not interfere with the antitumor
properties of paclitaxel in lung cancer. We determined if nAChR agonists would cause
any interference with the effectiveness of the cancer chemotherapy drug paclitaxel by
evaluating the extent of NSCLC cell growth arrest, apoptosis, and DNA fragmentation.

The tumor-bearing mice described in Aim 1 were also treated with nAChR agonists and
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paclitaxel in combination to determine if the former would prevent or attenuate paclitaxel-
induced reductions in tumor volume and tumor weight. In addition, tumors were excised
from mice treated with paclitaxel alone or in combination with the nAChR agonist in order
to assess intratumoral apoptosis with immunohistochemical staining for the apoptotic

marker cleaved poly (ADP-ribose) polymerase (PARP).

As an introduction to our CIPN animal model, Chapter One describes the
establishment and characterization of paclitaxel-induced peripheral neuropathy in the
mouse. This model reflects the physical and behavioral aspects of CIPN observed in
cancer patients and was therefore utilized in Chapters Two and Four when testing the
effects of nicotinic acetylcholine receptor agonists on the development and maintenance
of CIPN. The results of these neuropathy studies provided the rationale for investigating
the influence of said drugs on cancer progression and chemosensitivity, as shown in
Chapters Two, Three, and Four, which is crucial if these compounds are to be used as

preventative and/or therapeutic treatments for CIPN in cancer patients.
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performed the nesting and novelty suppressed feeding assays.

A. Introduction

Various neoplastic diseases, such as breast, lung, and ovarian cancer, are
commonly treated with paclitaxel, a chemotherapeutic drug in the taxane class. The anti-
tumor effect of paclitaxel is mediated through its binding to microtubules of the
cytoskeleton and enhancement of tubulin polymerization, thereby resulting in cell cycle
arrest, and ultimately apoptotic cell death (Jordan and Wilson, 2004). Although paclitaxel
effectively increases both progression-free survival and overall survival in cancer patients,
it also produces painful sensory and emotional deficits (Seretny et al., 2014; Dranitsaris
et al., 2015). Specifically, paclitaxel causes chemotherapy-induced peripheral neuropathy
(CIPN), a result of peripheral nerve fiber dysfunction or degeneration, acutely in 59-78%
of cancer patients and chronically in 30% of cancer patients (Beijers et al., 2012). CIPN
is characterized by sensory symptoms such as numbness, tingling, cold and mechanical
allodynia, as well as an overall decrease in quality of life. In addition, cancer patients
receiving chemotherapy experience behavioral symptoms including fatigue, anxiety, and
depression. For example, approximately 58% of cancer patients suffer from depression,
while anxiety is prevalent in approximately 11.5% of the cancer patient population
(Massie, 2004; Mehnert et al., 2014). Importantly, patients with comorbidities of
depression and anxiety suffer from increased severity of symptoms and experience

delayed recovery, which may interfere with positive outcomes (Massie, 2004). In
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comparison, 34% and 25% of the general population of patients experiencing neuropathic
pain report respective feelings of depression and anxiety (Gustorff et al., 2008).

It is clear that there is a critical need to determine the mechanisms underlying
these behavioral symptoms elicited by cancer chemotherapy drugs, as well as to identify
new targets to prevent or treat these side effects. A necessary requisite to accomplish
these aims is to establish relevant preclinical models of chemotherapy-induced side
effects. However, to our knowledge there are presently no published preclinical studies
that have characterized paclitaxel-induced affective-like behaviors. Thus, the objectives
of the current study were to develop a mouse model of paclitaxel-induced side effects.
Multiple assessments of nociceptive and affective-related behaviors were performed in
mice treated with one cycle of paclitaxel (i.p., every other day for a total of four injections).
After determining the dose-response curve and time-course of paclitaxel-induced
mechanical and cold allodynia following systemic administration in mice, the impact of
paclitaxel was assessed on multiple affective behavioral phenotypes in individual cohorts
of mice, such as nest building, anxiety- (light/dark box test, novelty suppressed feeding),
depression- (forced swim test), and anhedonia- (sucrose preference test) related
behaviors. In addition, studies investigated the nociceptive effect of carboplatin treatment
alone and in combination with paclitaxel due to the use of the carboplatin-paclitaxel

combination in the clinic.

B. Materials and Methods
Animals. Adult male C57BL/6J mice (8 weeks at beginning of experiments, 20-30 g) were

purchased from The Jackson Laboratory (Bar Harbor, ME). A total of 197 mice were used,
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with 84 used to assess nociceptive effects and 113 used to assess affective-like
behaviors. Mice were housed in an AAALAC-accredited facility in groups of four, then
individually housed for the duration of the nesting, novelty suppressed feeding (NSF), and
sucrose preference assays in order to accurately assess the ability of each individual
mouse to nest, and to measure the food or sucrose consumed by each individual mouse.
Mice were group-housed for all other behavioral assays. Food and water were available
ad libitum, except when under the food restrictions of the NSF assay. The mice in each
cage were randomly allocated to different treatment groups. All behavioral testing on
animals was performed in a blinded manner; behavioral assays were conducted by an
experimenter blinded to the treatment groups. Experiments were performed during the
light cycle (7:00 am to 7:00 pm) and were approved by the Institutional Animal Care and
Use Committee of Virginia Commonwealth University and followed the National Institutes
of Health Guidelines for the Care and Use of Laboratory Animals. Animals were
euthanized via CO2 asphyxiation, followed by cervical dislocation. Any subjects that
showed behavioral disturbances unrelated to chemotherapy-induced pain were excluded
from further behavioral testing. Animal studies are reported in compliance with the

ARRIVE guidelines (Kilkenny et al., 2010).

Drugs. Paclitaxel and carboplatin were purchased from Tocris (Bristol, United Kingdom).
Paclitaxel was dissolved in a mixture of 1:1:18 [1 volume ethanol/1 volume Emulphor-620
(Rhone-Poulenc, Inc., Princeton, NJ)/18 volumes distilled water]. Carboplatin was
dissolved in 0.9% saline. All injections were administered intraperitoneally (i.p.) in a

volume of 1 ml/100 g body weight.
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Induction of CIPN model. In the clinic, low-dose paclitaxel therapy consists of
administering 80 mg/m? intravenously once every week; the duration of treatment is
dependent upon disease progression and limiting toxicity (Seidman et al., 2008). To
mimic this low-dose regimen, our studies involved i.p. injections of 2, 4, or 8 mg/kg
paclitaxel every other day for a total of four injections (1 cycle), resulting in a cumulative
human equivalent dose of 28.4-113.5 mg/m? (Reagan-Shaw et al., 2008). A low-dose
regimen (8 mg/kg, 1 cycle) results in long-term mechanical allodynia, which better
represents the clinical manifestation of peripheral neuropathy, and allows for affective-
related behavioral measures to not be obscured by severe motor deficits and weight loss.
When referring to the time at which affective behavioral assays were conducted, “post-

paclitaxel injection” refers to the time after the first of four paclitaxel injections.

Immunohistochemistry and quantification of intra-epidermal nerve fibers (IENFs).
The staining procedure was based on a previously described method of Bennett et al.,
(2011) with modifications. The glabrous skin of the hind paw was excised, placed in
freshly prepared 4% paraformaldehyde in 0.1 M PBS (pH 7.4), and stored overnight at
4°C in the same fixative. The samples were embedded in paraffin and sectioned at 25
pm. Sections were deparaffinized, washed with PBS, and incubated at room temperature
for 30 min in blocking solution (5% normal goat serum and 0.3% Triton X-100 in PBS).
Sections were incubated with a 1:1000 dilution of the primary antibody, PGP9.5
(Fitzgerald - cat# 70R-30722, MA, USA) overnight at 4°C in a humidity chamber.

Following phosphate buffer saline (PBS) washes, sections were incubated for 90 min at
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room temperature with a 1:250 dilution of goat anti-rabbit IgG (H+L) secondary antibody
conjugated with Alexa Fluor® 594 (Life Technologies - cat# A11037, OR, USA). Sections
were mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA) and examined
using a Zeiss Axio Imager Al — Fluorescence microscope (Carl Zeiss, AG, Germany).
Sections were examined in a blinded fashion under 63x magnification. The IENFs in each
section were counted in a blinded fashion and the density of fibers is expressed as

fibers/mm. An individual cohort consisting of 6 mice per group was used.

Cycles of paclitaxel. To investigate the impact of paclitaxel treatment on peripheral
sensitization following repeated cycles, we used the lowest paclitaxel dose in this study
for a total of two cycles. Mice were injected with vehicle or paclitaxel (2 mg/kg) for each
cycle. Mechanical thresholds were evaluated between the days of injection and
subsequently once per week. The second cycle of treatment began one week after the

first cycle. An individual cohort consisting of 6 mice per group was used.

Carboplatin-paclitaxel treatment. In this study, we first investigated if carboplatin, which
is often used in combination with paclitaxel for chemotherapeutic intervention, would
induce allodynia in mice on its own after systemic administration. To explore the effect of
carboplatin on changes in nociceptive behavior, mice were injected with carboplatin (O,
5, or 20 mg/kg) for 1 cycle and tested for 7 days. In a separate experiment, we studied
the impact the carboplatin treatment on paclitaxel-induced allodynia using the sequence
of carboplatin-paclitaxel administration. Mice were first injected with carboplatin (5 mg/kg,

1 cycle), then another cycle of injections was administered with a low dose of paclitaxel
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(1 mg/kg). The second cycle of treatment (paclitaxel, 1 mg/kg) began one week following
the first cycle (carboplatin, 5 mg/kg). Mechanical thresholds were evaluated between the

days of injection. An individual cohort consisting of 6 mice per group was used.

Assessment of nociceptive behavior. An individual cohort consisting of 6 mice per
group was used for the assessment of mechanical and cold allodynia; the mice had a
resting period of 24 hours between assays. An additional cohort consisting of 6 mice per
group was used for the locomotor activity test to assess potential paclitaxel-induced motor

deficits.

Mechanical allodynia evaluation (von Frey test). Mechanical allodynia thresholds were
determined using von Frey filaments according to the method suggested by Chaplan et
al., (1994) and as described in our previous report (Bagdas et al., 2015). The mechanical

threshold is expressed as log10 (10 £ force in [mg]).

Cold allodynia evaluation (acetone test). This test was conducted as previously
described (Otrubova et al., 2013), but with slight modifications. Briefly, mice were placed
in a Plexiglas cage with mesh metal flooring and allowed to acclimate for 30 min before
testing. 10 pl of acetone was projected via air burst from the pipette onto the plantar
surface of each hind paw. Time spent licking, lifting, and/or shaking the hind paw was

recorded by a stopwatch over the course of 60 s.
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Locomotor activity test. The test was performed as described previously in Bagdas et
al., (2015). Briefly, mice were placed into individual Omnitech (Columbus, OH) photocell
activity cages (28 x 16.5 cm) containing two banks of eight cells each. Interruptions of the
photocell beams, which assess walking and rearing, were then recorded for the next 30

min. Data are expressed as the number of photocell interruptions.

Assessment of affective behaviors

Nesting procedure. The nesting procedure was adapted as previously described by
Negus et al., (2015) with some modifications. Briefly, mice were housed individually in
cages containing corn cob bedding and all previous nesting material was removed from
the home cage prior to conducting the nesting assay. For each cage, one compressed
cotton nestlet was weighed and cut into 6 rectangular pieces of equal size. The mice were
then relocated to a quiet, dark room. After an acclimation period of approximately 30 min,
the nestlet pieces were then placed on top of the wire cage lid, parallel to the wire and
evenly spaced. The mice were allowed 120 min to nest, after which the weight of the
nestlet pieces remaining on the cage lid and the nest quality (0-2; 0 = no nest formed, 1
= some nesting activity, 2 = established nest) was recorded. The percentage of animals
that did nest, the amount of nesting material acquired (percent weight used), and the
ability to participate in innate murine nesting behavior (nest quality) were determined. The
nesting assay was conducted with three individual cohorts of mice: one at 1 week (n =6
per group), one at 2 weeks (n = 6 per group), and another at both 8 and 11 weeks (n =6

Veh, n = 7 PAC) post-paclitaxel (8 mg/kg, i.p) or vehicle injection. These specific cohorts
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were used for both the nesting and NSF assays, since nesting is not thought to be a

stress-inducing task. The mice had a resting period of one week between assays.

Novelty suppressed feeding (NSF). The NSF test measures a rodent’s aversion to
eating in a novel environment. It assesses stress-induced anxiety by measuring the
latency of an animal to approach and eat a familiar food in an aversive environment
(Bodnoff et al., 1988). Mice were housed individually in cages with wood-chip bedding
and were deprived of food for 24 h. At the end of the deprivation period, the mice were
relocated to a quiet, dark room. After an acclimation period of approximately 30 min, the
mice were allowed access to an unused, pre-weighed food pellet in a clean test cage
containing fresh wood-chip bedding, which was placed directly under a bright light. Each
mouse was placed in a corner of the test cage, and a stopwatch was immediately started.
The latency to eat (s), defined as the mouse sitting on its haunches and biting the pellet
with the use of forepaws, was recorded. The amount of food (g) consumed by the mouse
in 5 min was measured, serving as a control for change in appetite as a possible
confounding factor. The NSF assay was conducted with two individual cohorts of mice,
one at 3 weeks (n = 6 per group) and another at both 9 and 11 weeks (n=6 Veh,n=7
PAC) post-paclitaxel (8 mg/kg, i.p.) or vehicle injection. These specific cohorts were used
for both the nesting and NSF assays, since nesting is not thought to be a stress-inducing

task. The mice had a resting period of one week between assays.

Light/dark box (LDB) test. The light/dark box test is based upon a conflict between the

innate aversion to brightly illuminated areas and spontaneous exploratory activity
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(Crawley and Goodwin, 1980). The test was adapted as previously described (Wilkerson
et al., 2016) with minor modifications. Briefly, the LDB apparatus consisted of a small,
enclosed dark box (36 x 10 x 34 cm) with a passage way (6 x 6 cm) leading to a larger,
light box (36 x 21 x 34 cm). The mice were acclimated to the testing room for 30 min prior
to testing. Mice were placed in the light compartment and allowed to explore the
apparatus for 5 min. The number of entries into the light compartment and the total time
spent (s) in the light compartment were recorded for 5 min by a video monitoring system
and measured by ANY-MAZE software (Stoelting Co., Wood Dale, IL). Individual cohorts
of mice (n = 6 per group) were tested at 3, 6, and 9 weeks post-paclitaxel (8 mg/kg, i.p.)

or vehicle injection.

Forced swim test (FST). The forced swim test was performed as described previously
by Damaj et al., (2004), the common method for assessing depression-like behavior in
mice (Bogdanova et al., 2013). Briefly, mice were gently placed into individual glass
cylinders (25 x 10 cm) containing 10 cm of water, maintained at 24°C, and left for 6 min.
Immobility was recorded (s) during the last 4 min. A mouse was considered to be immobile
when floating in an upright position and only making small movements to keep its head
above water, but not producing displacements. An individual cohort of mice (n = 6 per
group) was tested throughout the FST study at 1, 2, 3, and 4 weeks post-paclitaxel (8

mg/kg, i.p) or vehicle injection.

Sucrose preference. The sucrose preference test is used as a measure of anhedonia-

like behavior (Thompson and Grant, 1971). Mice had access to two, 25 ml sipper tubes,
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one containing normal drinking water and the other containing a 2% sucrose solution.
Mice were housed individually, with access to food, water, and 2% sucrose 24 h per day.
Mice were acclimated to the cages with sipper tubes for 3 days prior to injection (days 1-
3), during which baseline measurements were taken. Paclitaxel (8 mg/kg, i.p.) or vehicle
injections started on day 4. Water and sucrose intake were measured on days 1, 2, 3, 4,
5, and 6, as well as on days 10, 11 and 12. The location of both sipper tubes was switched
daily to avoid place preference. Sucrose preference was calculated as a percentage of
the volume of 2% sucrose consumed over the total fluid intake volume. An individual

cohort of mice (n = 8 per group) was tested during the vehicle/paclitaxel treatment.

Statistical analyses. In the current study, a power analysis calculation was performed
with the Lamorte’s Power Calculator (Boston University Research Compliance) to
determine the sample size of animals for each group (Charan and Kantharia, 2013). For
assessing the nociceptive behaviors, the calculation showed that an n of 5 was required
to achieve a power of 90% with an alpha error of 0.05; we used 6 mice per group. For the
behavioral assays, the calculations showed that an n of 5 for novelty suppressed feeding,
an n of 5 for nesting, an n of 8 for the light/dark box test, an n of 6 for the forced swim
test, and an n of 8 for sucrose preference was required to achieve a power of 90% with
an alpha error of 0.05; we used 6 to 8 mice per group. The data were analyzed with
GraphPad Prism software, version 6 (GraphPad Software, Inc., La Jolla, CA) and are
expressed as mean + SEM. Before conducting statistical analyses, normality and
variance tests were performed; normality of residuals was determined by the Shapiro-

Wilk test for n > 6 or the Kolmogorov-Smirnov test for n < 6, and equal variance was
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determined by the F test. Data that did not pass the normality test were analyzed by non-
parametric tests, and data that did not have equal variance were analyzed without the
assumption of equal standard deviations. Data were normalized to initial vehicle
measurements when appropriate. Unpaired t tests were performed to compare behaviors
of vehicle- and paclitaxel-treated mice at a single time point. Two-way repeated measure
analysis of variance (ANOVA) tests were conducted, and followed by the Bonferroni post
hoc test, when behavioral outcomes of vehicle- and paclitaxel-treated mice were being
compared over multiple time points. Differences were considered to be significant at P <

0.05.

C. Results
Paclitaxel induced changes in nociceptive behaviors in mice

Initial experiments determined the effect of paclitaxel on the development of
mechanical and cold allodynia as a function of the drug dose. As anticipated, increased
nociceptive responses and duration of effects were related to dose of paclitaxel. However,
no significant changes in body weight gain or spontaneous activity were observed. As
seen in Figures 4A and B, paclitaxel induced both mechanical allodynia [Fdose x time (21,
105) = 9.481, P < 0.0001] and cold allodynia [F dose x time (9, 45) = 14.76, P < 0.0001] in
dose- and time-related manners, respectively. At 8 mg/kg paclitaxel, mechanical allodynia
was observed on day 1 post-paclitaxel injection, and this effect was sustained for more
than 90 days (data not shown). On the other hand, 2 and 4 mg/kg paclitaxel induced
mechanical allodynia beginning on day 3, and the effects did not differ in terms of

magnitude or time to recover. With regard to cold allodynia, paclitaxel presented a clear
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dose-dependent induction on day 8 post-paclitaxel injection. However, mice that received
2 or 4 mg/kg paclitaxel recovered by day 22, whereas the 8 mg/kg group continued to
exhibit cold allodynia. In regard to general body condition, even the highest dose of
paclitaxel (8 mg/kg) did not significantly alter body weight [F dose x time (5, 25) = 1.093, P >
0.05; Supplementary Fig. 1A], or motor coordination [F dose x ime (4, 40) = 0.5204, P >

0.05; Supplementary Fig. 1B].
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Figure 4. Paclitaxel induces nociceptive behaviors. Paclitaxel doses of 2, 4, and 8 mg/kg (i.p.,
every other day for a total of 4 injections) induce both mechanical (A) and cold (B) allodynia in
a dose and time dependent manner. Arrows indicate vehicle/paclitaxel injections on days 0, 2,
4, and 6. Baseline measurements were taken before vehicle/paclitaxel administration on day
0. The same cohort was tested for both mechanical and cold allodynia; n = 6 per group (data
expressed as mean + SEM). *P < 0.05 vs vehicle; *P < 0.05 vs paclitaxel (2 mg/kg); *P < 0.05
vs paclitaxel (4 mg/kg). BL, baseline.
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Supplementary Figure 1. Paclitaxel has no effect on body weight and spontaneous activity
in mice. One cycle of paclitaxel (8 mg/kg, i.p., every other day for a total of 4 injections) did
not cause significant loss of body weight (A) or alteration in motor coordination (B) compared
to vehicle-treated mice. Vehicle/paclitaxel injections were administered on days 0, 2, 4, and 6.
Baseline measurements were taken before vehicle/paclitaxel administration on day 0. One
cohort was tested (n = 6 per group); data expressed as mean = SEM.

Paclitaxel decreased the density of intra-epidermal nerve fibers (IENFs)

Because changes in the density of peripheral nerve fibers represent a hallmark of

CIPN, we studied the changes in peripheral nerve fiber density following paclitaxel

treatment using immunohistochemistry. At 28 days post-paclitaxel injection, mice treated

with paclitaxel (8 mg/kg, 1 cycle) demonstrated significant reductions in the density of

IENFs when compared to vehicle-treated mice [t = 3.736, df = 10, P < 0.01; Figure 5A].

Representative immunostained sections of foot pads from vehicle- (Figure 5B; upper

panel) and paclitaxel-treated mice (Figure 5B; lower panel) show the reduction in IENFs

following paclitaxel treatment.
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Figure 5. Paclitaxel induces a reduction in intra-epidermal nerve fiber (IENF) density at 28
days post-paclitaxel injection. A) Quantification of IENF density in mice treated with one cycle
of paclitaxel (8 mg/kg, i.p., every other day for a total of 4 injections) shows a significant
reduction compared to vehicle. One cohort was tested; n = 6 per group (data expressed as
mean + SEM). *P < 0.05 vs vehicle. Veh, vehicle; PAC, paclitaxel. B) Immunostained sections
of vehicle- (upper panel) and paclitaxel-treated (lower panel) hind foot pad skin showing the
reduction of IENFs (arrows) following paclitaxel treatment. Bar represents 20 microns in both
images.

Impact of repeated drug cycles on paclitaxel-induced mechanical allodynia

To investigate the effect of repeated cycles of paclitaxel on mechanical allodynia,
mice were injected with two cycles of a low dose of paclitaxel (2 mg/kg). As expected, the
first cycle of paclitaxel (2 mg/kg) was capable of inducing mechanical allodynia. Indeed,
paclitaxel (2 mg/kg) induced a significant reduction in mechanical threshold that lasted
for at least 14 days after the first injection of paclitaxel [F dose x time (7, 35) = 8.436, P <
0.0001; Figure 6A]. After a one-week wash-out period, mice received another cycle of
paclitaxel (2 mg/kg). Surprisingly, the effects of paclitaxel were significantly enhanced in
the mice subjected to a second cycle, which was demonstrated by a further decrease in
mechanical threshold [F dose x time (3, 15) = 48.61, P < 0.0001; Supplementary Fig. 2]. In

addition, mice that received a second cycle of paclitaxel treatment (2 mg/kg) displayed a
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much longer duration of allodynia (Figure 6B) compared to one cycle of treatment
(Figure 6A) [F dose x time (13, 65) = 10.97, P < 0.0001; Figure 6B]. Whereas mice given
one cycle recovered by day 21 post-paclitaxel injection, mice given two cycles recovered
by day 63 after the first injection of paclitaxel. Calculation of the area under the curve
(AUC) threshold for the initial 28 days of both the first and second cycles of paclitaxel
treatment revealed significant differences (2.5-fold difference) between cycles [Fieatment

(3, 20) = 60.35, P < 0.0001; Figure 6C].

Paclitaxel induced allodynia following carboplatin treatment

We further investigated the impact of carboplatin treatment on paclitaxel-induced
allodynia. Mice given one cycle of carboplatin alone did not demonstrate significant
mechanical nociceptive changes. As shown in Supplementary Figure 3, one cycle of 5
or 20 mg/kg carboplatin did not significantly reduce the mechanical threshold [Fdose x time
(8, 40) = 0.4526, P > 0.05]. However, in a separate cohort of mice, a low-dose paclitaxel
(2 mg/kg) cycle administered one week following the completion of the carboplatin (5
mg/kg) cycle led to a significant reduction of mechanical threshold compared to the

vehicle-paclitaxel group [Fdose x time (12, 60) = 16.65, P < 0.0001; Figure 6D].
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Figure 6. Mice are sensitized to cutaneous stimulation after second cycle of paclitaxel
treatment. A) Mice treated with one cycle of paclitaxel (2 mg/kg) or vehicle (i.p., every other
day for a total of 4 injections). B) Mice from 3A treated with a second cycle of paclitaxel (2
mg/kg) or vehicle (i.p., every other day for a total of 4 injections). C) AUC mechanical threshold
for initial 28 days of first and second cycles of paclitaxel treatment. D) Comparison of
mechanical thresholds during the second cycle of treatment between mice treated with
carboplatin (5 mg/kg) alone and with carboplatin followed by a low dose of paclitaxel (1 mg/kg).
Arrows indicate vehicle/paclitaxel/carboplatin injections on days 0, 2, 4, and 6 of each cycle.
Baseline measurements were taken before vehicle/paclitaxel/carboplatin administration on
day 0. One cohort was tested; n = 6 per group (data expressed as mean + SEM). *P < 0.05
vs vehicle; *P < 0.05 vs first cycle of paclitaxel (2 mg/kg), *P < 0.05 vs carboplatin (5 mg/kg).
Veh, vehicle; PAC, paclitaxel; CAR, carboplatin.
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Supplementary Figure 2. Paclitaxel sensitizes mice to cutaneous stimulation after second
cycle. Comparison of mechanical threshold during the initial 28 days of one- or two-cycle
paclitaxel (2 mg/kg, i.p.) or vehicle treatment. Arrows indicate vehicle/paclitaxel injections on
days O, 2, 4, and 6. Baseline measurements were taken before vehicle/paclitaxel
administration on day 0. One cohort was tested (n = 6 per group); data expressed as mean *
SEM. *P < 0.05 vs vehicle; #P < 0.05 vs first cycle of paclitaxel (2 mg/kg). Veh, vehicle; PAC,
paclitaxel.
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Supplementary Figure 3. Carboplatin alone does not induce mechanical allodynia. Dose-
response curve for mice treated with one cycle of carboplatin at doses of 0, 5, and 20 mg/kg,
i.p., every other day for a total of 4 injections. Arrows indicate vehicle/carboplatin injections on
days 0, 2, 4, and 6. Baseline measurements were taken before vehicle/carboplatin
administration on day 0. One cohort was tested (n = 6 per group); data expressed as mean *
SEM.
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Paclitaxel induced changes in affective-related behaviors in mice

To assess whether paclitaxel interferes with the natural behavior of mice, a nesting
assay was conducted at various time points after paclitaxel treatment was initiated.
However, paclitaxel did not interfere with nesting activity [z = 0.856, P > 0.05; z = 1.000,
P > 0.05], the quantity of nesting material used [t = 0.08655, df =10, P > 0.05; t = 0.03402,
df = 10, P > 0.05], or nest quality [t = 0.4152, df = 10, P > 0.05; t = 0.2033, df = 10, P >
0.05] at 1 and 2 weeks post-paclitaxel injection, respectively (Figure 7). Similar results
were observed at 8 and 11 weeks post-paclitaxel injection, in which nesting activity was
not significantly affected by paclitaxel [z =0.926, P > 0.05; Figure 7A]. The use of nesting
material [Ftreatment x time (1,11) = 1.157, P > 0.05] and nest quality [Fteatment x time (1,11) =

0.0094, P > 0.05] were also not found to be significantly altered (Figures 7B and C).

