ABSTRACT

MENESES EVANS, CONSTANZA STEFANIA. Animal Models of Radiation-induced Oral
Mucositis and Pain and their Application to the study of Tumor-Promoting Effects of Pain (Under
the direction of Dr. B. Duncan X. Lascelles and Dr. Michael W. Nolan).

Radiation therapy (RT) is an important treatment modality for head and neck cancer
(HNC), however, aggressive courses can result in radiation-associated pain (RAP) that arises along
with radiation-induced oral mucositis (RIM). RAP is challenging to manage and is the primary
cause of unplanned RT breaks in HNC; such breaks are known to limit the efficacy of RT by
decreasing local tumor control. This is often attributed to accelerated repopulation, but it is
unknown whether pain or pain signaling constituents might alter tumor behavior and hasten

metastatic disease progression.

In this body of work, we first provided a literature review about RIM and RAP in human
HNC. We focus on identifying the epidemiology, clinical course, risk factors, pathogenesis,
diagnosis, and management of both RIM and RAP, as well as to describe their implications on oral
function, quality of life, and treatment outcomes. As a way to begin exploring the idea that RAP
promotes tumor development, we first assessed the reliability of new behavioral assays to
phenotype acute, orofacial RAP (aoRAP) in mice. Results here demonstrated that nesting and
grooming behaviors are good proxy indicators of RIM progression and severity, and that our
developed scoring systems are reliable methods for measuring the affective/motivational aspects
of aoRAP in our model. Then, we assessed the tumor-promoting effects of aoRAP using a tail vein
model of pulmonary metastasis. AORAP both promoted 4T1-tumor growth in BALB/c mice and
death in MOC2-bearing C57BL/6 mice, however, it did not affect the growth of B16-FO tumors in
C57BL/6 mice. Remarkably, 4T1-tumor growth was normalized when aoRAP was mitigated using

a potent TRPV1 agonist (resiniferatoxin). Therefore, we decided to replicate this experiment in



MOC2-bearing C57BL/6 mice to determine whether aoRAP mitigation via resiniferatoxin
improved survival. However, unacceptable resiniferatoxin-associated mortality was encountered.
Therefore, we explored in subsequent experiments the tolerability and ablative efficacy of different
resiniferatoxin dosing regimens in this strain. According to our results, the response to
resiniferatoxin greatly differs between mouse strains (BALB/c vs C57BL/6), as well as between
C57BL/6 substrains (B6NCrl vs B6/J). While effective and long-lasting ablation of TRPV1-
expressing neurons was well-tolerated in B6/J mice using doses ranging from 10 to 300 pg/kg
RTX, B6NCrl mice developed serious toxicities when using the same doses. Finally, and as a first
step to validate pet dogs with naturally-occurring HNC as an adequate animal model to study
potential interventions to prevent and treat human RIM and aoRAP, we described the
epidemiology and clinical features of RIM in dogs undergoing definitive-intent RT (DRT) for the
treatment of oral, nasal and cranial cavity tumors, and assessed aspects of reliability and validity
of a novel clinical metrology instrument (CMI) designed to measure aoRAP in this species. Here
we provide the first body of evidence suggesting that the clinical features of RIM in pet dogs (i.e.,
progression, severity, and secondary side effects) as a result of HNC irradiation share similarities
with its human counterpart. Moreover, we found that the progression and severity of aoRAP, as in
humans, echoes the progression and severity of RIM in this species (as indicated by the applied
CMils).

Results from this dissertation offer valuable insights to understanding the clinical
significance of the crosstalk between pain and cancer, and will hopefully contribute to the
development of effective strategies for managing aoRAP in HNC patients, and thus, improve
cancer treatment outcomes. Future work will be focused on refining and validating our preclinical

animal models of aoRAP (i.e., mouse, dog) to further provide a comprehensive knowledge of the



biological pathways driving the potential tumor-promoting effects of this particular pain type in

different cancer model systems.
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Chapter 1: “Introduction — An Overview of Oral Mucositis and Pain associated to

Radiotherapy in Head and Neck Cancer”



11 Introduction

Head and neck cancer (HNC) is the seventh most common cancer worldwide, accounting
for over 900,000 new cases and 450,000 deaths per year globally (Borsetto et al., 2020; Bray et
al., 2018). HNC comprises a broad category of diverse malignancies that arise in the oral cavity,
pharynx, larynx, paranasal sinuses, salivary glands, cervical esophagus, thyroid glands, and
surrounding soft and bone tissues (Argiris et al., 2008; Bose et al., 2013; Davies & Welch, 2006;
Muzaffar et al., 2021). However, approximately 90% of all malignancies occurring in the head and
neck region are derived from the mucosal epithelium in the oral cavity, pharynx, and larynx, and
are collectively categorized as head and neck squamous cell carcinoma (HNSCC) (Aupérin, 2020;
Muzaffar et al., 2021). The prognosis of HNSCC patients with locoregionally advanced (i.e., stage
[11/1V) tumors — which make up approximately 50% of all cases — is generally considered to be
poor, as indicated by 5-year overall survival rates ranging from 36 to 65% (percentage of people
who are alive five years after diagnosis) (Adrien et al., 2014; Bonner et al., 2010; Elbers et al.,
2019; Guizard et al., 2017; Pulte & Brenner, 2010; VVan Der Schroeff et al., 2010). Despite continue
advances in cancer therapy, patients with locoregionally advanced HNSCC often experience high
rates of locoregional recurrence (50-60%) and distant metastasis (20-30%) within the first 2 years
of follow-up after primary treatment, jeopardizing the therapeutic success and increasing the risk
of cancer-related death (Duprez et al., 2017; Muzaffar et al., 2021; Samra et al., 2018; Seiwert &
Cohen, 2005). HNC recurrence and metastasis are major causes of treatment failure in this
population, and when it occurs, prognosis is considered dismal (Lee et al., 2013). Indeed, it has
been reported that patients diagnosed with recurrent/metastatic HNC have a median overall
survival ranging from 5 to 10 months and an estimated proportion of deaths attributable to primary-

site recurrence and distant metastasis (commonly spread to lungs, bones, and liver) of 40% to 50%



and 15% to 20%, respectively (Coatesworth et al., 2002; Haddad & Shin, 2008; Kotwall et al.,
1987; Merino et al., 1977; Wiegand et al., 2015).

Failure in HNC occurs following the three main cancer therapy modalities, which are
surgery with or without adjuvant postoperative radiation therapy to sterilize microscopic tumor
spread beyond the surgical margins, or radiation therapy with or without chemotherapy to manage
locoregionally advanced unresectable disease (Rosenthal et al., 2002; Syrigos et al., 2009).
According to most clinical studies, poor treatment outcomes in the general HNC population can
be attributable to late diagnosis. Indeed, a major problem that patients face is that their disease is
often diagnosed at an advanced stage where treatment options may not be curative (Adrien et al.,
2014; McGurk et al., 2005; Stordeur et al., 2020). Moreover, extensive investigations have
indicated that other factors (either cancer or non-cancer related factors), such as site of the primary
tumor (e.g., oral cavity tumors), human papilloma virus-negative HNSCC tumors, presence of
multiple comorbidities, genetics (e.g., old age, male sex, black race), low socioeconomic status
and/or poorer access to health care, pretreatment weight lost and/or low body muscle mass, poor
dental health, anemia, or heavy tobacco and alcohol use, can also be important causes of treatment
failure and may affect prognosis (Dilling et al., 2011; Dixon et al., 2017; Gillison et al., 2015;
Khlifi & Hamza-Chaffai, 2010; Stingone et al., 2013; Wells et al., 2016; Zakeri et al., 2014).
Failure can also be attributable to the side effects that arise as a direct result of cancer treatment,
and it has been widely recognized that the success of these therapies can be directly impacted by
complications that arise from aggressive treatment regimens (Lazarev et al., 2018; Mazul et al.,
2020; Saedi et al., 2019; Sroussi et al., 2017). Radiation therapy (RT), for example, has become
the standard of care for locally advanced HNSCC, and it can either be used for curative-intent

purposes (often in combination with surgery and chemotherapy) or for palliative-intent purposes



to mitigate disease-related symptoms (Alzahrani et al., 2020). However, aggressive courses of
curative-intent RT—which are often required for locoregional disease control — can adversely affect
exposed tissues and lead to the development of painful lesions that might limit the efficacy of RT
(Sonis, 2004a).

Pain as a side-effect of RT, also known as radiation-associated pain (RAP), is extremely
frequent among HNC patients receiving curative-intent RT, with an incidence ranging from 58%
to 75% (Epstein et al., 2009). Patients typically report the onset of RAP shortly after having started
a course of RT (i.e., 1 to 2 weeks after RT initiation), with increasing levels of RAP and RAP-
related interference with daily activities 5 weeks following RT initiation, which can last after RT
completion despite the use of potent analgesics (Epstein et al., 2007; Epstein et al., 2001). RAP
usually arises along with other toxicities that develop shortly after the start of RT, such as mucositis
within the oral cavity (Epstein et al., 2009; Fall-Dickson et al., 2007; Wong et al., 2006). Oral
mucositis as a result of RT, commonly termed as radiation-induced oral mucositis (hereinafter
referred to as “RIM”), is the most recognized and studied source of RAP in this population and it
has been extensively accepted that the presence of RIM combined with RAP can greatly impact
the patient’s quality of life, treatment outcomes, and survival (Brown & Wingard, 2004; Moslemi
et al., 2016; Sroussi et al., 2017). RAP from established RIM (hereinafter referred to as
“RIM/RAP”) can significantly limit critical activities such as eating, drinking, speaking, and/or
sleeping, impacting the patient’s general health and nutritional status (Epstein & Barasch, 2018).
These side-effects have an obvious potential for negatively influencing the patient’s quality of life,
and can carry important socio-economic consequences (Peterman et al., 2001). In addition, it has
been extensively accepted that RIM/RAP can also compromise the continuity of cancer therapy,

and its presence has been associated with cancer relapse and high mortality rates (Brown &



Wingard, 2004). One suggested reason for this is that severe grades of RIM/RAP can limit the
patient’s ability to tolerate additional RT, and therefore, its presence commonly leads to unplanned
treatment breaks, delays, or discontinuations (Russo et al., 2008). Such modifications in the
prescribed RT course may be given to allow the recovery of normal tissues from sub-lethal
radiation damage between treatments, allowing the repopulation of normal tissue cells. However,
these pauses can also trigger the repopulation of surviving tumor cells, and therefore, limiting the
efficacy of RT by decreasing local tumor control (Bese et al., 2007; Dorr & Kummermehr, 1990;
Rosenthal, 2007; Suwinski et al., 2003; Tarnawski et al., 2002).

Although modern RT planning and dose delivery technigues (e.g., intensity-modulated RT,
stereotactic body RT, or heavy-ion irradiation) offer precise dose delivery and reduce the damage
of surrounding normal tissues without compromising target coverage (Alterio et al., 2019; Thariat
et al., 2011), the rate of serious RAP as a consequence of oral mucosa damage in HNC remains
high with unsatisfactory treatment results (Cramer et al., 2018). Currently, poorly controlled RAP
continues to be commonly reported in most HNC patients during and after RT, and opioid-based
therapies represent the only alternative to provide pain relief (Thompson, 2000). This is
problematic because opioid use represents a serious public health concern, and patients have a
higher risk of developing opioid-related problems (i.e., depression, opioid addiction, tobacco or
alcohol abuse, and death) (Muzumder et al., 2018). According to some authors, the absence of
effective, non-opioid analgesics for the management of RAP has been partially attributable to the
fact that little is known about the neurobiological mechanisms underlying RAP (Epstein et al.,
2009). While the current understanding of the biological events responsible for RIM, such as
inflammation and tissue injury, has helped to identify some molecular and cellular mechanisms

that might be potentially involved in the modulation of RAP (Wong et al., 2006), there is no



information in the current scientific literature regarding the exact signaling pathways engaged in
RAP processing or the involvement of such pathways mediating the development and progression
of HNC. This is relevant because it has been demonstrated that HNC survivors with
intermediate/high levels of post-treatment pain have increased risk of early disease recurrence and
shorter survival in comparison to patients who have reported no pain or low levels (Cramer et al.,
2018; Scharpf et al., 2009). Hence, there is a growing necessity to understand the direct biological
influence of RAP on outcomes among HNC patients.

In the last decades, significant research efforts have been made to understand the
pathophysiology of RIM and to explore therapies targeting RIM through the use of preclinical
models (Gruber et al., 2015; Lee et al., 2007; Sonis et al., 2000). Several animal models of RIM —
either induced by single or multiple fractionated RT doses — are currently available in the literature,
which include rats, mice, and hamsters (Ara et al., 2008; Dorr, Spekl, & Martin, 2002; Rezvani &
Ross, 2004). However, the pain that accompanies these forms of acute RIM has been poorly
modeled. Loss in body weight, for example, has been used in few studies as proxy indicator of
RIM-related discomfort (Alvarez et al., 2003; Maria et al., 2017; Nakajima et al., 2015). While
body weight loss is usually associated with RIM, not all HNC patients experiencing RIM/RAP
report this side effect (Li et al., 2017). Thus, this outcome measure may not be a thoughtful
reflection of RAP in preclinical settings, and future investigations should focus in developing
suitable outcomes measures in this species to improve the development of effective mechanism-
based treatments in the clinical practice.

In the current chapter (Chapter 1), the author will first provide a brief overview of the
current understanding of both RIM and RAP in the context of HNC, including evidence about their

epidemiology (incidence, severity, and clinical course), risk factors, pathogenesis, diagnosis, and



management. In addition, the author will detail the clinical implications of RIM/RAP in oral
function and quality of life of HNC patients, as well as to describe the impact of RIM/RAP on
treatment outcomes. Finally, this chapter will focus on describing the currently available
preclinical models of RIM in the literature, in addition to discuss the present state-of-research in
the field of RAP and the necessity to add animal models of naturally-occurring HNC to bridge the

gap between basic research and human clinical trials.

1.2 Radiation-induced oral mucositis in head and neck cancer

1.2.1 Epidemiology: Incidence, severity, and clinical course

One of the most feared consequences of RT among HNC patients is the possibility of
developing RIM. However, its incidence, severity, and clinical course may vary across studies.
This variability has been associated with many factors, such as location/staging of tumors or
applied RT modality (i.e., RIM is most commonly developed in patient with advanced-stage oral
cavity tumors that require aggressive RT regimens), as well as the scoring system used to
characterize or grade the extent of RIM (Franco et al., 2017; Parulekar et al., 1998). Nevertheless,
there is a general consensus that the incidence of oral mucositis in the general HNC population
undergoing RT as a single modality treatment is considerably higher compared to that reported in
patients treated with chemotherapy or surgery alone (Lalla et al., 2019; Saedi et al., 2019; Vera-
Llonch et al., 2006). According to most clinical studies, virtually all HNC patients develop some
degree of RIM during the course of RT (Blakaj et al., 2019; Maria et al., 2017). The incidence of
the different grades of RIM varies depending on the applied assessment scale (Table 1.1). Yet,
clinical research has revealed that more than half of patients (57%) treated with altered fractionated

courses of RT (i.e., hyperfractionation or accelerated fractionation) experience maximum grades



of RIM, which is higher than the frequency reported in patients submitted to conventional
fractionated RT (34%) (Franco et al., 2017; Trotti et al., 2003; Vera-Llonch et al., 2006).

In general, the onset of RIM usually occurs within or after 2 weeks from the beginning of
RT (patients begin to develop mucosal soreness), and progressively increases in severity during
treatment reaching maximum grades of RIM (i.e., confluent mucosal ulcer formation) 4 to 6 weeks
after RT initiation (Murphy et al., 2009; Trotti et al., 2003). RIM resolution commonly occurs in
most patients 2 to 4 weeks following RT completion. However, and while RIM is considered a
self-limited type of injury, some patients experience slower healing rates than others, and life-
threatening complications (e.g., systemic infection) associated with severe RIM can occur
(Murphy et al., 2009; Saedi et al., 2019; Satheesh Kumar et al., 2009; Trotti et al., 2003; Wong et

al., 2006).

1.2.2 Risk factors

To date, there is still a lack of consensus pertaining to the risk factors of RIM. However,
several studies have proposed that factors associated with tumor location, cancer therapy modality,
and patient’s characteristics might play a relevant role in the development of RIM. In particular,
the risk to develop RIM is significantly higher among patients with oral cavity, oropharynx or
nasopharynx primary tumors, and in patients receiving altered fractionated courses of RT or RT
combined with the use of chemotherapeutic agents (e.g., alkylating, anthracyclines, and
antimetabolites agents) (Maria et al., 2017; Trotti et al., 2003; Vera-Llonch et al., 2006). Although
the risk factors related to the patient’s characteristics are less clear, it has been suggested that
factors such as age and gender might contribute to the onset of RIM. Specifically, it has been
described that those patients younger than 45 years old with HNC are more prone to develop RIM

in comparison to older patients, which has been associated to an increased mitotic rate of oral



mucosa cells in the young-age group (Morais-Faria et al., 2020). Other studies have proposed that
males develop severe RIM more frequently than female, however, the evidence is conflicting, and
it remains unclear how gender might affect the incidence RIM (Nishii et al., 2020). Other
commonly factors associated to the occurrence of RIM include poor oral hygiene and/or
periodontal disease (potentially linked to an exacerbate inflammatory response induced by
microbial colonization), impaired salivary function (i.e., inadequate salivary flow), low
leukocyte/lymphocyte counts or use of immunosuppression drugs that might ultimately impair the
inflammatory response and increase the risk of infectious complications, tobacco and alcohol
consumption (agent known to inhibit healing of mucosal injury), and poor nutritional status or low
body mass index (uncertain mechanism, likely associated to an interfere with mucosal
regeneration) (Elting et al., 2007; Gobbo et al., 2014; McCarthy et al., 1998; Nagatani et al., 2017;

Raber-Durlacher, 1999; Saito et al., 2012; Vera-Llonch et al., 2006; Vesty et al., 2020).

1.2.3 Pathogenesis

The biological processes by which RIM develops and resolves have been divided into four
phases: an initial inflammatory/vascular phase; an epithelial phase; an ulcerative/bacteriological
phase; and a healing phase. The RT-induced cascade of events begins with the initial induction of
free radicals and reactive oxygen species (ROS) that can cause cell death (via DNA damage),
damaging epithelial and vascular endothelial cells, fibroblasts, and tissue macrophages (Mallick
et al., 2016). This will in turn active nuclear transcription factors, such as the nuclear factor kappa
B (NF-kB), that will secondarily promote cell apoptosis and will stimulate the release of pro-
inflammatory cytokines (e.g., interleukin 1B (IL-1B) and tumor necrosis factor-o (TNFa)),
chemotactic molecules (e.g., MIP-1, MCP-1, MCP-5, IL-8), prostaglandins, histamine, matrix

metalloproteinases, and pro-fibrotic mediators such as transforming growth factor (TGF)-p



(Brzozowska & Golebiowski, 2019; Gruber et al., 2017; Khaw et al., 2014; Sonis, 2004a). These
events will further increase the damage by increasing vascular permeability, which subsequently
promotes the infiltration and recruitment of inflammatory cells (e.g., leukocytes, macrophages,
and neutrophils) that will further amplify the inflammatory reaction, apoptosis, and tissue damage
within the oral mucosa (Gruber & Dorr, 2016; Redding, 2005). Once proliferation and epithelial
replacement have ceased as a result of this inflammatory event cascade, the mucosa becomes
erythematous and ulcerated. In particular, the destruction of the basement membrane protective
barrier leads to the formation of ulcer pseudomembrane and inflammatory exudate. Subsequently,
secondary bacterial and fungal infections can occur, enhancing the installed host inflammatory
response and complicating the already existing inflammation (Shih et al., 2003). Finally, and if
managed correctly, a healing phase will begin after cessation of RT exposure to allow cell
regeneration and establishment of normal microbial flora. However, late manifestations of vascular
and soft tissue damage can potentially induce secondary atrophy, increasing the epithelial
vulnerability to develop chronic ulcers or osteoradionecrosis in those more severe cases (Maria et

al., 2017; Redding, 2005).

1.2.4 Diagnosis

Diagnosis of RIM is clinical, and based on the appearance, timing, and location of the
lesions. Several scoring systems have been developed to grade RIM. The most commonly used
RIM grading criteria are the World Health Organization's Oral Toxicity Scale (WHO), the National
Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE), and the
Toxicity criteria of the Radiation Therapy Oncology Group (RTOG) (Table 1.1). The WHO
scoring system include functional outcomes (e.g., tolerance to diet) and objective parameter of

RIM (i.e., ulceration and erythema) and is the most extensively used for intervention efficacy
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studies, whereas the NCI-CTCAE scoring system is completely dependent on patient-reported
outcomes and has been most commonly applied to describe adverse events experienced in
oncology trials. The RTOG scoring system combines both modalities, requiring both patient’s and

clinician’s input for scoring (Judge et al., 2021; Maria et al., 2017; Parulekar et al., 1998; Scully

etal., 2003; Villa et al., 2021).

Table 1.1: Comparison of commonly used RIM scoring systems.

Grade
Source
0 1 2 3 4 5
Oral Oral Not able to
Erythema and erythema,
No ) ulcers, tolerate a
WHO - soreness; no ulcers, Lo . s
findings A liquid diet solid or liquid
ulcers solid diet onl diet
tolerated y
Moderate
pain or
. ulcer that Life- Death
Asymptomatic Severe .
. does not . threatening related
or mild . pain; )
NCI- No SVmptoms: interfere interfering  conseauences: to
CTCAE findings . ymptoms, with oral . g urgent toxicity
intervention not . ) with oral . .
indicated mta_kfa, intake lqteryentlon
modified indicated
diet
indicated
Painful Painful ,
. Requires
No Painless ulcers,  erythema, erythema, parenteral or
RTOG - erythema or edema, or  edema, or NA
findings . enteral
mild soreness ulcers, can ulcers,
support
eat cannot eat
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1.2.5 Management

Despite extensive research dedicated to find specific RIM strategies to prevent its onset or
reduce its severity, the wide variation of outcomes across clinical studies has limited the
generalizability of several interventions in HNC and only few studies have actually provided
therapeutic alternatives with strong scientific evidence (Elad et al., 2020). To improve the
interpretation of clinical significance in the literature and thus, improve clinical outcomes, the
Mucositis Study Group of the Multinational Association of Supportive Care in
Cancer/International Society of Oral Oncology (MASCC/ISOO) has developed evidence-based
management guidelines (based on systematic reviews of interventional and observational studies)
to guide clinicians on which interventions are truly effective for preventing and treating RIM or
RIM-related symptoms secondary to cancer therapy (Ariyawardana et al., 2019; Bowen et al.,
2013; Lalla et al., 2014). According to the latest clinical practice guidelines update published in
2020 (which covers evidence from 1197 publications), there is no agent or method that is uniformly
effective in preventing or treating RIM in HNC, however, most studies have consistently find a
positive effect of basic oral care (i.e., prophylaxis/treatment of oral infections) and symptom
palliation (e.g., pain, eating difficulties and nutritional compromise) strategies for the management
of RIM in HNC patients submitted to RT (Elad et al., 2020).