With regard to affective-related changes, we assessed anxiety-, depression-, and
anhedonia-like behaviors at various time points in mice treated with paclitaxel, according
to the aforementioned treatment regimen. Alterations in anxiety were assessed utilizing
the novelty suppressed feeding (NSF) assay. Paclitaxel significantly increased the latency
to eat in a novel environment at 3 and 9 weeks post-paclitaxel injection (Figure 8A). A
significant increase in latency to eat occurred at 3 weeks post-paclitaxel treatment [t =
2.224, df = 12, P < 0.05, Figure 8A]. In addition, significant differences in latency to eat
between vehicle- and paclitaxel-treated mice occurred at 9 weeks post-paclitaxel injection
(P < 0.05), which dissipated by week 11. The amount of food consumed in the test cage

was not impacted by paclitaxel treatment (Figure 8B).

31



>

. 100- —
o 190 - Veh
80 80+ 801 | O PAC
S R =
< = 604 — 604
"8’ 60 & 60 g
Z i Z < a0l
S 40 e =
o a a
20- 20+ 20+
0- T 0- T 0- T T
1 2 8 11
Week Post-PAC Injection  Week Post-PAC Injection Week Post-PAC Injection
8120- ;\\3/120- &\0/120- ——
(] n (%2}
= 804 2 804 2 80-
® © ©
© 60+ o 601 o 607
© © ©
= 404 = 404 S 404
o (@) o
£ 20 £ 20+ £ 204
g g g
Z 0- T Zz 0- T Zz 04 ; .
1 2 8 1
Week Post-PAC Injection Week Post-PAC Injection Week Post-PAC Injection
2.5-
2.5+ 2.5+ @l Veh
4 PAC
240 © 2.0 o 20 =
— —_ o
3 3 Q
0 1.51 o 1.5 o 1.51
2 2 2
= 1.0 = 1.0 = 1.0
1] o []
0] 0] 0]
Z 0.5 Z 0.5 Z 0.5-
0.0' T 0.0- 00" T T
1 2 8 1
Week Post-PAC Injection  Week Post-PAC Injection Week Post-PAC Injection

Figure 7. Paclitaxel does not influence the nesting behavior of mice. Mice were allowed 120
minutes to nest at weeks 1, 2, 8, and 11 post-paclitaxel (8 mg/kg, i.p.) or vehicle injection. A)
It was determined that mice had participated in nesting activity if at least one nestlet piece had
been chewed or pulled into the home cage. A comparison of proportions via z-tests between
vehicle- and paclitaxel-treated mice was not significant at any time point. B) The percentage
of nesting material used was determined by the following equation: (weight of initial nestlet
pieces — weight of remaining nestlet pieces)/weight of initial nestlet pieces. C) The quality of
each nest was evaluated on a scale ranging from 0 to 2 (0O = no nest formed, 1 = some nesting
activity, 2 = established nest). Individual cohorts were tested at 1 week (n = 6 per group), 2
weeks (n = 6 per group), 8 and 11 weeks (n = 6 Veh, n =7 PAC) post-paclitaxel (8 mg/kg, i.p.)
or vehicle injection; data expressed as mean + SEM. Post-PAC injection refers to the time
following the first of four paclitaxel injections. Veh, vehicle; PAC, paclitaxel.
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Figure 8. Paclitaxel induces anxiety-like behavior in the novelty suppressed feeding assay.
(A) Latency to eat test cage food was determined as the time in seconds from the when the
mouse was placed inside the test cage until the mouse sat on its haunches while holding and
biting the food pellet. (B) Consumption of test cage food was calculated with the following
equation: (initial weight of food pellet — weight of food pellet after 5 min eating period in test
cage). Individual cohorts were tested at 3 weeks (n = 6 per group), 9 and 11 weeks (n = 6 Veh,
n =7 PAC) post-paclitaxel (8 mg/kg, i.p.) or vehicle injection; data expressed as mean + SEM.
*P < 0.05 vs vehicle. Post-PAC injection refers to the time following the first of four paclitaxel
injections. Veh, vehicle; PAC, paclitaxel.

33



Paclitaxel was also found to induce anxiety-like behavior in the light/dark box (LDB)
test, in which time spent in the light compartment of the LDB apparatus was significantly
decreased at 3 weeks [t =2.277, df = 14, P <0.05], 6 weeks [t = 2.350, df = 14, P < 0.05],
and 9 weeks [t =2.309, df = 14, P < 0.05] post-paclitaxel treatment (Figure 9). Importantly,
the number of entries into the light compartment was not significantly decreased at any
time point for the paclitaxel-treated mice (Table 1), suggesting that the decrease in time

spent in the light compartment is not due to motor deficits (Supplementary Fig. 1B).
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Figure 9. Paclitaxel induces anxiety-like behavior in the light/dark box test. Mice were free to
explore both light and dark compartments for 5 min. The study was conducted with individual
cohorts of mice (n = 8 per group) at 3, 6, and 9 weeks post-paclitaxel (8 mg/kg, i.p.) or vehicle
injection; data expressed as mean + SEM. *P < 0.05 vs vehicle. Post-PAC injection refers to
the time following the first of four paclitaxel injections. Veh, vehicle; PAC, paclitaxel.
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Light Side: Number of Entries

3 Weeks Post-PAC

6 Weeks Post-PAC | 9 Weeks Post-PAC

Vehicle

16 +1.7

15+2.0 1417

Paclitaxel

14+1.9

13+1.9 12 +1.7

Table 1. Paclitaxel treatment does not interfere with entry into the light compartment of the
light/dark box apparatus. Unpaired t tests revealed no significant differences between vehicle-
and paclitaxel-treated mice at any time point. One experiment was conducted with individual
cohorts of mice (n = 8 per group) at each time point. Post-PAC injection refers to the time
following the first of four paclitaxel injections. Data are expressed as mean + SEM.

The mice were then evaluated for depression-like behavior in FST, an

experimental paradigm that assesses immobility when placed in a container of water.

Within the same cohort of mice, paclitaxel treatment induced an emotional-like deficit

during FST [Ftreatment x time (3,15) = 6.200, P < 0.01; Figure 10]. The time spent immobile

during FST was significantly increased at 2 and 3 weeks post paclitaxel-injection (P <

0.01), an effect that dissipated by week 4 (Figure 10).
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Figure 10. Paclitaxel induces depression-
like behavior in the forced swim test. Time
represents the number of seconds the
mouse was immobile when placed in water;
the cut-off time was 240 seconds. The same
cohort of mice (n = 6 per group) was tested
at weeks 1, 2, 3, and 4 post-paclitaxel (8
mg/kg, i.p.) or vehicle injection; data
expressed as mean £ SEM. *P < 0.01 vs
vehicle. Post-PAC injection refers to the time
following the first of four paclitaxel injections.
Veh, vehicle; PAC, paclitaxel.



Lastly, anhedonia-like behavior was assessed using the sucrose preference test.
The interaction between paclitaxel treatment and time was significant within the same
cohort of mice [Ftreatment x time (8,112) = 9.424, P < 0.0001, Figure 11]. Paclitaxel produced
a significant decrease in sucrose preference during (P < 0.0001) and shortly after (P <
0.01, P < 0.05) completion of the treatment regimen when compared to vehicle-treated
mice (Figure 11). To ensure that the decrease in consumatory behavior was not due to
a decrease in overall consumption, we assessed total fluid intake between vehicle- and
paclitaxel-treated mice, which was found to not differ significantly between the two groups

(Supplementary Fig. 4).
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Figure 11. Paclitaxel induces anhedonia-like behavior in the sucrose preference test. Mice
were provided with two sipper tubes, one containing normal drinking water and the other
containing a 2% sucrose solution, for 24 h per day. Sucrose preference was determined as
the percentage of 2% sucrose volume consumed over the total fluid intake volume. Arrows
indicate the time of each paclitaxel (8 mg/kg, i.p.) or vehicle injection. The study was conducted
with the same cohort of mice (n = 8 per group) during paclitaxel (8 mg/kg, i.p.) or vehicle
injections; data expressed as mean + SEM. *P < 0.05, **P < 0.01, *P < 0.0001 vs vehicle. BL,
baseline; Veh, vehicle; PAC, paclitaxel.
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Supplementary Figure 4. Paclitaxel treatment does not interfere with total fluid intake. The
total fluid intake is the sum of volumes of water and 2% sucrose consumed by each mouse.
Arrows indicate the time of each paclitaxel (8 mg/kg, i.p.) or vehicle injection (n = 8 per group);
data expressed as mean + SEM. A two-way ANOVA was performed, followed by the
Bonferroni post hoc test; no significant differences between vehicle- and paclitaxel-treated
mice were found at any time point. BL, baseline; Veh, vehicle; PAC, paclitaxel.

D. Discussion

The results of the present study demonstrate that a clinically relevant dosing
regimen of paclitaxel given systemically to male C57BL/6J mice causes the induction and
long-term maintenance of mechanical and cold allodynia, as well as negative affective-
related symptoms, including anxiety- and depression-like behaviors of shorter duration.
These changes occurred without significant decreases in body weight or impairment of
locomotion following paclitaxel treatment (Supplementary Fig.1), findings that are in
accordance with other studies showing that various doses of paclitaxel do not alter body

weight (Boehmerle et al., 2014) or locomotor activity (Nieto et al., 2008; Deng et al., 2015).
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This work also investigated the affective-related consequences of paclitaxel
treatment. Using a paclitaxel regimen that caused a long-lasting allodynia (8 mg/kg, 1
cycle), we observed an increase in the latency to eat during the NSF assay and aversion
to the light compartment of the LDB apparatus. These effects in two tests of anxiety
suggest that, under the present experimental conditions, paclitaxel induces an anxiety-
like state. We also found that paclitaxel-treated mice exhibit increased immobility time
during FST and anhedonia-like behavior in the sucrose preference test. The observed
decrease in sucrose preference could also indicate that an alteration in taste (dysgeusia),
a phenomenon seen in some patients receiving paclitaxel (Turcott et al., 2016), is
occurring during paclitaxel treatment; yet, we cannot make that conclusion from a single
oral consumption assay. The possible taste alteration may produce decreased appetite,
but no significant changes in body weight were detected. Collectively, these results
indicate that in addition to peripheral neuropathy signs, paclitaxel induces a deficit in the
emotional-like state of the mice. Conversely, paclitaxel did not affect nesting behavior, an
assay that has been shown to reflect pain-depressed behavior when lactic acid and
complete Freund adjuvant (CFA) are used as noxious stimuli (Negus et al., 2015). The
lack of an effect in this assay is consistent with the hypothesis that the value of a habit-
like survival task does not alter depending on the motivational state (Rock et al., 2014).
Thus, the necessity of establishing a nest for thermoregulation, fitness, and shelter may
overcome the nociceptive and negative affective symptoms of paclitaxel.

To increase our understanding of paclitaxel-induced toxicity, the relationship
between nociceptive and affective symptoms needs to be considered, as well as the

temporal order in which these side effects develop. Studies have shown that the
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pathology of a tumor itself can cause emotional disturbances in rodents (Pyter et al.,
2009), but our experiments in non-tumor-bearing mice reveal that paclitaxel alone is also
capable of inducing anxiety- and depression-like behaviors. At 1-week post-paclitaxel
injection, we observed the development of both mechanical and cold allodynia, as well as
anhedonia-like behavior (Table 2). Anxiety- and depression-like behaviors arise in the
subsequent weeks following paclitaxel treatment. The immediate appearance of
nociceptive symptoms is consistent with paclitaxel acting directly on the peripheral
nervous system, but there may be a separate central mechanism of the drug. While
paclitaxel seems to accumulate in peripheral organs such as the peripheral nervous
system, it has been detected in the brain of mice following tail vein injection, even at low
concentrations (Kemper et al., 2003; Gangloff et al., 2005), suggesting that it crossed the
blood brain barrier. Therefore, the presence of paclitaxel in the central nervous system
and/or paclitaxel-induced peripheral neuropathy itself may be causing changes in
affective behaviors through neuroinflammation mechanisms and/or an induction of central
neurotoxicity. It is also possible that paclitaxel-induced sensitization of immune responses
may have played a role in the development of peripheral neuropathy, and perhaps of
affective-like behaviors. Indeed, hypersensitivity to stimuli, not only in neuropathic pain
but also in inflammatory pain, can be explained by both peripheral and central
sensitization of sensory nerve fibers (Fornasari, 2012). In regards to the neuroimmune
interface, glial responses have also been shown to play a role in central and peripheral

nervous system function during neuropathic pain (Scholz and Woolf, 2007).

39



Weeks Post-PAC Injection

Behavior Assay 1|23 |45 |67 | 89 | 10-11
Mechanical + N . .\ . N
Nociceptive Allodynia

Cold Allodynia + + ND | ND ND ND

Natural Nesting - - ND | ND - -
_ _ NSF ND + ND ND + -
Anxiety-like
LDB ND + ND + + ND
FST - + - ND ND ND
Depression-like
P Sucrose +| - | Nno | ND| ND ND
Preference

Table 2. Summary of onset and duration of nociceptive, natural, and affective behaviors. Post-
PAC injection refers to the time following the first of four paclitaxel injections. NSF, novelty
suppressed feeding; LDB, light/dark box; FST, forced swim test; (-), no phenotype; (+),
nociceptive/affective behavior; ND, not determined.

The differences between the onset, duration, and resolution of these affective
behaviors should also be considered. Although changes in nociceptive behavior, such as
mechanical allodynia, occur immediately following paclitaxel administration, there
appears to be a delay in the initiation of emotional-like deficits. Clinically, somatic and
affective symptoms can occur simultaneously. Breast cancer patients often experience a
cluster of symptoms including pain (77%), anxiety (21%), and depression (36%),
indicating that they may share a common mechanism (So et al., 2009). Those patients
receiving chemotherapy experience the cluster symptoms to a greater degree and are at

a higher risk for decreased quality of life.
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The time-dependent development of both anxiety- and depression-like behaviors
has also been observed in other mouse neuropathic pain models. La Porta et al., (2016)
reported ipsilateral mechanical and cold allodynia from day 3 to day 27 post-partial sciatic
nerve ligation (PSNL) in Swiss albino male mice, with enhanced anxiety-like behavior in
the elevated plus maze from 1 to 3 weeks post-PSNL and increased depressive-like
behavior during FST, but only at 3 weeks post-PSNL. Also, a significant decrease in
sucrose preference was observed from day 1 to day 20 post-PSNL. Although this study
utilized a different model of neuropathic pain, alterations in nociceptive behaviors were
also induced immediately and persisted for approximately four weeks. However, we found
that anxiety-like behavior can be maintained for 9 weeks following nerve exposure to a
noxious stimulus. Consistent findings were made in regards to depression-like behavior,
in which increased immobility during FST did not appear until 2-3 weeks. We recognize
that repeated testing of the same cohort during FST could be a limitation, however,
vehicle-treated mice did not express adaptation to the assay. The development of
anhedonia-like behavior was also similar, during which a decrease in sucrose preference
was observed the day following PSNL or paclitaxel treatment, but the effect only persisted
for 11 days post-paclitaxel injection, whereas PSNL induced this behavior until day 20.

Similarly, using sciatic nerve constriction (SNC) in male C57BL/6J mice, Yalcin et
al., (2011) reported that ipsilateral mechanical allodynia persisted for 90 days, and
increased anxiety-like behavior in the light/dark box test was observed at 4, 7, and 8
weeks post-SNC, a time-dependent effect similar to that seen in the present study.
Latency to first contact and bite the food pellet during the NSF assay was observed at 5

and 8 weeks post-SNC, an effect that appeared earlier in paclitaxel-induced neuropathic
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pain. Increased immobility in neuropathic mice was observed at 8 and 9 weeks post-SNC
during FST, whereas paclitaxel-induced neuropathic pain caused immobility at 2 and 3
weeks post-paclitaxel injection. The differences and similarities amongst these studies
illustrate the importance of establishing a clinically relevant model specific to the type of
neuropathic pain of interest in order to best determine the responsible mechanisms. Also,
these data suggest that multiple pathways and/or brain regions are involved in the
manifestation of affective-related behaviors. Yet it remains plausible that paclitaxel
administration and models of nerve injury share common mechanisms for the induction
of affective-related behaviors.

In conclusion, this work characterizes a preclinical mouse model of both the
nociceptive and negative affective symptoms of paclitaxel treatment, which can be utilized
to test the efficacy of potential therapeutics for the treatment of paclitaxel-induced side
effects, as well as investigate mechanisms of action. In addition, this study allows for the
separate investigation of chemotherapy-induced pain-related behaviors in a tumor-free

environment, which cannot be ethically accomplished in a clinical setting.
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A. Introduction

Chemotherapy continues to play a significant role in the treatment and survival of
cancer patients. However, a number of cancer chemotherapeutic drugs can promote
either transient or prolonged tissue and organ toxicities, including chemotherapy-induced
peripheral neuropathy (CIPN). CIPN, a result of peripheral nerve fiber dysfunction or
degeneration, is characterized by sensory symptoms, including numbness, tingling,
burning, hyperalgesia, allodynia, and in some cases neuropathic pain. Approximately
68% of cancer patients experience CIPN within a month following the completion of their
treatment, whereas 30% suffer from symptoms of CIPN for 6 months or longer after
chemotherapy (Seretny et al., 2014). When CIPN manifests during the administration of
chemotherapy, it can become dose-limiting and/or delay treatment, thereby interfering
with the full course of treatment that may be required for a positive clinical outcome (Hama
and Takamatsu, 2016).

Cancer chemotherapeutic drugs and drug classes associated with peripheral
neuropathy include the taxanes (paclitaxel), platinum-based compounds (cisplatin,
oxaliplatin), vinca alkaloids (vincristine), and bortezomib. Paclitaxel, a taxane commonly
used to treat breast, lung, and ovarian cancers, increases both progression-free and
overall survival in cancer patients (Dranitsaris et al., 2015). Unfortunately, paclitaxel has
been found to cause CIPN both acutely and chronically in 59-78% and 30% of cancer
patients, respectively (Beijers et al., 2012).

There are currently no effective preventative or therapeutic treatments for CIPN.
Opioids, anticonvulsants, antidepressants, anesthetics, and muscle relaxants either

perform modestly in relieving CIPN pain, do not show consistent efficacy in the majority
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of patients, and/or produce intolerable side effects (Hershman et al., 2014; Kim et al.,
2015; Majithia et al., 2016).

Nicotine and nicotine analogues have demonstrated potential utility as analgesic
and/or antinociceptive drugs, as well as anti-inflammatory agents in both human and
experimental pain studies (AlSharari et al., 2013; Umana et al., 2013; Flood and Damaj,
2014). For example, nicotine elicits analgesic effects in nonsmokers suffering from spinal
cord injury in a randomized, placebo-controlled, crossover design experiment
(Richardson et al., 2012). Additionally, a recent preclinical study demonstrated that i.p.
administration of nicotine at a dose of 1.5 mg/kg reverses allodynia induced by oxaliplatin,
a chemotherapeutic agent used to induce peripheral neuropathy in rats (Di Cesare
Mannelli et al., 2013).

The studies described in this report characterize the antinociceptive and/or
neuroprotective effects of nicotine in a CIPN mouse model while further evaluating the
influence of nicotine on lung tumor cell proliferation and sensitivity to the antitumor

properties of paclitaxel.

B. Materials and Methods

Animals. Adult male C57BL/6J mice (8 weeks at the beginning of experiments, 20-30 g)
were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed in an
AAALAC-accredited facility in groups of four; the mice in each cage were randomly
allocated to different treatment groups. Food and water were available ad libitum.
Experiments were performed during the light cycle (7:00 am to 7:00 pm) and were

approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth
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University and followed the National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals. Animals were euthanized via CO:2 asphyxiation followed by
cervical dislocation. Any subjects that showed behavioral disturbances unrelated to

chemotherapy-induced pain were excluded from further behavioral testing.

Drugs. Paclitaxel was purchased from Tocris (1097, Bristol, United Kingdom) and
dissolved in a mixture of 1:1:18 [1 volume ethanol/1 volume Emulphor-620 (Rhone-
Poulenc, Inc., Princeton, NJ)/18 volumes distilled water]. Paclitaxel injections were
administered intraperitoneally (i.p.) every other day for a total of four injections to induce
neuropathy, as previously described by Toma et al., (2017). (-)-Nicotine hydrogen tartrate
salt and mecamylamine HCI were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and dissolved in 0.9% saline. For acute administration, nicotine was injected i.p. at doses
of 0.3, 0.6, or 0.9 mg/kg (Di Cesare Mannelli et al., 2013; Bagdas et al., 2017). Nicotine
at doses of 6, 12, or 24 mg/kg/day was also administered chronically via 7-day
subcutaneous (s.c.) osmotic minipumps (Alzet, Model 1007D, Cupertino, CA), which were
implanted 2 days prior to paclitaxel treatment (Alsharari et al., 2015). Mecamylamine was
administered at a dose of 2 mg/kg s.c. 15 minutes before administration of nicotine or
saline (Bagdas et al., 2014). Methyllycaconitine (MLA) was purchased from RBI (Natick,
MA, USA) and administered at a dose of 10 mg/kg s.c. 10 minutes before administration
of nicotine (Freitas et al., 2013). All doses were chosen based on previous works that
demonstrated which dose, time of exposure, and route of administration for each drug

effectively acted upon the appropriate receptor and was not toxic to the animal. All i.p. or
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Ss.c. injections were given in a volume of 1 ml/100 g body weight, whereas the osmotic

minipumps released 0.5 pl/hour.

Immunohistochemistry and quantification of intra-epidermal nerve fibers. The hind
paw epidermis was collected from the following groups of mice: vehicle-saline, vehicle-
nicotine (24 mg/kg/day), paclitaxel (8 mg/kg)-saline, and paclitaxel (8 mg/kg)-nicotine (24
mg/kg/day). The staining procedure was performed as previously described (Toma et al.,
2017). Briefly, the glabrous skin of the hind paw was excised, placed in freshly prepared
4% paraformaldehyde in 0.1 M PBS (pH 7.4), and stored overnight at 4 °C in the same
fixative. The samples were embedded in paraffin, sectioned at 25 um, and stained with
PGP9.5 (Fitzgerald - 70R-30722, MA, USA) and goat anti-rabbit IgG (H+L) secondary
antibody conjugated with Alexa Fluor® 594 (Life Technologies - A11037, OR, USA).
Sections were examined using a Zeiss Axio Imager A1 — Fluorescence microscope (Carl
Zeiss, AG, Germany) in a blinded fashion under 63x magnification, but imaged under 40x

magnification; the density of fibers is expressed as fibers/mm.

Mechanical allodynia evaluation (von Frey test). Mechanical allodynia thresholds were
determined using von Frey filaments according to the method suggested by Chaplan et
al., (1994) and as described previously (Bagdas et al., 2015). The mechanical threshold
is expressed as log10 (10 £ force in [mg]). For the nicotine-mediated reversal of CIPN
experiment, paclitaxel-treated mice were tested for mechanical allodynia following acute
nicotine administration on days 7-14 following the initial paclitaxel injection. All behavioral

testing on animals was performed in a blinded manner.
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Minipump Implantation. The procedure was performed as previously described in
AlSharari et al., (2013) with minor modifications. Mice were anesthetized with 2.5%
isoflurane/ 97.5% oxygen. The anesthetized mice were prepared by shaving of the back
and swabbing with betadine, followed by 70% ethanol pads. Sharp, sterile scissors was
used to make a 1 cm incision in the skin of the upper back/neck. The sterile, preloaded
minipump (Alzet, Model 1007D, Cupertino, CA) with different doses of nicotine or saline
was inserted with sterile forceps by a technician wearing sterile gloves. The wound was
closed with sterile 9 mm stainless steel wound clips. The mice were allowed to recover

on heated pads and were monitored before returning to their home cages.

Cell culture. All lung cancer cells were maintained in DMEM supplemented with 10%
(v/v) fetal bovine serum (FBS, Serum Source International, FB22-500HI, NC, USA) and
1% (v/v) combination of 10,000 U/ml penicillin and 10,000 ug/ml streptomycin (Pen/Strep,
ThermoFisher Scientific, 15140-122, Carlsbad, CA), unless stated otherwise. Cells were
incubated at 37°C under a humidified, 5% CO2 atmosphere. The H460 non-small cell lung
cancer (NSCLC) cell line was generously provided by the laboratory of Dr. Richard Moran
at Virginia Commonwealth University (VCU), the A549 NSCLC cell line was a gift from
the laboratory of Dr. Charles Chalfant at VCU, and the Lewis lung carcinoma (LLC) cells
were provided by Dr. Andrew Larner at VCU. In order to establish the T1 primary lung
cancer cell line, tissues were obtained from adenocarcinoma tumors in accordance with
the VCU IRB protocol. Tissues were minced well and washed multiple times by

centrifugation in sterile PBS. Thereatfter, the tissues were resuspended in DMEM. Tissue
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homogenates were layered on collagen (Sigma-Aldrich, C3867, St. Louis, MO)-coated
plates. Cell colonies started to appear after 2-3 weeks. Upon confluence, the cells were
trypsinized and passaged. The ovarian cancer cell lines, SKOV-3/DDP and OVCAR-3,
were generously provided by the laboratory of Dr. Xianjun Fang at VCU and were cultured

in RPMI160 supplemented with 10% (v/v) FBS and 1% (v/v) Pen/Strep.

Paclitaxel was dissolved in DMSO, diluted with sterile PBS, and added to the medium in
order to obtain the desired concentration. Staurosporine (Sigma-Aldrich, S6942, St.
Louis, MO) was purchased as 1 mM in DMSO. Cells were not exposed to greater than
0.1% DMSO in any experiment. (-)-Nicotine hydrogen tartrate salt was dissolved in sterile

PBS. All experiments involving these light-sensitive drugs were performed in the dark.

Assessment of cell viability. Cell viability was measured by either the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)/3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) colorimetric assay
or trypan blue exclusion. For the MTT/MTS assay, cells were seeded in 96-well plates
and treated with various concentrations of nicotine for 24 hours, at which time the drug
was removed and replaced with fresh medium. Depending on the replication rate of the
cell line, the cells were allowed 24 or 48 hours to proliferate following drug exposure. For
the serum deprivation study, cells were seeded in DMEM (10% FBS) for 24 hours, then
the medium was removed and replaced with DMEM supplemented with various
concentrations of FBS (0-10%) with or without nicotine (1 uM); cell viability was assessed

at either 48 or 96 hours post-treatment without drug removal. At the time of testing, the

49



medium was removed, then the cells were washed with PBS and stained with thiazolyl
blue tetrazolium bromide (MTT, 2 mg/ml; Sigma-Aldrich, M2128, St. Louis, MO) in PBS
for 3 hours. The MTT solution was aspirated and replaced with DMSO. The color change
was measured by a spectrophotometer (ELx800UV, BioTek, VT) at 490 nm. To avoid
potentially aspirating cells, the CellTiter 96® Aqueous One Solution Cell Proliferation
Assay (MTS; Promega, G358C, Madison, WI) was utilized for less adherent cell lines
(A549, LLC, and T1); the use of MTS rather than MTT eliminates washing steps before

and after staining.

For trypan blue exclusion, cells were incubated with trypsin (0.25% trypsin-EDTA) for 3
minutes, stained with trypan blue (Invitrogen, 15250, Carlsbad, CA), and the viable,

unstained cells were counted using a hemocytometer with bright-field microscopy.

Assessment of colony formation. Cells were seeded at a low density in DMEM (10%
FBS). After 24 hours, the paclitaxel and paclitaxel + nicotine samples were exposed to
paclitaxel (50 nM) for 24 hours, after which the medium was replaced with fresh, drug-
free medium. After 24 hours, the nicotine and paclitaxel + nicotine samples were exposed
to nicotine (1 uM) for 24 hours, after which the medium was replaced with fresh, drug-
free medium. Once the control colonies reached a size of 50 cells per colony
(approximately 8-10 days after seeding), the samples were fixed with methanol, stained

with crystal violet, and quantified (ColCount, Discovery Technologies International).

50



Assessment of apoptosis and DNA content. Flow cytometry analyses were performed
using BD FACSCanto Il (BD Biosciences, San Jose, CA) and BD FACSDiva software at
the Virginia Commonwealth University Flow Cytometry Core facility. For all studies,
10,000 cells per replicate within the gated region were analyzed. When collecting
samples, both adherent and floating cells were harvested with 0.1% trypsin-EDTA and
neutralized with medium after 48 hours of drug exposure. For quantification of apoptosis,
cells were centrifuged and washed with PBS, then resuspended in 100 pl of 1x binding
buffer with 5 pl of Annexin V and 5 pl of propidium iodide (BD Biosciences, FITC Annexin
V Apoptosis Detection Kit, 556547, San Jose, CA). The samples were then incubated at
room temperature while protected from light for 15 minutes. The suspension solution was
then brought up to 500 pl using the 1x binding buffer and analyzed by flow cytometry. For
guantification of DNA content, the cells were resuspended in 500 pl of a propidium iodide
(PI) solution (50 pg/ml PI, 4 mM sodium citrate, 0.2 mg/ml DNase-free RNase A, and
0.1% Triton-X 100) for 1 hour at room temperature, while being protected from light (Tate
et al., 1983). Before flow cytometry analysis, NaCl was added to the cell suspensions to

achieve a final concentration of 0.20 M.

Assessment of tumor growth in vivo. Male C57BL/6J adult mice were subcutaneously
injected with 1.5 x 108 Lewis lung carcinoma (LLC) cells in both flanks. The LLC cells
were collected via trypsinization, then neutralized with medium, centrifuged, and washed
with PBS. Pellets of 1.5 x 106 LLC cells were then resuspended in 30 ul of 80% basement
membrane extract (Trevigen, 3632-010-02, Gaithersburg, MD)/20% PBS. Mice were

anesthetized with isoflurane via inhalation during tumor cell injection. Palpable tumors
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formed at approximately 7 days post-tumor cell injection, and on day 11 tumor volumes
(I x w x h) were sufficient to be assessed with calipers; subsequent tumor volume
measurements were collected every other day. Subcutaneous osmotic minipumps (Alzet,
Model 1007D, Cupertino, CA) were implanted as previously described at 13 days post-
tumor cell injection to release 24 mg/kg nicotine daily for a total of 7 days. Body weight
and tumor volume were observed until humane endpoints were reached, at which time

mice were euthanized via CO2 asphyxiation followed by cervical dislocation.

Statistical analyses. A power analysis calculation was performed with the Lamorte's
Power Calculator (Boston University Research Compliance) to determine the sample size
of animals for each group (Charan and Kantharia, 2013). For assessing nociceptive
behavior and tumor volume, the calculations showed that an n of 5 was required to
achieve a power of 90% with an alpha error of 0.05; we used 8 mice per group for the
nociceptive assay and 5-6 mice per group for the in vivo cancer study. The data were
analyzed with GraphPad Prism software, version 6 (GraphPad Software, Inc., La Jolla,
CA) and SPSS, version 24, and are expressed as mean + SEM. One- and two-way
analysis of variance (ANOVA) tests were conducted and followed by the Bonferroni post
hoc test, three-way mixed factor ANOVAs were performed and followed by the Sidak post
hoc test, and linear mixed models were conducted to account for the loss of tumor-bearing
mice (Little and Rubin, 1987); repeated measures were considered for all in vivo studies.

Differences were determined to be significant at P < 0.05.
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C. Results

Nicotine reverses and prevents paclitaxel-induced mechanical allodynia. Initial
experiments were designed to determine whether acute administration of nicotine
reverses paclitaxel-induced mechanical allodynia. Figure 12A demonstrates that nicotine
reversed mechanical allodynia in paclitaxel-treated mice in a time- and dose-dependent
manner [Ftime x dose (18, 126) = 17.10, P < 0.0001], with full reversal (mechanical threshold
values restored to baseline levels) following administration of 0.9 mg/kg and partial
reversal with 0.6 mg/kg. Nicotine did not alter mechanical thresholds in vehicle-treated
mice [Fiime x dose (18, 126) = 0.6122, P = 0.88] (Supplementary Fig. 5).

Having demonstrated that nicotine reversed the allodynic effect of paclitaxel, the
next series of experiments was designed to investigate whether nicotine also prevents
the development of paclitaxel-induced nociceptive (allodynic) responses. Seven days of
nicotine (24 mg/kg per day) administration prevented the development of mechanical
allodynia throughout the entire duration of the experiment, up to 35 days post-paclitaxel
injection [F (9, 252) = 6.703, P < 0.001] (Figure 12B). As shown in Supplementary
Figure 6, 6 and 12 mg/kg per day nicotine did not prevent the development of paclitaxel-

induced mechanical allodynia.
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Figure 12. Antinociceptive and preventative effect of nicotine in a mouse model of paclitaxel-
induced peripheral neuropathy. (A) Reversal of mechanical allodynia by acute administration
of nicotine at doses of 0.3, 0.6, and 0.9 mg/kg i.p. in paclitaxel-treated mice at day 7-14 post-
initial paclitaxel injection. *P < 0.0001 vs Saline (0 mg/kg); *P < 0.0001 vs nicotine (0.3 mg/kg);
$P < 0.0001 vs nicotine (0.6 mg/kg). (B) Prevention of mechanical allodynia by chronic
administration of nicotine at a dose of 24 mg/kg per day. Arrows indicate vehicle/paclitaxel
injections on days 0, 2, 4, and 6. Minipumps with nicotine were implanted s.c. in the mouse,
starting 2 days before the vehicle/paclitaxel treatment cycle and ending on day 5. Baseline
measurements were taken at BL before saline/nicotine minipump implantation and on day 0
before paclitaxel/vehicle administration. ***P < 0.001 Pac-Nic vs Pac-Sal; *#P < 0.001 Pac-
Sal vs Veh-Sal; ¥P < 0.001, * P < 0.01 Veh-Nic vs Veh-Sal. BL, baseline; Veh, vehicle; Sal,
saline; Nic, nicotine; Pac, paclitaxel. n = 8 per group; data expressed as mean + SEM.
Statistical analysis: For mice treated with 24 mg/kg nicotine, a 2 x 2 x 10 Mixed Factor ANOVA
of chemotherapy drug (paclitaxel or vehicle) in nicotine- or saline-treated mice by day showed
a significant 3-way interaction [F (9, 252) = 7.851, P < 0.001]. A subsequent 2 x 10 Mixed
Factor ANOVA of paclitaxel or vehicle treatment by day was calculated for each level of
treatment (nicotine or saline). Saline-treated mice demonstrated a significant interaction of
chemotherapy drug (paclitaxel or vehicle) by day [F (9, 252) = 15.054, P < 0.001], where a
Sidak post hoc test revealed lower threshold responding in paclitaxel-treated mice compared
to vehicle-treated mice on days 0 - 35 (P < 0.001). A separate 2 x 10 Mixed Factor ANOVA
calculated where nicotine or saline treatment by day differed at each level of chemotherapy
drug (paclitaxel or vehicle). Paclitaxel-treated mice demonstrated a significant interaction of
drug pre-treatment (nicotine or saline) by day [F (9, 252) = 6.703, P < 0.001], where a Sidak
post hoc test revealed higher threshold responding in nicotine-treated mice compared to
saline-treated mice on days 0 - 35 (P < 0.001). Vehicle-treated mice also demonstrated a
significant interaction of drug pre-treatment (nicotine or saline) by day [F (9, 252) = 37.064, P
< 0.001], where a Sidak post hoc test revealed higher threshold responding in nicotine-treated
mice compared to saline-treated mice, but only on days 0, 1, and 3 (P < 0.001).
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Supplementary Figure 5. Acute administration of nicotine at doses of 0.3, 0.6, and 0.9 mg/kg
i.p. does not affect mechanical threshold in vehicle-treated mice. BL, baseline. n = 8 per group;
data expressed as mean = SEM.
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Supplementary Figure 6. Nicotine at doses of 6 and 12 mg/kg/day do not prevent paclitaxel-
induced mechanical allodynia. Arrows indicate vehicle/paclitaxel injections on days 0, 2, 4, and
6. Minipumps with nicotine, 6 mg/kg/day (A) or 12 mg/kg/day (B), were implanted s.c. in the
mouse, starting 2 days before the vehicle/paclitaxel treatment cycle and ending on day 5.
Baseline measurements were taken at BL before saline/nicotine minipump implantation and
on day O before paclitaxel/vehicle administration. ***P < 0.001 Pac-treated mice compared to
Veh-treated mice. BL, baseline; Veh, vehicle; Sal, saline; Nic, nicotine; Pac, paclitaxel. n = 6
per group; data expressed as mean + SEM. Statistical analysis: Comparisons were made
between chemotherapy treatments (paclitaxel or vehicle) in nicotine- or saline-treated mice by
day for both 6 and 12 mg/kg/day doses of nicotine in a 2 x 2 x 8 Mixed Factor ANOVA. The 6
mg/kg [F (7, 140) = 0.139, P = 0.995] and 12 mg/kg [F (7, 140) = 0.054, P = 1.000] nicotine 3-
way interactions were not significant. However, both 6 mg/kg [F (7, 140) = 58.597, P < 0.001]
and 12 mg/kg [F (7, 140) = 42.647, P < 0.001] nicotine produced a significant day by
chemotherapy drug interaction, where paclitaxel-treated mice demonstrated lower threshold
compared to vehicle-treated mice on days 1, 3, 5, 7, 14, and 21 when compared to both
baseline and day 0 responding (P < 0.001) as evaluated by Sidak post hoc tests.
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To examine the possibility that nicotinic acetylcholine receptors (nAChRs) mediate
the antinociceptive effect of nicotine, mecamylamine, a nonselective nAChR antagonist,
was administered prior to nicotine. Mecamylamine effectively blocked the antinociceptive
effect of nicotine in paclitaxel-treated mice [Ftime xdose (6, 42) = 10.38, P < 0.0001] (Figure
13A). To begin determining which nAChR subtypes are involved in the reversal of
paclitaxel-induced mechanical allodynia, we administered MLA, an a7 nAChR antagonist,
before nicotine treatment, which effectively blocked the antinociceptive effect of nicotine

in paclitaxel-treated mice [Ftime x dose (6, 42) = 15.58, P < 0.0001] (Figure 13B).
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Figure 13. The antinociceptive effect of nicotine is mediated by nAChRs. (A) Mecamylamine,
a non-selective nAChR antagonist, was injected at a dose of 2 mg/kg s.c. 15 minutes prior to
nicotine to block the nicotine-mediated (0.9 mg/kg, i.p.) reversal of mechanical allodynia in
paclitaxel-treated mice. (B) MLA, an a7 nAChR antagonist, was administered at a dose of 10
mg/kg s.c. 10 minutes before nicotine treatment (0.9 mg/kg, i.p.) in paclitaxel-treated mice. *P
< 0.0001 Veh-Nic at 10 min vs 0 min; *P < 0.0001 Mec-Nic or MLA-Nic vs Veh-Nic at 10 min.
Veh, vehicle; Nic, nicotine; Mec, mecamylamine. MLA, methyllycaconitine. n = 8 per group;
data expressed as mean = SEM.
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Nicotine prevents paclitaxel-induced reduction of intra-epidermal nerve fibers. A
decrease in the intra-epidermal nerve fiber (IENF) density in the paw epidermis is a
common marker for evaluating CIPN in rodent models (Bennett et al., 2011). To
determine if nicotine also protects the IENFs from the toxic effect of paclitaxel, mice were
treated with vehicle or paclitaxel (8 mg/kg, i.p.) and implanted with minipumps releasing
saline or nicotine (24 mg/kg per day), and sacrificed 35 days following the first paclitaxel
injection, when their hind paw epidermis was collected for immunohistochemical analysis.
Quantification of IENFs revealed a significant overall interaction between paclitaxel and
nicotine treatment [Fpaclitaxel x nicotine (1, 28) = 11.58, P < 0.01] (Figure 14A). As illustrated
in Figure 14B, mice treated with paclitaxel-saline demonstrated a significant decrease in
IENF density when compared with vehicle-saline-treated mice (P < 0.0001). In contrast,
paclitaxel-nicotine-treated mice showed a significant increase in IENF density when
compared to paclitaxel-saline-treated mice (P < 0.01). Paclitaxel-nicotine-treated mice did
not show a change in the IENF density when compared to vehicle-nicotine-treated mice
(P = 0.54), and vehicle-nicotine-treated mice did not exhibit an alteration in IENF density

when compared to the vehicle-saline group (P = 0.53).
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Figure 14. Paclitaxel induces a decrease in IENF density at 35 days post-paclitaxel injection,
which is prevented by nicotine administration at a dose of 24 mg/kg per day, s.c. (A) Paclitaxel
at a dose of 8 mg/kg i.p. significantly decreased IENF density compared to vehicle-saline and
paclitaxel-nicotine groups. *P < 0.05 paclitaxel-saline vs vehicle-saline; *P < 0.05 paclitaxel-
nicotine vs paclitaxel-saline. (B) Immunostained sections of hind paw epidermis represent the
reduction of IENF density by paclitaxel and protection by nicotine. Bar represents 20 microns
in all images, which were captured under 40x magnification. IENF, intra-epidermal nerve fiber;
Veh, vehicle; Sal, saline; Nic, nicotine; Pac, paclitaxel. n = 8 per group; data expressed as
mean = SEM.

Collectively, the behavioral and immunohistochemical studies presented in
Figures 12-14 indicate that nicotine reverses paclitaxel-induced mechanical allodynia,
via the a7 nAChR, but also protects against paclitaxel-induced mechanical allodynia and
IENF loss. However, multiple reports have argued that nicotine can stimulate tumor
growth or interfere with cancer chemotherapeutic drug-induced apoptosis, which would
severely limit the potential utility of nicotine in the clinic (Dasgupta et al., 2006; Zhang et
al., 2009; Pillai et al., 2011; Wu et al., 2013; Liu et al., 2015). As a review of the relevant
literature revealed a number of inconsistencies (see Discussion), we re-evaluated the

effect of nicotine on tumor cell proliferation and paclitaxel-induced apoptosis.
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Nicotine fails to stimulate lung cancer cell proliferation or interfere with paclitaxel-
induced cytotoxicity. Initial experiments were performed by utilizing the MTT/MTS
colorimetric assay with both A549 and H460 cells, two commonly used experimental
models of non-small cell lung cancer (NSCLC) that express multiple nAChRs (Tsurutani
et al., 2005; Dasgupta et al., 2006; Yoo et al., 2014). Figure 15 indicates that 48 and 96-
hour exposure to nicotine (1 uM) did not induce a significant increase in viable cell number
when compared to untreated cells under both normal (10% FBS) and serum deprivation
(0-5% FBS) conditions in A549 (Figure 15A) and H460 (Figure 15B) cells. The only
observed effect was a significant increase in viable cell number under serum starvation

(0% FBS) conditions in one cell line at a single time point (Figure 15B).
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Figure 15. Nicotine fails to enhance NSCLC viable cell numbers under normal and serum-
deprivation conditions. (A) A549 and (B) H460 cells were treated with nicotine (1 uM) for 48 or
96 hours in DMEM supplemented with various concentrations of FBS. Viability was determined
with an MTT or MTS colorimetric assay. *P < 0.05 vs control with 0% serum. Data are
expressed as the mean + SEM of three independent experiments.
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The influence of various concentrations of nicotine on tumor cell proliferation was
further investigated under full serum (10% FBS) conditions that are the standard for
cancer cell studies. Again, exposure to a range of nicotine concentrations (0.1-10 yM) for
24 hours under full serum conditions did not significantly increase the numbers of viable
A549, H460, Lewis lung carcinoma (LLC), or T1 (primary lung cancer) cells

(Supplemental Fig. 7).
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Supplementary Figure 7. Nicotine fails to enhance viable lung cancer cell number. NSCLC
cells (A549, H460), Lewis lung carcinoma (LLC) cells, and human primary lung tumor cells
(T1) were treated with nicotine for 24 h. Viability was determined with an MTT/MTS colorimetric
assay. A one-way ANOVA followed by the Bonferroni post hoc test revealed no significant
differences (P > 0.05) between control (0.0 uM) and any nicotine-treated cells within each cell
line. Data are expressed as mean + SEM of two independent experiments.
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Additional studies were designed to more closely mimic the potential use of
nicotine after chemotherapy treatment in the clinic. NSCLC cells were first exposed to
paclitaxel (50 nM) for 24 hours, followed by a 24-hour drug-free period and subsequent
treatment with nicotine (1 uM) for 24 hours. Paclitaxel significantly decreased the number
of A549 and H460 colonies, and the impact of paclitaxel was not altered by nicotine;

nicotine alone did not stimulate colony formation (Figure 16).

A549 H460
120- 120-
8 = 1004 ? —~ 100-
€ 0 - €9
S E 801 2 E 80-
o8 o3
6 k= 604 n.s. "6 t 60
- 3 =0
& © 401 | 1 2o 40- ns.
E g dedede **¥ E & ﬁ
; ~— 20- - 2 L 50 e st
— ——
0' T T T 0' T T
N
& \§\ Qg&‘ x@.\" » RN
QO G\ \'\6 "bb 00 \\‘-?Q ’b('
o 4 R e <
é\oo *\\? o
i

Figure 16. Nicotine fails to stimulate NSCLC colony formation alone or following paclitaxel
treatment. For the single drug treatment conditions, A549 (left) and H460 cells (right) were
exposed to nicotine (1 uM) or paclitaxel (50 nM) for 24 h. For the combination treatment, cells
were first exposed to paclitaxel for 24 h, followed by a 24 h drug-free period, then treatment
with nicotine for 24 h. Colony number was determined by crystal violet staining. ****P < 0.0001
vs control; n.s., not significant. Data are expressed as the mean + SEM of three independent
experiments.
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In previous work (Jones et al., 2005; Roberson et al., 2005; Efimova et al., 2010;
Emery et al., 2014; Webster et al., 2015; Alotaibi et al., 2016), we and others have
reported that growth arrest induced by cancer therapy is transient and that tumor cells
recover proliferative capacity within 7-10 days post-treatment. To determine whether prior
exposure to nicotine stimulates proliferation and/or promotes early tumor cell recovery
from paclitaxel-induced growth arrest, NSCLC cell proliferation was monitored for a period
of 7 days after treatment with nicotine (1 uM, 48 hours), paclitaxel (50 nM, 24 hours), or
a combination of the two drugs, which consisted of a 24-hour nicotine pretreatment period
preceding 24-hour cotreatment. Nicotine did not stimulate the proliferation of either the
A549 or H460 cells throughout the duration of the assay and even induced a slight but
significant decrease in H460 cell number on Day 5 (Figure 17). Most importantly, nicotine
did not interfere with the paclitaxel-induced decrease in viable cell number at any time
point (Figure 17). Furthermore, nicotine did not promote an early proliferative recovery in

either cell line (insets of Figure 17; Supplementary Fig. 8 in Appendix 1A).
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Figure 17. Nicotine fails to stimulate NSCLC cell proliferation alone or interfere with paclitaxel-
induced growth inhibition of NSCLC cells. The “start” time point represents the initial number
of A549 cells (left) or H460 cells (right) after seeding. A 24-hour nicotine pretreatment period
occurred from Start to Day 0 for the Nicotine and Pac + Nic conditions, then all subsequent
treatments lasted 24 hours; no drugs were present after Day 1. The number of cells was
determined via trypan blue exclusion. ***P < 0.0001 vs control. Data are expressed as the
mean + SEM of three independent experiments.

Although we failed to detect any interference with the anti-tumor activity of
paclitaxel in two different assays, other studies have argued that nicotine suppresses
paclitaxel-induced apoptosis (Tsurutani et al., 2005; Dasgupta et al.,, 2006).
Consequently, additional experiments were performed to evaluate the effects of nicotine
on paclitaxel-induced apoptosis. Paclitaxel (100 nM) induced significant apoptosis in both
the A549 and H460 cells after 48 hours of treatment (Figure 18A). Most importantly,
nicotine (1 uM) did not interfere with the promotion of paclitaxel-induced apoptosis in
either NSCLC cell line following cotreatment (Figure 18A; Supplementary Fig. 9 in
Appendix 1B); staurosporine (2 puM), a nonselective protein kinase inhibitor, induced
significant apoptosis and was used as a positive control. Similarly, cell cycle analysis

revealed that paclitaxel (100 nM) induces significant sub-G1 fragmented DNA content, an
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indicator of late-stage cell death, in both A549 and H460 cells, and that nicotine does not

attenuate this effect (Figure 18B; Supplementary Fig. 10 in Appendix 1C).
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Figure 18. Nicotine fails to interfere with paclitaxel-induced apoptosis (A) and sub-G1 DNA
content (B) of NSCLC cells. A549 and H460 cells were treated with nicotine (1 uM),
staurosporine (2 uM), paclitaxel (100 nM), or the combination of paclitaxel and nicotine for 48
h. Quantification of apoptotic cells and sub-G1 DNA content was determined by the Annexin
V/PI assay and propidium iodide staining, respectively, followed by flow cytometry analysis.
***pP < (0.001, ***P < 0.0001 vs control; n.s., not significant. Data are expressed as mean +
SEM of three (A) or two (B) independent experiments.
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To ensure that our observations applied to other cancer types commonly treated
with paclitaxel, we also evaluated the effects of nicotine on cancer cell proliferation in two
human ovarian cancer cell lines. As was the case with the lung cancer cells, nicotine did
not stimulate ovarian cancer cell proliferation in SKOV-3/DDP and OVCAR-3 cells

(Supplementary Fig. 11).
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Supplementary Figure 11. Nicotine fails to stimulate ovarian cancer cell proliferation. SKOV-
3/DDP and OVCAR-3 cells were treated with nicotine for 48 h, then counted via trypan blue
exclusion. A one-way ANOVA followed by the Bonferroni post-hoc test revealed no significant
differences (p > 0.05) between any concentration of nicotine vs. control (0 uM) in each cell
line. Data are expressed as mean + SEM of one representative study of two independent
experiments.
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To investigate whether the in vitro findings are indicative of tumor cell responses
in vivo, immunocompetent C57BL/6J mice were injected s.c. with LLC cells in the flank,
a commonly used syngeneic model of lung cancer (Kellar et al., 2015). Once the tumors
formed, the mice were treated with nicotine at a dose of 24 mg/kg per day for 7 days via
a s.c. osmotic minipump to mimic the nicotine treatment regimen administered in the
peripheral neuropathy studies. In accordance with the in vitro findings, chronic
administration of nicotine failed to enhance LLC tumor growth (Figure 19). We were
unable to investigate if nicotine would interfere with the antitumor effect of paclitaxel in
this model since the LLC cells were found to be resistant to paclitaxel (Supplementary
Fig. 12 in Appendix 2A). These tumor-bearing mice also posed a challenge for
assessing mechanical allodynia because the vehicle-treated mice exhibited a similar
decrease in mechanical threshold as the paclitaxel-treated mice (Supplementary Fig. 13

in Appendix 2B).
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Figure 19. Nicotine fails to enhance LLC tumor growth in vivo. C57BL/6J mice were injected
s.c. with 1.5 x 10® LLC cells in both flanks. Once tumors formed, subcutaneous osmotic
minipumps were implanted on day 0 to release 24 mg/kg nicotine daily for a total of 7 days.
The left and right flank tumor volumes (I x w x h) were compared to the respective baseline
tumor volumes to calculate fold change (A); the fold change values were averaged for each
mouse. A linear mixed model analysis revealed a significant effect of time [F (4, 39) = 25.747,
P < 0.001] and treatment [F (1, 39) = 15.683, P < 0.001], but no interaction between time and
treatment [F (4, 39) = 2.560, P = 0.054]. n = 5-6 per group; data are expressed as mean +
SEM.