Regarding RIM prevention, expert opinion supports the idea that the maintenance of good
oral hygiene is crucial in reducing the incidence of RIM among HNC patients being considered
for curative-intent RT (Elad et al., 2020). While RIM is not an infectious disease and, furthermore,
there is a lack of clarity regarding the role of oral microbiota in the pathogenesis of RIM, many
authors have hypothesized that microbial colonization (before RT initiation) may potentially

stimulate host inflammatory responses that might contribute to the onset of RIM (Khaw et al.,
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2014; Nishii et al., 2020; Vanhoecke et al., 2015; Vesty et al., 2020). The guidelines recommend
that basic oral care (BOC) strategies should include: 1) mechanical cleaning (nontraumatic tooth
brushing and flossing procedures) and frequent mouth rinses with bland solutions (saline and/or
sodium bicarbonate) to reduce bacterial build-up; 2) application of mouthwash solutions with anti-
inflammatory agents (benzydamine hydrochloride as the most recommended) to inhibit the
production of pro-inflammatory cytokines (i.e., TNFa and IL-1B); 3) avoidance of dry oral
environment (i.e., application of moisturizing agents and cessation of tobacco smoking and alcohol
drinking); and 4) professional oral care assistance and educational interventions to improve oral

practices in patients during cancer therapy (Elad et al., 2020; McGuire et al., 2006; Saadeh, 2005).

When RIM is established, treatment is challenging and there are no universally accepted
protocols. According to the MASCC/ISOO guidelines, standard of care for established RIM should
primarily focus on supportive care and symptom palliation, which includes BOC strategies (as
mentioned above) to avoid secondary microbial colonization of oral lesions that could cause
clinically relevant local and/or systemic infections, nutritional support and pain management.
Colonization of the oral ulcerations by opportunistic pathogens (e.g., Candida spp. Tannerella,
Sneathia, Mycoplasma, Capnocytophaga, Bacteroidales G2, Porphyromonas and Eikenella) is a
common concern among clinicians when RIM is developed (Vesty et al., 2020). While a number
of topical antimicrobial agents have been studied for managing secondary infections, including
antibacterial, antiviral, and antifungal agents, studies have either yield negative or conflicting
results. In consequence, researchers are currently suggesting that achieving oral flora symbiosis
(by decontaminating the oral cavity with appropriate BOC protocols) might represent a better
strategy than sterilizing the oral cavity with antimicrobial therapies (Ingrosso et al., 2021; Stringer

& Logan, 2015). The current MASCC/ISOOQO guidelines recommend against the routine use of

13



antimicrobial lozenges (polymyxin-tobramycin-amphotericin B lozenges/paste and bacitracin-
clotrimazole-gentamicin lozenges), chlorhexidine mouth rinse, and iseganan mouth rinse for RIM
management due to lack of consistent evidence of efficacy. Regarding nutritional support, experts
in the field recommend that the patient’s diet should be modified if needed to increase the
likelihood that the diet will be tolerable. This includes soft diets and elimination of potential
sources of irritation such as acidic, spicy, hot and crispy/rough foods. If food intake is limited, a
nutrition specialist should be consulted and the use of intravenous fluids and/or parenteral or
enteral feeding should be implemented in severe cases (Barasch et al., 2006; Kuten-Shorrer et al.,
2021; Sonis, 2011). The third important foundation of care in RIM consists of pain management.
Although sustained research effort has been devoted to developing interventional agents for
managing RAP associated to RIM, only few agents have demonstrated robust scientific evidence
for efficacy in HNC (Elad et al., 2020). The MASCC/ISOO has examined the different analgesics,
topical preparations, and other approaches currently available in the literature, and have developed

pain management guidelines that will be later addressed in this chapter (section 1.3.5).

Finally, other complementary therapeutic strategies that aim to reduce oral mucosal injury
and downregulate the inflammatory pathways related to cancer therapy have been suggested and
widely studied. Palifermin, for example, is a recombinant human keratinocyte growth factor-1 that
stimulates the proliferation and the differentiation of epithelial cells, and has shown promising
antiapoptotic, antioxidant and anti-pro-inflammatory effects in clinical settings (Blijlevens &
Sonis, 2007; Panjwani, 2013; Villa & Sonis, 2016). Palifermin became the first agent approved by
the U.S. Food and Drug Administration (FDA) to decrease the incidence and duration of severe
oral mucositis in patients undergoing total body irradiation and high-dose chemotherapy for

autologous stem-cell transplantation (Spielberger et al., 2004; Vadhan-Raj et al., 2013). Regarding
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the use of palifermin in HNC, two clinical trials have studied the beneficial effect of palifermin in
the management of RIM in patients with locally advanced HNC that have either received definitive
chemoradiotherapy (Le et al., 2011) or conventionally-fractionated RT after a complete or
incomplete resection with or without concurrent chemotherapy (Henke et al., 2011). Results from
these trials showed that palifermin was effective in reducing the incidence of severe RIM (grade
3/4, WHO scoring system), however, it did not decrease the use opioid analgesic neither reduced
mouth nor throat soreness. Therefore, additional investigation is needed before palifermin can gain
FDA approval for managing RIM in HNC patients undergoing curative-intent RT as cancer
therapy (Bossi et al., 2012). Other therapeutic strategies that have been studied and have shown
promising results in clinical settings to reduce RIM in HNC include the use of amifostine (a free-
radical scavenger used as a mucoprotective agent) (Karacetin et al., 2004; Vacha et al., 2003,
Veerasarn et al., 2006), sucralfate (a mucosal coating protective agent) (Etiz et al., 2000;
Makkonen et al., 1994; Saunders et al., 2013), cryotherapy (which induce vasoconstriction of the
superficial blood vessels, limiting the delivery of cytotoxic drugs to the oral tissue and reducing
damage to the oral mucosa) (Katranci et al., 2012; Peterson et al., 2013), and photobiomodulation
(i.e., use of low-level energy (laser and other light therapy) to stimulate anti-inflammatory and
pro-healing effects) (Migliorati et al., 2013; Schubert et al., 2007). However, the application of
these therapeutic approaches has generated inconsistent results, and the MASCC/ISOO does not

recommend its use in this particular treatment setting (i.e., RT).
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1.3  Radiation-associated pain in head and neck cancer

1.3.1 Epidemiology: Incidence, severity, and clinical course

HNC patients have the highest prevalence of RAP among cancer patients (van den Beuken-
van Everdingen et al., 2007), and this form of pain is often one of the major reasons for seeking
care during and after cancer therapy (Astrup et al., 2015). Similar to RIM, its incidence can vary
across studies depending on the location and/or staging of the tumor, the applied RT regimen
and/or modality, and the assessment tools used to grade its severity (Franco et al., 2017; Parulekar
etal., 1998; Wong et al., 2006). However, most reports unambiguously indicate that orofacial RAP
tends to increase in severity through the course of RT (especially in those cases with established
RIM), and episodes of ongoing and untreatable RAP following RT completion have been
described in numerous patients (Kallurkar et al., 2019; Karri et al., 2021). Evidence from rigorous
systematic reviews and observational (non-interventional) studies have revealed that the pain that
arises along with RIM (RIM/RAP) is reported in approximately 80% of patients during RT, and
70% at the completion of treatment (Epstein et al., 2007; Epstein et al., 2010; Epstein et al., 2009).
While most HNC patients report baseline levels of discomfort or pain before RT initiation, it
appears that the onset of RAP generally mirrors the onset of RIM. In particular, patients usually
experience mouth/throat soreness and tenderness within the first week of RT, and escalation of
pain intensity generally starts at week 3, peaking at week 5 with episodes of serious pain that can
potentially interfere with daily activity and/or lead to treatment alterations (e.g., RT delay,
interruption or reduction). After RT completion, RAP can persist for 2 to 4 weeks with a gradual
reduction in its severity in most cases (Epstein et al., 2001; Franco et al., 2017; Muzumder et al.,

2018). Yet, some studies have indicated that up to 40% of the patients still report varying degrees
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of pain 6 months after RT completion and RIM resolution, and 30% can experience spontaneous

pain episodes beyond 6 months (Cleeland et al., 2000; Epstein et al., 2010).

1.3.2 Risk factors

Despite the concerning incidence of RAP among HNC patients, only a few studies have
identified the potential predictors of RAP in this population. Similar to RIM, it appears that the
occurrence and severity of RAP are associated with tumor location (most severe in oral cavity,
pharynx and larynx HNC), higher-dose RT courses combined with chemotherapy agents, young
age, consumption of food or liquids categorized as spicy, hot, or acidic, and active cigarette
smoking. Moreover, patients that have reported pain before RT, use pain medications, feeding tube
placement, as well as patients experiencing xerostomia, difficulty swallowing, poor physical and
mental health, low levels of activity, sleeping problems, and depressive symptoms seem to have
greater risk to develop increasing levels of RAP (Astrup et al., 2015; Chen et al., 2011; Epstein et
al., 2009; Huang et al., 2003; Lewis et al., 2013; Logan et al., 2010; Rogers et al., 2012; Scharpf
et al., 2009). Unfortunately, the considerable methodological heterogeneity and the inconsistency
in results across studies, in addition to the lack of assessment standards for RAP in this particular
clinical setting (i.e., RT as single modality for managing HNC), has decreased the certainty of

evidence.

1.3.3 Pathogenesis

RAP pathogenesis is multifactorial. As mentioned before, the onset of RAP has been
mostly linked to the occurrence of RIM. However, long-lasting episodes of spontaneous RAP can
occur in some HNC patients despite RIM resolution, suggesting that RAP might be a phenomenon

driven by other molecular/cellular signaling mechanisms that are independent to RIM. In addition,
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the author of this work believes that previous episodes of pain in cancer patients — such as those
related with the cancer itself, diagnosis methods or preceding cancer therapies (e.g., surgery,
chemotherapy) — could potentially boost the onset and severity of RAP by enhancing the
magnitude, frequency and duration of synapses in pain-sensing neurons at the peripheral and
central nervous system level, phenomenon referred to as peripheral and central sensitization,
respectively (Ji et al., 2003; Latremoliere & Woolf, 2009).

1.3.3.1 Acute RAP as a result of acute RIM: Although there is a lack of clarity regarding the
nociceptive pathways and mediators of RIM/RAP, it has been hypothesized that RAP as a result
of acute RIM appears to have both inflammatory and neuropathic components (Epstein et al.,
2009). At the peripheral nervous system, injury and inflammation of the oral mucosa as a result of
RT triggers the release of pro-nociceptive mediators from the injured site that will in turn activate
and sensitize a subset of specialized sensory neurons that mediate pain (called nociceptors) within
the trigeminal system. Specifically, these mediators will modify the intracellular homeostasis of
trigeminal nociceptors (predominantly Aé and C fibers) through the activation of voltage-gated
ion channels and/or ligand-gated receptors, increasing the sensitivity (i.e., response to stimuli) and
reducing the threshold of excitation of these neurons (Benoliel et al., 2007; Smith & Epstein,
2010). While there is no current evidence regarding the pathogenesis of RIM/RAP at the central
nervous system level, it has been theorized that nociceptive information associated to RIM should
be propagated proximally toward central nerve terminals of the trigeminal branches. These
terminals will then synapse with central neurons of the spinal trigeminal nucleus and will project
nociceptive signals to the thalamus and the somatosensory cortical regions, which are the areas of

awareness of painful sensation and location (Benoliel et al., 2007; Chung et al., 2021).
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Though there is currently no evidence regarding the exact pro-nociceptive mediators
involved in RAP processing, pronociceptive actions have been associated with the peptide
hormone endothelin-1 (ET-1). In preclinical settings, researchers have demonstrated that ET-1
mediates nociception in all trigeminal branches (Chichorro et al., 2010). Moreover, others have
shown that ET-1 is highly secreted in oral squamous cell carcinoma cells, and that the algesic
effects of this nociceptive mediator in the tumor microenvironment can be blocked using specific
ET-1 antagonisms or opioids (Pickering et al., 2008; Quang & Schmidt, 2010). In addition to its
neurotrophic features, nerve growth factor (NGF) has also shown to be an important driver of oral
pain. NGF is actively secreted by inflammatory cells, and overexpression of NGF in trigeminal
ganglia neurons appears to induce pain in animals and humans (Ye et al., 2011). While there is no
current information about the role of NGF in RAP pathogenesis, it has been shown in in vitro
studies that NGF expression is upregulated following irradiation (IR) of both human salivary and
submandibular glands (Li et al., 2021). This is particularly interesting because there is evidence
showing that NGF is highly expressed by oral cancer cells, and that it plays a key role in mediating
oral pain in these models (Dudas et al., 2018; Kolokythas et al., 2010; Ye et al., 2011). Indeed,
NGF blockade with anti-NGF monoclonal antibodies seems to reduce IR-induced cell apoptosis
and to produce significant mechanical pain relief, normalizing oral function in a mouse model of
oral cancer (Ye et al., 2011). Other authors have revealed that TNF-a — a cytokine produced by
activated macrophages — is increased in HNC patients undergoing chemoradiation (Akmansu et
al., 2005; Watanabe et al., 2010). In patients with active oral mucositis, it has been demonstrated
that serum TNFoa mRNA is highly overexpressed in buccal samples, and its presence was
significantly associated with oral mucositis pain (Fall-Dickson et al., 2007). Within the transient

receptor potential (TRP) family of sensory ion-channel proteins, preclinical studies have
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demonstrated DNA damage and associated oxidative stress induced by IR activates the transient
receptor potential vanilloid-1 (TRPV1) and 4 (TRPV4) channels following oral mucosal trauma
(Itoetal., 2017; Masumoto et al., 2013; Ohsaki et al., 2018; Priya et al., 2020). TRPV1 and TRPV4
receptors are abundantly expressed in sensory myelinated Aé and C fibers, and a marked calcium
ion influx-mediated depolarization occurs following their activation, which will in turn convey
heat/acid and cold/mechanical-sensitive information to the trigeminal system, respectively
(Binshtok, 2011; Kobayashi et al., 2005; Shibasaki, 2020; Urata et al., 2015). In a mouse model of
RIM, severe glossitis was associated with the upregulation of TRPV1 and 4 channels in trigeminal
ganglion neurons, which was accompanied by spontaneous pain-like behaviors. In this study, the
genetic deletion of TRPV1 appeared to effectively mitigate these painful responses (Lai et al.,
2021).

1.3.3.2 Chronic RAP as a result of delayed complications: In addition to RIM, RT may produce
chronic pain syndromes that are difficult to manage within a few months after the end of RT, or
even up to several years later, and its course is often progressive and irreversible (Bennett et al.,
2019). It has been reported that up to 54% of HNC cases report chronic RAP 6 to 24 months after
the end of RT (Srivastava et al., 2015), however, prevalence estimates vary widely across
prevalence studies, and no research has sought to determine whether the prevalence of chronic
pain in this treatment settings (i.e., RT) is associated to previous RIM/RAP. While it has been hard
to identify the causes that ultimately lead to transition from acute to chronic RAP, some studies
have theorized that chronic RAP might be a result of delayed response to trauma to adjacent nerves,
bones, or soft tissues (Bennett et al., 2019; Edwards et al., 2019), or secondary to vasculature
damage within the irradiated field resulting in increased vascular permeability and succeeding

fibrin deposition, collagen formation, and fibrosis (Cooper et al., 1995; Delanian et al., 2012). Still,
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the recognition of chronic RAP remains a challenge in the clinical practice, and very limited data

can be found respecting its pathogenesis among HNC patients treated with RT.
1.3.3.3 Other causes of pain in HNC patients

1.3.3.3.a) Cancer-related sources: Pain due to tumor progression is commonly reported in HNC
patients, and is usually what drives patients to pursue consultation with medical oncologists
(Epstein et al., 2009). It has been recognized that cancer cells can release, as well as to promote
the release of, pronociceptive mediators (e.g., cytokines, interleukins, chemokines, prostanoids,
endothelins, growth factors, etc.) that can modify the intracellular homeostasis of surrounding
sensory neurons, leading to increased sensitivity to painful stimuli in HNC (as mentioned above)
(Amit et al., 2016; Grivennikov et al., 2010; Schmidt, 2015). Clinical interventions also represent
an important and often underappreciated source of discomfort in patients. Invasive diagnostic
interventions, such as bone marrow biopsy, may cause short-lived and mild discomfort that could
promote painful signaling pathways (Hjortholm et al., 2013; Kato et al., 2014; Vanhelleputte et
al., 2003).

1.3.3.3.b) Sources related to other cancer-therapies: Treatment in HNC patients is usually
multimodal, with surgery, RT, and chemotherapy being the main means for curative management
of locally advanced HNC (Nigro et al., 2017). Despite the use of modern surgical techniques,
surgery still is a common cause of treatment-related pain in HNC patients (List & Bilir, 2004).
Post-operative pain most commonly results from tissue damage, triggering the release of
nociceptive (inflammatory and neuropathic) factors that sensitize peripheral and central Ad and C
fibers that elicit non-evoked pain, heat and mechanical hyperalgesia (Loeser & Melzack, 1999;
Pogatzki-Zahn et al., 2017). Chemotherapy is also a common source of pain in HNC. Commonly

used chemotherapy agents include paclitaxel, docetaxel, vincristine, cisplatin, oxaliplatin,
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thalidomide, and bortezomib (Burgess et al., 2021). These substances have distinct neurotoxic and
neuroinflammatory properties, and similar to RT, they can trigger a series of biological events in
response to oxidative stress leading to cell arrest and cell death (Ricci & Zong, 2006).
Chemotherapy-induced peripheral neuropathy (CIPN) represents the degeneration and damage of
axons triggered by chemotherapeutic agents, and is the best-recognized potential source of pain
among cancer patients. CIPN is a major dose-limiting side effect of several chemotherapeutic
agents, and it can elicit shock-like pain, as well as mechanical or cold-related allodynia or

hyperalgesia (Bernhardson et al., 2007; Starobova & Vetter, 2017).

1.3.4 Diagnosis

RAP has been typically graded by patients using the Visual Analogue Scale (VAS), which
rates pain from a score of 0 (no pain) to 10 (maximal experienced pain) (Velez et al., 2014).
However, the use of patient-reported outcome questionnaires that rate the severity and interference
of pain using functional and quality of life outcomes measures have been shown to be a better
approach in cancer patients (Fitzsimmons et al., 2009; Kemmler et al., 1999; Meyer et al., 2009).
Indeed, there is strong evidence showing that these health-related quality-of-life instruments can
enhance patient-provider communication, improving the assessment of pain and guiding treatment
interventions throughout the courses of RT. Several questionnaires are currently available in the
literature to either measure in HNC patients’ quality of life and/or functional outcomes (e.g.,
University of Washington Questionnaire (UW-QOL), Head and Neck Performance Status Scale
(PSS-HN), Head and Neck Radiotherapy Questionnaire (HNRQ)), or oral pain directly (e.g.,
University of California San Francisco (UCSF) Oral Cancer Pain Questionnaire) (Heutte et al.,
2014). However, the Oral Mucositis Weekly Questionnaire-Head and Neck Cancer (OMWQ-HN)

appears to have superior sensitivity in comparison to other questionnaires to detect early changes
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in pain related to RIM. This scale is composed of 12 items designed to assess pain using global
health and quality of life measures, and captures data on the impact of mouth and throat soreness
on sleeping, swallowing, drinking, eating, talking, brushing teeth (Epstein et al., 2007; Franco et

al., 2017).

1.3.5 Management

Because RAP is usually associated with oral mucositis, current strategies for pain
management rely on general treatment for acute RIM (i.e., BOC practices and symptomatic relief).
In the most recent MASCC/ISOO guidelines for the management of RIM, morphine-based
analgesia was listed as the only recommended alternative for RAP palliation (Elad et al., 2020).
While patient-controlled analgesia with systemic morphine or transdermal fentanyl is suggested
for some patients undergoing RT experiencing great levels of RIM/RAP, the risk to develop
opioid-associated side effects (e.g., addiction, intoxication, and death) is high (Zayed et al., 2021).
Therefore, methods of topical opioid-based medication delivery that may produce local effects
with little risk of systemic effects have been developed, such as mouthwashes. Currently, the use
of morphine mouthwash (0.2% solution) has been listed as the most effective topical strategy to
reduce pain in HNC patients treated with chemoradiotherapy (Cerchietti, 2007; Elad et al., 2020;
Lalla et al., 2014; Vayne-Bossert et al., 2010). Nonsteroidal anti-inflammatory (NSAIDs) drugs
have also been formulated in mouthwash solutions. Besides its anti-inflammatory properties,
benzydamine hydrochloride also has anesthetic and analgesic properties, and benzydamine-based
mouthwashes have been recommended to relieve pain in patients who are receiving moderate
doses of RT without concomitant chemotherapy (Elad et al., 2020; Sheibani et al., 2015). Topical
formulations containing aspirin and/or corticosteroids have also been suggested to be effective in

managing RAP, however data are not considered strong (Brennan et al., 2020; Robertson, 2016).
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Certain agents with analgesic properties such as tricyclic antidepressants (e.g., doxepin 0.5%
mouthwash) and antiepileptic agents (e.g., gabapentin 5% mouthwash) have been also tested for
the management of RAP (S. Ala et al., 2020; Cook et al., 2022; Epstein et al., 2008; Leenstra et
al., 2014; Starmer et al., 2014). While the use of these agents has shown promising results
enhancing pain management and preventing escalating doses of opioids in HNC patients with
RIM/RAP, the current literature provides no robust evidence (insufficient or conflicting evidence)
regarding their efficacy and safety to support their use in these clinical settings. Similarly, the use
of topical solutions containing local anesthetics (e.g., lidocaine) has been proposed to control
mucosal sensitivity (Silva et al., 2017; Yamashita et al., 2002), however, results from studies have
consistently failed to demonstrate a benefit that would support in its use for managing RAP

(Barasch et al., 2006; Elad et al., 2020).

With respect to complementary alternatives to treat RAP, methods to relieve salivary
hypofunction and/or xerostomia (dry mouth) as a result of RT are highly recommended to palliate
the discomfort associated to food intake and to the continuous friction between mucosal surfaces
and teeth (Ariyawardana et al., 2019; Lalla et al., 2014). The agent Gelclair, for example, is a
concentrated bioadherent oral gel (composition: polyvinylpyrrolidone, sodium hyaluronate, and
glycyrrhetinic acid) approved by the FDA to reduce oral mucositis symptom. Gelclair is applied
to the surface of the oral mucosa in the form of a viscous gel that forms a protective adhesive
barrier over the surface of the epithelium (Cawley & Benson, 2005; Lindsay et al., 2009).
According to several interventional studies, it appears that this gel offers rapid and durable pain
relief (five to seven hours post-application) in patients with oral lesions, and experts have
recommended that Gelclair should be use at least one hour before meals (Barber et al., 2007; Flook

et al., 2005; Innocenti et al., 2002; McKenzie et al., 2006; Short & Fung, 2008). Other relevant
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non-pharmaceutical pain-relief strategies focus on relieving the psychological side-effect related
to the occurrence of RAP, such as anxiety, depression, mood disturbances, distress, and emotional
challenges (Thomas et al., 2010). Indeed, the use of music therapy (O’Callaghan et al., 2007),
hypnosis (Stalpers et al., 2005), aromatherapy massages (Wilkinson et al., 2007), meditation
(Matchim & Armer, 2007), or acupuncture (Johnstone et al., 2001), just to name a few, have shown

to be effective tools for coping the effects of RAP, however, the results may vary across patients.