D. Discussion

Effects of nicotine on chemotherapy-induced peripheral neuropathy. To the best of
our knowledge, this is the first study to report that nicotine reverses paclitaxel-induced
mechanical allodynia, as well as prevents paclitaxel-induced peripheral neuropathy when
administered prior to and during paclitaxel treatment in the mouse. Our work also
indicates that nAChRs mediate the antinociceptive effects of nicotine based on
interference by mecamylamine, a nonselective nAChR antagonist, and MLA, an a7
NAChR antagonist. Our studies further demonstrate that chronic nicotine infusion
prevents the loss of IENFs in the epidermis of the hind paw after paclitaxel treatment.
Taken together, these findings suggest that nicotine could have potential utility for the

prevention and/or treatment of CIPN.
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Mice treated with 8 mg/kg of paclitaxel developed significant mechanical allodynia,
which is consistent with our recent report (Toma et al., 2017) and previous studies (Deng
etal., 2015; Neelakantan et al., 2016; Slivicki et al., 2016). Acute administration of nicotine
reverses the mechanical allodynia induced by paclitaxel, which is consistent with studies
by Di Cesare Mannelli et al., (2013) in a rat model of oxaliplatin-induced peripheral
neuropathy. As nicotine has a very short half-life of approximately 15 minutes in mice
(Damaj et al., 2007), it was also administered chronically via 7-day osmotic minipumps to
achieve and maintain steady-state levels. We have previously reported that s.c. minipump
administration of 12 and 25 mg/kg per day nicotine leads to plasma nicotine
concentrations of approximately 56 and 97 ng/ml, or 0.121 and 0.210 uM, respectively
(AlSharari et al., 2013; Alsharari et al., 2015). Chronic administration of nicotine (24 mg/kg
per day prior to and during paclitaxel injections significantly prevents both the
development of mechanical allodynia and the reduction of IENFs induced by paclitaxel,
as previously described by our group (Toma et al.,, 2017); others have also shown
protection from paclitaxel-induced IENF loss with pifithrin-p (Krukowski et al., 2015).

The antinociceptive and antiallodynic properties of nicotine have been
demonstrated in numerous animal and human studies (Flood and Damaj, 2014), including
neuropathic pain in humans (Rowbotham et al., 2009; Richardson et al., 2012).
Randomized, double-blind, placebo-controlled trials have reported that intranasal or
transdermal administration of nicotine preoperatively or postoperatively results in
significantly decreased pain scores and lower morphine consumption, respectively (Flood
and Daniel, 2004; Habib et al., 2008; Yagoubian et al., 2011). Similarly, laboratory animal

studies have revealed that nicotine acts as an antinociceptive drug in a variety of acute
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and chronic pain models in rodents (AlSharari et al., 2012; Alsharari et al., 2015). More
specifically, the a7 nAChR subtype has been reported to mediate the antinociceptive
effects of nicotine in a mouse model of postoperative pain (Rowley et al., 2008).

Others have also investigated targeting nAChRs for the treatment of CIPN. For
example, a recent study (Romero et al., 2017) indicated that pharmacological and genetic
blockade of the a9a10 nAChR subtype prevents the development of neuropathic pain
induced by oxaliplatin in mice, suggesting that nAChRs play a significant role in the
development and, potentially, the treatment of CIPN. Furthermore, nicotine reduces the
ratio of pro-inflammatory monocytes compared to anti-inflammatory monocytes in murine
bone marrow via the a7 nAChR subtype, thus significantly decreasing the level of pro-
inflammatory cytokines, including tumor necrosis factor-a and interleukin-13, and
enhancing the release of anti-inflammatory cytokines, such as interleukin-12 (St-Pierre et
al., 2016). Moreover, nicotine exhibits a neuroprotective effect in animal models of
neurodegenerative diseases, such as Alzheimer's disease, an action that is
predominantly mediated through the a7 nAChR subtype (Ferrea and Winterer, 2009).
Overall, it appears that the a7 nAChR may be one of the predominant nAChR subtypes
involved in the neuroprotective actions of nicotine.

Although the current work clearly demonstrates the potential for nicotine to both
prevent and reverse paclitaxel-induced peripheral neuropathy, there is an extensive body
of literature suggesting that nicotine may stimulate tumor growth and/or interfere with the
effectiveness of chemotherapy. This untoward effect is thought to occur via the binding
of nicotine to an NAChR on the plasma membrane of the tumor cell, thereby promoting

proliferative and antiapoptotic signaling via the extracellular signal-regulated kinase and
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phosphoinositide 3-kinase/Akt (protein kinase B) pathways, respectively (Grando, 2014,
Schaal and Chellappan, 2014). However, the only experimental condition under which we
identified an effect of nicotine was on tumor cell proliferation in serum-free media, in which
cells are deprived of nutrients, cytokines, and other growth factors, which is a
nonphysiological environment. Under standard cell growth conditions, nicotine did not
enhance viability, colony formation, or proliferation of a number of experimental tumor cell
lines or interfere with apoptosis induced by paclitaxel.

It is somewhat difficult to make direct comparisons between our studies and those
in the literature focusing on human NSCLC cell lines because the concentrations of
paclitaxel and nicotine vary widely in these experiments, with paclitaxel concentrations
ranging between 0.1 and 20 pM, and nicotine concentrations ranging from 0.1 to 10 yM.
The human steady-state plasma concentration of paclitaxel falls between 5 and 200 nM,
whereas the nicotine concentration in cigarette smokers ranges from 20 to 60 ng/ml, or
0.1 to 0.4 uM (Blagosklonny and Fojo, 1999; Benowitz et al., 2009). In addition to the lack
of consistency in the concentrations of paclitaxel and nicotine, the duration of drug
exposure (18 hours to 7 days) and serum concentration (0-10%) also cover a wide range.
In our work, we used 1 pM nicotine for 24-96 hours, a treatment regimen that involves
both acute and chronic exposure to a nicotine concentration that is slightly higher than
peak human plasma levels to use a clinically relevant dose of nicotine. Similarly, we used
paclitaxel concentrations of 50 and 100 nM because the former is appropriate for
experiments involving low cell numbers, such as the clonogenic assay, and the latter
induces substantial apoptosis; yet, most importantly, both concentrations are within the

range of human plasma levels.
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Given the various experimental conditions, it is perhaps not surprising that the
reported effects of nicotine vary widely as well. For example, some studies have shown
increases of 23-200% in NSCLC cell proliferation (Zhang et al., 2009; Pillai et al., 2011;
Wu et al., 2013; Liu et al., 2015), whereas others demonstrate modest increases of 7-
18% (Chen et al., 2002; Jarzynka et al., 2006; Puliyappadamba et al., 2010) and in one
case decreases of 40-72% (Gao et al., 2016). Nicotine has been reported to reduce
paclitaxel-induced apoptosis by a significant 50% (Dasgupta et al., 2006) or only by a
modest 8% (Tsurutani et al., 2005). These studies utilized sub-G1 DNA content, the
terminal deoxynucleotidyl transferase-mediated digoxigenin-deoxyuridine nick-end
labeling assay, and poly-ADP ribose polymerase cleavage to assess the impact of
nicotine on paclitaxel-induced apoptosis, whereas we included quantification of early and
late apoptotic populations with the Annexin V/PI assay. In part, this may provide a
rationale for the inconsistencies in outcomes since sub-G1 DNA content alone does not
distinguish between apoptotic and necrotic cell death (Mattes, 2007). The observation of
substantially more apoptosis than sub-G1 DNA content after 48 hours of paclitaxel
treatment likely reflects the possibility that early apoptotic cells had not yet become
fragmented.

With regard to in vivo studies, while nicotine exposure has been reported to
significantly increase lung tumor incidence, volume, weight, and Ki-67+ populations
(Heeschen et al., 2001; Jarzynka et al., 2006; Improgo et al., 2013; Iskandar et al., 2013;
Liu et al., 2015), other reports have shown that chronic nicotine treatment does not
significantly stimulate lung tumor growth in mice (Maier et al., 2011; Murphy et al., 2011;

Warren et al.,, 2012). Similarly, we found that chronic nicotine administration did not

71



enhance LLC tumor growth in immunocompetent mice, suggesting that nicotine may be
a potential therapy for CIPN prior to or after chemotherapy with the aim of preventing and
reversing peripheral neuropathy, respectively.

In summary, our results provide a proof of concept that nicotine is efficacious in
preventing and reversing CIPN, actions that may enhance the quality of life of cancer
patients and survivors. In addition, our findings suggest that nicotine does not significantly
promote tumor cell proliferation or interfere with chemotherapy in lung cancer cell lines.
In this context, we are encouraged by the report that nicotine replacement therapy is not

a significant predictor of cancer in humans (Murray et al., 2009).
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A. Introduction

Nicotine action in the nervous system and in tumor cells. Nicotine is an agonist of
the nicotinic acetylcholine receptors (nAChRs), which are pentameric ligand-gated ion
channels located on the membranes of various cells in the nervous and immune systems,
as well as in lung tumor cells. These receptors can be homomeric, with five subunits of
the same type (a7, a9), or heteromeric, with a combination of both a and B subunits
(including a1-7, a9-10, and B1-4). Binding of an agonist such as nicotine to a nAChR
induces a conformational change that allows for the influx of sodium and calcium ions. In
neurons, this ion flux results in depolarization of the cell and initiation of an action
potential. In tumor cells, both calcium-dependent and calcium-independent downstream
signaling pathways of nAChRs appear to be activated; stimulation of these signaling
pathways has been reported to contribute to proliferative and anti-apoptotic actions of
nicotine [see reviews by (Egleton et al., 2008; Improgo et al., 2011; Schaal and

Chellappan, 2014; Czyzykowski et al., 2016)].

Antinociceptive and analgesic actions of nicotine. Both human and animal studies
have demonstrated that nicotine possesses analgesic and antinociceptive properties,
respectively. For example, randomized placebo-controlled clinical trials have revealed
that nicotine can reduce post-operative pain scores in non-smokers, as well as decrease
morphine consumption (Flood and Daniel, 2004; Habib et al., 2008). In rats, Di Cesare
Mannelli et al., (2013) demonstrated that acute administration of nicotine can reverse
trauma-induced neuropathic pain as well as oxaliplatin-induced cold and mechanical

allodynia, both of which are characteristic of chemotherapy-induced peripheral
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neuropathy (CIPN). Our laboratory, in collaboration with the Damaj group, has also shown
that nicotine can both prevent and reverse paclitaxel-induced mechanical allodynia in
mice following chronic and acute administration, respectively (Kyte et al., 2018). These
two reports are, to our knowledge, currently the only publications investigating the use of
nicotine in CIPN animal models, indicating that there is a need to explore the anti-allodynic
property of nicotine with other classes of cancer chemotherapy drugs that cause CIPN,

such as the vinca alkaloids and bortezomib.

The potential utility of nicotine for mitigation of chemotherapy-induced peripheral
neuropathy. Further investigation of the promising actions of nicotine in suppressing the
development of and/or reversing the symptoms of CIPN could be compromised by the
extensive body of literature, largely focused on lung cancer, that suggests nicotine can
either promote tumor growth and/or reduce the antitumor effects of cancer chemotherapy.
If these properties of nicotine translate to the clinic, then its use may be limited to patients
who have previously undergone cancer therapy and are currently considered to be
disease-free, since CIPN symptoms can persist for over 6 months after cancer
chemotherapy administration has been completed (Seretny et al., 2014). Therefore, even
patients with cancer in complete remission may still be experiencing neuropathic pain and
could benefit from nicotine treatment. If, however, nicotine could also be administered in
combination with chemotherapy to prevent the development of CIPN in cancer patients,

this would potentially provide an even greater patient benefit.
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In our recent publication establishing the antinociceptive actions of nicotine in a mouse
model of paclitaxel-induced peripheral neuropathy (Kyte et al., 2018), we also reported
that nicotine does not stimulate proliferation of non-small cell lung cancer (NSCLC) or
ovarian cancer cells in vitro, or enhance NSCLC tumor growth in vivo. This work also
demonstrated that nicotine fails to interfere with the antiproliferative and cytotoxic actions
of paclitaxel in NSCLC cells in culture. These observations are in conflict with a large
body of evidence that argues against the use of nicotine within the framework of tumor
growth or the utilization of cancer chemotherapy [see reviews by (Catassi et al., 2008;
Grando, 2014)]. More specifically, nicotine has been shown to be capable of promoting
tumor cell proliferation, invasion and metastasis, angiogenesis, and resistance to
apoptotic cell death via various signaling pathways. In order to evaluate the potential
utilization of nicotine for the alleviation of CIPN symptoms in cancer patients and/or
cancer survivors, an analysis of the previous literature regarding nicotine’s effects on lung
cancer progression both alone and in combination with antitumor drugs has been
performed. Our laboratory has also conducted additional experiments with nicotine in vitro
and in vivo to investigate nicotine-mediated downstream signaling in lung cancer cell lines
and the influence of chronic nicotine administration in tumor-bearing mice in an attempt

to shed light on the remaining questions in the literature.

B. Materials and Methods
Animals. Adult male NOD scid gamma (NSG) mice (8 weeks at the beginning of
experiments, 20-30 g) were either received as a gift from Dr. J. Chuck Harrell at Virginia

Commonwealth University or purchased from the Cancer Mouse Models Core at VCU
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Massey Cancer Center (Richmond, VA). Mice were housed in an AAALAC-accredited
facility in groups of five; the mice in each cage were randomly allocated to different
treatment groups. Food and water were available ad libitum. Experiments were performed
during the light cycle (7:00 am to 7:00 pm) and were approved by the Institutional Animal
Care and Use Committee of Virginia Commonwealth University and followed the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Mice were

euthanized via CO2 asphyxiation followed by cervical dislocation.

Drugs. Paclitaxel was purchased from the VCU Health Pharmacy (NDC# 0703-4768-01,
TEVA Pharmaceuticals, North Wales, PA) and diluted in a mixture of 1:1:18 [1 volume
ethanol/l volume Emulphor-620 (Rhone-Poulenc, Inc., Princeton, NJ)/18 volumes
distilled water]. Paclitaxel injections of 10 mg/kg were administered intraperitoneally (i.p.)
every day for a total of four injections; the injection site was swabbed with 70% ethanol
prior to injection. (-)-Nicotine hydrogen tartrate salt was purchased from Sigma-Aldrich
(St. Louis, MO, USA) and dissolved in PBS. Nicotine was administered chronically at a
dose of 24 mg/kg per day via 7- or 28-day subcutaneous (s.c.) osmotic minipumps (Alzet,
Model 1007D or 2004, Cupertino, CA), which were implanted 2 or 25 days prior to
paclitaxel treatment, respectively. These paclitaxel and nicotine regimens were chosen
based on previous unpublished and published studies that demonstrated which dose,
duration of exposure, and route of administration for each drug effectively arrested tumor
growth or prevented paclitaxel-induced peripheral neuropathy, respectively, but were not

toxic to the animal (Supplementary Fig. 14 in Appendix 2C; Kyte et al., 2018). All i.p.
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or s.c. injections were given in a volume of 1 ml/100 g body weight, whereas the osmotic

minipumps released 0.5 or 0.28 pl/hour.

Minipump Implantation. The procedure was performed as previously described in
AlSharari et al., (2013) with minor modifications. Mice were anesthetized with 3%
isoflurane/97% oxygen. The anesthetized mice were prepared by shaving the back and
swabbing the area with povidone-iodine, followed by 70% ethanol. Sharp, sterile scissors
were used to make a 1 cm incision in the skin of the upper back/neck. The sterile,
preloaded minipump (Alzet, Model 1007D or 2004, Cupertino, CA) containing nicotine or
PBS was inserted with sterile forceps by a technician wearing sterile gloves. The wound
was closed with sterile 9 mm stainless steel wound clips. Immediately after wound
closure, the mice received a subcutaneous injection of 0.5 mg/kg Meloxicam SR
(ZooPharm, Wildlife Pharmaceuticals, Windsor, CO) anterior to the shoulder. The mice
were allowed to recover on heated pads and were monitored before returning to their

home cages.

Assessment of tumor growth in vivo. Male adult NSG mice were subcutaneously
injected with 1.0 x 106 or 1.5 x 108 A549 NSCLC cells in both flanks. The A549 cells were
collected via trypsinization, then neutralized with medium, centrifuged, and washed with
PBS. Pellets of 1.0 x 10° or 1.5 x 108 A549 cells were then resuspended in 30 ul of 80%
basement membrane extract (Trevigen, 3632-010-02, Gaithersburg, MD)/20% PBS. Mice
were anesthetized with isoflurane (2% isoflurane/98% oxygen) via inhalation during tumor

cell inoculation; the injection site was swabbed with 70% ethanol prior to injection.
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Palpable tumors formed at approximately 20 days post-tumor cell inoculation, after which
tumor volumes (I x w x h) were assessed with calipers every 2 to 3 days. Subcutaneous
osmotic minipumps (Alzet, Model 1007D or 2004, Cupertino, CA) were implanted as
previously described at 3-weeks or 1-day post-tumor cell inoculation to release 24 mg/kg
nicotine daily for a total of 7 or 28 days, respectively. Body weight and tumor volume were
observed until humane endpoints were reached (tumor volume exceeds 1 cm?), at which
time mice were euthanized via CO2 asphyxiation followed by cervical dislocation. Tumors

were then extracted and preserved in 10% formalin.

Immunohistochemistry. Formalin-fixed tumors were embedded in paraffin and
sectioned (5 um thickness) for immunostaining of cleaved PARP. Tissue sections were
deparaffinized, rehydrated, and quenched of endogenous peroxidase activity. After
blocking with 1.5% goat serum for 1 hour, the tissues were incubated with the primary
antibody (PARP cleavage site 214/215, Invitrogen, 1:100 dilution) for 1 hour at room
temperature in a humidified chamber. The tissues were then incubated with a biotinylated
secondary antibody (peroxidase anti-rabbit IgG, Vector Laboratories, 1:200 dilution) for
an hour at room temperature in a humidified chamber. Immunostaining was completed
with a Vectastain Avidin-Biotin Complex (ABC) kit (Vector Laboratories, Burlingame, CA)
and the Pierce 3,3'-diaminobenzidine (DAB) horseradish peroxidase (HRP) substrate kit
(Thermo Scientific, Rockford, IL) according to the manufacturer's recommendation. The
tissues were subsequently stained with hematoxylin and eosin (Vector Laboratories,
Burlingame, CA) and mounted. Images were taken with an inverted microscope

(Olympus, Tokyo, Japan) under bright field at 20x magnification.
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Cell culture. A549 and H460 NSCLC cells were maintained in DMEM supplemented with
10% (v/v) fetal bovine serum (FBS, Serum Source International, FB22-500HI, NC, USA)
and 1% (v/v) combination of 10,000 U/ml penicillin and 10,000 pg/ml streptomycin
(Pen/Strep, ThermoFisher Scientific, 15140-122, Carlsbad, CA). Cells were incubated at
37°C under a humidified, 5% CO2 atmosphere. The A549 and H460 cell lines were
generously provided by the laboratories of Dr. Charles Chalfant and Dr. Richard Moran
at VCU, respectively.

Paclitaxel was dissolved in DMSO, diluted with sterile PBS, and added to the
medium in order to obtain the desired concentration. Cells were not exposed to greater
than 0.1% DMSO in any experiment. (-)-Nicotine hydrogen tartrate salt was dissolved in
sterile PBS. All experiments involving these light-sensitive drugs were performed in the
dark. For the radiation conditions, cells were irradiated at a dose of 8 Gray (Gy) with a

137Cs irradiator.

Western blot analysis. Western blots were performed as previously described (Sharma
et al.,, 2014), with minor modifications. After the indicated treatments, cells were
trypsinized, collected, and lysed in CHAPS buffer containing protease and phosphatase
inhibitors (Thermo Scientific, Waltham, MA) containing protease and phosphatase
inhibitors. Protein concentrations were determined by the Bradford assay (Bio-Rad
Laboratories, Hercules, CA). Total protein was then diluted in sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and boiled for 5 min.

Protein samples were subjected to SDS-PAGE, transferred to polyvinylidene difluoride
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membrane, and blocked in 5% milk in PBS-tween for 1 hour. Membranes were incubated
with primary antibodies (1:1000 dilution) overnight: p-Akt (Cell Signaling Technology), Akt
(Cell Signaling Technology), Rb (Transduction Laboratories), p53 (BD Biosciences), p21
(BD Biosciences), GAPDH (Cell Signaling Technology), followed by incubation with a
secondary antibody (1:200 dilution) of either horseradish peroxidase-conjugated goat
anti-rabbit IgG antibody (Cell Signaling Technology) or goat anti-mouse IgG antibody
(Cell Signaling Technology) for 1 hour. Membranes were then washed with PBS-tween
and developed using Pierce enhanced chemiluminescence reagents (Thermo Scientific,

32132, Rockford, IL).

Statistical analyses. A power analysis calculation was performed with the Lamorte's
Power Calculator (Boston University Research Compliance) to determine the sample size
of animals for each group (Charan and Kantharia, 2013). For assessing tumor volume,
the calculations showed that an n of 9 was required to achieve a power of 90% with an
alpha error of 0.05. Therefore, we began each study with 10 mice per group; some mice
were euthanized prior to the final time point of the experiment due to tumor burden. The
data were analyzed with GraphPad Prism software, version 6 (GraphPad Software, Inc.,
La Jolla, CA) and SPSS, version 24, and are expressed as mean + SEM. Student’s t-
tests were performed to analyze tumor weight and linear mixed models were utilized to
account for the loss of tumor-bearing mice when analyzing tumor volume over time (Little
and Rubin, 1987); repeated measures were considered. Differences were determined to

be significant at P < 0.05.
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C. Studies in Cell Culture
Nicotine alone. Approximately half of the publications relating to nicotine and lung cancer
in vitro have reported significant increases in various assays assessing lung cancer cell
progression (Tables 4 and 5); the lung cancer type for each cell line used in these studies
is indicated in Table 3. However, the experimental systems used are not uniform. Almost
half of the in vitro experiments were conducted under conditions of serum deprivation or
serum starvation with the purpose of eliminating exogenous growth factors and/or
inducing quiescence to synchronize the cell cycle. This approach creates an environment
where enhanced proliferation induced by nicotine is likely to be more pronounced (Rosner
et al., 2013); however, the physiological relevance may be limited. The majority of serum
starvation/deprivation studies show an increase in lung tumor cell viability (viable cell
number), proliferation, growth, invasion, and/or migration following nicotine exposure over
a wide range of nicotine concentrations (10 nM — 500 uM; Table 5). In contrast, a number
of studies reported no effects of nicotine (1 pM — 100 uM for 48-72 hours) on lung cancer
cell viability, growth, or proliferation even under the relatively non-physiological condition
of serum deprivation (Heeschen et al., 2001; Jarzynka et al., 2006; Mucchietto et al.,
2017). In our own studies, nicotine exposure (1 uM for 24 hours) under either serum
deprivation or serum starvation conditions had essentially no influence on NSCLC cell
viability (Kyte et al., 2018).

If the administration of nicotine via nicotine patches or gum could prove to have
utility for the prevention or treatment of CIPN, then it is necessary to evaluate the previous
literature within the framework of plasma nicotine concentrations in patients using nicotine

replacement therapy (NRT). Nicotine patches (21 mg) deliver peak plasma
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concentrations of 18-23 ng/ml or 111-142 nM nicotine within 8 hours of use, after which
the levels gradually decline until the patch is removed at 24 hours post-application (Fant
et al., 2000); 2-4 mg nicotine gum provides maximum nicotine concentrations of 6-17
ng/ml or 37-105 nM after 30 minutes of chewing (Benowitz et al., 1987). Although e-
cigarettes are unlikely to be considered for therapeutic use, these devices can generate
circulating nicotine concentrations of 7-25 ng/ml or 43-154 nM (Wagener et al., 2017).
These values suggest that concentrations of nicotine in cell culture studies between 35
nM and 200 nM would encompass the range of plasma nicotine levels that would be
achieved in patients using NRT. However, the majority of studies have tested nicotine
concentrations from 100 nM to 1 uyM, a range that is comparable to or slightly higher than
the plasma nicotine levels of 20-60 ng/ml or 100-400 nM observed after tobacco cigarette
smoking (Benowitz et al., 2009). Overall, the studies shown in Table 4 demonstrate the
capacity of nicotine to increase lung cancer cell viability, growth, proliferation, invasion,
migration, and/or angiogenesis following 30-minute to 2-week exposure to 0.1-1 yM
nicotine. However, only half of these publications demonstrate significant increases in
characteristics of tumor growth, ranging from a 20% to a 750% increase, while half of the
studies do not demonstrate significant enhancement. When considering nicotine levels
achieved during NRT use (35 — 200 nM), only a third of the studies report significant
increases in lung cancer cell viability, proliferation, migration, and/or invasion, with
approximately half of these experiments having been performed under conditions of
serum deprivation or serum starvation (Tables 4 and 5). When excluding studies
performed under serum deprivation/starvation conditions and limiting our analysis to the

lower, therapeutically relevant concentrations of nicotine, it may be surmised that the
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effects of nicotine on lung tumor progression with nicotine patch or gum use are likely to
be negligible.

On the other hand, approximately 40% of publications testing 0.1 to 1 uM nicotine
under full serum conditions report no effects or modest, non-significant effects of nicotine
on tumor cell viability, growth, and/or proliferation following 12 hours to 2 weeks of nicotine
exposure (Table 4). In addition, studies using nicotine concentrations between 100 nM to
1 UM for 24-72 hours under full serum conditions (Zeng et al., 2012; Gao et al., 2016)
have reported that nicotine decreases lung tumor cell viability and growth; these reports
also showed decreases in lung cancer cell viability with 2.5 to 15 yM nicotine. However,
the impact of nicotine at higher non-physiological and non-pharmacological
concentrations is likely the result of off-target effects and general toxicity; ultrastructural
analysis of A549 NSCLC cells treated with 10 uM nicotine revealed shrunken nuclei, an
increase in both nucleoli and lysosomes, swollen mitochondria, and changes in

endoplasmic reticulum morphology after 24 hours (Gao et al., 2016).

Species Lung Cancer Type Lung Cancer Cell Lines
Non-small cell lung cancer | A549, H23, H157, H358, H460, H1299, H1703,
(NSCLC) H1975, H5800, PC9, 11-18
Small cell lung cancer DMS-53, H446, N417, N592
(SCLC)
Human Adenocarcinoma HCC827, T1 (primary), 201T (primary)

Bronchoalveolar carcinoma | H1650
Papillary adenocarcinoma | H441
Squamous cell carcinoma | SW900

Lewis lung carcinoma LLC
Adenocarcinoma LKR, Linel

Mouse

Table 3. Lung cancer cell lines grouped by species and lung cancer type. The cell lines
indicated as “primary” were derived from human lung cancer tissue samples, not purchased
commercially.
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Lung Duration of Serum Cellular Result
Cancer [Nicotine] Treatment Conc Response (Relative to Reference
Cell Line ' (Assay) Control)
14 SCLC
and o - (Maneckjee and Minna,
NSCLC 0.1-1uM 5d 10% Viability (MTT) No effect 1990)
lines
fopes 0.1-1puM 7d 10% | Viability (MTT) No effect (Chen et al., 2002)
201T 1uM 48 h 10% Viability (MTS) No effect (Carlisle et al., 2007)
Viability (Cell .
0, 0, *
H460 0.1, 1 uM 5d 10% Titer-Glo) 20, 25% increase (Zheng et al., 2007)
Viability (MTT) 20% increase*
A549 1uM 24 h 10% Growth ([*H]- o i . (Zhang et al., 2009)
thymidine) 50% increase
H1299: 20, 5%
i +
72h Viability (MTT) | xce 107 1506
increase’
H1299:15, 5% .
Ab549, Not - ! (Puliyappadamba et
0.1,1uM - Growth ((*H]- increase’
H1299 72 h indicated thymidine) A549: 20, 10% al., 2010)
increase’
previously Proliferation . o
treated for 72 h, (Colony in:r\zggé %175@)*
then seeded formation) H
100, 75%
. increase (30
Haal, 1uM 30 min or 10% | Viability (MTT) min)*, (Al-Wadei et al., 2012)
H1299 7d 375, 250%
increase (7 d)*
8, 5% increase at
12h(0.1,0.25
HM)T,
H446 0.1-1uM 12-72 h 10% Viability (MTT) | no effect at 24-48 (Zeng et al., 2012)
h,
8% decrease at
72h (0.5 1 um)t
3-5d Viability (MTT) | 40-80% increase*
o -
A549 1uM 24 h 10% Invasion 60% increase* (Wu et al., 2013)
(Boyden)
0,
A549 0.1, 1M 24 10% | Viability (MTS) 9, 5% (Gao et al., 2016)
LKR Proliferation
y 1uM 2wh 10% (Colony 13, 24% increase’ | (Nishioka et al., 2010)
H5800 X
formation)
Not Proliferation . " (Chernyavsky et al.,
SW900 1M 24h Indicated | (Cell counting) 275% increase 2015)
24 h Invasion 7% increase
(Transwell)
A549 1uM 10% Migration 10% '”ﬁ;ease B | (sunand Ma, 2015)
8or24h (Wound- 28% increase (24
healing) hy*
A549 L
' Viability
H460, 0.1-1 uM 24 h No effect
LLC, T1 (MTS, MTT)
) 10% Viability (Kyte et al., 2018)
A549, 1uM 48-96 h (MTS, MTT) No effect
H460 1M 48h Proliferation No effect

(Cell counting)
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Proliferation

1uM 24 h (Colony No effect
formation)
Angiogenesis 350, 750%
(HIF-1a) increase*
A549 0.5, 1 uM 16 h 10% 14% increase (0.5 | (zhang et al., 2007)
Angiogenesis uM),
(VEGF) 43% increase (1
pM)*
A549: 39, 52%
increase*
H1299: 13%
increase (0.1 uM),
A549, oo
H1299, 0.1,1uM 24h viability (MTT) | 20% 'm’;?se (
H1975 H1975: 30%
increase (0.1 uM),
52% increase (1
10% uM)* (Ma et al., 2014)
20-40% increase
) Angiogenesis (0.1, 0.5 pM),
A549 0.1-1uM 16h (HIF-1a) 100% increase (1
pM)*
75, 125%
. . increase (0.1, 0.5
A549 0.1-1 M 16 h An%$822§3|s uM),
175% increase (1
pM)*

Table 4. In vitro effects of nicotine on lung cancer. Abbreviations: d, days; HIF-1a, hypoxia-
inducible factor 1-alpha; h, hours; LLC, Lewis lung carcinoma; min, minutes; MTS, (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium); MTT, 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NSCLC,

non-small cell lung

cancer; SCLC, small cell lung cancer; T1, primary human lung carcinoma; VEGF, vascular
endothelial growth factor; w, weeks. *nicotine was replaced every 24 hours, "nicotine was
replenished every 4 days, *statistically significant, Tstatistical significance not indicated.
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Lung Duration Serum Cellular Result
Cancer [Nicotine] of Concentration Response (Relative to Control) Reference
Cell Line Treatment (Assay)
H460: 5% increase (10, 100
H460, 0.01 - - uM), 5% decrease (1 mM) (Chen et al.,
H157 1 mMm 7d 10% Viability (MTT) | 457" 59 decrease (10 uM), 2002)
5% increase (0.1-1 mM)
201T 10 uM 48h 10% Viability (MTS) No effect (Car'z'%'ggt al.,
10 nM, S 12.5-50% increase
H460 0.01-1 5d 10% V'?ﬁg'rt}’G(lgf" (10 nM, 10-100 uM)*, (Zh%’g)%%t al,
mM no effect (1 mM)
A549:
5-18% increase (1 nM — 10
uM), no effect (100 uM),
A549, 1nM-10 - - 5-40% decrease (1-10 mM)T | (Puliyappadamba
H1299 mM 72 h Not indicated Viability (MTT) H1299: etal, 2010)
10-30% increase (1-100 nM),
no effect (1-100 M),
40-80% decrease (1-10 mMm)*
H446 2515uM | 12-72h 10% Viability (MTT) 0-85% decrease’ (Ze;glezt)a'-v
0.01, 10 0 _— No effect (0.01 uM),
A549 uM 24 h 10% Viability (MTS) 75% decrease (10 UM)* (Gao et al., 2016)
I A549:12.5% increase (50 nM
Viability (MTS
AB49, 10 nM — 48h 0% for 72 h, Y ( )| 100 uM)*, H1975: no effect (Mucchietto et
H1975 100 uM then treated Proliferation A549: 33-66% increase*, al., 2017)
(Cell counting) H1975: no effect
0.5-10 o Q0 (Jarzynka et al.,
A549 uM 72 h 0% Growth (BrdU) 0-9% increase 2006)
. 0% for 72 h . (Davis et al.
1 T ’
Linel 1uM 18 h then treated Growth (BrdU) 180% increase 2009)
0.2% for 24 h, Growth ((*H]- . T (Nishioka et al.,
LKR 1uM 24h then treated thymidine) 200% increase 2010)
5-20% increase (1 nM — 1
A549, 1nM-— o Growth ([*H]- um)f, (Puliyappadamba
H1299 100 uM 24h Notindicated | " idine) | 5-20% decrease (10-100 uM) | et al., 2010)
T
0% for 36 h, . " (Dasgupta et al.,
A549 1uM 18h then treated Growth (BrdU) 150% increase 2011)
- i T
A549, - 18h 0% for 24 h, Gr?‘rﬁf/zsfii:]du) 175-180% increase (Pillai et al.,
H1650 then treated - i t 2011
24 h (Boyden) 90-100% increase )
i T
A549, M 18 h 0% for 24 h, Grclnwth (‘BrdU) 75, 100% increase (Nair et al,, 2014)
H1650 24 h then treated (S\(;i(silgr?) 75, 150% increaset Y
1pM - Not o Proliferation (Heeschen et al.,
LLC 100 yM | indicated 0.1% (Cell counting) No effect 2001)
H157, 4+ Proliferation . * (Tsurutani et al.,
H1703 100 nM 3d 0.1% (Cell counting) 50-95% increase 2005)
previously . .
Proliferation ;
treated for - . (Puliyappadamba
T
H1299 10 nM 72 h, then Not indicated f(CoIo_ny 150% increase et al., 2010)
ormation)
seeded
0% (before . 10% decrease (10 nM), 50-
18 h and during Igva(silon 160% increase (0.1-1 pM),
AB49 0.01-10 treatment) (Boyden) 90% increase (10 uM) (Dasgupta et al.,
HM oan 0% (during “(Q;\?;i‘tr"z” 10-100% increase (0.01-1 2009)
treatment) healing) uM), 25% increase (10 uM) T
N417 500 uM 10% Proliferation 130% increase*
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previously (Colony
treated for formation) (Martinez-Garcia
7 d, then Migration . etal., 2010)
0, *
seeded 0.5% (Transwell) 55% increase
Proliferation . *
(Cell counting) 50-200% increase
AB49 0% for 24 h, Migration
’ 0.1-1 uyM 36 h treated, then (Wound 30% increase® (Liu et al., 2015)
H1299 )
seeded healing)
Invasion . "
(Transwell) 20% increase
A549,
H1650, 0% for 36 h, Invasion . " (Pillai et al.,
H1975, 1uM 24h then treated (Boyden) 120-430% increase 2015)
H23, H358
48h (\g?:meg 25, 40% increase®
A549, 1 UM, 48h 0% for 12 h, T'”"as'onu 75% increase® (Gong et al.,
H1299 10 nM then treated (Transwell) 2014)
48 h Migration
' (Wound- 25, 30% increase*
72 h -
healing)
A549, Viabilit
H460, LLC, 5,10 uM 24 h 10% Y No effect
(MTS, MTT)
T1 (Kyte et al.,
N Ab49: No effect, 2018)
AS49, . -59 Viability H460: 25% increase w/ 0%
H460 1uM 48-96 h 0-5% (MTS, MTT) P Al
serum at 96 h
Invasion
% i *
5uM 48 h (QCM™) 950% increase
Angiogenesis . (Zhang et al.,
0, *
A549 5,10 uM 16 h 10% (HIF-1q) 1000, 1100% increase 2007)
5,10 uM 16h A”%‘fgg’;?s's 130, 170% increase*
A549: 40% increase (10
Ab549, puM)*, no effect (50 pM)
H1299, 10, 50 uM 24 h Viability (MTT) H1299: 13, 14% increase
H1975 H1975: 65% increase (10
10% uM)*, 40% increase (50 uM) (Ma et al., 2014)
Angiogenesis o i
A549 5uM 16 h (HIF-10) 25% increase
Angiogenesis :
A549 5uM 16 h (VEGF) 150% increase
Invasion . %
36 h (Transwell) 230% increase
16h (CE%?:QEEEZ:?] 25% increase®, 700%
A549 5 lJM 10% leF\)IA) ! increase* (Shl et al., 2015)
Angiogenesis
16 h (HIF-1a 100% increase*
mMRNA)

Table 5. In vitro effects of nicotine on lung cancer under non-physiological conditions and/or
with  non-pharmacological  concentrations of nicotine.  Abbreviations:  BrdU,
bromodeoxyuridine; CCK-8, cell counting kit-8; d, days; HIF-1a, hypoxia-inducible factor 1-
alpha; h, hours; LLC, Lewis lung carcinoma; min, minutes; MTS, (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium); MTT, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; T1, primary human lung carcinoma; VEGF, vascular
endothelial growth factor; w, weeks. *nicotine was replaced every 24 hours, *statistically
significant, Tstatistical significance not indicated.
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Nicotine in combination with cancer chemotherapy. Nearly three quarters of cell
culture studies assessing the influence of nicotine on sensitivity to chemotherapy in lung
cancer cells show significant interference with chemotherapy (Tables 6 and 7). A
nicotine-induced resistance to chemotherapy (average of 50% decrease in apoptosis with
1 UM nicotine) has been observed with Annexin V-Propidium lodide staining, caspase
activity, and DNA fragmentation assays (ELISA and cell cycle analysis for Sub-G1
population), as well as standard viability assays (Table 6). Lung cancer cells exposed to
both cancer chemotherapy and nicotine over the range of 0.1 — 1 yM have been shown
to exhibit increased viability and decreased apoptosis, though statistical significance was
only reported for about two-thirds of these studies. In contrast, our findings that nicotine
(1 uM for 24-48 hours with 10% serum) does not attenuate paclitaxel-induced growth
arrest or apoptosis (Kyte et al., 2018) are consistent with studies by other laboratories
that have shown a lack of significant effects of nicotine (0.1-1 pM for 1 hour to 1 week
with 10% serum) on cisplatin-induced DNA fragmentation (apoptosis) and decreased
viability, or on gefitinib-induced decreases in lung cancer cell viability (Carlisle et al., 2007,
Nishioka et al., 2010; Zeng et al., 2012; Togashi et al., 2015). Nevertheless, it is apparent
that anti-apoptotic and pro-survival effects can occur as the concentration of nicotine
increases (Table 7). Surprisingly, only one study has been conducted with nicotine in the
NRT range, in this case 100 nM nicotine, in combination with chemotherapy (Zeng et al.,
2012). This report demonstrated that 100 nM nicotine induces only a modest increase in
viability in the presence of 10 uM cisplatin and has no effect on cisplatin-induced

apoptosis.
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Result

Lung Duration of Serum Cellular (Relative to
Cancer [Nicotine] Chemotherapy T C Response ch h Reference
Cell Line reatment onc. (Assay) ezot e)rapy
one
A549 1M Cisplatin 40 M 24h 10% (ﬁﬁggf(?rf'\sl) 30% decrease’ (3'2”0‘325)“"’
0-40%
A549 . . 6-48 h Apoptosis t (Xin and
) 1 uM Cisplatin 40 uM 10% - decrease
H157 >ah (Annexin V) 20% decrease’ Deng, 2005)
Nicotine for 1
_h, then 20% decreaset
cisplatin for
. . 24 h o Apoptosis (Nishioka et
LKR TuM Cisplatin 5uM =i for1 | 10% (Sub-G1) al., 2010)
W, then 5% decrease’
cisplatin for
24 h
- 0,
12-72h Viability (MTT) 13-20%
increase
; ; No effect (0.1- (Zeng et al.,
- 0,
H446 0.1-1 uM Cisplatin 10 uM sen 10% Apoptosis 0.5 uM), 2012)
(AVIPI) 15% decrease
(1 pm)*
Nicotine for
H5800, . . 24 h, then o Apoptosis o " (Nishioka et
LKR 0.5 M Cisplatin 0.6 uM co-treatment 10% (Annexin V) 60% decrease al., 2014)
for 48 h
Nicotine for
. . 24 h, then o Apoptosis o " (Liu et al.,
A549 1uM Cisplatin 20 uM cisplatin for 10% (AV/PI) 40% decrease 2015)
24 h
Cisplatin 35 uM o 25% increase*
Etoposide 20 yM | Nicotine for Viabllity (MTT) 35% increase*
0
A549 1 uM P H 24 h, then 10% . (Zhang et al.,
H Cisplatin 35 uM co-treatment 0 Apoptosis 35% decrease* 2009)
for24 h (DNA .
Etoposide 20 pM fraggl‘_‘legfgt'on 20% decrease*
Cisplatin 40 yM 0 Apoptosis 40% decrease* (zhao et al.,
H1299 1M Etoposide 40 uM 96 h 10% (Annexin V) 30% decrease* 2009)
Nicotine for 1 Viability (XTT) 25% increase*
Doxorubicin 10 h, then co- (Nakada et
A549 1M UM treatment for 10% Apoptosis al., 2012)
48 h (Caspase-Glo 300%
3/7) decrease*
|C50 31 nM >
PC9, Erlotinib 1 nM-5 o — 43 nM (PC9)*, (HLietal,
HCC827 1uM UM 72 h 10% Viability (MTS) ICsp46 NM > 2015)
140 nM
2017 1M Gefitinib 35 uM 48h 10% | Viability (MTS) | 30% increase (Car'z'%'&e)’t al,
|C50 24 nM >
72h 22 nM, 0.35 uM
o - 0.33 uM .
PC9, Gefitinib 5 nM-50 — o - (Togashi et
11-18 1uM uM Nr|ncottr|‘r;fgc|;_3 10% Viability (MTT) ICo024 1M > al.. 2015)
tre’atment for 76 nM*, 0.35
72 h UM > 1.09 pM*
Paclitaxel for
24 h, 24 h Proliferation
Paclitaxel 50 nM drug-free, (Colony No effect
nicotine for formation
A549, 1uM 24 10% ) (Kyte et al.,
H460 — 2018)
Nicotine for
Paclitaxel 50 nM 24 h, then 24 Prollferatlpn No effect
h (Cell counting)
cotreatment
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. Apoptosis

Paclitaxel 100 nM 48 h (AV/PI) No effect
. Apoptosis

Paclitaxel 100 nM 48 h (Sub-G1) No effect

Table 6. In vitro effects of nicotine in combination with chemotherapy on lung cancer.
Abbreviations: AV/PI, annexin V/propidium iodide; ELISA, enzyme-linked immunosorbent
assay; h, hours; MTS, (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium); MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; XTT, 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner
salt. *statistically significant, Tstatistical significance not indicated.

Lung . Result
Duration Cellular .
Cancer [Nicotine] | Chemotherapy of Serum . Response (Relative to Reference

Eizra]lé Treatment Concentration (Assay) Chegﬁl?)t:;rapy

. . 0% for 36 h, Apoptosis o " (Dasgupta et

A549 1uM Cisplatin 20 yM 24 h then treated (TUNEL) 40% decrease al., 2011)

10-20% increase (2.5
12-72 h Viability uM),
. . (MTT) 0-50% decrease (5- (Zeng et al.,

H446 2.5-15uM | Cisplatin 10 uM 10% 15 uM)t 2012)

Apoptosis o "
36 h (AV/P) 25-50% decrease
AB49 Cisplatin 20 uM 20-40% decrease’
. Gemcitabine 20 o Apoptosis oo + (Dasgupta et
Hil22939, 1uM uM 36 h 0% (TUNEL) 20-25% decrease al., 2006)
Paclitaxel 20 uM 25-50% decrease’
CBpIaSIr\}I)(S'lOO 50% increase*
previous -
nicotine Etoposide N 50% increase* (Martinez-
(5-100 pM) Viability .

N417 exposure Mitomycin (5-50 48 h 10% (MTT) Garcia et al.,
(500 pM ?J/M) ICs0 10 uM > 20 pM* 2010)
for 7 d) -

Paclitaxel "
(5-100 uM) ICs0 35 uM > 70 uM
— o -
201T | 10pM | Gefitinib 35 uM 48h 10% %EtT"'S't)y 4r% '”:ﬁ)?se (10 (gla”z'%'ggt
Gemcitabine 10 0% for 24 h, Apoptosis o " (Guo etal.,
AS49 1uM uM 36h then treated (TUNEL) 20% decrease 2013)
Paclitaxel o "

H157, 10 uM 100_ nM 48 h 0.1% Apoptosis 8% decrease (Tsurutani et

H1703 Etoposide 100 ' (Sub-G1) o " al., 2005)

uM 15% decrease

Table 7. In vitro effects of nicotine in combination with chemotherapy on lung cancer under
non-physiological conditions and/or with non-pharmacological concentrations of nicotine.
Abbreviations: AV/PI, annexin V/propidium iodide; d, days; h, hours; MTS, (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium); MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; TUNEL, terminal deoxynucleotidy!l
transferase (TdT) dUTP nick-end labeling. *statistically significant, Tstatistical significance not
indicated.
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D. Studies in Tumor-Bearing Animals

As with the cell culture work, studies regarding the effects of nicotine on lung tumor
growth and sensitivity to cancer chemotherapy drugs in tumor-bearing animals vary
greatly in their design, given the use of both human and murine lung tumor xenografts,
carcinogen-induced tumor development, and oncogene-induced spontaneous tumor
formation. Excluding studies of nicotine-exposed lung cancer cell xenografts, where the
cells were treated with nicotine ex vivo before implantation, approximately two-thirds of
the publications show that chronic nicotine administration can significantly increase lung
tumor incidence/recurrence, size, weight, and/or metastasis, as well as Ki-67 and
angiogenic factor expression in vivo (Table 8). One study included the use of 14 mg
NicoDerm® CQ® patches that were cut to represent 0.45 mg or 25 mg/kg nicotine (Davis
et al., 2009). These transdermal patches were applied to the lower dorsal region of female
immunocompetent tumor-bearing mice daily for 2 weeks during tumor growth. Cotinine,
a predominant metabolite of nicotine, was quantified in the urine of these mice (5000
ng/ml) and was shown to be comparable with urine cotinine concentrations in human
smokers (1500-8000 ng/ml). Although this animal model well represents cancer patients
receiving NRT, the dose of nicotine appears to be higher than what would be expected
clinically since non-pregnant women receiving nicotine via a 22 mg patch have been
reported to produce 2240 ng cotinine in their urine (Ogburn et al., 1999). In addition, the
remaining third of the literature has shown that chronic nicotine administration does not
enhance lung tumor incidence, multiplicity, volume, and/or growth (Ki-67+ population) in
mice (Pratesi et al., 1996; Maier et al., 2011; Murphy et al., 2011), as also reported in our

own studies (Kyte et al., 2018; Figures 19 and 20).
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Surprisingly, few studies involving systemic co-administration of nicotine and
cancer chemotherapy have been conducted in vivo. Li et al., (2015) observed significant
increases in PC9 human lung adenocarcinoma tumor volume in BALB/c nude mice
following administration of erlotinib (100 mg/kg, p.o.) for 10 days in combination with 100
pug/ml nicotine in the drinking water or given intravenously (0.6 mg/kg, 5x/week) when
compared to erlotinib alone. In contrast, immune-deficient NSG mice inoculated with
A549 human NSCLC cells displayed no significant interference with paclitaxel-induced
decreases in tumor volume and weight when nicotine was administered at a dose of 24
mg/kg per day for 2 days prior to paclitaxel and for an additional 5 days during the
chemotherapy (Figures 20A and B). The tumors of both the paclitaxel + PBS- and
paclitaxel + nicotine-treated mice were significantly smaller in both volume and weight
when compared to vehicle + PBS-treated mice. The tumors extracted from these mice
underwent immunohistochemical staining for qualitative analysis of cleaved PARP, a
protein that normally participates in DNA repair, but is rendered inactive upon cleavage
by caspases during apoptosis (Los et al., 2002). Similar to the tumor growth outcomes,
tumors from both paclitaxel + PBS- and paclitaxel + nicotine-treated mice exhibited
positive staining for cleaved PARP, whereas vehicle + PBS- and vehicle + nicotine-
treated mice possessed tumors with relatively less cleaved PARP staining (Figure 20C).
Likewise, in the absence of chemotherapy, there was no enhancement in tumor growth

in vehicle + nicotine-treated mice when compared to vehicle + PBS-treated mice.