1.4 Clinical implications of RIM/RAP
In general, the presence of RIM/RAP negatively affects three distinct components in HNC
patients: the function of the oral cavity, the patient’s quality of life, and the success of treatment

(Epstein et al., 2001; Franco et al., 2017; Shu-Ching, 2019).

1.4.1 Oral function

The presence of RIM/RAP has been highly associated with nutritional deficits. HNC
patients often experience a combination of events that compromise the oral function as a result of
severe mucosal ulceration, including anorexia, dysphagia, xerostomia, and taste alterations (Shih
et al., 2003). Using health-related quality-of-life instruments, such as the OMWQ-HN, studies
have reported that more than half of HNC patients complain of mouth and throat soreness over the
course of treatment and after, accompanied by dry mouth and difficulty to chew and swallow solid
food or liquids (Franco et al., 2017; Murphy et al., 2009). Moreover, RT can also damage taste
buds, causing temporary or permanent taste alternations or loss. Indeed, some patients have
reported decreased taste sensations or even difficulty tolerating bitter, sour, or sweet foods, while
others have a reported metallic taste in their mouths after eating (Madeya, 1996; McLaughlin &

Mahon, 2014). Additionally, RIM/RAP is often associated with a decreased production of saliva
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in the oral cavity (related to salivary gland damage induced by RT), making eating and drinking
much more difficult (Jensen et al., 2003). Ultimately, these oral complications can lead to a
decrease in oral intake, as well as to increase the need for enteral/parental nutrition, resulting in a

noticeable weight loss and dehydration (Ackerman et al., 2018; Bressan et al., 2016).

1.4.2 Quality of life

Alterations in nutrition and oral intake deficits have a profound effect on the patient’s
psychological status and quality of life (Brown & Wingard, 2004). Cross-sectional comparison
studies have determined that the oral complications mentioned above, in addition to speech
difficulties that arise from these complications, are strongly correlated to low quality-of-life scores
(OMWQ-HN scale) (Epstein et al., 2007). Certainly, high levels of depression, fatigue, anxiety,
emotional distress and even suicidal ideation can result from these comorbidities, especially when
patients are in pain (Chang et al., 2019; Franco et al., 2017). Additionally, these symptoms can
have a great impact on the activities of daily living, such as enjoyment of food and social
interactions (Borbasi et al., 2002). It has been reported that the patients’ social life can be
dramatically reduced when RIM/RAP and associated comorbidities coexist. People tend to avoid
social gatherings, especially when these meetings involve eating or drinking (Epstein et al., 2007;
Morgan et al., 2011). Furthermore, the incremental cost of cancer therapy when RIM/RAP is
established in HNC patients is high (i.e., $1700-$6000, depending on the grade), heavily impacting
the patient’s quality of life (Elting et al., 2007). When symptoms are severe, RIM/RAP can lead
to increased work absence or decreased active employment rates (Carlotto et al., 2013), as well as
to increase the cost of care. These costs include the need for prescription medications (e.g.,
opioids), additional diagnostic tests and procedures, transportation and health care supplies,

admission and prolonged periods in the hospital, ICU admissions, interventional procedures and
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intensive supportive care (e.g., intravenous fluids, feeding tubes), and/or psychosocial

interventions (Murphy et al., 2009; Peterman et al., 2001).

1.4.3 Success of cancer treatment

As mentioned before, severe and uncontrolled RIM/RAP can lead to the need to interrupt
or delay RT to alleviate symptoms, thus compromising local control and overall survival. Clinical
research indicates that RIM/RAP is the primary cause of unplanned treatment modifications in
HNC patients (Russo et al., 2008). As matter of fact, unplanned RT breaks/delays are significantly
more common among patients with pain associated with ulcerative RIM (3.8-fold increase), with
incidences ranging from 11% to 46,8% (Bese et al., 2007; Trotti et al., 2003; Vera-Llonch et al.,
2006). RT breaks/delays related to RIM/RAP most commonly occur after the 5th week of RT
initiation (Mallick et al., 2016), when the doubling time of tumor stem cell repopulation (i.e.,
length of time required to double a value given a consistent growth rate) is significantly accelerated
(about 4 days) in comparison to the second week of RT (about 60 days) (Withers et al., 1988). In
the field of radiation biology, the phenomenon of repopulation during a course of RT has been
found to be one the cause of early recurrence and lower overall survival in HNC, and it has been
reported that every additional day of delay in RT is associated with a 1%-2% lower 5-year relapse-
free survival rate (Suwinski et al., 2003). Consequently, patients with inadequate control of pain
are particularly prone to treatment failure (Brown & Farquhar-Smith, 2017; Massa et al., 2017;

Russo et al., 2008; Vera-Llonch et al., 2006).

1.5  Preclinical models of radiation-induced mucositis and pain
Although clinical studies have undoubtedly contributed to yield information about the

efficacy and safety of differing strategies to manage RIM/RAP, preclinical research remains the
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cornerstone to advance our understanding about the mechanisms related to its pathophysiology.
To date, several animal models of irradiation-induced mucositis have been designed to elucidate
the mechanism of mucosal injury and to create new and effective potential antimucotoxic agents.

In 1990, the first model of mucositis secondary to cancer therapy was developed in mice
(i.e., tongue and snout mucositis) to study the effects of single or fractionated doses of IR in
epithelial repopulation. Using a Seifert Isovolt 320 X-ray machine, Dorr and colleagues were able
to design a successful model of severe but reversible RIM in 10- to 12-week-old female mice (Dérr
& Kummermehr, 1990). This model has evolved over the years to include chemotherapy and,
therefore, replicating the damage triggered by chemoradiation (CRT) in cancer patients (Dorr,
2000; Dorr, Hamilton, et al., 2002). The discovery of the protective role of growth factors, such as
the keratinocyte growth factor, in the oral mucosa possibly represent one of the most important
contributions of this model. Palifermin has been extensively tested by Dorr’s research group to
determine whether this drug can successfully regenerate mucosa in their mouse model (Dorr,
Bassler, et al., 2005; Dorr, Heider, et al., 2005; Dorr et al., 2001; Dorr, Spekl, & Farrell, 2002;
Dorr, Spekl, et al., 2002). In these studies, palifermin consistently reduced the incidence of
confluent oral mucositis induced by either IR (single or daily fractionated IR) or CRT, which
resulted in a long-lasting inhibition of irradiation-induced inflammatory and immune changes in
the mouse tongue. These findings later promoted the conduct of randomized, placebo-controlled
clinical trials in HNC patients, where it was proven that weekly palifermin (120 pg/kg per week)
was able to decrease the severity and time of onset of oral mucositis in patients undergoing
postoperative CRT (Henke et al., 2011; Le et al., 2011; Vadhan-Raj et al., 2010; Vadhan-Raj et
al., 2013). However, the safety of palifermin has not been established in HNC patients with

nonhematologic malignancies, and moreover, its use has not consistently demonstrated better
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patient-reported quality of life outcomes (Bossi et al., 2012; Fromme et al., 2004) (Bossi et al.,
2012; Fromme et al., 2004).

The hamster model has also been used to model oral mucositis as a result of cancer therapy.
Also in 1990, the first model of chemotherapy-induced mucositis (buccal cheek pouch mucositis)
was developed (Sonis et al., 1990), allowing to extend the current understanding about the
underlying four phases of mucositis development (i.e., inflammatory/vascular, epithelial,
ulcerative/bacteriological, and healing phases) (Sonis, 2004a, 2004b). Later, this hamster model
was adapted and designed to study oral mucositis as a consequence of IR (single or fractionated
IR) and CRT (Alvarez et al., 2003; Watkins et al., 2010), and it has been used to test many agents,
such as keratinocyte, fibroblast and epidermal growth factors, transforming growth factor f,
interleukin-11, among others (Alvarez et al., 2003; Ara et al., 2008; Sonis et al., 1997; Sonis et al.,
1992).

The rat model has mostly been used to study oral and gastrointestinal mucositis as a
consequence of chemotherapy (Howarth et al., 2006; Takeuchi et al., 2020; Vanhoecke et al.,
2015), however, some models of oral mucositis induced by IR (single dose) alone or in
combination to chemotherapy has also been utilized to study the protective benefit of some agents
in RIM, such as propolis, sumatriptan, alpha lipoic acid, epidermal growth factors inhibitors, and
N-acetylcysteine (M. Ala et al., 2020; Deniz, 2011; Kim et al., 2020; Kim et al., 2017; Lee et al.,
2007; Rezvani & Ross, 2004). However, and comparing to the mouse and hamster models,
achieving mucosal damage can be challenging due to the highly keratinized nature of the rat
epithelium. Therefore, the relatively resistant feature of this animal model to develop RIM has

limited its use in basic research (Gibson et al., 2010).
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Despite the vast amount of work dedicated to study RIM, there is no current investigation
in the literature addressing the research of RAP in preclinical settings. Indeed, all the
aforementioned studies have only assumed the presence of RAP using RIM severity and body
weight loss as proxy indicators. Moreover, and while some investigators have dedicated great
effort to develop standardized outcomes measures of orofacial pain in small laboratory animals
(Anderson et al., 2013; Dolan et al., 2010; Neubert et al., 2008; Neubert et al., 2005; Rossi et al.,
2006), none of these assays have been used to measure acute, orofacial RAP in this species. There
has been some speculation on the mechanisms underlying RAP based on the current understanding
of RIM and the pain descriptors reported by HNC patients undergoing RT (Epstein et al., 2009).
Based on this evidence, one can assume that RAP pathophysiology may involve inflammatory and
neuropathic pain mechanisms. Yet, this is not sufficient evidence to determine the exact
mechanism by which RAP is generated. Certainly, the unavailability of valid animal models of
RAP, as well as the lack of assessment tools to monitor the onset and progression RAP, can be
major impediments in the discovery of the signalling pathways driving RAP and potentially
explain why the management of RAP continues to be suboptimal in HNC.

In the last years, our laboratory has dedicated a lot of research effort to fill some of these
gaps in knowledge by developing our own mouse model of RIM (Lai et al., 2021; Nolan et al.,
2017). According to this work, experimentally-induced RIM (glossitis) can be modeled using a
single high-dose fraction (27 Gy) of lingual IR. In our model, mice usually develop clinical signs
of oral mucositis (e.g., slight redness of the oral mucosa to severe inflammation and ulceration) 10
to 12 days after IR, which is accompanied by severe body weight loss. The severity of RIM quickly
decreases after this, and 19-21 days after IR we tend to see signs of complete RIM resolution and

weight gain. In addition, we have developed outcome measures to evaluate the pain associated
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with RIM using two different strategies: 1) the eye wiping assay: a withdrawal reflex-based assay
designed to indirectly measure the activation of afferent neurons in the ophthalmic branch of the
trigeminal nerve and potential cross-sensitization of other branches, and 2) the burrowing assay: a
non-reflexive voluntary pain-related behavior assay commonly used in pain research to measure
well-being and/or the impact of pain in normal rodent activities (Lai et al., 2021; Nolan et al.,
2017; Price et al., 2021). Both of these assessment tools have helped to refine the characterization
of RAP in our model of RIM, in addition to improve our understanding (at least preliminarily)
about the complex multidimensional state of RAP. Indeed, these findings represent an important
first step to theorize that RAP processing potentially have both sensory and affective dimensions,
and therefore, we could use these tools in future investigations to determine what neural circuits
contribute to the integration of the different dimensions of RAP and, ultimately, identify and
develop better and safer mechanism-based therapies for RAP that will improve the treatment
outcomes in HNC.

Although undeveloped models represent an important source of lack of success in
translating findings from animal models to clinical studies, the inherent differences between
species can also contribute in this “clinical trial-lost in translation” (De Jong & Maina, 2010; Mak
et al., 2014; Mankoff et al., 2004). To overcome this gap, several authors have proposed that the
study of naturally-occurring diseases in companion animals (e.g., veterinary patients) might help
to bridge basic and clinical research (Christopher, 2015; Kol et al., 2015; Lascelles et al., 2018;
Paoloni & Khanna, 2008). Over the last 2 decades, translational research investigations in dogs
with spontaneous diseases have gain great visibility in the biomedical research community. Indeed,
the integration of pet dogs in the preclinical proof-of-concept stages of certain diseases, such as

canine osteosarcoma and osteoarthritis, has demonstrated to be a valuable approach to answer
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questions that would have been difficult or impossible to answer in rodents alone (Black et al.,
2007; Brown et al., 2015; ladarola et al., 2018; LaRue et al., 1989; Minnema et al., 2020; Ranieri
et al., 2013; Regan et al., 2018). In the field of oncology research, there is a growing interest in
exploiting naturally-occurring cancers in dogs to investigate innovative therapeutic approaches.
Certainly, the low translation success rate of preclinical cancer studies emphasizes the idea that
laboratory small animals, such as mice and rats, might not be the best models to define the safety
and activity of new anticancer agents. In contrast, tumor-bearing dogs appear to be better in
capturing the “essence” of the complex nature and evolution of human malignancies, as well as to
recapitulate the clinical responses to conventional cancer treatments as those observed in human
patients (Alvarez, 2014; Gordon et al., 2009; Hahn et al., 1994; Hay et al., 2014; Rowell et al.,
2011; Tarone et al., 2019). Under this auspice, the author of this literature review believes that
preclinical models of canine HNC might enhance and accelerate the development of new and
effective therapies for the management of RT-induced toxicities that would both benefit humans
and pets. Unfortunately, and while it has been reported in few veterinary studies that dogs can also
experience dose-limiting toxicities — such as RIM — during the treatment of HNC (Gieger et al.,
2008; Hunley et al., 2010; LaDue-Miller et al., 1996; Mosca et al., 2021; Riggs et al., 2018),
currently there is insufficient evidence to determine whether pet dogs are the most appropriate

animal model for testing novel therapeutics for the management of RIM/RAP.

1.6 Rationale for this work: pain as a driver of cancer progression
In 1993, Page and colleagues proposed the idea that pain might be an important promoter
of cancer (Page et al., 1993). In this study, they first showed in a rat model of breast carcinoma

that surgery (i.e., laparotomy) significantly increased lung tumor burden and enhanced metastasis.
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Because they were not able to measure pain in this study (lack of appropriate assessment tools),
they initially theorized that this effect could possibly be attributable to the suppressive effects of
surgery on the immune response. However, and as a first step to validate the theory that pain can
enhance tumor progression, in subsequent experiments they gave a single pre- or postoperative
dose of morphine (as a pain reliever) or vehicle solution in animals that either received surgery or
anesthesia only and that where inoculated with tumor cells 5 hours post-surgery or sham-surgery.
Remarkably, they show in these experiments that analgesic treatment blocked enhanced metastatic
colonization in operated animals not receiving analgesics, an effect that was not observed in non-
operated animals who were not experiencing pain. The concept of pain promoting cancer was then
supported in later in vivo studies that demonstrated that preoperative systemic opioids (i.e.,
fentanyl) or intrathecal administration of bupivacaine plus morphine reduced surgery-induced
tumor progression in rats (Page & Ben-Eliyahu, 2002; Page et al., 2001), and in in vitro studies
where it was evidenced that inhibitors of voltage-activated sodium channels, such as local
anesthetics (e.g., lidocaine and ropivacaine), can per se inhibit cancer cell growth and tumor cell
signaling pathways (Baptista-Hon et al., 2014; Martinsson, 1999). Supporting these research
findings in rodent models, retrospective clinical data have also indicated a potential role of pain in
cancer progression. Patients with painful episodes (either arising from treatment or from the tumor
and/or adjacent tissues) are more at risk to experience recurrence or metastasis during follow-up
(Exadaktylos et al., 2006; Groome et al., 2006; Russo et al., 2008).

Currently, the mechanisms that underlie pain-associated tumor progression are unknown,
but it has been theorized that the ability of neuronal and non-neuronal cells to produce neurotrophic
factors after nerve injury is likely exploited by cancer cells to create a microenvironment that may

promote angiogenesis, tumor cell invasion and propagation along neuronal structures (Ceyhan et
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al., 2009; Ceyhan et al., 2008; Demir et al., 2010; Demir et al., 2015). The perineural invasion
(PNI) phenomenon in pancreatic cancers (i.e., pancreatic ductal adenocarcinoma [PDAC]) is an
excellent example of this effect. PNI has its highest prevalence in PDAC (70-98%), and it
represents the ability of cancer cells to invade the neuronal sheath of innervating nerves to promote
neoplastic proliferation and spread (Demir et al., 2012; Gasparini et al., 2019). Interestingly, PNI
and some of the molecules that contribute to PNI and pain onset have also been associated with
the progression and/or prognosis of oral tongue squamous cell carcinoma (Hirose et al., 2016;
Liang et al., 2016; Shen et al., 2014; Yu et al., 2014). Relevant to RAP, it has been demonstrated
that neurotrophic factors such as NGF can be released by cancer cells and promote PNI, which in
turn upregulates TRPV1 (Jiang et al., 2020; Zhang et al., 2005; Zhu et al., 2011), promoting the
production of ‘pain signals’. As mentioned before, RIM has been associated with upregulation of
TRPV1 channels, and several lines of evidence support the idea that blocking the cascade of signals
triggered by TRPV1 represents one promising approach to treat RIM and associated pain (lto et
al., 2017; Lai et al., 2021; Nolan et al., 2017; Price et al., 2021). Interestingly, TRPV1 is
overexpressed in several cancer types, such as oral squamous cell carcinoma, prostate, colon, and
pancreatic cancers (Domotor et al., 2005; Gonzales et al., 2014; Hartel et al., 2006; Sanchez et al.,
2005), pointing out to the idea that TRPV1 might play a relevant role mediating RAP and

promoting its tumor-promoting effect.

1.7 Overview of work in this dissertation
Despite the above cited work indicating that pain, and indeed RAP, may be associated with
tumor progression, the association is far from proven. The primary aim of this body of work was

to determine if RAP promotes tumor progression as a prerequisite to investigations of the signaling
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mechanisms that may be involved, and thence onto therapeutic development. To do that, we had
to further refine our murine model of RIM, and the outcome measures of RAP. As mentioned
before, our laboratory has dedicated a lot of research effort to develop a mouse model of RIM (Lai
et al., 2021; Nolan et al., 2017). However, additional characterization is required to maximize the
translational utility of our mouse model. In Chapter 2, we tested the reliability of a new behavioral
test battery (based on nesting and grooming behaviors) that was designed to measure the impact
of RIM/RAP on animal welfare. After developing and validating the use of these behavioral
measures to assess RAP in our mouse model of RIM, we assessed the influence of RAP on tumor
progression in Chapter 3. The tumor-promoting effect of RAP was studied using a tail vein model
of pulmonary metastasis. At the time of maximal RAP, three cell lines were injected (4T1, B16F10,
MOC?2; each paired to their syngeneic host: BALB/c or C57BL/6), and we assessed tumor
progression using in vivo transthoracic bioluminescence imaging, ex vivo pulmonary nodule
quantification, and/or survival analysis. Because we confirmed in Chapter 2 that the severity of
RIM and RAP can be significantly reduced using resiniferatoxin (a highly selective TRPV1 agonist
that causes ablation of TRPV1-expressing neurons) in BALB/c mice, we assessed changes in the
progression of tumors when RAP was mitigated using ablation of TRPV1-expressing neurons.
This ‘analgesic strategy’ was associated with high mortality in certain strains of mice; therefore,
we explored the tolerability and ablative efficacy of different doses of resiniferatoxin under
different experimental conditions (Chapter 4). Because companion dogs, like people, suffer from
the spontaneous development of HNC and experience similar comorbidities (such as oral mucositis
pain following RT), we were interested in investigating whether companion dogs with naturally-
occurring HNC represent a suitable model to study potential interventions to prevent and treat

human RIM/RAP. However, there is little information in the literature about the clinical features
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of RIM in this species, and moreover, there are no assessment tools designed to measure orofacial
RAP. Therefore, and as a first step towards developing this model, in Chapter 5 we characterized
the clinical course, severity and potentially related side-effects of RIM in pet dogs undergoing
definitive-intent RT for the treatment of oral, nasal, and cranial cavity tumors, and we assessed
aspects of reliability and validity of a novel client metrology instrument designed to measure

orofacial pain in this species.
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Chapter 2: “Development and Evaluation of Behavioral Assays of Acute Orofacial Pain in

a Mouse Model of Lingual Irradiation.”
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2.1 Introduction

Head and neck squamous cell carcinoma (HNSCC) is an aggressive malignancy
characterized by high morbidity and low survival rates (Chin et al., 2006; Cohen et al., 2018).
Radiation therapy (RT) is an important therapeutic modality in the curative-intent management of
locoregional HNSCC, however, intense courses of RT can be very toxic (Sroussi et al., 2017).
Radiation-associated pain (RAP) represents one of the most common and challenging-to-treat
toxicities observed among HNSCC patients presenting ulcerative oral mucositis as a side effect of
RT (Cramer et al., 2018; Moslemi et al., 2016). The presence of acute, orofacial RAP (hereafter
referred to as “a0oRAP”) is problematic because in addition to impair the patient’s functional status
and quality of life, it can sometimes lead to interruptions and even discontinuations of RT with
potential adverse impact on outcomes (Epstein & Barasch, 2018; Rosenthal, 2007; Sroussi et al.,
2017). Although radiation-induced oral mucositis (hereafter referred to as “RIM”) is an
acknowledged leading cause of aoRAP (Epstein et al., 2010), remarkably little is known about the
specific mechanisms that generate and maintain this pain in HNSCC patients. This fact might
explain the absence of effective, non-opioid analgesic strategies for the management of aoRAP in
this population, as well as to underscore the need to understand the biological mechanisms driving
this form of pain.