93



g
5 124 1.5+
S 104 5
g 8 g 1.0
§ 5]
= [
£ ® 2
S 4 S 0.5 * X
& §E == /T
£ 2 - //
(8] /
E 0 T T T T T T 0.0- T IA
BL 2 6 9 12 14 S & ) &
Pac l'—l .Q ‘\,Q O.QQ o’e
Nic p—on— \\3}‘ 57 Q°? QF
Day
-e- Veh-PBS -B- Veh-Nicotine (24 mg/kg/day)
-4 Paclitaxel (10 mg/kg)-PBS  -¥- Pac-Nic
C

Vehicle-PBS Vehicle-Nicotine Paclitaxel-PBS Paclitaxel-Nicotine

. yo e P = " iw c %Y '»'-‘_.:“-.. ’ ) ‘:\-7 “?- oz
_;-Q ;\slgq:"tf‘,y%:“ﬁ 2y oF 3% %K -i.,p_“ X-&(A‘
s M. e g

Lan Aaﬁ Q & L . 5
ao\ﬂs; .{ > R

- & | £4 "s
a € % ? P o AN
.G. : @ " P

Figure 20. Nicotine fails to enhance A549 NSCLC tumor growth or interfere with the antitumor
property of paclitaxel in vivo. NSG mice were injected s.c. with 1.5 x 10 A549 cells in both
flanks. Once tumors formed, subcutaneous osmotic minipumps were implanted on day 0O to
release PBS or 24 mg/kg nicotine daily for a total of 7 days. Paclitaxel treatment consisted of
10 mg/kg i.p. injections daily for 4 days, starting on day 2. A) The left and right flank tumor
volumes (I x w x h) were determined with calipers and compared to the respective baseline
tumor volumes to calculate fold change; the fold change values were averaged for each
mouse. A two-way linear mixed model analysis revealed a significant interaction between time
and treatment [F (15, 168) = 2.094, P = 0.012] and was followed by a Bonferroni post hoc test.
**P = (0.01, **P < 0.001 vs Veh-PBS. n = 7-9 mice per group; one outlier in the Pac-Nic group
on day 14 was removed according to Chauvenet’s criterion. Data are expressed as mean +
SEM. B) Mice were euthanized on day 14, after which tumors were extracted and weighed;
tumor weights were averaged for each mouse. *P < 0.05, **P < 0.01 vs Veh-PBS. n = 6-7 mice
per group. Data are expressed as mean + SEM. C) Immunohistochemical staining for cleaved
PARP, an apoptosis marker, was performed on paraffin-embedded tumor sections; brown
color (arrow) indicates positive staining. Tissues were also stained with hematoxylin and eosin
to better observe cell morphology. Images were taken with an Olympus microscope at 20x
magnification. Representative images of 4 tumors per group are shown. Veh, vehicle; Nic,
nicotine; Pac, paclitaxel.
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As it is common for lung cancer patients to be former and/or current smokers, we
tested whether chronic lung cancer cell exposure to nicotine would influence both tumor
formation and tumor growth in the mouse. Based on our previous unpublished studies,
A549 cells were injected into the flanks of mice as follows: 1.5 x 10 A549 cells, a cell
density known to consistently induce tumor formation within three weeks, and 1.0 x 108
A549 cells, a cell density that produces relatively delayed tumor formation and growth.
Although drug treatment following tumor cell inoculation does not represent nicotine
exposure during carcinogenesis, observing the effect of nicotine on the rate of tumor
establishment in the mouse could be indicative of its role in tumor promotion. Our results
demonstrate that systemic nicotine administration at a dose of 24 mg/kg per day for 28
days does not promote accelerated tumor formation or enhanced tumor growth in mice.
This chronic nicotine regimen did not increase tumor volume or tumor weight when
administered alone or in combination with paclitaxel (Figure 21). In fact, the chronic
nicotine treatment caused a significant decrease in tumor volume and tumor weight in

paclitaxel + nicotine-treated mice compared to paclitaxel-treated mice.
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Figure 21. Chronic nicotine fails to enhance A549 NSCLC tumor growth or interfere with the
antitumor property of paclitaxel in vivo. NSG mice were injected s.c. with 1.5 x 10° or 1 x 10°
A549 cells in both flanks on day 0. On day 1 or 2, mice were implanted with subcutaneous
osmotic minipumps to release PBS or 24 mg/kg nicotine daily for a total of 28 days. Paclitaxel
treatment consisted of 10 mg/kg i.p. injections daily for 4 days, starting on day 27. A) The left
and right flank tumor volumes (I x w x h) were determined with calipers and averaged for each
mouse. The data were analyzed with a two-way linear mixed model analysis, revealing no
significant interaction between time and treatment [F (7, 131) = 0.780, P = 0.605] for the mice
receiving 1.5 x 108 cells/flank. The mice that received 1 x 106 cells/flank exhibited a significant
interaction between treatment and time [F (8, 159) = 2.184, P = 0.031] and a Bonferroni post
hoc analysis revealed a significant difference between PBS + Pac and Nic + Pac (P < 0.001).
n = 9-10 mice per group. Data are expressed as mean + SEM. B) Mice were euthanized on
either day 43 or 51, after which tumors were extracted and weighed; tumor weights were
averaged for each mouse. *P <0.05 vs PBS + Pac. n = 8-9 mice per group. Data are expressed
as mean + SEM. n.s, not significant; Nic, nicotine; Pac, paclitaxel.

A possible explanation for the incongruent outcomes in the literature regarding the
role of nicotine in cancer relates to differences in the route and duration of nicotine
administration. Studies have been reported where nicotine was administered via
subcutaneous, intraperitoneal, and intravenous injections, as well as subcutaneous
minipump infusions, intake via drinking water, and transdermal absorption via nicotine
patches, with all lasting anywhere from 6 days to 46 weeks. While osmotic minipumps
allow for steady-state plasma levels of nicotine similar to those achieved in humans either

between cigarettes or during NRT (Matta et al., 2007), only a few publications utilized this
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technology; another group used a transdermal patch, which releases nicotine in a similar
manner as the subcutaneous pump (Davis et al., 2009). Approximately half of the studies
were performed with nicotine being ingested via the drinking water, which achieves a
similar effect as the minipump, with relatively stable plasma concentrations of nicotine
when compared to intermittent injections (Rowell et al., 1983).

The route of administration could play a role in how the nAChRs are responding
to nicotine over time. For example, chronic exposure of nAChRs to nicotine via a
subcutaneous minipump or via drinking water could cause prolonged desensitization of
NAChRSs, which has been shown to occur in neuroblastoma cells chronically treated with
nicotine (Sokolova et al., 2005). On the other hand, Sokolova et al., (2005) also showed
that acute exposure to nicotine could produce nAChR activation, followed by rapid
desensitization and/or reduced responsiveness. After washout and repeat exposure to
nicotine, the nAChRs recover sensitivity to nicotine; this response could be occurring
during intermittent injections of nicotine. Therefore, it is possible that the duration of tumor
exposure to nicotine, which can be influenced by the route of administration, could be
contributing to the induction or inhibition of NAChR-mediated signaling.

However, unless the plasma concentration of nicotine is monitored over time, it is
difficult to determine how much nicotine the mice are receiving systemically. AlSharari et
al., (2013) determined the plasma concentration of nicotine following various dosing
regimens in C57BL/6J mice: 0.5-2 mg/kg s.c. twice daily for 10 days (51-163 ng/ml or
314-1,005 nM), 2.5-25 mg/kg/day s.c. via 14-day minipump (13-97 ng/ml or 80-598 nM),
and 25-100 ug/ml p.o. for 10 days (18-27.5 ng/ml or 111-170 nM). Although direct

comparisons cannot be made between animals and humans, this study demonstrates
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that the nicotine concentrations being achieved via subcutaneous or oral administration

in mice, the predominant animal model for cancer and CIPN studies, are similar to that of

circulating nicotine levels in humans using NRT and are expected to be predictive of

patient response.

Luna Cancer Nicotine Dose, Duration Tumor Result
I\G/JIodeI Mouse Strain Route of of Measurement (Relative to Reference
Administration | Treatment Control)
20 or 200
ug/day, s.c. (Pratesi et al.,
N592 Nude (osmotic 14d Volume No effect 1996)
minipump)
N417 Volume 100% increase™ ) .
(nicotine- Nude ) ) (Martinez-Garcia
treated, 500 Growth (Ki-67+) 30% increase etal.,, 2010)
UM for 7 d)
24 mg/kg/day, Volume 250% increase®
DMS-53 Nude s.c. (osmotic im - o . (Imprzooglos)et al.,
minipump) Weight 380% increase
Volume 20% increase
A549 Nude, 200 pg/mlin 38d Growth (Ki-67+) 300% increase* (Jarzynka et al.,
ovariectomized | drinking water Microvascular ) 2006)
densi 80% increase
ensity
Volume No effect
75% increase
60 ug, s.c., . . (Warren et al.,
H460 Foxn1™ 6 or28d Angiogenesis (acute),
every other day (HIF-1a) 1300% increase 2012)
(chronic)*
i.p., every other Size o * -
A549 SCID-Beige day (dose not 7w (Luminescence) 120% increase (PIIIZ%IleSt)aI.’
indicated) Lung Metastasis 75% increase’
A549 Nude BALB/ T UM 20d Volume 88% increase Liu et al., 2015
ude ¢ drinking water Weight 185% increase* (Huetal, )
A549
(nicotine- ) ) Angiogenesis . % .
treated, 5 Nude BALB/c (Hemoglobin) 170% increase (Shi et al., 2015)
pM)
24% and 39%
. Nicotine for increase for i.v.
0.6 mg/kg, i.v., 18 d and p.o.,
PC9 BALB/cAJcl- water, then Volume Zig(?:g’aasr;dfsﬂo\jﬁ’ (HLietal,
nu/nu combination L - " 2015)
i ini Nicotine + Nic + ER and p.o.
with erlotinib T .
Erlotinib for Nic + ER,
(200 mg/kg, .
p.0) 10d respectively,
e compared to ER
alone*
. Volume 225% increase®
g‘flwgékp" Tumor Recurrence |  200% increase*
Linel BALB/c 2w Lung Metastasis 700% increase® (Da\zlz)sogt al.,
25 mg/kg/day Volume 65% increase* )
via transdermal ) ) N
patch Lung Metastasis 230% increase
100 pg/ml in . " (Heeschen et al.,
LLC C57BL/6J drinking water 16d Volume 100% increase 2001)
100 pg/mlin . % (Nakada et al.,
LLC C57BL/6 drinking water 14d Volume 75% increase 2012)
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24 mg/kg/day,
LLC C57BL/6J s.c. (osmotic 7d Volume No effect (Kyztgleg)al.,
minipump)
) 1 mglkg, i.p., Area 135% increase’ (Davis et al.,
NNK, i.p. Ald 4w -
P 3x/week Lung Metastasis 60% increase® 2009)
Multiplicity No effect
NNK. i Ab6F1 (A/J x 100 pg/mlin 12w Volume No effect (Maier et al.,
o LP- C57BL/6J) drinking water Incidence 35% increase 2011)
Growth (Ki-67+) No effect
200 pg/mlin | 2, 44, or 46 Volume No effect (Murphy et al
. pg/mlin , 44, or —— urphy et al.,
NNK, i.p. Ald drinking water W Mul.tlpllmty No effect 2011)
Incidence No effect
i Incidence 125% increase*
NNK, i.p. Al %mg/kg, i.p., 10 w 0. (Iskandar et al.,
X per week Volume 80% increase* 2013)
Spontaneous KrastA2/+ 100 pg/ml in 6w Multiplicity No effect (Maier et al.,
tumor C57BL/6J drinking water Growth (Ki-67+) No effect 2011)

Table 8. In vivo effects of nicotine on lung cancer. Abbreviations: d, days; HIF-1a, hypoxia-
inducible factor 1-alpha; i.p., intraperitoneal; i.v., intravenous; LLC, Lewis lung carcinoma; m,
months; NNK, nicotine-derived nitrosamine ketone; p.o., oral; s.c., subcutaneous; w, weeks.
*statistically significant, Tstatistical significance not indicated.

E. The Complexity of the Problem

It is challenging to determine which specific experimental factors and/or properties
of nicotine are responsible for the contradictory observations in the literature. One
possibility worthy of consideration involves the initial transient response to nicotine,
including the phosphorylation of Akt, a key player in proliferative and anti-apoptotic
pathways. Jin et al., (2004) demonstrated a peak of Akt phosphorylation at 30-60 minutes
post-nicotine (1 uM) treatment in A549 NSCLC cells that returns to baseline levels at 120
minutes, which we have also observed under similar conditions (Figure 22A). Depending
on the time of observation post-nicotine treatment, it is possible that activation of the
PI3K/Akt pathway is contributing to a temporary enhancement of proliferation, which
dissipates even in the presence of nicotine (Figure 22B). In addition, chronic nicotine
treatment may be inducing prolonged alterations in NAChR expression. For example,

exposure to 100 nM to 10 uM nicotine for 96 hours leads to a significant upregulation of
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a7 nAChR expression in H520 small cell lung cancer cells (Brown et al., 2013). Yet it
appears that this increased receptor expression does not persist in the absence of
nicotine. Studies in human bronchial epithelial cells revealed that 100 nM nicotine
significantly increases the expression of genes that encode nAChR subunits, including
CHRNA1, CHRNAS5, and CHRNA7 within 72 hours but, following removal of nicotine, the
expression levels return to baseline at 144 hours (Lam et al., 2007). This observation
raises the question of how quickly we might expect to observe similar changes in nAChR
expression in the lung tumors of cancer patients, as well as how the initial NnAChR
expression profile differs from patient to patient and possibly determines nicotine’s

predominant effect.

A549 H460 A549

RCBHnE LM Nicotine (1 pH) 48h
Control |h I5h Control  1h I.5h Old New

: Nic  Nic
N s e p-Akt — p-Akt Control | yM | uM

Akt - . Akt —— - Akt
-

W s e GAPDH .- GAPDH Wa—ems GAPDH

Figure 22. Nicotine induces phosphorylation of Akt at 1 to 1.5 hours post-treatment in NSCLC
cell lines. A) A549 and H460 cells were either untreated (control) or exposed to 1 uM nicotine
for either 1 or 1.5 hours, at which time cells were collected and lysed for protein isolation.
Western blots were run to determine the expression of phosphorylated and total Akt protein.
GAPDH was used as a loading control. B) A549 cells were either untreated (control) or treated
with frozen (old) or freshly prepared (new) 1 uM nicotine for 48 hours, after which cells were
collected and lysed for protein isolation. A western blot was run to determine the expression
of phosphorylated Akt. GAPDH was used as a loading control.
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There is also evidence that nicotine can induce both p53 and p2l1 tumor
suppressor proteins, which could be responsible for the lack of enhanced proliferation
reported by some research groups. It has previously been shown that nicotine can induce
p53 and p21 at concentrations ranging from 1 nM to 1 pM in A549 NSCLC cells
(Puliyappadamba et al., 2010). Both of these proteins are induced when the cell is
undergoing stress, including the presence of reactive oxygen species, which has been
observed in HT-29 colon cancer cells following treatment with 100 nM nicotine (Pelissier-
Rota et al., 2015). The cellular response to stress involves upregulation of p21, which
inhibits the cyclins that normally allow for retinoblastoma protein (Rb) phosphorylation
and subsequent E2F transcription factor-mediated initiation of DNA synthesis and
progression through the cell cycle (Giacinti and Giordano, 2006). Conversely, it has been
observed that nicotine can activate E2F via the nAChR-B-arrestin-Src-Raf-Rb pathway
[see review by (Schaal and Chellappan, 2014)]. In preliminary studies, we have observed
that 24-hour exposure to nicotine (1 uM) does not alter p53 expression but reduces both
p21 and Rb levels when compared to untreated cells, indicating that enhanced DNA
synthesis may be occurring (Figure 23). However, as with Akt phosphorylation, this
response may be time-dependent and transient. If the p21-mediated anti-proliferative
pathway is being stimulated by nicotine shortly after application, then any proliferative
signaling induced downstream of the nAChRs could be offset, resulting in little or no

stimulation of tumor cell growth.
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A549 Figure 23. Nicotine reduces p21 expression
in A549 NSCLC cells at 24 hours post-

24h post-treatment treatment. A549 cells were either untreated

IR Nic IR+ Pac Pac Pac Pac (control), irradiated (8 Gy), irradiated and
Con 8Gy I uM Nic 50nM50+N 100 100+N treated with nicotine (1 uM), or exposed to
—_— - - == Rb nicotine (1 uM), paclitaxel (50-100 nM), or the

combination for 24 hours, at which time cells
B o S v B S - D53 were collected and lysed for protein isolation.
e o e - p21 A western blot was run to determine the
expression of Rb, p53, and p21. GAPDH was
s b G ap-ess ea-eemee O ADDH Used as a loading control. Con, control; IR,
radiation; Nic/N, nicotine; Pac, paclitaxel.

Another possibility is that the nicotine-mediated activation of the pro-survival and
anti-apoptotic nAChR downstream signaling is counterbalanced by inhibition of this same
signaling downstream of the a9 nAChR. It has been known for decades that nicotine can
act as an antagonist at the a9 nAChR, as shown by Elgoyhen et al., (1994), where a9
NAChR-expressing Xenopus oocytes were exposed to increasing concentrations of
nicotine in the presence of acetylcholine (ACh), which led to a dose-dependent decrease
in ACh-evoked currents. It has also been shown in MDA-MB 231 metastatic breast cancer
cells that CRISPR-Cas9 knockout of a9 nAChR expression leads to a significant decrease
in both migration and invasion of these cells (Huang et al., 2017). Therefore, the nAChR
subtype expression profile in different lung cancer cell lines may play a role in the varying

outcomes following nicotine exposure.

F. Conclusions
Although the findings pertaining to the effects of nicotine alone on lung tumor cells
in culture are somewhat inconclusive, the evidence supporting nicotine-induced

chemoresistance in vitro is relatively strong. However, additional studies with nicotine in
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the low nanomolar range in combination with cancer chemotherapy would provide much-
needed clarity. Furthermore, there is a deficiency of data relating to the interaction of
nicotine with cancer chemotherapeutic agents in vivo. Despite our observations that
nicotine does not interfere with the antitumor properties of paclitaxel in tumor-bearing
mice, our analysis of the literature suggests that nicotine could be tested safely in patients
exhibiting CIPN who have completed chemotherapy and are cancer-free by using FDA-
approved commercially available nicotine patches or gum, thereby eliminating the
concern for tumor growth promotion or interference with the effectiveness of
chemotherapy. Finally, it should be noted that human studies have reported nicotine

replacement therapy as not being a significant predictor of cancer (Murray et al., 2009).
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CHAPTER FOUR

The Effect of a7 nAChR Agonists R-47 and PNU-282987 on Lung Cancer

Disclosure #1: The behavioral data discussed in this chapter were generated in

the laboratory of Dr. M. Imad Damaj, primarily by Dr. Wisam B. Toma.

A. Introduction

Previous work in the Damaj laboratory has shown that nicotine fails to reverse
paclitaxel-induced mechanical allodynia in the presence of MLA, an a7 nAChR
antagonist, suggesting that the a7 nAChR is involved in this antinociceptive property of
nicotine (Figure 13B). In order to target this NnAChR subtype, R-47, an a7 nAChR silent
agonist, was tested in our mouse model of paclitaxel-induced neuropathy, which was
established and described by Toma et al., (2017). Briefly, C57BL/6J male mice received
intraperitoneal injections of 8 mg/kg paclitaxel every other day for a total of 4 injections.
At 7-14 days post-initial paclitaxel injection, R-47 (1-10 mg/kg, p.o.) dose-dependently
reversed paclitaxel-induced mechanical allodynia with peak mechanical threshold
increases at 180 minutes post-administration and full reversal with the 10 mg/kg dose;
mechanical threshold values returned to baseline at 480 minutes post-administration
(data not shown). With regard to prevention of CIPN, 10 mg/kg of R-47 was administered
orally twice daily for 10 days, starting 72 hours prior to paclitaxel treatment. Mice that

received both paclitaxel and R-47 exhibited a significantly greater mechanical threshold
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than the paclitaxel-treated mice, with values that were equal to those of vehicle-treated
mice for up to 35 days; R-47 alone did not have an effect on mechanical threshold in
vehicle-treated mice (data not shown). In accordance with the behavioral observations,
the 10-day R-47 treatment also prevented the loss of intra-epidermal nerve fibers in the
hind paws of paclitaxel-treated mice (data not shown). These results suggest that R-47
pretreatment and coadministration with paclitaxel prevents the development of CIPN in
mice.

R-47 is a silent agonist with high affinity for the a7 nAChR subtype (Clark et al.,
2014). The drug binds to a unique site that overlaps with the orthosteric binding site, in
this case located on the extracellular surface between two subunits of the nAChR (Papke
et al., 2017). When a full agonist such as nicotine binds to the receptor, the ion channel
opens to allow for an inward current. However, binding of a silent agonist results in rapid
closure of the ion channel and the formation of a non-conducting state, resulting in
desensitization of the receptor (Van Maanen et al., 2015). It is thought that the silent
agonist can cause an initial conformational change of the a7 nAChR to induce
downstream signaling pathways via JAK-2 autophosphorylation and subsequent JAK-2-
mediated phosphorylation of STAT and PI3K, as observed with other a7 nAChR agonists
(Shaw et al., 2002; Marrero et al., 2011); yet, the full mechanism of action of R-47 is
currently unknown.

As opposed to nicotine, a silent agonist specific for the a7 nAChR subtype may be
a better alternative for treating CIPN for a myriad of reasons. First, although nicotine gum
and transdermal patches are FDA-approved and commercially available, there is concern

for its abuse liability, especially if nicotine must be chronically administered to alleviate
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the neuropathic pain of cancer patients. We predict that this would not be the case in the
preventive application of nicotine, since our animal model of CIPN indicates that short-
term administration of nicotine prior to and during chemotherapy would prevent the
development of CIPN (Figure 12B). In contrast, R-47 binds with high affinity to the a7
NAChR (Ki = 6.9 nM) rather than the a42 nAChR (Ki = 100,000 nM) (Van Maanen et al.,
2015), which is the predominant nAChR subtype involved in the addictive property of
nicotine (Rollema et al., 2007). In addition, R-47 binds primarily in the periphery, with
brain-to-plasma ratios < 0.06 at 5-30 minutes after intravenous administration in mice
(Clark et al., 2014). These characteristics of R-47 suggest that the drug could be
administered chronically to relieve CIPN symptoms, with little to no risk of addiction. This
prediction is supported by observations in the conditioned place preference test, where
R-47 was found to significantly increase preference score in paclitaxel-treated mice, but
not in vehicle-treated mice (data not shown). Lastly, the specificity of R-47 decreases the
possibility of minor adverse events, as reported with nicotine patch use, which can induce
nausea and respiratory symptoms (Greenland et al., 1998). However, further testing of

R-47 is required to ensure its safe use in the clinic.

B. Materials and Methods

Animals. Adult male NOD scid gamma (NSG) mice (8 weeks at the beginning of
experiments, 20-30 g) were received as a gift from Dr. J. Chuck Harrell at Virginia
Commonwealth University. Mice were housed in an AAALAC-accredited facility in groups
of five; the mice in each cage were randomly allocated to different treatment groups. Food

and water were available ad libitum. Experiments were performed during the light cycle
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(7:00 am to 7:00 pm) and were approved by the Institutional Animal Care and Use
Committee of Virginia Commonwealth University and followed the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals. Mice were euthanized via

COz2 asphyxiation followed by cervical dislocation.

Drugs. Paclitaxel was purchased from the VCU Health Pharmacy (NDC# 0703-4768-01,
TEVA Pharmaceuticals, North Wales, PA) and diluted in a mixture of 1:1:18 [1 volume
ethanol/l1 volume Emulphor-620 (Rhone-Poulenc, Inc., Princeton, NJ)/18 volumes
distilled water]. Paclitaxel injections of 10 mg/kg were administered intraperitoneally (i.p.)
every day for a total of four injections; the injection site was swabbed with 70% ethanol
prior to injection. R-47, also known as PMP-072, was provided by the laboratory of
Ganeshsingh Thakur at Northeastern University and dissolved in distilled water. R-47 was
administered chronically at a dose of 10 mg/kg twice daily (one dose in the morning and
one dose in the afternoon) via oral gavage for three days, then once daily in the morning
followed by a 3-hour rest before a paclitaxel/vehicle injection for 4 days. These paclitaxel
and R-47 regimens were chosen based on previous unpublished studies that
demonstrated which dose, duration of exposure, and route of administration for each drug
effectively arrested tumor growth or prevented paclitaxel-induced peripheral neuropathy,
respectively, but were not toxic to the animal (Supplementary Fig. 14 in Appendix 2C;
data not shown). Because our laboratories had not previously used the oral gavage
method to deliver drugs in NSG mice, unexpected weight loss was observed
(Supplementary Fig. 15 in Appendix 2D), which led to administration of R-47 once a

day during paclitaxel treatment as opposed to twice daily, as was used in the behavioral
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studies. All i.p. injections and oral gavages were given in a volume of 1 ml/100 g body

weight.

Cell culture. A549 and H460 NSCLC cells were maintained in DMEM supplemented with
10% (v/v) fetal bovine serum (FBS, Serum Source International, FB22-500HI, NC, USA)
and 1% (v/v) combination of 10,000 U/ml penicillin and 10,000 pg/ml streptomycin
(Pen/Strep, ThermoFisher Scientific, 15140-122, Carlsbad, CA), unless stated otherwise.
Cells were incubated at 37°C under a humidified, 5% CO2 atmosphere. The A549 and
H460 cell lines were generously provided by the laboratories of Dr. Charles Chalfant and

Dr. Richard Moran at VCU, respectively.

Paclitaxel was dissolved in DMSO, diluted with sterile PBS, and added to the medium in
order to obtain the desired concentration. Cells were not exposed to greater than 0.1%
DMSO in any experiment. R-47 and PNU-282987 (RTI International, Durham, NC) were
dissolved in sterile PBS. All experiments involving these light-sensitive drugs were

performed in the dark.

Assessment of cell viability. Cell viability was measured by either the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)/3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) colorimetric assay
or trypan blue exclusion. For the dose-response MTT/MTS assay, cells were seeded in
96-well plates and treated with various concentrations of R-47 or PNU-282987 for 24

hours, at which time the drug was removed and replaced with fresh medium, then the
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cells were allowed 48-72 hours to proliferate following drug exposure. For the serum
deprivation study, cells were seeded in DMEM (10% FBS) for 24 hours, then the medium
was removed and replaced with DMEM supplemented with various concentrations of FBS
(0-10%) with or without R-47 (1 uM); cell viability was assessed at 48 hours post-
treatment without drug removal. On the day of testing, the medium was removed and cells
were washed with PBS and stained with thiazolyl blue tetrazolium bromide (MTT, 2
mg/ml; Sigma-Aldrich, M2128, St. Louis, MO) in PBS for 3 hours. The MTT solution was
then aspirated and replaced with DMSO. The color change was measured by a
spectrophotometer (ELx800UV, BioTek, VT) at 490 nm. To avoid potentially aspirating
cells, the CellTiter 96® Aqueous One Solution Cell Proliferation Assay (MTS; Promega,
G358C, Madison, WI) was utilized for the less adherent A549 cell line; the use of MTS

rather than MTT eliminates washing steps before and after staining.

For trypan blue exclusion, cells were incubated with trypsin (0.25% trypsin-EDTA) for 3
minutes, stained with trypan blue (Invitrogen, 15250, Carlsbad, CA), and the viable,

unstained cells were counted using a hemocytometer with bright-field microscopy.

Assessment of colony formation. Cells were seeded at a low density in DMEM (10%
FBS). After 24 hours, the paclitaxel and paclitaxel + R-47 samples were exposed to
paclitaxel (50 nM) for 24 hours, after which the medium was replaced with fresh, drug-
free medium. After 24 hours, the R-47 and paclitaxel + R-47 samples were exposed to R-
47 (1 uM) for 24 hours, after which the medium was replaced with fresh, drug-free

medium. For the dose-response studies, cells were treated with various concentrations
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of R-47 or PNU-282987 for 72 hours, then the medium was replaced with fresh, drug-free
medium. Once the control colonies reached a size of 50 cells per colony (approximately
8-10 days after seeding), the samples were fixed with methanol, stained with crystal

violet, and quantified (ColCount, Discovery Technologies International).