In order to study the pathogenesis of ao0RAP, appropriate animal models and pain-outcome
measures are required. As previously discussed in Chapter 1, several rodent models of RIM
currently exist in the literature, either induced by single-dose or fractionated ionizing irradiation
(Alvarez et al., 2003; Dorr & Kummermehr, 1990; Dorr et al., 2002; Gruber et al., 2017; Hwang
et al., 2005). Yet to our knowledge, none of these animal models have been used to specifically

phenotype oral mucositis pain, nor to identify and characterize the direct mediators and pathways
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that regulate aoRAP processing. Because modeling of aoRAP is currently limited by a paucity of
validated pain assays, our research group has conducted extensive research in the last years in
order to develop a translational mouse model of RIM (glossitis) for the study and measurement of
aoRAP (Lai et al., 2021; Nolan et al., 2017; Price et al., 2021). In these studies, we have
characterized aoRAP by measuring changes in reflexive (i.e., evoked by stimulation) and non-
reflexive (voluntary, un-evoked) responses. The eye wiping assay is a reflex-withdrawal based test
commonly used in trigeminal pain studies that involves the count of wipes after applying one drop
of 0.9% sodium chloride into the animal eyes, which indirectly measures the activation of primary
nociceptive afferents of the ophthalmic division within the sensory trigeminal system (Farazifard
et al., 2005; Launay et al., 2016). The burrowing assay, conversely, is a preclinical measure of
non-evoked pain that quantifies the amount of material (e.g., food pellets) left in an enclosed tube
30 minutes or more after presentation to the mouse. Burrowing is a highly motivated and
spontaneous home-cage rodent behavior; therefore, this assay has emerged as a relevant voluntary
behavioral tool in the field of pain research to assess wellbeing and/or the “global impact” of pain
in rodents with minimal human intervention (Andrews et al., 2012; Jirkof, 2014; Jirkof et al.,
2010). The rationale for using these outcome measures in our studies relied on the fact that we are
aiming to assess the different dimensions of the aoRAP experience in vivo, such as sensory-
discriminative dimensions (via the eye wiping assay) and affective dimensions (via the burrowing
assay). Additionally, we have measured changes in feeding behaviors (i.e., reduction in body
weight) to assess the impact of RIM in oral function. According to our results, an increase in
wiping behaviors and decrease in burrowing activity and body weight are consistently observed in
mice with visible RIM lesions. While these outcome measures offer a key step towards the

validation of our murine model of aoRAP, additional characterization is still needed in order to
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capture some dimensions of pain that might be more relevant in the context of HNSCC. In
particular, none of our assays provides a metric of spontaneous pain behaviors (i.e., measurement
of affective/motivational pain components) in the orofacial region. This is relevant when studying
aoRAP because clinical studies have indicated that pain at oral sites is not only strongly affected
by sensory components in HNSSC patients, but also by affective/motivational components
(Epstein et al., 2009). Hence, it is important to assess the multidimensional nature of aoRAP in
rodents to increase the translation of preclinical findings to the clinic.

During the conduct of previous work in our laboratory, we noticed that nesting and
grooming behaviors (two voluntary, spontaneous home-cage activities) were strongly impaired in
mice with ulcerative RIM. Indeed, watching mice create nests out of provided materials clearly
shows they use their mouths to shred the material. We also observed that grooming, which involves
repeated licking of paws after the paws are pulled over the fur, was clearly decreased in mice with
ulcerative RIM. These findings were particularly interesting because nest building and grooming
behaviors have been extensively used as proxy-indicators of postoperative spontaneous pain and
to evaluate analgesic efficacy in mice (Gaskill et al., 2013; Jirkof et al., 2013; Kerr & David, 2007;
Matsumiya et al., 2012; Negus et al., 2015; Oliver et al., 2018; Spradley et al., 2012). In
comparison to reflex-withdrawal based assays, and similar to the burrowing assay, these assays
can measure spontaneous pain-related behaviors in a noninvasive and low-stress manner within
the animal’s home cage, and such outcome measures have been shown to be highly reproducible,
and require minimal training (Jirkof, 2014; Jirkof et al., 2013; Rock et al., 2014). However, nesting
and grooming activities have not been used as behavioral metrics to assess orofacial pain in mice.
In the current work, we introduce a novel behavioral test battery based on nesting and grooming

behaviors, which was designed to reflect the onset, progression, and severity of aoORAP as a result
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of RIM in mice. The purpose of this study was to assess the ability of our assays to predict changes
in RIM under different experimental conditions, as well as to evaluate the reliability and validity

of our methods and measurement strategies.

2.2 Material and Methods

2.2.1 Experimental overview

In the first part of this study, we examined whether our newly developed behavioral assays
were able to mirror the progression of RIM and associated weight loss in tongue-irradiated
BALB/c mice (female) in a similar degree to other behavioral assays, such as the eye wiping and
burrowing assays. We then tested their ability to discriminate mice experiencing high-grade RIM
from those that never developed RIM across mouse sexes, different strains (BALB/c versus
C57BL/6), and differing irradiation regimens (single-dose versus fractioned modality).
Afterwards, we evaluated the change of nesting and grooming behaviors through the full
progression and resolution of RIM in tongue-irradiated C57BL/6 mice (female). After evaluating
the level of agreement between scores obtained in real-time versus those obtained remotely using
digital material, we examined the reliability of our scoring systems in terms of internal consistency,
inter-observer reliability, and test-retest reliability using a computer-based (remote) scoring
modality. Finally, we assessed the validity of our assays (i.e., responsiveness) by comparing
nesting and grooming scores between irradiated mice that did and did not receive analgesic

strategies.
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2.2.2 Animals

In this study, we used 10- to 14-week-old BALB/c (female and males) and C57BL/6
(female) mice purchased from Charles River Laboratories (NCrl substrains). Mice were
quarantined and acclimated for at least 2 weeks before the start of experiments. For all
experiments, mice were randomly assigned to the defined experimental groups, and group-housed
(2-4 animals per cage) in a controlled environment (22°C; humidity 50%) under specific pathogen-
free facilities and maintained on a 12-hours day-night cycle. Mice were given ad libitum access to
water and commercial pelleted diet; daily nutritional gel (DietGel 76A, ClearH20) was provided
on the floor of the cage from the start to the end of every experiment. Any additional enrichment
objects were removed from all cages throughout our studies. Pre-defined criteria for euthanasia
included: increased respiratory effort, anorexia for more than 24 hours (once RIM had resolved),
hunched posture, or more than 30% weight loss. Euthanasia was performed via asphyxiation (3.5
L/min CO2 chamber), followed by cervical dislocation. All experimental procedures were
approved by the North Carolina State University Institutional Animal Care and Use Committee

(protocol #’s: 18-061-B and 19-810-B).

2.2.3 Animal irradiations

Within each experiment, RIM was induced by delivering high doses of lingual ionizing
irradiation (IR). In most experiments, a single dose of IR (27 Gy) restricted to the rostral tongue
was used to induce severe but reversible acute RIM. IR was performed using a clinical linear
accelerator (LINAC) and 6 megavolt X-ray beam (Novalis TX, Varian Medical Systems). A
detailed description of this IR protocol has been previously described (Lai et al., 2021). In some
experiments, RIM was induced using a 5-fraction IR scheme (6.5 Gy x 5 daily fractions; XRAD

320 kilovolt X-ray irradiator). In this protocol, 4 mice were simultaneously anesthetized and
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individually placed inside an immobilization, shielding device (made of plexiglass with lead plates
on top) that allowed us to exclusively expose the mouse tongue while protecting the rest of the
body from IR (as shown in Figure 2.1A). Tongues were gently exposed using rubber-tipped
forceps and the tip of the tongue was held on top of the device’s lead shielding using clear adhesive
tape. The 4 immobilization boxes were then placed inside the XRAD 320 irradiator (on top of the
table); boxes touched corners at the inside edge, and the back (tail) end of them was aligned with
the SSD 60 cm line on the tabletop (Figure 2.1B). Tongues were located at the laser crosshair, and
actual mouse irradiation was done using the spinning/rotating table option to ensure homogeneous
treatment of all mice (Figure 2.1C). Irradiation doses were set to 600-650 cGy for each fraction/day
(program 17, SDD 35 cm), and an electrometer was used every time to measure and register the
exact dose received in the area where the tongue was located. In most experiments, a control sham-
irradiated group (sham-IR) was added for comparison; these mice received sham-irradiation (i.e.,
0 Gy) using the same methods described above. During irradiation and sham-irradiation, general
anesthesia was done using an intraperitoneal injection of ketamine (50-150 mg/kg, 100 mg/mL,

Henry Schein) and xylazine (10 mg/kg, 20 mg/mL, Anased, Lloyd Laboratories).
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Figure 2.1: Fractionated lingual irradiation using XRAD 320 kilovolt X-ray irradiator. A)

Immobilization/shielding device made of plexiglass with lead plates. B) Position of
immobilization boxes on top of the spinning/rotating table. C) Image representation of the final

settings, and the way that tongues were exposed.

2.2.4 Assessment of RIM and associated body weight loss

RIM progression was monitored daily from day 0 (IR delivery) until the end of every
experiment and rated using a 6-point subjective scale. Briefly, a score of zero (0) indicates no
change from baseline; (1) erythema, vascular dilation, 1-2 small blister-like lesions, and mild
edema; (2) patchy ulceration and/or pseudomembrane formation, 2 or more blister-like lesions,
ptyalism, and moderate edema; (3) confluent ulceration or fibrinous membrane formation within
the irradiated field; (4) hemorrhage or necrosis; and (5) death. RIM scoring was performed by the
author who visually inspected the mucosal lesions by gently extracting the tongue using non-
traumatic forceps in mice briefly anesthetized with isoflurane. Measurement of body weight
(expressed as percentage change from baseline) acted as a surrogate marker of overall health; for
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all experiments, animals were weighed daily with an electronic scale immediately after assessing

RIM.

2.2.5 Nesting and grooming assays

2.2.5.1 Assay development: Existing methodologies were used as a basis to develop a strategy to
assess a0RAP by means of nesting and grooming activities. We started by critically evaluating
previously published protocols and scoring systems (Gaskill et al., 2013; Oliver et al., 2018), and
by determining which items would accommodate our testing conditions. By combining published
information and observations acquired during the conduct of previous experiments in our
laboratory, we developed a methodology to measure nesting and grooming activities during the
most active times in their circadian cycle (i.e., dark cycle) with minimal handling (thus avoiding
handling-induced stress). Nesting activity was measured using two different criteria: 1) the ability
to build a nest, and 2) the ability to shred the nest material; therefore, two independent assays were
developed for this outcome measure. Self-grooming behavior was indirectly measured by
assessing the changes in physical appearance.

2.2.5.2 Scoring system

2.2.5.2.a) Nesting assay: Nesting activity was measured using two assays. The first assay, “Nest
Building Assay”, rated the ability of mice to build an adequate nest using a 3-point scale (Figure
2.2A). Briefly, a score of 0 (zero) indicates “normal nest” (i.e., most of the nestlet has been
completely torn into small pieces; pieces are arranged together into one area of the cage); (1)
“abnormal nest” (i.e., incomplete shredding of the nestlet (large pieces may remain); pieces may
remain scattered around the cage (not all arranged together)); and (2) “absent” (i.e., nestlet (white
cotton square) was not noticeably touched). The second nesting assay, “Nest Shredding Assay”,

rated the ability of mice to shred the nest using a 4-point scale (Figure 2.2B). Briefly, a score of 0
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(zero) indicates “fully shredded” (i.e., entire nestlet was torn into small pieces that are essentially
the same size); (1) “partially shredded” (i.e., can no longer discern the original square shape of the
nestlet; there is a mix of small and mid-sized pieces), (2) “minimally shredded” (i.e., square shape
of nestlet is obvious; there are very few smaller pieces); and (3) “not shredded at all” (i.e., nestlet
was minimally noticeable touched (retains square shape)). Scores of each subscale were examined

separately.

A)

Figure 2.2: Nesting assay. A) Nest building assay (rated using a 3-point scale). B) Nest shredding

assay (rated using a 4-point scale).

2.2.5.2.b) Grooming assay: Self-grooming behavior (evaluated by means of mouse physical

appearance) was rated using a 3-point scale. Briefly, a score of 0 (zero) categorizes grooming
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activity as “normal” (i.e., clean, smooth/silky haircoat); (1) “abnormal — moderate” (i.e., face
and/or body look messy, with hair “standing on end”; mouse looks dry); and (2) “abnormal —
severe” (i.e., disheveled, wet and/or greasy haircoat (especially in the face and neck/chest area);
possible discoloration of coat, erythema, and areas of hair loss (alopecia)). The same scoring

system was used for white (Figure 2.3A) and black (Figure 2.3B) mice.

A)

Figure 2.3: Grooming assay (rated using a 3-point scale). A) White mice (BALB/c strain). B)

Black mice (C57BL/6 strain).

2.2.5.3 Assay methods: For all experiments, mouse cages were tested in a randomized order
throughout the study. During acclimation (before IR), mice were habituated to the assay’s
materials (e.g., nestlet) for at least 5 days before baseline values were obtained. All behavioral

assays were conducted by the author, who was unblinded to the experimental groups and time
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points for most assessments. Briefly, mice were sequentially transferred to individual testing cages
(i.e., standard mouse cages) containing: 1) standard amount of bedding material (no enrichment
added), 2) one commercially available cotton fiber nest material (Nestlet; 5 cm x 5 cm, 5 mm thick,
~2.5 g each; Ancare Corporation) placed in one corner of the cage, 3) food (commercial pellets
and DietGel) placed in the opposite corner of the cage (floor), and 4) water (tube placed on the
wire-bar lids). Mice were then left alone in their respective testing cages in a quiet room during
the dark cycle; all test sessions took place between 5:00 P.M. and 8:00 A.M. The author returned
the next day at 8:00 A.M., and scoring was done. Briefly, each cage lid was removed to allow full
visualization of the individual nests and animals, allowing to score results from the nest building
and grooming assays with minimal interference. Then, each nest was removed from the cage and
spread on top of a black surface to visualize individual pieces of the nest material and record scores
from the nest shredding assay. During scoring, photographs and/or videos of each nest and mouse
were taken for later assessment (reliability evaluation). To keep the uniformity of images, the
capture of this content was done using specific techniques. First, all nest photographs obtained for
the nest building and shredding assays were taken at a distance of 30-40 centimeters above the
mouse cage (as shown in Figure 2.2A) or the black-color tabletop (as shown in Figure 2.2B),
respectively, using standard mouse colony lighting (i.e., warm light of low intensity). For the
grooming photographs and/or videos, animal were individually placed in a 9.6 x 9.6 x 9.1-inch
photo studio box with white backdrop and white LED lighting (Emart International Inc.,
California); images were taken keeping a 20 centimeters distance between the mouse and the
camera lens. All images were captured using a mobile phone (Samsung Galaxy S10, 12-megapixel

resolution). After that, each mouse was returned to their respective group cages.
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Assays were conducted at different time points following IR depending on the experiment.
In all experiments, baseline data was collected the day before irradiation (i.e., absent RIM). Based
on our experience with this model of RIM (Nolan et al., 2017), the other selected timepoints of
assessment were: 1) the time when no visible signs of RIM are observed (i.e., day 4 post-IR); 2)
the time when signs of grade 1 RIM are observed (i.e., day 8 post-IR); 3) the time when signs of
grade > 2 RIM are observed (i.e., day 11 post-IR); and 4) the time when signs of RIM resolution

are observed (i.e., day 15 or 19 post-IR, depending on the experiment).

2.2.6 Reliability and validity assessment of nesting and grooming assays

2.2.6.1 Score reproducibility assessment: Before testing the reliability of our scoring systems,
we first confirmed the ability of a computerized-based (remote) assessment modality to reproduce
the results obtained during real-time assessment. The goal here was to determine if results obtained
from remote scoring differed from those obtained during the conduction of experiments,
potentially paving the way for reliability assessment to be done using a computerized-based
assessment modality. For this section, we used the data obtained from an experiment performed in
C57BL/6 mice (female).

2.2.6.2 Reliability assessment: The goal here was to assess the reliability of our scoring systems
(by means of internal consistency, inter-observer reliability, and test-retest reliability) using a
specific set of images and videos collected from some of the experiments conducted in this study.
In addition, we used this material to determine the agreement (reproducibility) of scores between
expert (i.e., the author of this work, hereafter referred as “Evaluator 1) and non-expert evaluators
(Evaluators 2 to 7). For this assessment, we recruited six students from North Carolina State
University with similar education backgrounds (i.e., undergraduate students) to score the selected

digital material. All evaluators were blinded to groups, time of assessment, and type of study that
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was being conducted. To better understand the applicability of our assays in other mouse-based
biomedical research facilities, we divided results from our evaluators into two groups based on
their experience working with laboratory mice: 1) evaluators 2 to 4: no experience, and 2)
evaluators 5 to 7: basic to high experience.

2.2.6.2.a) Digital material: A total of three Microsoft PowerPoint (MPP) presentations (i.e., one
for each nesting assay, and one for the grooming assay) were created and distributed to all
evaluators. For each MPP presentation, we included a brief instruction to guide evaluators about
the scoring process, and the respective scoring system (scale’s description and illustration). After
that, a number of slides containing pictures or videos that were considered by the author to be an
accurate representation of each item scale were included for scoring. Each slide contained either
an image or a video, and the corresponding scoring system that aimed to be used as a guide (see
example in Figure 2.4). Each item scale of the nesting assays had 10 representative images (i.e., a
total of 30 images for the nesting building assay, and a total of 40 images for the nesting shredding
assay), and each item of the grooming assay had 10 representative videos or images (i.e., a total of
40 videos for white mice (BALB/c strain), and a total of 40 images for black mice (C57BL/6

strain)). Slides were distributed in each presentation in a randomized order.
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Figure 2.4: Example of Microsoft PowerPoint presentations used for the reliability
assessment. A) Nest building assay; B) Nest shredding assay; C) Grooming assay (white mice);

D) Grooming assay (black mice).

2.2.6.2.b) Internal consistency and inter-rater reliability assessment: Evaluators had 3 days to
score all the digital content (i.e., MPP presentations). We asked evaluators to perform all the
scoring in one sitting and gave them the option to change their answers at any moment before
submitting their final scoring. Results were sent to the author via email (recorded in pre-made
Excel sheets). Evaluator 1 was used here as a local (unblinded) observer, and her results were used
as a “gold standard” reference.

2.2.6.2.c) Stability (test-retest) assessment: In order to measure the test-re-test stability (reliability)

of scoring, we asked three of the six recruited evaluators to re-score the digital material 7 days
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later using new MPP presentations (same presentations, different slide order). Evaluator 1 also re-
scored the digital material using the same MPP presentations.

2.2.6.3 Validity assessment: In this assessment, we determined the responsiveness of the assays
to the use of various analgesics to treat aoRAP. We first examined whether our assay’s scores
changed after administrating a single dose of different standard analgesics that are clinically
accessible and have demonstrated to be effective in alleviating other types of pain (i.e., carprofen,
hydromorphone, and anti-NGF mAb). After determining which strategy was most effective in
mitigating aoRAP (i.e., anti-NGF mADb), we conducted a larger study to assess the responsiveness
of our assays to the administration of the selected analgesic. We further evaluated responsiveness
by effecting pain relief by ablating TRPV1-expressing neurons known to be centrally important in
encoding pain.

2.2.6.3.a) Standard analgesics: In a pilot study, 4 groups of 8 female BALB/c mice underwent
tongue IR (27 Gy, LINAC) and received a single dose administration of either an NSAID
(carprofen 25 mg/kg, subcutaneous), opioid (hydromorphone 22 mg/kg, intraperitoneal), nerve
growth factor inhibitor (anti-NGF mAb, 50 uL/mouse, intraperitoneal), or saline (50 uL of 0.9%
sterile saline solution). Analgesics were given at different times depending on their elimination
half-life. The goal here was to conduct our behavioral assays at the time that the maximal analgesic
effect was reached. Due to the short duration of some drugs using a single dose, we adapted our
assay’s time of assessment from a dark-cycle assessment modality (i.e., 5:00 P.M. to 8:00 A.M) to
a 2-hour assessment modality done during the light-cycle (i.e., 8:00 A.M. to 10:00 A.M.). A single
injection of carprofen and saline was given at 3:00 A.M. on day 11 post-IR, hydromorphone at
6:00 A.M. on day 11 post-IR, and anti-NGF mAb at 8:00 A.M. on day 9 post-IR. The most

effective analgesic was then used to assess responsiveness in a larger, independent experiment.
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Here, 84 female BALB/c mice underwent IR or sham-IR (27 versus 0 Gy, LINAC IR), and either
received 2 consecutive doses of anti-NGF mAb (8:00 A.M. injections) on day 5 and 9 post-IR (50
uL/mouse), or an isotype control solution (IgG, 50 uL/mouse). Mice here were randomly allocated
to one of four treatment groups: 1) 0 Gy + IgG; 2) 27 Gy + IgG; 3) 0 Gy + anti-NGF mAb; or 4)
27 Gy + anti-NGF mADb.

2.2.6.3.b) Analgesia via TRPV1-expressing neuron deletion: In this experiment, we selectively
deleted TRPV1-expressing neurons using systemic administration of resiniferatoxin (RTX), a
potent TRPV1 agonist (Menéndez et al., 2006). Pharmacologic grade RTX (200 pg/mL) and
excipient were kindly provided by Dr. Alexis Nahama (Sorrento Therapeutics). Female BALB/c
mice either received a single interscapular subcutaneous dose of 300 pg/kg of RTX (Al-Mogairen,
2020) or an equivalent volume of the excipient 6 days prior IR or sham-IR (0 versus 27 Gy, LINAC
IR). Mice were randomly allocated to one of four treatment groups: 1) 0 Gy + RTX excipient; 2)
27 Gy + RTX excipient; 3) 0 Gy + RTX; or 4) 27 Gy + RTX. Ablation of TRPV1-expressing
neurons in the trigeminal pathway was assessed weekly via topical administration of 0.01%
capsaicin (diluted in 0.9% sodium chloride; total volume administered: 15 pL) into the left eye.
Responses were video recorded and later reviewed by a blinded observer who counted and
recorded the number of facial wipes over 1 minute immediately following topical application of
capsaicin. A 50% reduction from baseline in the number of wipes per minute was considered here

as a successful ablation.

2.2.7 Burrowing and eye wiping assays
Burrowing and eye wiping assays were performed in selected experiments. Both assays
have been extensively used by our laboratory members in the past to track the changes in RIM

scores (Lai et al., 2021; Nolan et al., 2017).
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2.2.7.1 Burrowing assay: Briefly, mice were single-housed for 30 minutes in standard gerbil-size
cages with a small amount of bedding and PVC pipe tubes that contained 150 grams of commercial
pelleted rabbit feed (Prolab high-fiber diet, PMI, Brentwood, MO). The contents of the tube were
re-weighed after the completion of the assays to determine the residual mass of feed. This assay
was conducted on two occasions: once at baseline (prior IR or sham-IR) and once at day 10 post-
IR. Before every baseline measure, a total of 3 training sessions were done using the same
methodology aforementioned; however, the testing time varied among training sessions.
Specifically, training sessions #1 and 2 were done in 1 hour, and training session #3 was done in
30 minutes.

2.2.7.2 Eye wiping assay: Briefly, mice were single-housed in microisolator cages, and the wiping
behavior was assessed after the administration of innocuous stimulus (i.e., 15 puL of 0.9% sodium
chloride at 26°C) into the left eye. Responses (i.e., wipes) were video-recorded (Foscam FI19826W
camera and Foscam Central Management Software, Shenzhen, PRC), and the number of wipes
within the first minute following stimulation were manually counted by a blinded, trained observer
with care taken to not score normal grooming behavior as wiping. This assay was conducted on

two occasions: once at baseline (prior IR and sham-IR) and once at day 11 post-IR.

2.2.8 Statistical analysis

Results from previous preliminary studies performed in both female BALB/c and C57BL/6
mice were used to calculate sample sizes (JMP 14.1; SAS Institute Inc. Cary, NC, USA), with a =
0.05 and 80% power; calculated sample sizes for each experiment are listed in Table 2.1.
2.2.8.1 General data handling: Normal distribution of the numeric data was evaluated by the
Shapiro-Wilk normality test analysis, and appropriate parametric or non-parametric statistical tests

were applied. Statistical significance was assessed by using Student's t-test (parametric, 2-tailed
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unpaired) or Mann-Whitney test (non-parametric, 2-tailed unpaired) for comparisons between two
groups. For comparison of two or more groups across time, a 2-way repeated-measures ANOVA
analysis was used; p-values were adjusted for multiple comparisons using Tukey's, Dunnett’s, or
Sidak’s post hoc test. Numerical data were plotted as mean + standard deviation (SD). Significant
p-values for all analyses were set at < 0.05. For the pilot study mentioned in section 2.2.6.3.a, we
evaluated the effects of pain medications by measuring the total proportion of animals whose
scores either 1) improved or not changed from baseline, or 2) worsened from baseline. Due to the
small sample size used in this experiment, data were assessed using descriptive statistics (i.e.,
fraction of total, expressed in percentage). The statistical analysis here was done using commercial
software (GraphPad Prism; Prism version 6).

2.2.8.2 Reliability assessment: Internal consistency was evaluated with Cronbach’s alpha
coefficient by comparing the scores of each assay (i.e., nest building assay scores versus nest
shredding assay scores versus grooming assay scores); for this analysis, we used those scores
recorded by Evaluator 1. Data were interpreted based on the general rule of thumb that states that
a values of 0.70 and above show good internal consistency. Inter-rater and test-retest reliability
was assessed using intra-class correlation coefficient (ICC) analysis (2-way mixed design). Based
on the rule of thumb, agreement was categorized as follow: ‘‘very good’’ (0.81-1.0), ‘‘good’’
(0.61-0.80), ‘‘moderate’’ (0.41-0.60), ‘“‘fair’’ (0.21-0.40), “‘poor’’ (<0.20). The statistical

analysis here was done using commercial software (IBM SPSS Statistics; version 28.0).
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Table 2.1: Sample sizes used for each experiment.

n per
List of experiment experimental
group

Total n/ Total n
experiment used

Lingual irradiation and sham-irradiation in male
BALB/c mice (27 vs 0 Gy, LINAC), no pain 12 24 24
relief medication

Lingual irradiation and sham-irradiation in

female C57BL/6 mice (27 vs 0 Gy, LINAC), no 20 40 40
pain relief medication

Lingual irradiation and sham-irradiation in

female C57BL/6 mice (32.5 vs 0 Gy, XRAD), 16 32 30
no pain relief medication

Lingual irradiation and sham-irradiation in
female BALB/c mice (27 vs 0 Gy, LINAC),

carprofen vs hydromorphone vs anti-NGF vs 8 32 32
saline

Lingual irradiation and sham-irradiation in

female BALB/c mice (27 vs 0 Gy, LINAC), 16 32 32

anti-NGF vs isotype control

Lingual irradiation and sham-irradiation in

female BALB/c mice (27 vs 0 Gy, LINAC), 16 64 63
resiniferatoxin vs excipient

2.3 Results

2.3.1 RIM and associated weight loss in irradiated female BALB/c mice

As shown in Figure 2.5A, signs of grade 1 RIM started to be evident 8 days after mice
received a single fraction of high-dose lingual irradiation (27 Gy). Yet, weight loss at this time
point was minimal (i.e., less than 5%; Figure 2.5B). By day 10 post-IR, a rapid increase in RIM
scores (overall mean score of 2) and associated decrease in body weight were seen. Maximal RIM

scores (overall mean score of 2.3) were observed on the next day (i.e., day 11 post-IR), which was
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accompanied by a marked loss in weight (~ 17% loss). Signs of RIM recovery started to be evident
by day 12 post-IR (overall mean score of 2.1), and a drastic reduction in its severity was seen by
day 13 post-IR (overall mean score of 0.8). RIM scores returned to baseline levels at day 17 post-
IR, which was accompanied by a relevant gain in weight. As expected, sham-IR mice did not

experience RIM development or weight loss at any time.

2.3.2 Time course of nesting and grooming assays in relation to RIM and body weight loss
in irradiate female BALB/c mice

In line with RIM and body weight loss progression, we found at day 11 post-IR that scores
from the nest building, shredding, and grooming assays in IR-mice were significantly higher than
those scores obtained from baseline measures and from the sham-IR group (Figure 2.5C, D and E,
respectively). By day 15 post-IR, nesting scores (from both assays) significantly decreased in IR-
mice, yet they did not differ from baseline measures, or from those scores obtained from the sham-
IR group. On this day, there was also a significant reduction in grooming scores from day 11 post-
IR in IR-mice, however, overall scores at this time remained significantly higher in comparison to
baseline measures and to those scores obtained from the sham-IR group. As expected, sham-IR

mice did not experience impairment in these behavioral activities at any time.

2.3.3 Nesting and grooming assay scores benchmarked against eye wiping and burrowing
activities in female BALB/c mice

Similar to the progression in nesting and grooming scores, and as we have seen in previous
studies (Nolan et al., 2017), eye wiping responses (Figure 2.5F) and burrowing activities (Figure
2.5G) also significantly changed from baseline once RIM reached maximal severity. In particular,

an exacerbated wiping response in comparison to baseline and sham-IR mice was observed in IR-
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mice at day 11 post-IR, as well as a drastic reduction in their ability to burrow at day 12 post-IR;
By day 15 post-IR, eye wiping responses were significantly higher in IR-mice in comparison to
those scores documented at baseline, yet not different from the scores obtained from the sham-IR
group; no data was collected for the burrowing assay at this time point. As expected, we did not

see in sham-IR mice exacerbated wiping responses or impairment in burrowing at any time.
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Figure 2.5: Changes in nesting and grooming assays in relation to RIM, body weight loss, eye
wiping, and burrowing activities in female BALB/c mice. Plots of overall RIM score (A), body
weight loss (B), nest building score (C), nest shredding score (D), grooming score (E), eye wiping
(F), and burrowing activity (G) for each group in the time course of the experiments. Comparisons
across times and groups were done using 2-way ANOVA analysis (with Sidak’s or Dunnett’s test
for pairwise comparisons, respectively); data expressed as mean + SD. Symbol represents
difference from baseline measures in the IR group (*p<0.05, #p<0.01, #¥p<0.001, #*p<0.001),

and difference between sham-IR and IR groups (*p<0.05, **p<0.01, ***p<0.001, ****p<0.001).
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2.3.4 Nesting and grooming scores in relation to RIM scores across sex, strain, and IR
modalities

As shown in Figure 2.6 (panels A to C), and in line with the results obtained in female
BALB/c mice, we found that all of our assays successfully discriminated male BALB/c mice with
high RIM scores from those mice that never developed RIM at day 11 post-IR. Moreover, these
assays were also effective at this time in discriminating these comparative groups when tested in
another mouse strain, such as C57BL/6 (Figure 2.6, panels D to F). Finally, we saw that our assays
were also capable to differentiate mice with high RIM scores from those that never developed RIM

when fractionated IR modalities were used (Figure 2.6, panels G to I).
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Figure 2.6: Ability of nesting and grooming assays to discriminate mice with RIM of 0 to
those with RIM > 2 across sex, strain, and IR modalities. Bar plots of overall scores for the nest
building assay (A), nest shredding assay (B), grooming assay (C) in male BALB/c mice (single-
dose IR); overall scores for the nest building assay (D), nest shredding assay (E), grooming assay
(F) in female C57BL/6 mice (single-dose IR); and overall scores for the nest building assay (G),
nest shredding assay (H), grooming assay (I) in female C57BL/6 mice (fractionated IR).
Comparisons across comparative groups (RIM 0 versus > 2) were done using unpaired Mann-
Whitney test (2-tailed); data expressed as mean + SD. Symbol represents between groups
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.001).
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2.3.5 Real-time versus remote scoring (reproducibility assessment)

For this assessment, we first checked whether RIM progression in female C57BL/6 mice
followed the same behavior previously observed in female BALB/c mice (Figure 2.7A). As
expected, and in line with previous results found in this strain, signs of grade 1 RIM were first
noticed by day 8 post-IR, reaching maximal severity (grade > 2 RIM) at day 11 post-IR, and a
complete RIM resolution at day 19 post-IR. Then, we assessed the time course of nesting and
grooming scores in relation to the development and resolution of RIM in this specific strain using
the data collected in real-time (Figure 2.7, panels B to D). Similar to the progression of RIM,
nesting and grooming scores were minimal for all mice (IR and sham-IR) at baseline and 4 days
following IR, and signs of score increase for all behavioral assays were first noticed at the time
that RIM scores started to increase in severity. At this time (day 8 post-IR), scores from the nest
building, nest shredding, and grooming assays were significantly higher than baseline and sham-
IR groups measures. Then, by the time of maximal RIM severity (i.e., day 11 post-IR), the highest
scores for all assays were observed in IR-mice, indicating maximal aoRAP severity according to
our theoretical frame. Yet, and while there was a substantial reduction in scores for all our assays
from day 11 to day 19 post-IR, we found differing results across assays at the time of RIM
resolution. At this time (day 19 post-IR), scores from the nest building assay in IR-mice were
significantly higher than baseline measures, but they were not different from those scores collected
from sham-IR mice. However, scores from the nest shredding and grooming assays remained
significantly higher than baseline and sham-IR groups measures. As expected, sham-IR mice did
not experience RIM development or impairment in these behavioral activities at any time.

Next, we investigated whether scores obtained in real-time differed from those obtained

remotely using a computer-based assessment system. Here we saw that scores were practically
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identical across all scoring systems at all times using both types of assessment (p > 0.9999 for all

comparisons).
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Figure 2.7: Progression of RIM, nesting, and grooming scores across times in female
C57BL/6 mice. Plots of overall scores for RIM (A), nest building (B), nest shredding (C),
grooming (D) assays in female C57BL/6 mice (single-dose IR). Comparisons across times and
groups was done using 2-way ANOVA analysis (with Sidak’s or Dunnett’s test for pairwise
comparisons, respectively); data expressed as mean + SD. Symbol represents difference from
baseline measures in the IR group (*p<0.05, #p<0.01, ##p<0.001, #*p<0.001), and difference

between sham-IR and IR groups (*p<0.05, **p<0.01, ***p<0.001, ****p<0.001).

2.3.6 Reliability assessment

To test the reliability of our behavioral instruments, we first measured the correlation
between assays (i.e., nest building versus nest shredding versus grooming scores). Results here
showed that there was high consistency between assays (Cronbach’ o = 0.941). According to our
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inter-rater reliability assessment, agreement in scores across all evaluators was very good for all
our behavioral assays (i.e., ICC > 0.8 for all assessments). Specifically, our scoring systems were
able to produce highly similar scores across all evaluators for the nest building, nest shredding,
grooming assays, independent of their familiarity with the assays or expertise with rodent studies
(Table 2.2). Moreover, our test-rest reliability assessment (done using a subset of evaluators; i.e.,
evaluator #1, 2, 3, and 5) showed a strong correlation between the two measures carried out one
week apart in all evaluators for all scoring systems (i.e., ICC > 0.9, p < 0.001 for all measures;

Table 2.3).

Table 2.2: Inter-rater reliability assessment.

i Nest Nest Grooming Grooming
Intraclass Correlation Building Shredding Score score
ffici . 7BL
Coefficient Score Score (BALB/c mice) (Cr?]ice)m

Between evaluators with no

mouse work experience 0.98 0.992 0.983 0.968
(evaluator 2 to 4)

Between evaluators with

mouse work experience 0.989 0.991 0.888 0.95
(evaluator 5to 7)

Between evaluators with

and without mouse work 0.991 0.996 0.976 0.981
experience (2-7)

Between evaluator 1 and 2

0.994 0.997 0.982 0.985
to7
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Table 2.3: Test-retest reliability assessment.

Intraclass Correlation Nest Nest Grooming Grooming
.. Building Shredding Score (BALB/c  score (C57BL/6
Coefficient . .

Score Score mice) mice)
Single Measures 0.987 0.983 0.932 0.952
Average Measures 0.994 0.991 0.965 0.975
Single Measures p-value <.001 <.001 <.001 <.001
Average Measures p-value <.001 <.001 <.001 <.001

2.3.7 Validity assessment (responsiveness)

2.3.7.1 Standard analgesics (pilot study): As shown in Table 2.4, anti-NGF mAb (at the used
dose) appeared to be superior in comparison to the other analgesics in mitigating the impairment
of nesting activities associated with RIM at day 11 post-IR. In particular, we saw in the anti-NGF
group that a greater proportion of mice were able to maintain or improve their nest building
performance from baseline (62.5%) than mice whose performance worsened from baseline
(37.5%), as indicated by the change in their scores. This did not occur for the other groups. In the
saline and carprofen groups there was an equal proportion of mice whose performance did not
change or improve (50%) from baseline and mice whose performance worsened from baseline
(50%). Conversely, we saw in the hydromorphone group that a greater proportion of mice whose
performance worsened from baseline (87.5%) than mice whose performance either improved or
not changed from baseline (12.5%). The nest shredding performance, instead, was not better than
baseline in any group by day 11 post-IR. However, the proportion of mice whose performance
worsened from baseline (50%) was equal to the proportion of those whose performance improved
from baseline (50%) for the anti-NGF group at this time point. Finally, we noticed that grooming

performance was completely impaired in all IR mice, independent of the administered analgesic.
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Specifically, none of the used analgesics was superior to saline, and the ability to groom had

worsened in all animals (100%) at the time of maximal RIM as compared to baseline measures.

Table 2.4: Assay responsiveness assessment (pilot study); total proportion of animals whose
performance (i.e., score change) at day 11 post-IR either 1) improved or not changed, or 2)

worsened in comparison to baseline.

Total proportion of animals (expressed in percentage)
Nest building Nest shredding Grooming
Groups performance performance performance
Improved Improved Improved
ornot  Worsened or not Worsened or not Worsened

changed changed changed
Carprofen 50 50 37.5 62.5 0 100
Hydromorphone 125 87.5 0 100 0 100
Anti-NGF mAb 62.5 375 50 50 0 100
Saline 50 50 37.5 62.5 0 100

2.3.7.2 Standard analgesics (large study): For this part of the study, we first compared the
progression of RIM and related weight loss across IR and sham-IR groups. RIM scores in all IR
mice (IgG and anti-NGF mAb groups) gradually increased after day 0, reaching its maximal
severity at day 11 post-IR (Figure 2.8A). While the progression in RIM was quite similar between
both IR groups, anti-NGF mAb significantly reduced the severity of RIM in comparison to IgG
from days 10 to 12 post-IR. On these days, anti-NGF mAb also significantly reduced the severity
of weight loss associated with RIM (Figure 2.8B). In regard to the ability of mice to build a nest,
shred the nest material, and properly self-groom, we saw by day 11 post-IR that the scores from
all our assays were significantly higher in all IR groups in comparison to all sham-IR groups (either
treated with 1gG or anti-NGF mAb) (Figure 2.8, C to D), and moreover, scores at this time were

significantly higher in all IR mice in comparison to their own baseline measures (not shown; p <
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0.0001 for all comparisons). However, anti-NGF mAb was able to partially mitigate these
behavioral impairments, and significant differences between both IR groups were seen when the
nest building and grooming assays were applied. Conversely, and while the score from the nest
shredding assay appeared to be reduced by the effect of anti-NGF mADb, this assay failed to
discriminate IR mice that were either treated with 1gG or anti-NGF mAb. As expected, none of the
sham-IR mice (either treated with IgG or anti-NGF mAb) experienced impairment in these

behavioral activities at any time.
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Figure 2.8: Changes in RIM, body weight, nesting, and grooming activities in female BALB/c
mice treated with systemic 1gG or anti-NGF mAb. Plots of overall RIM score (A) and body
weight loss (B) for each group during the time course of experimentations. Comparisons across
groups were done using 2-way ANOVA analysis (with Tukey’s test for pairwise comparisons);
symbol represents the difference between both IR groups (*p<0.05, **p<0.01, ***p<0.001,
****n<0.001), difference from baseline measures in both IR-IgG groups (*p<0.05, *#p<0.01,
###0<0.001, #*#p<0.001), and difference from baseline measures in both IR-anti-NGF mAb groups
(®p<0.05, *¥p<0.01, *¥p<0.001, **¥¥p<0.001). Bar plot of overall scores for the nest building (C),
nest shredding (D), and grooming (E) assays. Comparisons across groups were done using 2-way
ANOVA analysis (with Tukey’s test for pairwise comparisons); symbol represents the difference

between groups (*p<0.05, **p<0.01, ***p<0.001, ****p<0.001). Data expressed as mean + SD.
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2.3.7.3 TRPV1-expressing neuron deletion: Using RTX to selectively delete TRPV1-expressing
‘pain’ neurons, we confirmed the responsiveness of nesting and grooming assays. According to
our eye wiping results (not shown), ablation was successful in all RTX-injected mice (reduction
higher than 50% for all mice). As shown in Figure 2.9 (A to B), RIM progression and associated
weight loss in IR mice treated with RTX excipient did not differ from what we saw in our previous
experiments. However, a significant reduction in RIM scores and weight loss was observed when
IR mice were injected with systemic RTX. Indeed, low-grade RIM scores were found in this group
from days 8 to 12 post-IR (overall mean score of 1). Presumably as a consequence, body weight
loss was minimal (< 5%). Neither RTX nor excipient caused oral lesions (e.g., glossitis) or weight
loss in sham-IR mice; in these mice, RIM development and weight loss did not occur at any
moment during this study. Matching the development of RIM, we observed here that RTX
treatment significantly improved nesting and grooming activities in IR mice by day 11 post-IR
(Figure 2.9, C to E). In particular, nesting scores (from both assays) in IR mice receiving RTX
were significantly lower than their IR counterpart group (i.e., RTX excipient), and moreover, did
not differ from those scores obtained from all sham-IR groups. Regarding the grooming assay,
scores were significantly higher than those scores obtained from both sham-IR groups at day 11
post-IR, however, scores here were also significantly lower than their IR counterpart group (i.e.,
RTX excipient). As expected, none of the sham-IR mice (either treated with RTX or its excipient)

experienced impairment in nesting and grooming activities at any time.
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Figure 2.9: Changes in RIM, body weight, nesting, and grooming activities in female BALB/c
mice treated with systemic RTX or its excipient. Plots of overall RIM score (A) and body weight
loss (B) for each group in the time course of experimentation. Comparisons across groups were
done using 2-way ANOVA analysis (with Tukey’s test for pairwise comparisons); symbol
represents the difference between both IR groups (*p<0.05, **p<0.01, ***p<0.001, ****p<0.001),
difference from baseline measures for both IR-RTX excipient groups (*p<0.05, *#p<0.01,
###0<0.001, #*p<0.001), and difference from baseline measures for both IR-RTX groups
(®p<0.05, *¥p<0.01, *¥p<0.001, *%¥p<0.001). Bar plot of overall scores for the nest building (C),
nest shredding (D), and grooming (E) assays. Comparisons across groups were done using 2-way
ANOVA analysis (with Tukey’s test for pairwise comparisons); symbol represents the difference

between groups (*p<0.05, **p<0.01, ***p<0.001, ****p<0.001). Data expressed as mean + SD.
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2.4.  Discussion

In the present study, we first evaluated the ability of our novel battery of cageside
behavioral assays (based on nesting and grooming activities) to predict changes in RIM under
different experimental conditions in mice. According to our results, our assays demonstrated to
have predictive validity in detecting changes in RIM progression and severity in adult female
BALB/c and C57BL/6 mice whose tongues were irradiated using a single-high dose of IR (27 Gy).
Moreover, these behavioral assays showed to be equally effective in tracking changes in RIM
scores as other parameters have done in the past in this model (i.e., body weight change, eye wiping
responses, burrowing activities), as well as to discriminate mice with high-grade RIM (i.e., scores
> 2) from those that never develop RIM (i.e., sham-IR mice). Remarkedly, their ability to
discriminate IR mice from sham-IR mice appeared to hold across sexes, strains and different
irradiation modalities. Then, we tested the reliability and validity of our methods and measurement
strategies. According to the scores obtained from a computer based post-hoc image assessment,
we showed that there was a high internal consistency between the nesting (both building and
shredding test modalities) and grooming assays, indicating that all item questions were measuring
the same theoretical construct. High levels of inter-observer agreement and test-retest reliability
were also found for all assays, and no differences were seen between evaluators that had expertise
with the assays and those without expertise, neither between evaluators with experience working
with mice and those without experience. Lastly, we showed that our assays were highly responsive
(i.e., detection of a relevant change) to pain management strategies, such as anti-NGF mAb or
RTX administration, validating the assumption that aoRAP is experienced in mice undergoing
experimentally-induced RIM by our methods (single-dose of fractionated IR), and that our assays

represent valid behavioral screening tools for the study of aoRAP.
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Pain in the orofacial region is a common and debilitating problem in HNSSC patients
experiencing RIM. Indeed, clinical studies have shown that episodes of aoRAP are frequently
reported in patients undergoing curative-intent RT (either alone or in combination with
chemotherapy) from the day of RIM occurrence until the completion of RT (Buchsel & Murphy,
2008; Christoforou et al., 2019; Mirabile et al., 2016; Schaller et al., 2021; Shih et al., 2002)
Although there are current available analgesics for managing this pain condition (e.g., morphine,
gabapentin, benzydamine), these therapeutic strategies are unsatisfactory due to our poor
understanding of aoRAP mechanisms. To overcome this issue, animal models and reliable
methods of measuring aoRAP behaviors that translate to the clinic are urgently needed. As
mentioned before, we have attempted to fill the gap in this research area by characterizing sensory
and affective dimensions of aoRAP in our mouse model of RIM using hypersensitivity (eye wiping
assay) and wellbeing (burrowing assay) responses as proxy indicators (Lai et al., 2021; Nolan et
al., 2017; Price et al., 2021). Yet, further characterization is required to capture the spontaneous
features of mucositis pain in the orofacial region. During the conduct of previous work, we noticed
that two voluntary cageside behaviors — nesting and grooming — were markedly reduced when
mice were experiencing grade > 2 RIM, around days 10-12 post-IR. This impairment, however,
rapidly improved after mice started showing signs of RIM recovery. Based on these observations,
we theorized that the impairment seen in these behaviors might be a direct result of pain in the oral
cavity associated to RIM. Interestedly, there is no evidence in the current literature indicating that
both of these behaviors are mouth-dependent. Moreover, and despite the extensive use of these
outcome measures to phenotype other forms of pain (e.g., postoperative pain), there are not
standardized methodologies to assess changes in these activities in the context of orofacial pain in

mice. Therefore, the author of this work spent substantial time in the mouse colony at NCSU to
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gather enough evidence that would support our theory (i.e., nest and grooming activities are
impaired as a result of aoRAP in mice experiencing RIM). Two main conclusions were made from
this examination: 1) when signs of grade 1-2 RIM start to become evident, nests were commonly
left unfinished with several pieces of the nest material left untouched and spread around the cage,
and mice displayed a disorganized hair coat; and 2) when signs of grade 3 RIM start to become
evident, the nest material was usually left untouched (no indications of nest building or shredding
activity), and mice displayed greasy/wet hair along with hair loss or skin erythema within the
mouth and neck area. Using these observations, the author developed a method (i.e., scoring
system) to quantify the impairment in nest building, nest shredding, and grooming activities in a
manner that would require minimal operator interference.