Assessment of apoptosis and DNA content. Flow cytometry analyses were performed
using BD FACSCanto Il (BD Biosciences, San Jose, CA) and BD FACSDiva software at
the Virginia Commonwealth University Flow Cytometry Core facility. For all studies,
10,000 cells per replicate within the gated region were analyzed. When collecting
samples, both adherent and floating cells were harvested with 0.1% trypsin-EDTA and
neutralized with medium after 48 hours of drug exposure. For quantification of apoptosis,
cells were centrifuged and washed with PBS, then resuspended in 100 pl of 1x binding
buffer with 5 pl of Annexin V and 5 pl of propidium iodide (BD Biosciences, FITC Annexin
V Apoptosis Detection Kit, 556547, San Jose, CA). The samples were then incubated at
room temperature while protected from light for 15 minutes. The suspension solution was
then brought up to 500 pl using the 1x binding buffer and analyzed by flow cytometry. For
guantification of DNA content, the cells were resuspended in 500 pl of a propidium iodide
(PI) solution (50 pg/ml PI, 4 mM sodium citrate, 0.2 mg/ml DNase-free RNase A, and
0.1% Triton-X 100) for 1 hour at room temperature, while being protected from light (Tate
et al., 1983). Before flow cytometry analysis, NaCl was added to the cell suspensions to

achieve a final concentration of 0.20 M.
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Assessment of tumor growth in vivo. Male adult NSG mice were subcutaneously
injected with 1.5 x 108 A549 NSCLC cells in both flanks. The A549 cells were collected
via trypsinization, then neutralized with medium, centrifuged, and washed with PBS.
Pellets of 1.5 x 10% A549 cells were then resuspended in 30 ul of 80% basement
membrane extract (Trevigen, 3632-010-02, Gaithersburg, MD)/20% PBS. Mice were
anesthetized with isoflurane (2% isoflurane/98% oxygen) via inhalation during tumor cell
inoculation; the injection site was swabbed with 70% ethanol prior to injection. Palpable
tumors formed at approximately 20 days post-tumor cell inoculation, after which tumor
volumes (I x w x h) were assessed with calipers every 2 to 3 days. Body weight and tumor
volume were observed until humane endpoints were reached (tumor volume exceeds 1
cm?), at which time mice were euthanized via CO2 asphyxiation followed by cervical

dislocation. Tumors were then extracted and preserved in 10% formalin.

Immunohistochemistry. Formalin-fixed tumors were embedded in paraffin and
sectioned (5 um thickness) for immunostaining of cleaved PARP. Tissue sections were
deparaffinized, rehydrated, and quenched of endogenous peroxidase activity. After
blocking with 1.5% goat serum for 1 hour, the tissues were incubated with the primary
antibody (PARP cleavage site 214/215, Invitrogen, 1:100 dilution) for 1 hour at room
temperature in a humidified chamber. The tissues were then incubated with a biotinylated
secondary antibody (peroxidase anti-rabbit IgG, Vector Laboratories, 1:200 dilution) for
an hour at room temperature in a humidified chamber. Immunostaining was completed
with a Vectastain Avidin-Biotin Complex (ABC) kit (Vector Laboratories, Burlingame, CA)

and the Pierce 3,3'-diaminobenzidine (DAB) horseradish peroxidase (HRP) substrate kit
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(Thermo Scientific, Rockford, IL) according to the manufacturer's recommendation. The
tissues were subsequently stained with hematoxylin and eosin (Vector Laboratories,
Burlingame, CA) and mounted. Images were taken with an inverted microscope

(Olympus, Tokyo, Japan) under bright field at 20x magnification.

Statistical analyses. A power analysis calculation was performed with the Lamorte's
Power Calculator (Boston University Research Compliance) to determine the sample size
of animals for each group (Charan and Kantharia, 2013). For assessing tumor volume,
the calculations showed that an n of 9 was required to achieve a power of 90% with an
alpha error of 0.05. Therefore, we began each study with 9 mice per group; one mouse
died shortly after a paclitaxel injection on the second day of the chemotherapy regimen.
The data were analyzed with GraphPad Prism software, version 6 (GraphPad Software,
Inc., La Jolla, CA) and are expressed as mean = SEM. One- and two-way analysis of
variance (ANOVA) tests were conducted and followed by the Bonferroni post hoc test;
student’s t-tests were performed to analyze tumor weight. Differences were determined

to be significant at P < 0.05.

C. Results

A dose-response MTT/MTS cell viability assay was initially performed with R-47 to
determine if concentrations above the drug’s ICso value of 19 nM (determined by a rat
PC12 fluorescently labeled a-bungarotoxin binding assay) would affect viable non-small
cell lung cancer (NSCLC) number (Clark et al., 2014); the concentration of R-47 to elicit

a half maximal response is considered to be an ICso because a silent agonist possesses
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a reduced efficacy when compared to a full agonist, such as acetylcholine, and can
prevent that full agonist from binding due to their overlapping binding sites (Papke et al.,
2017). The MTT/MTS assay revealed that R-47 (0.1-10 yM) does not significantly
increase A549 and H460 NSCLC viable cell number 72 hours following 24-hour exposure
(Figure 24). In the subsequent experiments, 1 uyM R-47 was further tested with the
assumption that plasma concentrations orders of magnitude higher than the 1Cso may be
required to produce antinociceptive and neuroprotective effects in the clinic since R-47
has not yet been tested in humans. Similar to the observations made with nicotine, 1 yM
R-47 did not affect viable cell number under serum starvation and deprivation (0-5% FBS)
conditions, which are typically used to synchronize the cell cycle and observe
homogenous growth (Figure 25). As for the effect of R-47 over time, treatment with 1 uM
R-47 under full serum for 48 hours did not cause an increase in A549 or H460 viable cell
number according to trypan blue exclusion for up to 7 days post-treatment when
compared to untreated cells (Figure 26).

If R-47 is to be administered in conjunction with chemotherapy, it must also be
tested whether R-47 will influence the antitumor activity of paclitaxel. When observing
viable cell number over time, R-47 (1 uM) pretreatment and subsequent co-treatment with
paclitaxel (50 nM) did not interfere with the significant reduction in viable A549 or H460
cell number induced by paclitaxel alone (Figure 26). This effect of paclitaxel is due in part
by growth arrest in the G2/M phase of the cell cycle (Jordan et al., 1996). Similar to the
growth profile observed in Figure 26, the NSCLC cells co-treated with paclitaxel and R-

47 exhibit a significant increase in G2/M-arrested cells as seen with paclitaxel alone when
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compared to control; also, all cell cycle phase populations for the paclitaxel and paclitaxel

+ R-47 groups are not significantly different from one another (Figure 27).
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Figure 24. R-47 fails to significantly increase A549 and H460 NSCLC viable cell number. A549
(left) and H460 (right) cells were treated with various concentrations of R-47 for 24 hours, then
allowed to grow for 72 hours before viability was assessed with the MTT or MTS assay. Data
are expressed as the mean + SEM of three independent experiments.
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Figure 25. R-47 does not increase NSCLC viable cell numbers under serum starvation or
deprivation. A549 (left) and H460 (right) cells were treated with R-47 (1 yM) for 48 hours in
DMEM supplemented with various concentrations of FBS. Viability was determined with an
MTT or MTS colorimetric assay. Data are expressed as the mean + SEM of three independent
experiments.
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Figure 26. R-47 fails to stimulate NSCLC cell proliferation alone or interfere with paclitaxel-
induced growth inhibition of NSCLC cells. The “start” time point represents the initial number
of A549 cells (left) or H460 cells (right) after seeding. A 24-hour R-47 pretreatment period
occurred from Start to Day O for the R-47 and Pac + R-47 conditions, then all subsequent
treatments lasted 24 hours; no drugs were present after Day 1. The number of viable cells was
determined via trypan blue exclusion. **P < 0.001, ****P < 0.0001 vs control. Data are
expressed as the mean £ SEM of three independent experiments.
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Figure 27. R-47 does not interfere with paclitaxel-induced G2/M arrest of NSCLC cells. A549
(left) or H460 (right) cells were treated with R-47, paclitaxel, or the combination for 48 hours.
Cell cycle analysis was determined by propidium iodide staining and subsequent flow
cytometry analysis. *P < 0.05, *P < 0.01, **P < 0.001, ****P < 0.0001 vs control. Data are
expressed as the mean = SEM of three independent experiments. n.s., not significant.
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Similar to the MTT/MTS viability assay, 24-hour treatment with 1 yM R-47 did not
significantly increase the number of A549 or H460 colonies when compared to control
(Figure 28). In order to consider the use of R-47 after cancer chemotherapy has been
completed, A549 and H460 cells were also exposed to paclitaxel (50 nM) for 24 hours,
followed by a 24-hour drug-free period, and subsequent exposure to R-47 (1 uM) for 24
hours. This post-paclitaxel treatment with R-47 did not increase NSCLC colony number
when compared to paclitaxel alone (Figure 28B).

The predominant antitumor mechanism of paclitaxel is to induce growth arrest and
subsequent programmed cell death, also known as apoptosis (Jordan et al., 1996).
Therefore, A549 and H460 cells were co-treated with paclitaxel (100 nM) and R-47 (1 uM)
for 48 hours, after which Annexin V/Propidium lodide (AV/PI) staining was used to label
and quantify the early and late apoptotic populations (AV+/Pl- and AV+/Pl+, respectively)
via flow cytometry. R-47 did not induce apoptosis alone, nor did it significantly decrease
paclitaxel-induced apoptosis (Figure 29A). PI staining was also performed to label the
DNA of A549 and H460 cells after 48-hour treatment with R-47, paclitaxel, or paclitaxel +
R-47. Flow cytometry analysis allowed for the quantification of fragmented DNA within
the sub-G1 phase of the cell cycle, which is a result of late-stage apoptosis. As expected,
paclitaxel significantly increased sub-G1 DNA content when compared to untreated cells,
and this effect was not attenuated by the R-47 + paclitaxel combination treatment (Figure
28B). These results suggest that the antitumor activity of paclitaxel is not affected by R-

47 (1 pM).
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Figure 28. R-47 fails to stimulate NSCLC colony formation alone or following paclitaxel
treatment. A) A549 (left) and H460 (right) cells were treated with various concentrations of R-
47 for 72 hr. B) For the single drug treatment conditions, A549 (left) and H460 (right) cells were
exposed to R-47 (1 uM) or paclitaxel (50 nM) for 24 hr. For the combination treatment, cells
were first exposed to paclitaxel for 24 hr, followed by a 24-hr drug-free period, then treatment
with R-47 for 24 hr. Colony number was determined by crystal violet staining. One-way
ANOVAs were performed, followed by the Bonferroni post hoc test. ****P < 0.0001 vs control;
n.s., not significant. Data are expressed as the mean + SEM of three independent experiments.
Pac, paclitaxel.
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Figure 29. R-47 fails to interfere with paclitaxel-induced apoptosis (A) and sub-G1 DNA
content (B) of NSCLC cells. A549 and H460 cells were treated with R-47 (1 yM), paclitaxel
(100 nM), or the combination of paclitaxel and R-47 for 48 h. Quantification of apoptotic cells
and sub-G1 DNA content was determined by the Annexin V/PI assay and propidium iodide
staining, respectively, followed by flow cytometry analysis. ****P < 0.0001 vs control; n.s., not
significant. Data are expressed as mean + SEM of three independent experiments.

In order to test whether these in vitro findings translate to an animal cancer model,
A549 NSCLC cells were subcutaneously injected into the flanks of male, immunodeficient
NSG mice. Once the tumors were established, mice were given R-47 (10 mg/kg, p.o.)

twice daily for 3 days, then once daily in combination with paclitaxel (10 mg/kg, i.p.) for 4
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days. Tumor volume was determined over time with calipers and tumors were weighed
following extraction 17 days after treatment began. The paclitaxel regimen significantly
decreased tumor volume when compared to vehicle-treated mice (Figure 30A). Most
importantly, R-47 did not increase tumor volume either alone or in combination with
paclitaxel when compared to vehicle- and paclitaxel-treated mice, respectively. The tumor
weights followed the same trend, with R-47 having no significant effect alone or when
administered with paclitaxel (Figure 30B). The extracted tumors were qualitatively
assessed for cleaved PARP, a DNA-repair protein inactivated by caspases during
apoptosis (Los et al., 2002). Tumors from both paclitaxel + water- and paclitaxel + R-47-
treated mice demonstrated positive staining for cleaved PARP, whereas the tumors of
vehicle + water- and vehicle + R-47-treated mice presented relatively less cleaved PARP
(Figure 30C). The in vivo data suggest that R-47 will most likely not affect lung tumor
growth when administered prior to and during cancer chemotherapy for the purposes of

preventing chemotherapy-induced peripheral neuropathy.
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Figure 30. R-47 does not enhance A549 NSCLC tumor growth alone or in combination with
paclitaxel in NSG mice. Mice were subcutaneously injected with 1.5 x 108 cells in each flank.
Once tumors became palpable, mice were given R-47 (10 mg/kg, p.o.) twice daily for 3 days
starting on day 1, then once daily in combination with paclitaxel (10 mg/kg, i.p.) for 4 days
starting on day 4. A) The left and right flank tumor volumes (I X w x h) were determined with
calipers and values were averaged for each mouse. A linear mixed model analysis followed
by a Bonferroni post hoc test revealed significant differences. *P < 0.05, ***P < 0.001 vs Veh-
Water. n = 8-9 mice per group. Data are expressed as mean + SEM. B) Mice were euthanized
on day 17, after which tumors were extracted and weighed; tumor weights were averaged for
each mouse. Student’s t-tests were performed. *P < 0.05, **P < 0.01 vs Veh-Water. n = 8-9
mice per group. Data are expressed as mean + SEM. C) Immunohistochemical staining for
cleaved PARP, an apoptosis marker, was performed on paraffin-embedded tumor sections;
brown color (arrow) indicates positive staining. Tissues were also stained with hematoxylin
and eosin to better observe cell morphology. Images were taken with an Olympus microscope
at 20x magnification. Representative images of 4 tumors per group are shown. Veh, vehicle;
Pac, paclitaxel.
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Since the a7 nAChR is thought to be the main subtype involved in nicotine-
mediated effects in lung cancer (Paleari et al., 2008; Improgo et al., 2011), we also tested
a selective a7 nAChR full agonist, PNU-282987, as a positive control for a7 nAChR
activation (Bodnar et al., 2005). An initial dose-response viability assay revealed that 24-
hour treatment with PNU-282987 increases H460 cell viability; yet, this effect was not
statistically significant (Figure 31). However, PNU-282987 significantly increased both
A549 and H460 colony formation following a 72-hour treatment period, indicating that
longer exposure to the drug can promote NSCLC cell growth (Figure 32). Similar to the
viability assay, there was no significant enhancement in viable A549 cell number with 48-
hour treatment of PNU-282987 alone, but co-treatment with paclitaxel did result in
accelerated proliferative recovery, whereas paclitaxel alone maintained growth arrest for
7 days (Figure 33). This observation was supported by cell cycle analysis, which showed
that PNU-282987 decreases the G2/M-arrested population of paclitaxel-treated A549
cells, yet this effect was not robust; the paclitaxel and paclitaxel + PNU-282987 groups
are not significantly different from one another (Figure 34). Although PNU-282987
appears to interfere with growth inhibition, it does not attenuate paclitaxel-induced
apoptosis or DNA fragmentation (Figure 35). Overall, the a7 nAChR full agonist PNU-
282987 can enhance lung cancer cell growth and reduce the effectiveness of paclitaxel,
indicating that complete activation of the a7 nAChR may produce pro-tumor effects, as

indicated by the literature.
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Figure 31. PNU-282987 fails to significantly increase A549 and H460 NSCLC viable cell
number. A549 (A) and H460 (B) cells were treated with various concentrations of PNU-282987
for 24 hours, then allowed to grow for 48 or 72 hours before viability was assessed with the
MTT or MTS assay. Data are expressed as the mean + SEM of three independent
experiments.
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Figure 32. PNU-282987 can increase NSCLC colony formation. A549 (left) and H460 (right)
cells were exposed to PNU-282987 (0.1 or 1 pM) for 72 hr. Colony number was determined
by crystal violet staining. *P < 0.05 vs control; n.s., not significant. Data are expressed as the
mean + SEM of three independent experiments.
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Figure 33. PNU-282987 fails to stimulate A549 NSCLC cell proliferation alone or interfere with
paclitaxel-induced growth inhibition of A549 cells. The “start” time point represents the initial
number of A549 cells after seeding. A 24-hour PNU-282987 pretreatment period occurred from
Start to Day 0 for the PNU-282987 and Pac + PNU-282987 conditions, then all subsequent
treatments lasted 24 hours; no drugs were present after Day 1. The number of viable cells was
determined via trypan blue exclusion. ****P < 0.0001 vs control, #P < 0.01 vs paclitaxel. Data
are expressed as the mean + SEM of two independent experiments.
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Figure 34. PNU-282987 can interfere with paclitaxel-induced G2/M arrest of A549 NSCLC
cells. A549 (left) or H460 (right) cells were treated with PNU-282987, paclitaxel, or the
combination for 48 hours. Cell cycle analysis was determined by propidium iodide staining and
subsequent flow cytometry analysis. *P < 0.05, ***P < 0.001, ***P < 0.0001 vs control. Data
are expressed as the mean £ SEM of three independent experiments. n.s., not significant.
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Figure 35. PNU-282987 fails to interfere with paclitaxel-induced apoptosis (A) and sub-G1
DNA content (B) of NSCLC cells. A549 and H460 cells were treated with PNU-282987 (1 uM),
paclitaxel (100 nM), or the combination of paclitaxel and PNU-282987 for 48 h. Quantification
of apoptotic cells and sub-G1 DNA content was determined by the Annexin V/PI assay and
propidium iodide staining, respectively, followed by flow cytometry analysis. ****P < 0.0001 vs
control; n.s., not significant. Data are expressed as mean + SEM of three independent

experiments.
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D. Discussion

This work is the first to investigate the effects of a nAChR silent agonist on lung
cancer, particularly in combination with cancer chemotherapy as a potential treatment for
CIPN. The Damaj laboratory has discovered that a silent agonist specific for the a7
NAChR, R-47, is capable of both reversing and preventing a sensory symptom of CIPN
in mice, while also protecting the intra-epidermal nerve fibers of the hind paw from the
neurotoxic effects of paclitaxel. These observations led us to investigate if R-47 would
influence cancer progression before and/or during chemotherapy, especially considering
the controversy surrounding the role of nicotine, a nAChR full agonist, in cancer growth.

Consistent with our previous work involving nicotine in Chapters 2 and 3, R-47
does not appear to promote lung cancer progression in our cell culture and tumor-bearing
animal models. We aimed to mimic the conditions of the behavioral experiments involving
R-47 by testing concentrations ranging above its ICso value of 19 nM to levels that can
lead to off-target binding (10 uM) (Clark et al., 2014). We also referenced pharmacokinetic
analyses of R-47 in mice to ensure that the in vitro concentrations would represent those
that are achieved in the plasma. For example, mice receiving 5 mg/kg R-47 orally, a dose
shown by the Damaj laboratory to reverse paclitaxel-induced mechanical allodynia, have
a Cmax of 324 ng/ml or 0.78 uM (Clark et al., 2014), which is similar to our in vitro R-47
concentration of 1 yM. A higher dose of R-47 (10 mg/kg, p.o.) can both reverse and
prevent said allodynia and was used in our tumor-bearing animals (data not shown;
Figure 30). As for the a7 full agonist, we chose to test PNU-282987 concentrations of 1
to 10 yM due to its ECso value of 154 nM and no detectable agonist activity at other

nAChRs with concentrations up to 100 uM (Bodnar et al., 2005).
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Although the results of the in vitro assays show no effects of R-47 on NSCLC cells,
the tumor-bearing animal study revealed a potential antitumor property of the drug. Even
though the tumor volume and tumor weight measurements of the paclitaxel + water- and
paclitaxel + R-47-treated mice were not significantly different, there was an enhanced
decrease in both outcomes with the drug combination. R-47 alone did not induce
significant decreases in tumor growth, yet it appears to be playing an antitumor role,
especially in the presence of paclitaxel. One possible explanation is that persistent
desensitization of the a7 nAChR on endothelial cells (ECs) is enhancing the
antiangiogenic effect of paclitaxel, which is primarily characterized by a downregulation
in vascular endothelial growth factor (VEGF) (Bocci et al., 2013). a7 nAChRs are
expressed on the surface of ECs and have been found to be the predominant nAChR
subtype involved in angiogenesis (Heeschen et al., 2002). ECs contain the components
for acetylcholine synthesis, allowing for endogenous autocrine and/or paracrine nAChR
activation, resulting in VEGF release and subsequent EC proliferation and migration in
tumor angiogenesis (Cooke and Ghebremariam, 2008). This hypothesis could explain
why the antiproliferative effect of R-47 was only observed in vivo. It is also possible that
an active metabolite of R-47 has a greater half-life than the parent compound and
contributes to the in vivo tumor response as well.

In contrast, the positive control PNU-282987 significantly increased NSCLC
growth, both alone and in the presence of paclitaxel. However, these observations raise
the question of why an a7 nAChR full agonist would promote lung cancer growth when
nicotine, a nAChR agonist that can bind to the a7 subtype, does not. It is possible that

the differences in affinity for and/or efficacy at the a7 nAChR are responsible for

127



heightened activation with PNU-282987 (Ki = 26 nM, ECso = 154 nM in rat hippocampus)
as opposed to relatively lower receptor activation with nicotine (ECso = 113.34 uM for
human receptor expressed in Xenopus oocyte) (Chavez-Noriega et al., 1997; Bodnar et
al., 2005).

Collectively, these data demonstrate that the a7 nAChR silent agonist R-47 does
not promote NSCLC growth. Most importantly, R-47 did not interfere with paclitaxel-
induced growth arrest or apoptosis, and it even enhanced the antitumor effect of the
chemotherapy in vivo. On the contrary, the a7 nAChR full agonist significantly enhanced
NSCLC colony formation and attenuated paclitaxel-induced growth arrest. These
observations indicate that the duration of a7 nAChR activation and the subsequent
responses, including an influx of calcium and/or stimulation of various downstream
signaling pathways, play a role in how these agonists influence lung cancer progression

and chemosensitivity.
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DISCUSSION

A. Summary

Our work demonstrates that a clinically relevant paclitaxel regimen induces the
development and maintenance of multiple hallmarks of CIPN in mice, including both
mechanical and cold allodynia, as well as transient negative affective-related symptoms
such as anxiety- and depression-like behaviors. In this model, nicotine, an agonist of
nicotinic acetylcholine receptors (nAChRs), is capable of preventing and reversing
paclitaxel-induced mechanical allodynia and intra-epidermal nerve fiber loss. Nicotine
cannot produce this antiallodynic effect in the presence of mecamylamine, a nonselective
nNAChR antagonist, or MLA, an a7 nAChR antagonist, indicating that the a7 nAChR is
mediating this property of nicotine. Similarly, R-47, a silent agonist of the a7 nAChR, can
also prevent and reverse paclitaxel-induced peripheral neuropathy, while causing no
preference in vehicle-treated mice, suggesting that the drug may not possess the same
abuse liability as nicotine.

Furthermore, both nicotine and R-47 failed to significantly promote lung cancer
growth or interfere with the effectiveness of an antitumor drug, paclitaxel, in lung cancer
cell lines and in lung tumor-bearing mice. Although the controversy surrounding nicotine
and cancer remains, our data consistently demonstrates that nicotine does not influence
lung tumor cell viability, colony formation, or proliferation, nor the growth arrest, apoptosis,
or DNA fragmentation induced by paclitaxel under clinically relevant conditions. Most

importantly, tumor-bearing mice revealed that nicotine, whether administered for 7 days
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in conjunction with paclitaxel or for 1 month prior to paclitaxel, does not enhance human
A549 NSCLC tumor volume or tumor weight.

The a7 silent agonist R-47 produced similar results in these experiments, thereby
shedding light specifically on the relationship between the a7 nAChR and tumor response.
Currently, the a7 nAChR is thought to play the greatest role in nAChR-mediated
promotion of cancer cell proliferation and survival. For example, Mucchietto et al., (2017)
have shown that 100 nM nicotine significantly increases A549 cell number after 48 hours
of treatment, which is inhibited by the a7 nAChR antagonists a-bungarotoxin and MLA.
In addition, Tu et al., (2016) showed that AGS gastric cancer cells with a knockdown of
the a7 nAChR undergo greater levels of G2/M arrest and apoptosis following exposure to
ixabepilone, a microtubule poison, than wild-type cells. These outcomes suggest that the
blockade or absence of a7 nAChRs hinders tumor cell proliferation and enhances
sensitivity to chemotherapy. Although the full mechanism of action of R-47 is currently
unknown, we can presume that the silent agonist is desensitizing the a7 nAChRs and
preventing endogenous acetylcholine from binding, thereby serving as an antagonist after
the initial receptor response and presenting no detectable inhibition of paclitaxel's
antitumor effects. Overall, our experimental findings suggest that nAChRs, especially the
a7 subtype, are promising therapeutic targets for CIPN. Yet, it remains unclear how
NAChRs are involved in protecting neurons and/or alleviating the pain associated with

nerve damage, specifically that induced by cancer chemotherapy.
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B. The Role of nAChRs in Treating CIPN

The mechanism(s) for the development of CIPN, specifically paclitaxel-induced
peripheral neuropathy, are not completely understood. However, research has led to
multiple hypotheses as to which physiological processes may be responsible, including
the dysfunction of mitochondria and the presence of an inflammatory state. It has been
reported that nicotinic acetylcholine receptors play a modulatory role in both of these
responses to paclitaxel and may provide an explanation for the neuroprotective effect of

nicotine and R-47.

B.1. nAChRs, Mitochondrial Dysfunction, and Autophagy

Nicotine has been shown to be a competitor of the cofactor NADH, specifically at
mitochondrial complex | of the electron transport chain, thereby decreasing mitochondrial
respiration and superoxide anion generation (Cormier et al., 2001). In brain mitochondria,
nicotine prevented mitochondrial swelling, ROS generation, and cytochrome c release
into the cytosol, and decreased the mitochondrial membrane potential, suggesting that
nicotine can inhibit opening of the mPTP (Xie et al., 2005). The presence of NnAChRs on
the outer mitochondrial membrane has been observed in various tissue types, including
the brain, and a7-containing nAChRs have been found to play a role in regulating the
formation of the mPTP via downstream intramitochondrial kinases, such as the PI3K/Akt
pathway (Lykhmus et al., 2014).