In the first part of our study, we assessed the evolution of RIM scores in adult female
BALB/c mice after receiving a single high-dose fraction (27 Gy) of lingual IR. In this experiment,
we saw that the progression of RIM scores followed the same behavioral pattern seen before in
other mouse strains (Nolan et al., 2017), which was a gradual increase in scores following IR,
reaching maximal severity (grade 3) at day 11 post-IR, and a rapid resolution by day 17 post-IR.
Moreover, grade > 2 RIM was accompanied by weight loss (> 15%), increased eye wiping
responses, and reduced burrowing activity. As expected, our newly developed battery of assays
appeared to accurately mirror the progression and severity of RIM in these mice in a similar degree
to the eye wiping and burrowing assays. In particular, nesting and grooming scores did not
fluctuate from baseline measures at any time point post-IR in the sham-IR group. While all IR
mice displayed a great ability to build a nest or shred the nest material before IR (12 of 12), these
behaviors were drastically impaired at day 11 post-IR in most IR mice experiencing grade > 2 RIM

(9 of 12 for the nest building assay, and 12 of 12 for the nest shredding assay). After RIM was
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resolved, nesting behaviors returned to normal in almost all IR mice (11 of 12 mice). Similarly,
our grooming assay was also good revealing the absence of impairment in grooming activities at
baseline in all IR mice (12 of 12). Conversely, this behavior was drastically reduced in all IR mice
(12 od 12) at day 11. However, we noticed that many IR mice (5 of 12) still had difficulties
reestablishing their normal haircoat aspect by the time of RIM resolution. While scores were in
general much lower than the ones presented at day 11 post-IR, results here suggested that mice
might require more time to re-establish grooming behaviors in comparison to the nesting
behaviors. This could be attributable to many reasons. First, our previous observations
(unpublished) have indicated that grooming activities return to normal by day 19 post-IR, not by
15 post-IR, therefore, results here might be influenced by the selected temporal choice of
assessment. Secondly, it has been established that RT can change the properties of saliva (Jensen
et al., 2003; Li et al., 2021; Sroussi et al., 2017), therefore, we cannot ignore the fact that results
here might be reflecting other comorbidities that arise from IR; in this context, it will be necessary
to determine in future experiments whether our IR protocol affects the salivary glands and alter
the properties of saliva. Lastly, is it possible that grooming behavior remains abnormal because
there is residual aoRAP that is not reflected in RIM scores or by other outcomes measures (body
weight or eye wiping responses). This is relevant because persistent states of aoRAP after RT
completion has been reported in up to 36% of HNSSC patients despite RIM resolution (Astrup et
al., 2015; Kallurkar et al., 2019). One could infer from these results that the grooming assay could
be better in indicating long-lasting nociceptive alterations related to RIM than the nesting assays,
however, additional assessment timepoints need to be added before making definitive conclusions.

To further understand the applicability of these behavioral assays to measure aoORAP, we

tested their ability to discriminate IR and sham-IR groups across mouse sexes, different strains,
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and differing IR regimens. According to our results, our three behavioral assays were equally
effective (i.e., differences between comparative groups < 0.0001 for all assays) in discriminating
male IR mice with grade > 2 RIM against those that never developed RIM. This was not surprising
since RIM was equally severe in both sexes (data not shown). However, it was necessary to
determine whether our assays can detect differences in pain sensitivity between sexes. Indeed,
studies have suggested that gender is an important factor in the modulation of pain and that pain
severity is generally greater in female (Mogil, 2012; Wiesenfeld-Hallin, 2005). While here we did
not have a sex effect — pointing out that aoRAP can interfere with normal activities in a similar
degree in female and male mice experiencing similar RIM grades — we cannot confirm that
differences in aoRAP sensitivity do not exist between sexes, especially when considering that sex
differences have been hardly investigated in human patients experiencing aoRAP. In a similar line,
it was also important to determine whether some mouse strains are less or more sensitive to RIM.
Certainly, differences in pain sensitivity have been detected in other models of murine pain (Banik
etal., 2006; Mogil, 2019). For example, it has been shown that C57BL/6J strains are more sensitive
than A/J strains to inflammatory noxious stimuli such as formalin (Wilson et al., 2002). Therefore,
it was important to clarify if this was the case in our model. Similar to BALB/c mice, adult female
C57BL/6 mice with grade > 2 RIM (data not shown) had also drastic impairments in nesting and
grooming activities by day 11 post-IR in comparison to mice with no signs of RIM. Lastly, we
checked whether nesting or grooming behaviors were also affected when mice develop RIM using
a different IR modality. Because HNSSC patients are most commonly treated using fractionated
IR schemes (Atwell et al., 2020), we used a more clinically relevant IR protocol (i.e., fractionated
IR) to irradiate mice. In line with the results obtained from the other experimental conditions, it

appears that our assays were also effective in differentiating mice with grade > 2 RIM from mice
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that never developed RIM in these settings. Taking all results together, here we confirmed the
theory that the establishment of RIM in mice, as in humans, can lead to high-grade aoRAP, and
consequently, impact natural rodent behaviors such as nesting and grooming.

We then extended our assessments and evaluated the progression of nesting and grooming
scores through the full progression and resolution of RIM in tongue-irradiated C57BL/6 mice
(female). The idea here was, on one hand, to gain a more robust picture of the intensity and duration
of oral mucositis pain following IR using nesting and grooming activities as proxies of aoRAP,
and, on the other hand, to evaluate the level of agreement between scores obtained in real-time
versus those obtained remotely using digital material. In this part of the study, we first confirmed
that the progression of RIM and associated weight loss in irradiated C57BL/6 mice did not differ
from the one displayed by irradiated BALB/c mice. Having that interrogative resolved, we then
assessed how our behavioral assay scores changed over the course of the experiment using those
scores recorded in real-time. Until day 11 post-IR, we can interpret from our results that: 1) there
are no impairments in nesting and grooming activities before IR; and 2) grade 1 RIM correlates
with mild interference (i.e., intermediate scores) in nesting and grooming activities; and 3) grade
> 2 RIM correlates with an important interference (i.e., maximal scores) in these activities;
however, we found discrepancies in results at day 19 post-IR. At this time, we noticed that there
was a marked score reduction for all of the assays, however, scores here were still significantly
higher than baseline measures, and in some cases, higher than sham-IR groups. Specifically, and
opposite to what we have found in BALB/c mice in past studies at day 19 post-IR (unpublished),
this particular strain still displayed difficulties building a nest or shredding the nest material when
RIM was completely resolved. While scores from these assays were substantially lower than those

obtained on day 11 post-IR, some mice were still presenting nesting scores that were higher than
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baseline scores. Similar, grooming activities (according to our scoring system) were still reduced
after RIM resolution. These findings emphasize the idea that, similar to humans, residual aoRAP
after RIM resolution can perpetuate the impairment in normal, voluntary activities, and further on,
that RIM might trigger a cascade of intracellular events that promotes the generation and
maintenance of peripheral and/or central sensitization states (Kallurkar et al., 2019; Karri et al.,
2021; Latremoliere & Woolf, 2009; Vardeh & Naranjo, 2017). However, and while our battery of
assays was good mirroring low grades of RIM (i.e., mild nesting and grooming impairment
associated to grade 1 RIM), we cannot exclude the possibility that results at this time (day 19 post-
IR) were driven by a lack of sensitivity of our assays to detect the changes on aoRAP.

Because we were also interested on creating new guidelines that could be potentially
extendable to other research facilities to detect and rate mouse orofacial pain (based on nesting
and grooming activities) in a similar way that the Mouse Grimace Scale has offered (Langford et
al., 2010), we evaluated the level of agreement between scores obtained in real-time versus those
obtained remotely using digital material. Based on our results, we can conclude with confidence
that there are no major issues when changing assessment modalities. For the nest assay, in
particular, it was highly expected to obtain the same results across modalities. The nest is a static,
inanimate material, and the evaluator’s perception should not change significantly if scoring is
done in situ or by looking at a picture. Differences in scores, therefore, could be potentially related
to the quality of the picture. Conversely, the author here had some uncertainties about the grooming
assay. Specifically, scores from this assay can vary depending on the camera’s position and quality
of the image or video, and lighting. According to the author, mice sometimes display asymmetric
discoloration of coat, erythema, or hair loss, therefore, a grooming score of 2 can be easily

confused as a score of 1 if the video or image does not capture the whole mouse body. Moreover,
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having a poor picture quality can sometimes lead to inconsistency in results. The author here made
a great effort to obtain high-quality digital material, therefore, these difficulties were not
encountered. After determining that there was a good association in scores between both
assessment modalities, we examined the reliability of our scoring systems. Our reliability
assessment revealed that our nesting and grooming assays does not require previous training with
mice to get the expected results, therefore, these assays could represent a reliable tool to potentially
assess oral pain/interference. This is relevant when considering the possibility to create from these
results guidelines that can be easy to implement into other research facilities, and that are highly
reproducible.

Finally, and as a first step to validate the use of these assays to assess a0oRAP in mice, we
examined the responsiveness of our behavioral test battery by comparing nesting and grooming
scores between mice that were either received or did not receive analgesic strategies. From the
pilot study, we gained some provisional insight regarding the impact of various analgesics
(carprofen, hydromorphone, and anti-nerve growth factor) on aoRAP, allowing us to define which
analgesic strategy might be better to test the responsiveness of the nesting and grooming assays.
As in humans (Ling & Larsson, 2011), the NSAID failed to mitigate RIM-related impairments in
normal, voluntary activities such as nesting and grooming, and its analgesic effect was not superior
to saline. The opioid appeared to cause a decline in the performance of these activities. However,
mice were heavily sedated after hydromorphone was administered and this probably played a large
role in the results we saw. These results were rather unexcepted because hydromorphone at doses
ranging from 2.2-22 mg/kg are recommended to alleviate pain in mice (Kumar et al., 2008). In
mice treated with a single dose of an anti-NGF mAb there appeared to be some mitigation of the

impairment of nesting activities associated with RIM. This was not a surprise since anti-NGF mAb
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has shown promising pain relief effects in other pain models (Jimenez-Andrade et al., 2011,
Miyagi et al., 2017; Sevcik et al., 2005), and moreover, some studies have suggested that NGF
might be linked to the pathogenesis of radiation-induced mucositis pain (Ye et al., 2011).
Therefore, we decided to use anti-NGF mAb as our ‘analgesic tool” in a larger study to test the
responsiveness of our assays to detect changes in pain severity. As this work was progressing, an
opportunity to use RTX was developed. RTX, an ultrapotent analog of capsaicin, has emerged in
the last years as the most promising and refined mechanism-based treatment approach to
selectively target pain neurons by lesioning TRPV1-expressing nociceptive primary afferent
populations. RTX has demonstrated in preclinical studies to be a highly efficacious non-opioid
analgesic alternative with no neurological deficits or signs of toxicity, and it is recognized as a
promising candidate for the treatment of intractable or chronic pain conditions, such as cancer pain
(Brown, 2016; Brown et al., 2015; ladarola & Gonnella, 2013; ladarola et al., 2018; Kissin et al.,
2005; Menéndez et al., 2006). Interestingly, accumulating preclinical (mouse, rat) evidence has
indicated that TRPV1 contribute to trigeminal nerve injury-associated nociception and, therefore,
it could potentially play a crucial role encoding orofacial pain (Anderson et al., 2014; Anderson et
al., 2013; Neubert et al., 2008; Wu et al., 2018; Yilmaz et al., 2007; Yoo et al., 2020). Therefore,
we also used RTX with the assumption that this approach (tool) would allow us to test the ability
of our assays to detect ao0RAP. According to our results, the provision of presumed analgesia via
anti-NFG mAb and RTX resulted in shifts in the nesting and grooming assays. In comparison to
IgG, anti-NGF was able to reduce the impairment in nest building (39% reduction), shredding
(33% reduction), and grooming (17% reduction) activities that we normally see at day 11 post-IR
(time of maximal RIM severity). However, and in contrast to the nest building and grooming

assays, the nest shredding assay was not able to differentiate IR groups (i.e., IgG versus anti-NGF
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mADb). Based on these results, we theorized that while IR mice can improve their ability to build a
nest or self-groom at the time of maximal RIM when anti-NGF mAb is given, the ability to
completely shred the nest material can be still compromised. This action requires more mouth-
related work as compared to the action of building a nest, however, we cannot conclude from this
experiment that the results from this assay were attributable to the lack of analgesic effectivity of
anti-NGF mAbD or the assay’s design. Yet, the interpretation of this result can be improved by
looking at the results obtained from the RTX experiment. In this experiment, all of our assays were
effective in differentiating IR mice injected with RTX and RTX excipient at day 11 post-IR. On
this day, IR mice that received RTX had a remarkable improvement in the performance of nest
building (85% reduction), shredding (74% reduction), and grooming (45% reduction) activities,
and scores from the nest (building and shredding) and grooming assays did not greatly differ from
those obtained from sham-IR controls. Taken together, we can conclude at this stage that measures
of spontaneous behavior, such as nesting and grooming, provide a simple framework for
quantifying aoRAP in mice with experimentally-induced RIM.

Limitations of this study should be mentioned. While we had in general adequate sample
sizes for most experiments according to our sample size calculations, we cannot conclude that
carprofen or hydromorphone are ineffective therapies to mitigate aoRAP in our model; small
samples sizes were used for that particular experiment, and the design of our assays was modified.
Another important limitation of our study was the fact that our scoring systems had a limited
number of levels. Indeed, a 3-point system (0-2) provides less room for evaluators to express
differentiation than a 5-point scale, for example. This can decrease both the precision and increase
the variability of a scale, and thus, increasing the probability of error. Therefore, it will be

important to evaluate whether the accuracy of our assays change when additional and more specific
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scoring levels are implemented. Another relevant limitation relates to the fact that several of our
studies were done independently. While we are very strict about our experimental conditions, and
we make great effort to be consistent during the conduct of each experiment, we are aware that our
results can be impacted when animals are not being submitted to the exact conditions (e.g., time
of the year, different people inside the room, hormonal status, etc.). Therefore, it will be important
to confirm the reproductivity of our results. Also, the absence of relevant control groups might
limit the accuracy of our instruments. For example, we did not add groups of mice that had pain
in areas distant from the head and neck region (e.g., abdominal pain). This is especially relevant
because we cannot conclude that our assays are specific for measuring aoRAP without those
groups. Moreover, we cannot certify that our assays can measure other forms of orofacial pain
(e.g., temporomandibular joint pain, tongue pain induced by formalin or Complete Freund's
adjuvant (CFA)). Therefore, further experimentations will be needed to satisfy appropriate data
interpretation. In addition, we are uncertain on whether our behavioral tools can detect mild grades
of aoRAP. As mentioned before, our assays were capable of differing IR mice with low grades of
RIM (grade 1 RIM) against their sham counterparts by day 8 post-IR (C57BL/6 mice experiment).
However, we also observed that our assays were unable of differing IR mice that received
preemptive RTX and presented grade 1 RIM from sham-IR mice (either treated with RTX or its
excipient) by day 11 post-IR (BALB/c mice experiment). Therefore, it may be necessary to
reassess the ability of our assays to detect mice experiencing mild levels of RIM in future
investigations, and potentially add additional assessment timepoints (e.g., day 13 post-IR, when
signs of RIM resolution are first observed) to confirm the predictive accuracy of our assays in
detecting mild aoRAP across mouse strains. Lastly, and most important, it is necessary to

emphasize that while our assays demonstrated great responsiveness to analgesics and similar
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directional shifts, both analgesic tools had a direct effect on RIM severity. Indeed, both anti-NGF
mADb and RTX significantly decreased RIM scores from days 10 to 12 post-IR. This was not
surprising since it has been revealed in the past that both NGF and TRPV1 have a well-defined
pro-inflammatory role in a variety of injury states, in addition to have an important role in pain
transduction (Caterina & Julius, 2001; Caterina et al., 2000; Keeble et al., 2005; Minnone et al.,
2017). Thus, there is a great chance that changes in nesting and grooming scores might be
reflecting the alleviation of RIM rather than a pure analgesic effect. Based on this important piece
of evidence, we cannot confirm that anti-NGF mAb or RTX actually provided analgesia, and
consequently limiting the predictive validity of our assays to quantify aoRAP. Hence, to overcome
this limitation, the use of local pain strategies — such as adding local anesthetic solutions (e.g.,
lidocaine) directly into the mouse tongue — appears to be the most obvious choice to reduce this
confounding factor. Yet, there is vast evidence in the scientific literature suggesting that anesthetic
agents have immunomodulatory effects, and therefore, they may exert anti-inflammatory actions
that will also reduce the severity of RIM (Cruz et al., 2017; Gray et al., 2016; Kelbel & Weiss,
2001).

In conclusion, the findings of this study suggest that mice (either BALB/c (female and
male) or C57BL/6 (female) strains) with grade > 2 RIM induced by single-dose or fractionated IR
had significantly higher levels of aoRAP in comparison to their counterparts (sham-IR), as
indicated by a relevant impairment in nesting and grooming activities. Remarkably, these side
effects can be palliated in irradiated female BALB/c mice when preemptive anti-NGF mAb and
RTX are given systematically. Data here, therefore, provided empirical support for our hypothesis
that proposes that both activities are highly dependent on the mouth, and that these outcome

measures of spontaneous behavior may be relevant parameters for measuring the
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affective/motivational aspects of aoRAP in our model. In addition, the results of this study suggest
that our proposed standardized scoring systems may potentially provide reliable and valid adjunct
tools to screen aoRAP in mice, as well as may help to characterize candidate analgesics and
identify compounds with clinical potential in these settings. However, further investigations are
needed to confirm the reliability and validity of our instruments. Future work will be focus on
understanding the mechanistic underpinnings aoRAP and on determining the nociceptive-specific
nature of nesting and grooming behaviors in our model of RIM in order to improve the translation

of preclinical findings, and thus, improve outcomes in HNSCC.
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Chapter 3: “Painful Radiation-induced Oral Mucositis Promotes Metastatic Tumor
Development in Murine Models of Breast and Oral Cancer, a Phenomenon that Shows

Dependency on TRPV1-Expressing Neurons.”
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3.1 Introduction

In patients undergoing radiotherapy for squamous cell carcinoma of the head and neck
(HNSCC), an unplanned extension of the time over which radiotherapy is administered is
associated with diminished locoregional tumor control and reduced progression-free survival rates
(Mazul et al., 2020; Russo et al., 2008; Vera-Llonch et al., 2006). That is true when radiotherapy
is used for the management of primary HNSCC, and when treatment is delivered postoperatively
(Chen et al., 2018; Ho et al., 2018). This increased risk for early relapse, despite definitive
irradiation, has been attributed to accelerated repopulation of tumor clonogens, which is a
phenomenon whereby sublethal doses of radiation stimulate cellular proliferation via activation of
the receptor tyrosine kinase, epidermal growth factor receptor (EGFR) (Schmidt-Ullrich et al.,
1997). While EGFR is overexpressed in over 90% of HNSCCs (Grandis & Tweardy, 1993),
irradiation may further increase its activity and appears to drive tumor growth. When compared
with radiotherapy alone as first-line therapy for locally advanced HNSCC, 5-year survival is
improved for patients treated with radiotherapy plus cetuximab (EGFR inhibitor) (Bonner et al.,
2006; Bonner et al., 2010).

The impact of treatment course prolongation can be substantial. In one study, a 10-day
prolongation of the overall treatment time was associated with a 10% reduction in tumor control
probability (Suwinski et al., 2003). Others have estimated a 4.8% higher risk of local relapse per
day of interruption (Barton et al.,, 1992). One reason for treatment course prolongation is
Radiation-Associated Pain (RAP). Acute, and sometimes severe, orofacial RAP frequently
accompanies radiodermatitis and oral mucositis, which are common complications of head and
neck irradiation (Naylor & Mallett, 2001; Trotti et al., 2003; Wong et al., 2006). This pain can be

difficult to manage (Scully et al., 2003), and so to improve patient comfort, unplanned treatment
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breaks may be recommended by the physician to allow tissue healing before completing the
prescribed course of radiotherapy. Thus, pain can prompt treatment course prolongation, which
adversely affects patient prognosis, but it is unknown whether this pain (or pain signaling
mechanisms) might alter tumor behavior to directly increase the risk for early relapse.

In other realms of cancer research, it has been demonstrated that certain mediators of pain
can promote aggressive tumor cell behaviors. For example, nerve growth factor (NGF) is a
prototypical neurotrophic factor and well-recognized molecular mediator of pain; receptors for
NGF are expressed by both normal breast epithelial cells and breast carcinoma cells, but it is only
in the carcinoma cells that NGF binding causes activation of the mitogen-activated protein kinase
cascade which is requisite for mitogenic activity (Descamps et al., 1998). This suggests that NGF
has the potential to regulate breast tumor growth. Indeed, human breast tumor biopsies display
widespread immunoreactivity for NGF, and in xenografted mice, NGF blockade inhibits both
tumor growth and metastasis (Adriaenssens et al., 2008). In addition, strategies to reduce pain can
also alter cancer progression. It has been shown by Page and colleagues that after tail vein injection
of tumor cells into rats, growth of neoplastic lung nodules is hastened by the presence of surgical
pain; this effect is mitigated with opioid analgesics (Page et al., 1993; Page et al., 2001). The
premise that, for certain cancers, tumor control may be maximized via optimization of intra- and
perioperative analgesia and anesthesia is further supported by clinical observations. The use of
spinal anesthesia as an alternative to general anesthesia has been associated with lower recurrence
rates after transurethral resection of superficial bladder cancers (Choi et al., 2017). Overall survival
was longer in a series of patients having undergone open thoracotomy for primary lung tumors
with paravertebral blocks instead of intravenous patient-controlled analgesia (E. K. Lee et al.,

2017).
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These reports provide a rational basis for considering the possibility that pain, or pain
signaling mechanisms, may contribute to poor oncologic outcomes in patients undergoing
therapeutic irradiation. Here, we adapted the methods of Page and colleagues, to explore (in animal
models) if aggressive tumor behavior may be a direct result of severe acute orofacial RAP, or RAP

signaling components.

3.2 Materials and Methods

In this work, we began by establishing that in female mice, growth of lung tumors after tail
vein injection of an aggressive mammary carcinoma cell line is hastened by the presence of severe
acute orofacial RAP. Next, we established that this effect is attributable to local oral irradiation
(versus non-target radiation or certain environmental stressors), and is seen in both male and
female mice, but is restricted to certain tumor models. Finally, we demonstrated that the effect can
be mitigated with the provision of effective analgesia by selectively chemically ablating a subset
of sensory neurons that express the transient receptor potential vanilloid type-I receptor (TRPV1).

A summary of the experimental design is detailed in Figure 3.1.
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Figure 3.1: Summary of experiments. (A) First, we assessed the burden of lung tumors in
female and male mice (BALB/c) having undergone tail vein injection of breast carcinoma cells
(4T1-Luc2 model) at the time of severe acute RIM and RAP (day 11 post-IR). Tumor burden
was assessed via in vivo transthoracic BLI at days 17, 19 and 21 post-IR, and confirmed during
postmortem evaluation. (B) Using the same tumor model, we assessed the potential effects of
off-target radiation dose via low-dose total body irradiation, and (C) environmental stress
induced by standard cage temperatures. (D) To assess reproducibility, we repeated the
experiments in different tumor models (melanoma, B16F10-Luc2; and oral squamous cell
carcinoma, MOC2-Luc?) that utilize a different syngeneic host (C57BL/6 mice). Transthoracic
BLI was performed 25, 27, and 29 days post-IR in B16F10-Luc2 bearing mice, and 19, 28 and
39 days post-IR in MOC2-Luc2 bearing mice. (E) Lastly, using our experimental paradigm, we
evaluated whether tumor burden was altered by the analgesia provided when a selective sensory
afferent neurotoxic agent (resiniferatoxin) is used.
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3.2.1 Animals

Wild-type BALB/c (female and males) and C57BL/6 (female) mice, 10-14 weeks old, were
purchased from a commercial vendor (Charles River Laboratories). Mice were group-housed (2-4
animals per cage) in specific pathogen-free facilities, and had unrestricted access to water, food
pellets, and nutritional gel (DietGel 76A, ClearH20) in a controlled 12-hr day-night cycle. Studies
were performed at room temperature (21-22°C) unless otherwise noted. Pre-defined criteria for
euthanasia included: increased respiratory effort, anorexia for more than 24 hours (once glossitis
had resolved), hunched posture, or more than 30% weight loss. Euthanasia was performed via
asphyxiation (3.5 L/min CO2 chamber), followed by cervical dislocation. All experimental
procedures were approved by the NC State University Institutional Animal Care and Use

Committee (protocol #’s: 18-061-B and 19-810-B).

3.2.2 Cell lines

Three different firefly luciferase-expressing mouse cancer cell lines were used: 4T1-Luc?2
(mammary carcinoma), B16F10-Luc2 (cutaneous melanoma), and MOC2-Luc2 (oral squamous
cell carcinoma). Cell line authentication, preparation, and protocol optimization are detailed in
Supplementary Material 3.6.1. Murine 4T1-Luc2 mammary carcinoma cells were provided as a
gift from Drs. Gregory Palmer and Mark Dewhirst at Duke University on April 20th, 2018, and
they had previously received the cells from Dr. Michael Wendt at Case Western Reserve
University. 4T1-Luc2 cells (passage 4) were cultured in Dulbecco's modified eagle medium
(DMEM, high in glucose with sodium pyruvate and glutamine, Fisher Scientific) with 10% fetal
bovine serum (Genesee Scientific) and 500 pug/mL of zeocin (InvivoGen). Murine B16F10-Luc2
melanoma cells were purchased from ATCC (catalog number: BW124734) and cultured in RPMI

1640 (Gibco) containing 10% fetal bovine serum (Genesee Scientific). The medium was
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supplemented with 100 units/mL penicillin and 100 pg/mL streptomycin (Genesee Scientific).
Murine MOC2-Luc?2 oral cancer cells were provided by Dr. Clint Allen (National Institutes of
Health) on March 12th, 2020, with approval (including a Material Transfer Agreement) from Dr.
Ravindra Uppaluri at Dana-Farber Cancer Institute. MOC2-Luc?2 cells (passage 4) were cultured
in HyClone™ Iscove’s Modified Dulbecco’s Medium (IMDM) and Hams F12 Nutrient Mixture
(Fisher Scientific) at a 2:1 mixture with 5% fetal bovine serum, 1% penicillin/streptomycin, 5
ng/mL epidermal growth factor, 400 ng/mL hydrocortisone, and 5 mg/mL insulin
(MilliporeSigma). All cell lines were incubated in a humidified incubator at 37 °C in a 5% CQO2

atmosphere, and passaged 1:10 when 75-90% confluent.

3.2.3 Irradiations

Within each experiment, mice were randomly allocated to one of two treatment groups: 1)
single-dose irradiation (27 Gy) of the rostral tongue to induce severe but reversible glossitis
(hereafter referred to as ‘‘IR” mice) or 2) sham irradiation (0 Gy) as the negative control (referred
to as ‘“SHAM” mice). In some experiments we also used total body irradiation (1.6 Gy; referred
to as ‘““TBI” mice) to simulate the non-target dose the body is exposed to when using the
aforementioned 27 Gy protocol (Lai et al., 2021). Irradiations were performed using a clinical
linear accelerator and 6 MV X-ray beam (Novalis TX, Varian Medical Systems). A detailed
description of these irradiation protocols, including all associated dosimetric verifications, has
been described previously (Lai et al., 2021). For irradiation, mice were anesthetized using an
intraperitoneal injection of ketamine (50—-150 mg/kg, 100 mg/mL, Henry Schein) and xylazine (10

mg/kg, 20 mg/mL, Anased, Lloyd Laboratories).
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3.2.4 Assessments of radiation-induced mucositis and body weight

Daily for the first 21 days after irradiation, body weights were recorded and radiotherapy-
induced oral mucositis (R1M) severity was assessed on a 5-point scale (Lai et al., 2021), wherein
a score of zero (0) reflects a normal tongue, three (3) describes severe edema, hypersalivation,
ulceration and pseudomembrane/plaque formation, and five (5) indicates death. RIM severity
scoring was performed by a single, unblinded observer who visually inspected the mucosal lesions

by gently extracting the tongue using non-traumatic forceps under isoflurane anesthesia.

3.2.5 Screening for radiation-associated pain

Nesting and grooming activities were characterized as indicators of RAP severity (see
Supplementary Material 3.6.2 for information related to assay rationale and design). These
assessments were made by a single unblinded veterinarian at baseline (before irradiations), at the

time of maximal RIM severity (day 11 post-IR), and after RIM resolution (day 19 post-IR).

3.2.6  Tumor cell inoculation

In all experiments, tumor inoculation was performed on day 11 post-irradiation (i.e., at the
time of maximal glossitis severity). Mice were manually restrained (Tailveiner Restrainer Tube;
TV-150, Braintree scientific, Inc.) without anesthesia, and tumor cells were injected via a lateral
tail vein into the syngeneic host using a 30-gauge needle on a low dead space insulin syringe
(2x105 4T1-Luc?2 cells suspended in 0.1 mL of sterile PBS were injected into BALB/c mice; and
2x105 B16F10-Luc2 cells in 0.1 mL sterile PBS or 1x106 MOC2-Luc? cells in 0.2 mL sterile PBS

were injected into C57BL/6 mice).
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3.2.7 Tumor burden and growth

3.2.7.1 In vivo assessment: Lung tumor burden was assessed in vivo using bioluminescence
imaging (BLI) — hereafter referred to as “transthoracic BLI” (IVIS Lumina II in vivo imaging
system; PerkinElmer Ltd.). To reduce optical scatter and signal loss, the dorsal thoracic skin fur
was removed with depilatory cream. Mice then underwent intraperitoneal injection of D-luciferin
(150 mg/kg in 0.1 mL sterile PBS; Xenogen Corp.); 10-15 minutes later, mice were isoflurane-
anesthetized and positioned in dorsal recumbency for imaging (imaging parameters: 745 nm
excitation and >800 nm emission filters, auto exposure time, and a binning factor of 1). For
analysis, a 1.5 x 1.5 cm square region of interest (ROI) was manually drawn and placed to cover
the thorax. Fluorescence was expressed as the total radiant efficiency (total flux [p/s]).

3.2.7.2 EX vivo assessment: Lung tumor burden was evaluated ex vivo at the end of every
experiment. Mice were euthanized and the entire thoracic pluck (including tongue, trachea,
esophagus, thyroid glands, thymus, heart, and lungs) was removed. To facilitate visualization of
nodules in 4T1-Luc2 and MOC2-Luc2 bearing mice, 3 mL of 15% India ink (diluted with PBS,
pH 7.4) was instilled into the lungs via the trachea. Lungs were immediately rinsed with unfiltered
non-sterile distilled water, and then fixed overnight in 1.5 mL of Fekete's solution (composition:
300 mL of 70% ethanol, 30 mL of 37% formaldehyde, and 5 mL of glacial acetic acid). In B16F10-
Luc2 tumor-bearing mice, 3 mL of Fekete's solution was instilled into the lungs, which were then
rinsed and fixed, as above. Photographs of each lung lobe’s surface were taken using a mobile
phone (Galaxy S10, Samsung) and a standard lighting and background setup; tumor burden was
quantified by manually counting the total number of pulmonary nodules (data expressed as number
of solitary pulmonary nodules per mouse). In experiments with nodules that were too numerous to

count, photographs were exported to ImageJ software (version 1.53e, National Institutes of
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Health), and converted to 8-bit images. The “frechand selection” tool was used to contour lungs
and remove background; a ROl was drawn around each lobe and manual thresholding was used to
contour tumor nodules on the images, filling the nodule shape in “red”, and clearing the
background in “white” colors. The percent of the surface occupied by tumor nodules was expressed

as the total area fraction per mouse.

3.2.8 Modulation of ambient temperature

Standard mouse housing temperatures (22-24°C) induce environmental stress that can alter
tumor growth (Hunter et al., 2014; Hylander & Repasky, 2016; Kathleen M. Kokolus et al., 2013).
To help establish the translational relevance of our work, and ensure observations were not
dependent upon this form of environmental stress, we investigated the effect of standard (STDt;
22-24°C) versus thermoneutral (TNt; 30-31°C) housing temperature on the growth of 4T1-Luc2
tumors in female BALB/c mice, after either lingual or sham irradiation. Mice in the STDt group
were housed in a standard research environment (i.e., room temperature of 21-22°C, cages placed
on standard steel shelving). For the TNt group, cage warming was achieved by placing a 10" x
20.5" heat mat (iPower Seed Starter Heat Mat) underneath a standard mouse cage. Based on pilot
work (see Supplementary Material 3.6.3), the heating pad thermostat was set to 25.6°C, which
produced an average cage floor (bedding) temperature of approximately 31°C. Cage floor
temperature was monitored daily using a digital thermostat controller (iPower Digital Heat Mat

Controller). Mice were acclimatized to this temperature for 7 days before starting the experiment.
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3.2.9 Selective chemical ablation of transient receptor potential vanilloid 1 expressing
neurons

TRPV1-expressing sensory neurons are the predominant noci-receptive sensory fiber in
mice, and activation of these fibers leads to pain (Usoskin et al., 2015; Wu et al., 2018). In pilot
work (unpublished), we found that ablation of TRPV1-expressing neurons both reduced pain
behaviors associated with RAP, and reduced the severity of glossitis. Ablation was achieved using
systemic administration of resiniferatoxin (RTX), a potent TRPV1 agonist (Menéndez et al.,
2006). Here, we investigated whether RAP-enhanced tumor progression could be prevented by
ablation of TRPV1-expressing sensory neurons using RTX treatment. Pharmacologic grade RTX
(200 pg/mL) and excipient were kindly provided by Dr. Alexis Nahama (Sorrento Therapeutics).
Female BALB/c mice received either a single interscapular subcutaneous dose of 300 pg/kg of
RTX (29), or an equivalent volume of the excipient 6 days before IR or sham IR (0 vs 27 Gy), and
were injected (via tail vein) with 4T1-Luc?2 cells as described above. Mice were randomly allocated
to one of four treatment groups: 1) 0 Gy + RTX excipient (referred as “SHAM-EXCIPIENT”); 2)
27 Gy + RTX excipient (“IR- EXCIPIENT”); 3) 0 Gy + RTX (“SHAM-RTX”); or 4) 27 Gy +
RTX (“IR-RTX”). To confirm successful ablation of TRPV1 neurons in the trigeminal pathway,
mice were assessed weekly via topical administration of 0.01% capsaicin into the left eye (20 pL
in approximately 26 °C 0.9% sterile saline). Responses were video recorded and later reviewed by
a blinded observer who counted and recorded the number of facial wipes over 1 minute
immediately following topical application of capsaicin. A 50% reduction from baseline in the

number of wipes per minute constituted a successful ablation.
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3.2.10 Statistical analysis

Pilot studies (n = 8 mice per group) were performed to calculate the expected effect and
sample size (JMP 14.1; SAS Institute Inc., Cary, NC, USA), with a = 0.05 and 80% power;
calculated sample sizes for each experiment are listed in Table 3.1. All statistical tests were
performed using commercial software (Prism version 6, GraphPad Software, Inc., La Jolla, CA).
Normality was assessed using the Shapiro-Wilk normality test. An unpaired t-test (2-tailed), or 2-
way repeated measures ANOVA analysis, was used for normally distributed data; p-values were
adjusted for multiple comparisons using Tukey's or Sidak post hoc test. Nonparametric data were
analyzed using Friedman and/or Mann-Whitney tests. The Kaplan-Meier method and the log-rank

test were used for survival analysis. P-values less than 0.05 were considered significant.

Table 3.1: List of experiments and sample sizes used.

. . " .per Total n/ Total
List of experiment experimental .
experiment
group used

Measurement of RAP in female BALB/c mice using a

. e : 16 32 32
single irradiation fraction (Supplemental data)
Measurement of RAP in female C57BL/6 mice using a

. o : 20 40 39
single irradiation fraction (Supplemental data)
Tumor-growth promoting effect of RAP in breast
carcinoma tumor-bearing female BALB/c mice (4T1- 20 40 30
Luc2 model)
Tumor-growth promoting effect of RAP in breast
carcinoma tumor-bearing male BALB/c mice (4T1-Luc?2 12 24 24
model)
Tumor-growth promoting effect of RAP in breast
carcinoma tumor-bearing female BALB/c mice (4T1- 12 36 36
Luc2 model); local vs total body vs sham irradiation
Tumor-growth promoting effect of RAP in breast
carcinoma tumor-bearing female BALB/c mice (4T1- 8 32 31
Luc2 model) after manipulating cage temperatures

146



Table 3.1 (continued)

Tumor-growth promoting effect of RAP in melanoma
tumor-bearing female C57BL/6 mice (B16F10-Luc2 model)
Tumor-growth promoting effect of RAP in oral carcinoma
tumor-bearing female C57BL/6 mice (MOC2-Luc2 model)
Tumor-growth promoting effect of RAP in oral carcinoma
tumor-bearing female C57BL/6 mice (MOC2-Luc2 model); 16 32 29
survival assessment

Effects of systemic ablation of TRPV1-expressing neurons

on tumor growth in breast carcinoma tumor-bearing female 20 80 73
BALB/c mice (4T1-Luc2 model)

20 40 39

16 32 30

3.3 Results

3.3.1 Single fraction (27 Gy) irradiation of the rostral tongue is associated with mucositis
and pain in BALB/c and C57BL/6 mice

We confirmed that single-fraction (27 Gy) irradiation of the rostral tongue of female and
male BALB/c mice causes mild glossitis (score of 1) 8 to 9 days post-IR, with moderate-to-severe
glossitis (score > 2) at days 10 to 12 post-IR (Figure 3.2A). As compared with sham-irradiated
controls, severe glossitis was associated with significant reductions in body weight (> 15% from
baseline) (Figure 3.2B) and with measures of severe acute RAP (Figure 3.2, C and D). Specifically,
IR mice demonstrated decreased ability to shred nest material provided and decreased ability to
build an adequate nest, and they lost the ability to properly groom. All of these alterations returned
to baseline values by days 19-21 post-IR. We observed the same toxicities and associated
behavioral impairments in female C57BL/6 mice that developed moderate-to-severe glossitis

(Figure 3.2, E and F).
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Figure 3.2: Tongue irradiation in BALB/c and C57BL/6 mice results in RAP. (A) All tongue-
irradiated BALB/c mice (female and male) experienced severe glossitis (p < 0.0001), (B) with
significant reductions (>15%) in body weight from baseline (p < 0.0001), (C) as well as impaired
nesting (p < 0.0001), and (D) grooming (p < 0.0001) activities at day 11 post-irradiation (27 Gy),
as compared to sham-irradiated controls (0 Gy). (E) In female C57BL/6 mice, single-fraction (27
Gy) irradiation of the rostral tongue caused moderate-to-severe RIM (score > 2), (F) severe body
weight loss (> 15%), and impairment of (G) nesting and (H) grooming activities (IR vs SHAM, p
> 0.0001 for both assays at day 11 post-IR). Data presented as mean + standard deviation (SD); *p
<0.05, ** p< 0.01; ***p < 0.001; ****p < 0.0001; ns., not significant.

3.3.2 Lung tumor burden in BALB/c mice is significantly increased when 4T1-Luc?2 cells
are intravenously injected at the time of severe mucositis and pain
In each experimental group, luciferase activity in the lungs was measured via transthoracic

BLI at 17 days post-IR. The signal steadily increased until day 21, at which time tumor burden
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was significantly greater in female IR mice versus SHAM controls (5.2-fold increase, p < 0.0001;
Figure 3.3A). Similar results were observed in male BALB/c mice; by day 21, irradiated male
mice had a 2.7-fold increase in transthoracic BLI compared with controls (IR vs SHAM, p =
0.0079; Figure 3.3C). Imaging results (tumor burden) were substantiated via post-mortem (ex vivo)

evaluation (IR vs SHAM, female p < 0.0001, male p < 0.0001; Figure 3.3, B and D).

3.3.3 Off-target radiation does not increase the burden of 4T1 lung tumors

Transthoracic BLI results revealed that tumor burden was statistically significantly greater
in IR mice than in SHAM (1.8-fold increase, p = 0.0039) and TBI (1.9-fold increase, p = 0.0008)
mice at day 21 post-IR (Figure 3.3E). Furthermore, tumor burden was no different between SHAM
and TBI groups at any time point (p > 0.05; Figure 3.3E). We confirmed these results post-mortem
by calculating and comparing the percent area of lung covered by visible nodules. IR mice
significantly presented a higher burden of 4T1-Luc2 tumor nodules as compared to SHAM mice
(IR vs SHAM, p = 0.0002; IR vs TBI p < 0.0001). Interestingly, in this analysis, there was an
apparent reduction in lung tumor burden in the mice having undergone TBI as opposed to sham

irradiation (p = 0.0009; Figure 3.3F).

3.3.4 Standard (subthermoneutral) housing conditions do not appear to enhance 4T1 lung
tumor burden

This experiment was designed to assess whether cage warming to create thermoneutral
environmental temperatures would eliminate the apparent tumor burden promoting effects of high-
dose tongue irradiation (e.g., by reducing environmental stress and thus potentially restoring an
effective host response against tumor growth). Here, we were able to replicate our prior

experimental finding that with standard mouse housing conditions, tongue irradiation is associated
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with increased tumor burden in the 4T1-Luc2 model (6.7-fold increase; IR- STDt vs SHAM-STDt,
p = 0.0028; Figure 3.3, G and H). Warming the cages enhanced tumor burden in sham-irradiated
mice (7.8-fold increase; SHAM-STDt vs SHAM-TNt, p =0.0271), but contrary to our expectation,
tongue irradiation had no impact on the burden of 4T1-Luc2 tumors when mice were housed in
thermoneutral temperature conditions (1.1-fold increase: IR-TNt vs SHAM-TNt, p = 0.9800; and
1.3-fold increase: IR-STDt vs IR-TNt, p = 0.6599). Tumor burden rapidly increased in all IR and
SHAM mice housed under thermoneutral housing conditions, and their tumor growth rate was
more similar to that of an irradiated mouse in the STDt environment than an unirradiated mouse
in the STDt environment. We confirmed these results by calculating the percent area of lung
covered by visible nodules (ex vivo lung assessment), however, here we did not observe a

statistically significant difference between SHAM groups (STDt vs TNt, p = 0.3841).
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Figure 3.3: Tumor burden promoting effect of RAP in breast carcinoma tumor-bearing
female and male BALB/c mice (4T1-Luc2 model). (A) A two-way analysis of variance
(ANOVA) followed by Sidak post hoc test showed a significant transthoracic BLI signal

increase (expressed as total flux [p/s]) in IR BALB/c female mice experiencing RAP (n = 12)

compared to SHAM controls (n = 18) 21 days after IR (p < 0.0001); data presented as mean +

SEM. (B) The number of pulmonary nodules was markedly higher in IR mice compared to
SHAM mice (p < 0.0001, unpaired t-test); data presented as mean + SD. (C) Similar to results in
female mice, a two-way analysis of variance (ANOVA) followed Sidak post hoc test showed a
significant transthoracic signal increase (expressed as total flux [p/s]) in IR male mice (n =11)
compared to SHAM mice (n = 11) 21 days after IR (p = 0.0079); data presented as mean = SEM.
(D) The presence of nodules on the lung’s surface was significantly higher in IR (n = 10)
compared to SHAM (n = 9) male mice (p < 0.0001, unpaired t-test); data presented as mean +
SD. (E) A two-way analysis of variance (ANOVA) followed Tukey’s post hoc test showed a
significant transthoracic signal increase (expressed as total flux [p/s]) in IR female mice (n = 12)
compared to SHAM (n = 12; p = 0.0039) and TBI female mice (n = 12; p = 0.0008) 21 days after
IR. No difference was found between the two control (SHAM and TBI) groups (p = 0.8441);
data presented as mean + SEM. (F) IR mice developed significantly more lung tumors compared
to SHAM mice (p = 0.0002) and TBI mice (p <0.0001), however, tumor burden was markedly
decreased in the TBI group vs SHAM group (p = 0.0009, unpaired t-test); data presented as mean

+ SD. (G) The effects of ambient temperature on the tumor burden promoting effect of RAP in

breast carcinoma tumor-bearing female BALB/c mice (4T1-Luc2 model) was evaluated (n =
8/group). A two-way analysis of variance (ANOVA) followed Sidak’s post hoc test showed a
significant transthoracic signal increase (expressed as total flux [p/s]) in IR STDt mice versus
their respective SHAM group (p = 0.0028). A marked difference was also found between both
SHAM groups, with tumor growth significantly accelerated in SHAM mice housed at
thermoneutral conditions (STDt vs. TNt, p = 0.0271). No difference was found between IR-TNt
mice and their respective SHAM controls (p = 0.9800), nor between both IR groups (STDt vs.
TNt, p = 0.6599); data presented as mean £ SEM. (H) The presence of pulmonary tumor nodules
was significantly higher in IR-STDt mice versus the SHAM-STDt group (p = 0.0267). No
difference between was found between the SHAM controls (STDt vs. TNt, p = 0.3841), nor
between the IR groups (STDt vs. TNt, p = 0.6950), nor between the TNt cohorts (p = 0.0744,
unpaired t-tests). Data presented as mean + SD; *p < 0.05, ** p< 0.01; ***p < 0.001; ****p <
0.0001; ns., not significant.
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3.3.5 Tongue irradiation does not increase the burden of B16F10-Luc2 lung tumors, but
was associated with early (lung tumor attributable) death in MOC2-Luc2 bearing mice

In the B16F10-Luc2 melanoma model, mean transthoracic BLI signal appeared to increase
at 27 and 29 days post-IR, but there was no difference in tumor burden between IR and SHAM
mice at any time point (Figure 3.4A). Based upon postmortem evaluation, tongue irradiation
caused a non-significant 1.5-fold increase in lung tumor burden versus sham irradiation (Figure
3.4B). In the MOC2-Luc2 model, transthoracic BLI signals were first detected at day 19 post-IR
in all mice, but there was no further increase in signal intensity on day 28 post-IR, and by day 39
post-IR there was still no substantial change (Figure 3.4C). We did however observe increased
respiratory effort and early death in some of the irradiated mice; we therefore repeated this
experiment using a new cohort, and monitored respiratory status and survival. Irradiated mice
started to display progressive respiratory effort 30 days post-IR, leading to death in all cases. By
contrast, only a few sham-irradiated mice developed mild respiratory effort after day 30 post-IR,
and almost all survived to day 52 (end of study) when all mice were euthanized. Pulmonary
nodules (determined by visual inspection of lungs) were found in all mice at the time of death. The
median overall survival time of IR mice was 39 days (95% CI: 30 to 47 days), and 48.5 days (95%

Cl: 36 to 52 days) for SHAM mice (Log-Rank p-value = 0.0002; Figure 3.4D).
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Figure 3.4: Tumor burden promoting effect of RAP in melanoma (B16F10-Luc?2) and oral
(MOC2-Luc2) tumor-bearing female C57BL/6 mice. (A) A two-way analysis of variance
(ANOVA) followed Sidak’s post hoc test showed no difference in transthoracic BLI signal
(expressed as total flux [p/s]) between IR B16F10-bearing mice (n = 20) and SHAM mice (n = 20)
at day 27 and 29 post-IR (p = 0.4158 and 0.93530, respectively for each day); data presented as
mean = SEM. (B) The presence of pulmonary nodules did not differ between groups (p = 0.0592,
unpaired t-test); data presented as mean + SD. (C) A two-way analysis of variance (ANOVA)
followed Sidak’s post hoc test showed no difference in transthoracic BLI signal (expressed as total
flux [p/s]) between IR MOC2-bearing mice (n = 16) and SHAM mice (n = 16) 39 days after IR (p
= 0.0897); data presented as mean = SEM. (D) Kaplan—Meier analysis of survival showed a
significant difference in survival between IR and SHAM MOC2-Luc2 bearing mice (Log-Rank p-
value = 0.0002), with median survival times of 39 (95% CI: 30 to 47) vs. 48.5 (95% CI: 36 to 52)
days, respectively. *p < 0.05, ** p< 0.01; ***p < 0.001; ****p < 0.0001; ns., not significant.