In addition to direct activity at the mitochondrial membrane, nicotine may also
resolve mitochondrial dysfunction indirectly via autophagy. When cells undergo stress

that leads to mitochondrial dysfunction, the homeostatic process of autophagy, or self-
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eating, is induced to promote mitochondrial turnover (Lee et al., 2012). It is possible that
paclitaxel is causing the development of atypical mitochondria while also inhibiting
autophagy since paclitaxel has been shown to block initiation of autophagosome
formation in mitotic cells and interfere with autophagosome movement and maturation in
non-mitotic cells (Veldhoen et al., 2012). These consequences of paclitaxel exposure
could be combated by a drug that induces an autophagic response, which has been
shown to protect neurons. For example, autophagic flux during prion-mediated
mitochondrial toxicity in SH-SY5Y neuroblastoma cells proved to enhance survival, an
effect that was mediated by a7 nAChRs as shown by the inhibition of neuroprotection with
methyllycaconitine (MLA), an a7 nAChR antagonist (Jeong and Park, 2015). Likewise,
knockdown of the autophagy-related 5 gene caused a decrease in PNU-282987 (a7
NAChR agonist)-induced activation of autophagy, as well as protection from mitochondrial
dysfunction and apoptosis. Similarly, nicotine induced autophagy in SH-SY5Y cells,
thereby inhibiting ROS formation and apoptosis after amyloid-B protein exposure;
knockdown of the a7 nAChR significantly increased neuronal cell death in this system
(Hung et al., 2009). Lastly, nicotine, a stimulator of the PI3K pathway (Huang et al., 2012),
may be promoting mitochondrial turnover since autophagic degradation of the
mitochondria is inhibited by 3MA, a PI3K inhibitor (Doménech et al., 2015).

Our preliminary studies have shown that nicotine significantly increases acridine
orange (AO) staining, an indicator of autophagic vesicles, in N2a neuroblastoma cells
within 48 hours, but this effect dissipates at 72 hours post-treatment (Supplementary
Fig. 16 in Appendix 3A). Surprisingly, we did not observe any alterations in

autophagosome vesicle formation (AO staining) or autophagic flux (LC3 conversion) with
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paclitaxel (Supplementary Fig. 16 in Appendix 3A). Therefore, we concluded that
nicotine’s transient promotion of autophagy may not be the primary mechanism
responsible for its protective effect in paclitaxel-induced neurotoxicity and shifted our

focus toward how nicotine may be attenuating paclitaxel-induced inflammation.

B.2. nAChRs, Macrophages, and Pro-Inflammatory Cytokine Release

It has been found that human macrophages express mRNA for the a1, a7, and
a10 nAChR subunits, and that the a7 subunit is necessary for nicotine- and acetylcholine-
mediated inhibition of TNF release from primary human macrophages (Wang et al.,
2003). Also, in a7 nAChR-containing primary rat brain microglia, nicotine inhibits LPS-
induced p38 MAPK activation (Suzuki et al., 2006). These studies suggest that nicotine,
and possibly R-47, can stimulate the a7 nAChR downstream signaling pathways in
macrophages to suppress pro-inflammatory cytokine synthesis and release. This
hypothesis is strengthened by preliminary data in the Damaj laboratory demonstrating
that R-47, the a7 nAChR silent agonist, can attenuate paclitaxel-induced changes in
microglia morphology, a hypertrophic phenotype with shortened processes and an
enlarged cell body suggestive of activation, in the dorsal horn of the spinal cord in mice
(data not shown; Zheng et al., 2011).

In regards to neuroprotection, it has been shown that agents which interfere with
microtubule function can upregulate phosphorylated JNK (p-JNK) and p38 MAPK (p-p38)
and induce cell death in primary rat cortical neurons (Huang et al., 2012). Nicotine
abrogates these effects by reducing the increase in p-JNK and p-p38, and by significantly

increasing neuron viability; these actions of nicotine are blocked by a-bungarotoxin, an
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a7 nAChR antagonist, and LY294002, a PI3K inhibitor. Nicotine has also been shown to
protect against beta-amyloid-enhanced glutamate neurotoxicity in a model of Alzheimer’s
Disease via the a7 nAChR, an effect that was inhibited by a-bungarotoxin and LY294002
(Kihara et al., 2001). In both in vitro and in vivo models of spinal cord injury, nicotine
protected neurons from apoptosis by upregulating the phosphorylation of ERK1/2 via the
a7 nAChR, as determined by inhibition with a-bungarotoxin or U0126, a specific ERK1/2
inhibitor (Toborek et al., 2007). These findings suggest that nicotine can also protect
neurons from various forms of toxicity via the MAPK and PI3K pathways downstream
from the a7 nAChR. Lastly, nicotine may also be protecting neurons from degeneration
due to its role in upregulating nerve growth factor (NGF) mRNA and protein expression,
as well as mRNA of the receptor for NGF, tyrosine receptor kinase A (trkA), in spinal cord
neurons (Garrido et al., 2003). Overall, NnAChR activation and downstream signaling
appear to combat pro-inflammatory responses and may be the mechanism through which

nicotine and R-47 are preventing the development of CIPN.

C. Future Studies

The literature demonstrates that nicotine can protect neurons from various sources
of toxicity via activation of the a7 nAChR subtype. Therefore, future studies will determine
if nicotine is neuroprotective in a mouse model of paclitaxel-induced peripheral
neuropathy via the a7 nAChR. Wild-type and a7 nAChR knockout mice will be treated
with paclitaxel and/or nicotine followed by an assessment of mechanical allodynia with
the von Frey test and of intra-epidermal nerve fiber loss with confocal microscopy.

Subsequently, the site of nicotine-mediated a7 nAChR activation will be investigated with

134



Crel/lox-mediated macrophage-specific knockout of the a7 nAChR. These mice will also
be treated with paclitaxel and/or nicotine, then tested for mechanical allodynia and
analyzed for pro-inflammatory cytokines via an ELISA in various sensory tissues,
including the dorsal root ganglia and spinal cord. After identifying the involvement of the
a7 nAChR in the protective role of nicotine, the pro-inflammatory effects of paclitaxel and
potential anti-inflammatory role of nicotine will be further investigated by evaluating
macrophage infiltration/microglial activation via immunohistochemistry. Our future work
may reveal that this site of therapeutic intervention is common to some or all neuropathy-
inducing chemotherapy drugs, including vincristine, platinum compounds, and
bortezomib. If so, selective agonists for the a7 nAChR, such as R-47, can be further
investigated to increase efficacy and minimize any potential side effects in cancer patients
being treated for CIPN.

In order to test our hypothesis that nicotine can alleviate the neuropathic pain
associated with CIPN, we plan to perform a double-blind, randomly-ordered, within-
subjects clinical study. The patients recruited for this study will have completed their
cancer chemotherapy regimen (paclitaxel or oxaliplatin), be deemed treatment-stable
(cancer is in remission), and be diagnosed with CIPN above grade 1 (asymptomatic or
mild symptoms including paresthesia; NIH Common Terminology Criteria for Adverse
Events) and a pain score above 4 (scale of 0-10 on Brief Pain Inventory-Short Form) that
has persisted for at least 3 months. To eliminate extraneous factors, patients with other
chronic diseases will not be eligible, as well as those who are currently using any nicotine
or tobacco products and/or other investigative drugs for CIPN, such as antidepressants

and anticonvulsants. The patients will wear a de-identified transdermal patch releasing 0,
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7, or 14 mg of nicotine daily for 14 days with a 1-week washout period between conditions;
each patient will receive every dose in a random order. The patients’ pain scores and
daily function (walking, housework, etc.) will be evaluated before, during, and after patch
use to test the efficacy of nicotine in alleviating neuropathic pain. If nicotine is found to
significantly reduce pain scores and increase the patients’ ability to complete daily tasks,
then the patch can be tested in a larger clinical trial in order to be approved for this
indication in addition to smoking cessation. The FDA-approved use of nicotine patches
for the treatment of CIPN symptoms will allow for former and current cancer patients
experiencing CIPN to achieve pain relief while other preventative investigative treatments,

such as R-47, are further tested and developed as novel CIPN therapies.

D. The Ongoing Conversation Regarding Nicotine and Cancer

An emerging area of interest in the nicotine-cancer debate is the use of e-
cigarettes, or electronic nicotine delivery systems (ENDS), that heat and aerosolize
nicotine. Although we are not advocating that cancer patients use ENDS for the treatment
of CIPN, their recreational use is now being studied to better understand the effects of
nicotine on cancer. In 2016, the FDA Center for Tobacco Products began regulating
ENDS, but their influence on human health has not been investigated extensively. The
work that has been done thus far focuses on the role of nicotine in carcinogenesis, a pre-
existing topic regarding nicotine in the cancer field [see reviews by (Dang et al., 2016;
Haussmann and Fariss, 2016)].

The majority of e-cigarette liquids (e-liquid) contain nicotine in a vehicle of

propylene glycol (PG) and/or glycerol, which are both included on the FDA’s Generally
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Regarded as Safe list (Rowell and Tarran, 2015); yet, these classifications were based
upon oral consumption, not inhalation of aerosolized particles. It has been reported in
non-asthmatic patients that occupational exposure to PG mist can result in upper
respiratory irritation (Wieslander et al., 2001). In addition, heating of glycerol or vegetable
glycerin (VG) is known to produce DNA-damaging aldehydes, such as acrolein, at
temperatures known to be reached during e-cigarette use (Rowell and Tarran, 2015). The
majority of chemical carcinogens damage DNA either directly by forming adducts, such
as 8-oxo-2’-deoxyguanosine, or indirectly by interfering with DNA repair pathways.
Therefore, these observations with e-liquid components suggest that the nicotine vehicle
can produce toxicity alone. However, it is important to compare this level of toxicity to
other nicotine delivery systems that are approved by the FDA.

Multiple reports have demonstrated that e-liquid can contain similar levels of
carcinogenic nitrosamines (NNN, NNK, NAT, NAB) when compared to nicotine
replacement therapy (NRT). For example, Nicorette gum (4 mg nicotine) contains 2 ng
nitrosamines/piece, whereas the NicoDerm CQ patch (4 mg nicotine) has 8 ng/patch,
similar to that of the 8.18 ng/g observed in 16 mg nicotine e-liquid, all of which are 500 to
over 1,000-fold lower than the 3365-9290 ng/g nitrosamine levels in cigarettes (Cahn and
Siegel, 2011). It has also been shown that former smokers now using NRT or e-cigarettes
with similar levels of nicotine and derivatives in their urine (121.6 and 126.9 nM/mg of
creatinine, respectively) have significantly less NNAL, a tobacco-derived nitrosamine, in
their urine (11.6 and 2.5 pg/mg of creatinine, respectively) than cigarette smokers (51.1-
81.2 pg/mg of creatinine) (Shahab et al., 2017). Likewise, this analysis also revealed that

NRT and e-cigarette users had significantly lower levels of volatile organic compounds,
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including acrolein (35.3 and 33.3 ng/mg of creatinine, respectively) in their urine, when
compared to cigarette smokers (91.2-107.1 ng/mg of creatinine). These studies suggest
that e-cigarettes produce similar levels of nitrosamines and DNA-damaging aldehydes as
FDA-approved NRT products. However, we do have to consider that the form of nicotine
(aerosolized particles versus drug being ingested orally or absorbed transdermally) and
organ distribution (lung, oral cavity, bloodstream) vary. For instance, aerosol particle size
influences deposition patterns in the lungs (Bennett et al., 2002).

Initial investigations regarding the role of e-cigarette exposure in animal models
appears to be consistent thus far (Table 9). Mice exposed to e-liquid aerosols containing
nicotine for 4 weeks exhibited deoxyguanosine adducts in multiple organs, including the
lung, as well as reductions in DNA-repair activity and proteins in the lung (Lee et al.,
2018). Likewise, Canistro et al., (2017) observed that rats exposed to e-liquid aerosols
for 12 weeks display oxygen free radical formation and DNA oxidation in the lung.
However, both reports lacked a vehicle treatment that consisted of exposure to only PG-
VG aerosol particles (no nicotine). This control group is of great importance according to
the in vitro literature. Both Ganapathy et al., (2017) and Yu et al., (2016) observed
significant DNA damage following treatment with PG-VG (no nicotine) e-cigarette aerosol
extracts in oral squamous cell carcinoma cells, and in both non-cancerous keratinocytes
and head and neck squamous cell carcinoma, respectively; similar degrees of DNA
damage were observed with various concentrations of nicotine in PG-VG. These data
suggest that the vehicle itself could be toxic to both healthy and cancerous cells,

regardless of nicotine content.
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On the other hand, some argue that nicotine can damage DNA, inhibit DNA-repair,
and enhance carcinogenesis in healthy lung and bladder cells (Lee et al., 2018). Yet, it
must be noted that those studies involved nicotine, not nicotine aerosols, at fairly high
concentrations (1 yM — 5 mM in bladder cells and 50 yM — 25 mM in lung cells). Although
it may be possible to achieve these high levels of nicotine in the lung, the drug is known
to be rapidly absorbed into the bloodstream (Benowitz et al., 2009). For example, Rose
et al., (2010) discovered that the half-life of lung nicotine washout ranges from
approximately 20-90 seconds in cigarette smokers. Lastly, Cervellati et al., (2014)
reported that e-liquid aerosol containing nicotine can cause cytotoxicity to both
keratinocytes and non-small cell lung cancer cells, but the e-liquid also contained a flavor
that by itself produced significant decreases in cell viability. However, the study did reveal
that e-cigarette vapor without flavor or nicotine did not have an effect on viability; it is not
clear if the vapor contained PG-VG particles. Overall, the e-cigarette field has only just
begun to grow and it is difficult to compare the current observations due to differences in
methodology, including treatment concentrations, and both route (e-liquid aerosol extract
versus direct contact with aerosols) and duration of exposure. Future studies will allow
for a better understanding of e-cigarette safety, but in the meantime, it appears that e-
liquid aerosols may be harmful irrespective of nicotine. This observation is consistent with
our findings in Chapters 2 and 3 that nicotine does not play a significant role in cancer

progression.
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Animal/ Results
Cell Line Control Treatment Exposure (compared to control) Reference
Induced deoxyguanosine
E-liquid aerosol (10 35 ml puff for 4 s at adducts in lung, bladder,
Ma,'\/?(’)l'fsveBN Filtered air mg/ml nicotine in 30-s intervals for 3 and heart; Reduced DNA- (L%%fé)al"
PG-VG) h/d, 5 diw, for 12w | repair activity and proteins in
lung
Puff for 17 s (6 s on, Induction of CYP enzymes,
E-liquid aerosol (18 5soff, 6 son)at increase in oxygen free .
Mgle?v’vli pr;%?e exN(())rs];e d mg/ml nicotine in 20-min intervals for radical formation, and DNA (C;Ianlzs(;rlone t
y P PG-VG; 1 ml/day) 11 cycles each day, oxidation (8-hydroxy-2'- N
5 diw, for 4 w deoxyguanosine) in lung
E-liquid aerosol R
. All extracts significantly
UM-SCC-1 (oral extract (equivalent Extract added to increased DNA damage (Ganapathy
squamous cell Untreated to 10 puffs/5L) from B L .
; medium for 1 h within p53 and induced 8- et al., 2017)
carcinoma) 0, 12, or 18 mg/ml oxo-deoxyguanosine lesions
nicotine in PG-VG Yo
Nicotine: 1-5 yM Induced deoxyguanosine
UROtsa (human Untreated (UROtsa), 50-200 n?relé?u?:?g:jlt% adducts; Reduced DNA-
bladder epithelial), UM (BEAS-2B) repair activity and proteins (Lee et al.,
BEAS-2B (human Nicotine: 5 mM Brug added to Enhanced mutational 2018)
lung epithelial) Untreated (UROtsa), 25 mM medgi]um tor1h susceptibility and
(BEAS-2B) tumorigenic transformation
HaCaT
(keratinocyte),
(mLeJt'\gitgt?clgga d 1% e-liquid aerosol Extract added to
and neck extract from 0 or 12 medium for 1 w All conditions significantly (Yuetal
Untreated mg/ml nicotine in (UMSCC10B, increased DNA strand "
squamous cell PG-VG: Nicoti HN break 2016)
carcinoma), NH30 G- OGS, 'l\c/:lotme |?'0)(:0['_8 w reaks
(primary head and (0.5nM) (HaCaT)
neck squamous
cell carcinoma)
E-liquid aerosol me d?f;”%gﬁi_ci Only e-cig aerosols from e-
HaCaT Serum-free | from balsamic flavor ' 19 liquid (flavor w/ or w/o .
; . g~ aerosol for 50 min, . S (Cervellati et
(keratinocytes), medium w/ w/ or w/o nicotine) then arowth for 24 h nicotine) significantly al., 2014)
A549 (NSCLC) filtered air or e-cig vapor w/o 9 increased in LDH release N

flavor or nicotine

in media w/ 10%
FBS

and decreased viability

Table 9. Preclinical safety studies for e-cigarette use. Abbreviations: d, days; h, hours; LDH,
lactate dehydrogenase; NSCLC, non-small cell lung cancer; PG-VG, propylene glycol-
vegetable glycerin; s, seconds; w, weeks.

E. Conclusion

CIPN continues to interfere with the treatment of cancer and quality of life of cancer

survivors. The preclinical findings in this work suggest that nicotine will not significantly

enhance lung cancer growth or interfere with chemosensitivity in patients. However, our

studies are designed to establish the basic principle that activation of nicotinic
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acetylcholine receptors can mitigate CIPN; to this end, we have a library of selective
agents that are specific for particular nAChR subtypes, including the a7 nAChR silent
agonist R-47, which can be developed to overcome any concerns relating to the use of
nicotine. Still, nicotine shows great promise as a potential therapy for those patients who
are currently suffering from CIPN. Furthermore, if nicotine patches are found to produce
favorable outcomes in cancer patients with no risk, our battery of in vitro and in vivo tests
will be verified as translatable and can be used to screen nicotine and other novel CIPN
therapies against various neuropathy-inducing cancer chemotherapy agents, such as

vincristine, platinum compounds, and bortezomib.
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APPENDIX 1

SUPPLEMENTAL DATA WITH NICOTINE IN LUNG CANCER CELLS

Appendix 1A: Nicotine and Lung Tumor Cell Dormancy
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Supplementary Figure 8. Nicotine does not accelerate proliferative recovery of
senescent/dormant H460 cells. A) The Gewirtz laboratory has shown that the cancer
chemotherapy drug etoposide (1 uM), a topoisomerase Il poison, can induce a transient,
senescent growth arrest in H460 NSCLC cells (manuscript in preparation), which has also
been reproduced here. H460 cells were treated with etoposide for 24 hours (Day 0 to Day 1),
then the drug was removed and replaced with fresh medium. Viable cell humber was
determined via trypan blue exclusion (left y-axis) and percentage of senescent (C1.FDG-
positive) cells was determined by flow cytometry (right y-axis). Data are expressed as the
mean + SEM of one experiment. B) The Day 0 time point represents the initial number of H460
cells after seeding. A 24-hour etoposide pretreatment period occurred from Day 0 to Day 1 for
the etoposide and etoposide + nicotine conditions, then the nicotine and etoposide + nicotine
samples were treated with nicotine for 24 hours from Day 1 to Day 2; no drugs were present
after Day 2. The number of viable cells was determined via trypan blue exclusion. Data are
expressed as the mean = SEM of three independent experiments.
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Appendix 1B: Nicotine Salt versus Nicotine Base
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Supplementary Figure 9. Both nicotine hydrogen tartrate salt and nicotine free base fail to
interfere with paclitaxel-induced apoptosis of A549 NSCLC cells. The free base formulation of
nicotine is frequently used in cancer studies and was therefore tested here against the nicotine
salt to ensure that this parameter does not influence the action of nicotine. A549 cells were
treated with paclitaxel (100 nM) or the combination of paclitaxel and nicotine (1 uM) for 48 h.
Quantification of apoptotic cells was determined by the Annexin V/PI assay and flow cytometry
analysis. A one-way ANOVA was performed, followed by the Bonferroni post hoc test. ****p <
0.0001 vs control; both combination treatments were found to not be significantly different from
paclitaxel alone. Data are expressed as mean + SEM of one experiment.
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Appendix 1C: The Effect of Nicotine on the Cell Cycle
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Supplementary Figure 10. Nicotine fails to interfere with paclitaxel-induced G2/M arrest of
NSCLC cells. A549 (left) or H460 (right) cells were treated with nicotine, paclitaxel, or the
combination for 48 hours. Cell cycle analysis was determined by propidium iodide staining and
subsequent flow cytometry analysis. A two-way ANOVA was performed, followed by the
Bonferroni post hoc test. *P < 0.05, **P < 0.01, ***P < 0.0001 vs control. Data are expressed
as the mean = SEM of two independent experiments. Nic, nicotine; n.s., not significant.
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APPENDIX 2

TUMOR-BEARING ANIMAL MODELS

Appendix 2A: Lewis Lung Carcinoma Cells are Resistant to Paclitaxel
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Supplementary Figure 12. Lewis lung carcinoma (LLC) cells are resistant to paclitaxel in vitro
and in vivo. A) LLC were treated with various concentrations of paclitaxel for 24 hours, then
allowed to grow for 24 hours before viability was assessed with the MTS assay. A one-way
ANOVA was performed, followed by the Bonferroni post hoc test. ***P < 0.0001 vs control (O
MM paclitaxel). Data are expressed as mean + SEM of one experiment. B) C57BL/7J male
mice were subcutaneously injected with 1.25 x 10° cells in each flank. Once tumors became
palpable, mice were given paclitaxel (16-24 mg/kg, i.p.) every other day for a total of 4
injections, starting on day 0. The left and right flank tumor volumes (I x w x h) were determined
with calipers and compared to the respective baseline tumor volumes to calculate fold change;
the fold change values were averaged for each mouse. n = 7 mice per group. Data are
expressed as mean + SEM. Pac, paclitaxel.
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Appendix 2B: Mechanical Allodynia in Tumor-Bearing Mice
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Supplementary Figure 13. Mice exhibit mechanical allodynia following Lewis lung carcinoma
(LLC) inoculation and vehicle or paclitaxel injections. C57BL/7J male mice were
subcutaneously injected with 1.25 x 108 cells in each flank on day -13. Once tumors became
palpable, mice were given paclitaxel (16-24 mg/kg, i.p.) every other day for a total of 4
injections, starting on day 0. Mechanical threshold was determined with von Frey filaments
and is described in grams of force. A two-way ANOVA was significant for time (P < 0.0001)
and treatment (P < 0.0001), but there was no significant interaction between the two (P =
0.8947). n = 7 mice per group. Data are expressed as mean + SEM. BL, baseline.
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Appendix 2C: Dose-response of Paclitaxel in NOD scid gamma (NSG) Mice
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Supplementary Figure 14. Paclitaxel dose-dependently decreases A549 NSCLC tumor
volume in NSG mice. Mice were subcutaneously injected with 1.5 x 10° cells in each flank.
Once tumors became palpable, mice were given paclitaxel (8-12 mg/kg, i.p.) daily for 4 days
starting on day 0. A) The left and right flank tumor volumes (I x w x h) were determined with
calipers and compared to the respective baseline tumor volumes to calculate fold change; the
fold change values were averaged for each mouse. B) Body weight was monitored before,
during, and after paclitaxel administration. Two-way ANOVAs were performed, followed by
Bonferroni post hoc tests. *P < 0.05, *P < 0.01, ***P < 0.0001 vs Vehicle. n = 5 mice per
group. Data are expressed as mean + SEM. Veh, vehicle; Pac, paclitaxel.
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Appendix 2D: Oral Gavage Induces Weight Loss in NSG Mice
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Supplementary Figure 15. Oral gavage induced weight loss in NSG mice. Mice received
water or R-47 via oral gavage twice a day for 3 days, starting on day 1, and daily for 4 days,
starting on day 4. Body weight was monitored before (baseline), during, and after drug
administration. A two-way ANOVA was performed, followed by Bonferroni post hoc tests, to
reveal no significant differences between Vehicle-Water vs Vehicle-R47 and Paclitaxel-Water
vs Paclitaxel-R47, indicating that R-47 is not causing weight loss. n = 8-9 mice per group. Data
are expressed as mean + SEM. BL, baseline; Pac, paclitaxel.
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APPENDIX 3

SUPPLEMENTAL DATA WITH NICOTINE IN NEUROBLASTOMA CELLS

Appendix 3A: The Effect of Nicotine on Autophagy
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Supplementary Figure 16. Nicotine transiently increases autophagic vesicle formation, but
both nicotine and paclitaxel appear to reduce autophagic flux in N2a neuroblastoma cells. The
nicotine- and paclitaxel + nicotine-treated cells were exposed to nicotine (1 pM) for 24 hours.
Then the paclitaxel- and nicotine + paclitaxel-treated cells were exposed to paclitaxel (100 nM)
for 24 or 48 hours. Serum deprivation (1% FBS as opposed to 10% FBS used in the other
conditions) was tested as a positive control. A) Cells were stained with acridine orange, a
marker of acidic vesicles, then analyzed via flow cytometry. A two-way ANOVA was performed,
followed by a Bonferroni post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 vs control. Data are
expressed as mean = SEM of one experiment. B) For the western blot analysis, one sample
of each condition was treated with chloroquine (50 uM) for 4 hours prior to protein collection
in order to inhibit fusion of the autophagosome with the lysosome. LC3-I is cytoplasmic and
LC3-1l is expressed on the surface of autophagosomes, then degraded upon fusion of the
autophagosome with the lysosome. GAPDH was used as a loading control. AO, acridine
orange; Con, control; CQ, chloroquine; FBS, fetal bovine serum; Nic, nicotine; Pac, paclitaxel.
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