3.3.6 The growth-promoting effects that tongue irradiation had on 4T1 lung tumors was
mitigated by systemic ablation of TRPV1 sensory nerves

Neither RTX nor excipient caused oral lesions (e.g., glossitis) or weight loss in SHAM
animals. By 10 to 13 days after tongue irradiation, the vast majority of excipient-treated mice had
developed moderate-to-severe RIM (score > 2) and profound weight loss (> 15%). By contrast,
varying degrees of RIM were found in resiniferatoxin-treated mice; by day 11 post-IR,

approximately 44% presented RIM scores of 0, approximately 19% RIM of 1, and approximately
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38% RIM of > 2 (mean 1.25, SD = 1.3). In these animals, weight loss was minimal (< 5%) (Figure
3.5, Aand B).

Overall, RTX treatment of IR mice reduced tumor burden to levels similar to those in the
SHAM groups. As expected, and based upon aforementioned experimental results, excipient-
treated irradiated mice had a 10-fold higher mean transthoracic BLI signal as compared with the
excipient-treated sham-irradiated control mice at day 21 post-IR (p < 0.0001; Figure 3.5, C). There
was minimal increase in the transthoracic BLI signal in IR-RTX mice compared to SHAM-RTX
animals (2-fold increase: IR-RTX vs SHAM-RTX, p = 0.9155; Figure 3.5C), and furthermore,
transthoracic BLI signal revealed that RTX markedly reduced tumor burden in irradiated mice
(7.5-fold decrease: IR-RTX vs IR-EXCIPIENT, p > 0.0001; Figure 3.5C). Importantly,
resiniferatoxin treatment itself had no measurable impact on tumor burden as measured by
transthoracic BLI in sham-irradiated mice (SHAM-RTX vs SHAM-EXCIPIENT, p = 0.9933;
Figure 3.5C).

We confirmed these results in post-mortem evaluations (Figure 3.5, D and E). A
statistically significant difference was observed between excipient-treated irradiated and sham-
irradiated mice (p > 0.0001), and between excipient and RTX-treated irradiated mice, with smaller
tumor burden detected in the RTX group (p = 0.0004). There was a slight yet significant reduction
in tumor burden in SHAM-RTX mice compared to SHAM-EXCIPIENT (p = 0.0137), and a
significant increase in tumor burden in IR-RTX mice as compared with SHAM-RTX mice (p =

0.0008).

155



y. /. -
A BALB/c mice (4T1-Luc2) C ros.  PALBA@TILuc) D BALB/c (4T1-Luc2)
! -6 SHAM-EXCIPIENT o~ SHAM-EXCIPIENT - =
. ason ) Z T T
I — © IR-EXCIPIENT 2410° T -~ IR-EXCIPIENT g o -
P -o- SHAMRTX s ) -o- SHAM-RTX £
£z ? - RRRTX z £ 1500 - IRRTX g 80 3
cf= . r % ]
A & ; o S 60
= T 5F  1x10% <
Loy =i 2
5 : e R - s
<107 H .
I N [ S S P4 2 20 °3 *
0 07 9 1 121317 19 21 s ﬁr‘ua g ‘@} et @" 2134
Time post-irradiation (days) 0- == H ) | & .
17 19 21 E E, 3
. ieoaue y oS < Ry
Time post-irradiation (days) k\\,\‘( , \V\‘ \\‘\‘& P
; & b
&7 %
& &
B BALB/c (4T1-luc2) E W ¥
-

-©- SHAM-IR-EXCIPIENT
#- IR-EXCIPIENT
-©- SHAM-RTX

-o- IR-RTX

0 7 10 11 12 13 17 19 21

Time post-irradiation (days)

SHAM-EXCIPIENT SHAM-RTX IR-RTX IR-EXCIPIENT

Figure 3.5: Effects of systemic ablation of TRPV1-expressing neurons on tumor burden in
breast carcinoma tumor-bearing female BALB/c mice (4T1-Luc2 model). (A) All IR (RTX
and EXCIPIENT) mice developed glossitis, (B) as well as reductions in body weight. However,
moderate-to-severe glossitis scores (score > 2) were only found in IR-EXCIPIENT mice, which
also experienced significant decreases in body weight (> 15% loss). Treatment with RTX
significantly reduced the severity of glossitis (p > 0.0001), and the degree of body weight loss (p
< 0.0001) at days 11-12 post-IR. (C) A two-way analysis of variance (ANOVA) followed by a
Tukey’s post hoc test revealed a significant increase in the growth of 4T1-Luc?2 cells (BLI imaging)
in IR-EXCIPIENT mice versus the IR-RTX mice, and both SHAM (RTX or EXCIPIENT) groups
(p>0.0001 in all cases); data presented as mean + SEM. No difference was found between SHAM-
EXCIPIENT and both RTX groups (IR and SHAM) (p > 0.05), nor between the IR-RTX and
SHAM-RTX groups (p = 0.9155). (D) The presence of pulmonary nodules was markedly higher
in IR-EXCIPIENT mice as compared with SHAM-EXCIPIENT mice (p > 0.0001), and with both
IR and SHAM groups treated with RTX (p < 0.0004 and 0.0001, respectively). Tumor burden was
significantly lower in SHAM-RTX mice in comparison to their respective IR group (p = 0.0008,
unpaired t-test). Within the SHAM groups, RTX slightly but still significantly reduced the burden
of pulmonary nodules (p = 0.0137, unpaired t-test). Data presented as mean = SD; *p < 0.05, **
p< 0.01; ***p < 0.001; ****p < 0.0001; ns., not significant. (E) Representative images of each
cohort’s pulmonary tumor burden.

3.4 Discussion
Pain resulting from cancer, or cancer treatment, is known to be a clinical bellwether in
humans for cancer prognosis. For example, severe pain is strongly associated with poor survival

in pancreatic adenocarcinoma, and pain predicts disease progression in castration-resistant prostate

cancer (Ceyhan et al., 2009; Koo et al., 2015). Experimental work has shown that pain at one site
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can enhance tumor progression at distant sites (Page et al., 2001). For many cancers, tumor
behavior is influenced by the nervous system, and direct communication between nerves and
cancer cells can promote tumor growth and metastasis; glioma cells form synapses with neurons
(Venkataramani et al., 2019; Venkatesh et al., 2019), and prostate cancer growth/metastasis can
be stymied by ablation of neighboring nerves (Ayala et al., 2008; Magnon et al., 2013).
Increasingly, it is recognized that molecules involved in pain signaling are also involved in cancer
progression, and beyond interactions in the local tumor microenvironment, activation of certain
neuronal signaling pathways by the same molecules can also facilitate metastatic cancer
progression (Demir et al., 2012; Gasparini et al., 2019). Pain is a common complication of
definitive radiotherapy, especially at certain anatomic sites, such as breast, head, and neck. In fact,
70% of patients undergoing curative-intent head and neck irradiation will struggle with treatment-
associated pain (Astrup et al., 2015; Trotti et al., 2003) that is poorly responsive to available
analgesics (Moslemi et al., 2016); unfortunately, 30-40% of treated patients (especially
papillomavirus-negative tumors) will eventually fail local control or develop metastasis, but it is
entirely unknown whether RAP might contribute to those oncologic failures (Argiris et al., 2008).
Here, we report for the first time that in an experimental animal model of lung metastasis, severe
acute orofacial RAP is associated with rapid tumor progression, and that effect can be mitigated
via chemical ablation of sensory neurons which transmit noxious (painful) signals.

Our experimentation began with the 4T1-Luc2 model because it is an accessible cell line
for which tumor growth is rapid (thus permitting efficient experimental design); additionally,
because of stable and strong transfection of the luciferase reporter, and the ability to use a mouse
strain with unpigmented skin (the syngeneic host is white BALB/c mice), the resultant lung tumors

can reliably be visualized in vivo using BLI. The effect that prior tongue irradiation had on

157



promotion of lung tumor growth after tail vein injection was strong, especially in female mice, and
for that reason we utilized this model system for many of the subsequent experiments.
Interestingly, tongue irradiation and pain did not affect the growth of B16F10-Luc2 cells in
C57BL/6 mice, which suggests that the phenomenon may be tumor type dependent. The apparent
tumor-promoting effects of tongue irradiation (and pain) were recapitulated in the MOC2-Luc?2
model, where C57BL/6 mice undergoing tail vein injection of tumor cells at the time of maximally
severe RAP experienced early lung tumor-attributable deaths; this result is important because it
helps to establish the translational relevance of this phenomenon by linking a complication of oral
irradiation with altered growth of an oral cancer cell line (Chen et al., 2019; Judd et al., 2012).
Nonetheless, it is worth considering that our experiments did not include the assessment of animals
with spontaneously occurring tumors. Additionally, our system for studying the effects of local
tissue irradiation on distant tumor growth is limited by the fact that the tail vein injection model
fails to recapitulate all steps of the metastatic cascade, especially the early processes involving
migration of cells away from the primary tumor and into the vasculature (Rashid et al., 2013).

In 1948, Kaplan and Murphy described an apparent increase in the risk of early metastasis
amongst patients undergoing radiotherapy for epidermoid carcinomas (Kaplan, 1948). In 1978,
Strong and colleges also reported a correlation between primary tumor irradiation and a higher
incidence of metastasis in head and neck cancer patients (Strong et al., 1978). Similar reports exist
for cancers of the urinary bladder and uterine cervix (Anderson & Dische, 1981; Fagundes et al.,
1992). This has been evaluated in experimental models, and that literature has been reviewed
extensively (S. Y. Lee et al., 2017; Vilalta et al., 2016; VVon Essen, 1991). However, the science
remains unclear; if radiation does promote local or distant metastasis, based on the published

reports, this phenomenon seems most likely in the setting of subtherapeutic radiation dosing.
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However, firm conclusions cannot be made based upon the existing evidence. Our experiments
were designed to address two methodologic concerns of prior research. First, Repasky and
colleagues have shown that standard mouse housing temperatures (approximately 20°C) are about
10°C lower than the temperature at which mice expend no excess energy keeping themselves warm
or cool (i.e., the thermoneutral temperature), and a consequence is a metabolic stress that directly
limits the translational value of standard mouse tumor experiments (Kathleen M Kokolus et al.,
2013; Povinelli et al., 2015; Repasky et al., 2013). The current thinking is that this metabolic stress,
mediated by beta adrenergic signaling, allows tumor escape from immune surveillance, and thus
comes with the risk of exaggerating tumor growth, and treatment effects. Based on this, we
expected that repeating our experiments under thermoneutral conditions (approximately 30-31°C)
would ameliorate some of the body weight loss that mice otherwise display when experiencing
severe glossitis, and that we would also see slower tumor growth Kinetics. By contrast, we observed
more severe weight loss and behavioral impairments indicative of pain (data not shown), and tumor
growth was actually accelerated. Additional experimentation is warranted to verify these
unexpected results, and certainly, our work is limited by the fact that while cage temperature was
monitored, core body temperature was not. Nonetheless, these results support the idea that our
experimental results were not a “false positive” signal as a result of thermal stress caused by
standard housing conditions. Second, there is approximately 1.6 Gy of radiation absorbed by the
(shielded) body when using our single fraction 27 Gy tongue irradiation protocol. This total body
exposure is insufficient to induce oral mucositis, pain behaviors, or significant changes in
expression of the ion channels that regulate RAP (Lai et al., 2021). However, while the immune
function was not assessed in this study, that amount of radiation dose may be sufficient to alter

immune function. For that reason, out-of-field nontarget radiation dose should be considered
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whenever studying biology that may be influenced by bystander effects (Mancuso et al., 2008).
Our data demonstrate that a 1.6 Gy total body radiation dose exposure does not enhance lung tumor
growth in 4T1-Luc2-bearing mice. Interestingly, our data actually show the opposite: mice having
undergone 1.6 Gy total body irradiation actually had reduced lung tumor burdens in comparison
to sham-irradiated mice. One possible explanation is that the prior exposure of the lungs to low
dose radiation may have had anti-inflammatory effects (e.g., reduction of reactive oxygen species
and decreased levels of the pro-inflammatory cytokines) that were protective against tumor growth
(Rubner et al., 2012).

To establish direct evidence that accelerated lung tumor growth was attributable to pain,
rather than some other feature of tongue-irradiation, we sought to demonstrate that this observed
effect was reduced when pain was reduced. However, as in humans, orofacial RAP appears
difficult to treat in mice; our unpublished data indicate minimal to no benefit from administration
of non-steroidal anti-inflammatory drugs (meloxicam, and carprofen), opioids (liposomal
formulations of buprenorphine, and hydromorphone), or a combination thereof. As an alternative,
we used the ultra-potent TRPV1 agonist, RTX, which is a potent analgesic by virtue of its ability
to cause ablation of TRPV1-expressing noci-receptive sensory neurons (Brown et al., 2015;
ladarola & Gonnella, 2013; ladarola et al., 2018). Additional rationale is derived from the fact that
a majority of sensory neurons innervating the tongue express TRPV1 (Wu et al., 2018), and
TRPV1 appears to be an important regulator of RAP (Cun-Jin et al., 2019; Lai et al., 2021). Here,
we found that a single high-dose of RTX (300 ug/kg given subcutaneously) led to substantial and
lasting ophthalmic desensitization to a TRPV1 agonist (capsaicin), and when given before
radiation, led to reductions in both glossitis severity and behavioral measures of RAP (i.e.,

grooming and nesting). We also found that the provision of RTX abrogated the tumor-promoting
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effects of tongue irradiation that we’d previously observed in the 4T1-Luc2 model. Whilst these
results support our hypothesis, it is worth considering that RTX was administered systemically.
TRPV1 receptors are widely expressed in afferents innervating airways and lungs (Bessac & Jordt,
2008; Rehman et al., 2013; Zhang et al., 2008), which points to the possibility that non-analgesic
mechanisms may explain some or all of the effects we measured. While RTX has previously been
shown to reduce tumor growth in certain non-painful models of cancer (Farfariello et al., 2014),
in the syngeneic 4T1-Luc2 model, it actually appears that RTX accelerates early tumor growth via
increased vascular leakage (Bencze et al., 2021). Finally, despite these concerns, here we robustly
showed that RTX reduced the growth of pulmonary tumors in both irradiated and non-irradiated
mice, demonstrating that reduced activity of TRPV1 neurons can decelerate the growth of tumors
at sites distant from where RAP is generated.

In conclusions, this body of research provides experimental evidence suggesting that acute
RAP may contribute to an early death by hastening pulmonary metastasis. We demonstrated that
both male and female mice develop more lung tumors when 4T1-Luc2 murine breast carcinoma
cells are intravenously injected into their syngeneic host at the time of maximally severe tongue
RAP. Similarly, MOC2-Luc2 lung tumor-attributable death was hastened when tumor cells were
injected at the time of maximally severe RAP. Our experimental data clearly indicate that this
accelerated tumor growth was not a result of off-target radiation, nor was it an artifact of the
environmental stress caused by standard animal housing temperatures. This points towards tongue
tissue irradiation as the cause for accelerated growth of tumors in the lungs, and because lung
tumor growth rates are normalized when RAP was reduced via RTX treatment, we conclude that
the effect is related to radiation-induced neuronal activation and/or signaling (e.g., pain signaling).

Future work should seek to understand whether these effects remain significant when using
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clinically-relevant fractionated irradiation schemata, when effective local (site of irradiation)
analgesic techniques are employed, and in animals with spontaneously-occurring tumors. It will
also be necessary to study this phenomenon in the context of multimodal therapy, which may
include systemic antineoplastic chemotherapeutics and/or immunotherapeutics. Finally, it will be
important to understand whether in addition to promoting tumor growth at distant (unirradiated)

sites, there are also radiation dose-modifying effects of RAP on primary tumor control.
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3.6  Supplementary Material

3.6.1 Cell lines preparation and protocol optimization

Bright field microscopy (Micromaster Il Microscope, Fisher Scientific) was performed to
assess in vitro cell morphology, phenotype, and growth kinetics. 4T1 and MOC2 cell lines were
engineered to constitutively express Firefly Luciferase-2 (Luc2) under a CMV promoter with
zeocin resistance (500 ug/mL), whereas a dual labeled luciferase and GFP-expressing B16F10 Red
F-Luc2 was used in our melanoma model. The ability to express luciferase genes and cell’s
tumorigenicity were characterized in vitro and in vivo, respectively, through bioluminescence
imaging (IVIS Lumina Il in vivo imaging system, PerkinElmer Ltd., Waltham, MA, USA).
Sterility testing and pathogen screening (IMPACT™ IV polymerase chain reaction (PCR)
evaluation) were performed to assess for contamination; PCR results were negative for all assessed
pathogens (MHV, MPV, MVM, Mycoplasma pulmonis, Mycoplasma sp., PVM, Sendai, and
TMEV).

In previous pilot studies, we established three murine lung tumor models by intravenously
injecting 4T1-Luc2, B16F10-Luc2 or MOC2-Luc2 cell lines into either BALB/c or C57BL/6 mice,
monitoring cancer progression in vivo and ex vivo. Mice either received a single high-dose of
lingual irradiation (27 Gy) or sham irradiation (0 Gy). All tumor cell lines were inoculated 11 days
after irradiation (peak of glossitis severity). Two pilot studies of 8 mice each determined optimal
dosage of 4T1-Luc2 cells, as well as injection route, in vivo imaging protocol, ex vivo lung staining
technique and quantification of lung’s tumor burden. Dose was defined based on published
information for that tumor model (H. S. Lee et al., 2012): 2x10° 4T1-Luc2 cells/mouse suspended
in 0.1 mL of sterile PBS were injected intravenously (sterile 26-guage needle) into female BALB/c

mice. Tumor growth was monitored in vivo using bioluminescence imaging (BLI) by taking
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images at days 7, 14, 17, 19 and 21 post-injections. The first pilot evaluated a retro-orbital injection
approach, showing a progressive growth of pulmonary tumors (expressed as transthoracic BLI
total/flux signal) within the first week after injections, starting at day 17 post-IR. A comparable
tumor-burden difference was found between both groups at day 21 post-IR. At this time point,
mice started to develop signs of body weight loss and respiratory disease (pulmonary assessment
of advanced metastasis (PAAM) technique) (Mendoza et al., 2013). Mice were euthanized on day
21 post-IR, and lungs were removed. An ex vivo tumor burden evaluation was performed by
counting the number of nodules that were visible on the lung’s surface. Here we established that 3
mL of 15% ink solution (diluted with PBS) and later fixation of lungs using a formalin-based
solution (Fekete’s solution) was sufficient to highlight these growths within all lung’s lobes (white
nodules on a black background). Exophthalmia, as a result of local tumor growth after injections,
was a common challenge in this pilot. A second pilot assessed the tail vein injection (TVI)
approach. Similarly, lung tumor growth initiated in all mice at day 17 post-IR (6 days post-
injection), and differences between groups were significant at day 21 post-IR (in vivo BLI
analysis). There were no major complications, and we therefore decided to select the TV I approach
for subsequent experiments. For the B16F10-Luc2 and MOC2-Luc2 models, two consecutive
pilots (n = 8/each) for each model were performed to determine optimal dosage, injection route, in
vivo imaging protocol, ex vivo lung staining technique and quantification of lung tumor burden.
Briefly, mice were inoculated 11 days after irradiation via tail vein injections with either B16F10-
Luc2 (2x10° cells/mouse suspended in 0.1 mL of sterile PBS) or MOC2-Luc2 cells (1x10°
cells/mouse suspended in 0.2 mL of sterile PBS). Inoculation doses were established from previous
work (Nagaya et al., 2017; Nobumoto et al., 2008). We first observed lung bioluminescence in the

B16F10-Luc2 and MOC2-Luc2 injected mice at day 25 and 19 post-IR, respectively. At
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euthanasia, visible tumor nodules were found in the lungs of most mice. Only MOC2-Luc2 cells
were stained with India ink (as above) and de-stained with Fekete’s solution. B16F10-Luc?2 cells
did not require staining because their melanin pigmentation allowed easy visualization on
unstained lungs; therefore, lungs were inflated using Fekete’s solution, and later stored in the same

solution.

3.6.2 Assessment of radiation associated mucositis and pain

Observations in previous experiments (unpublished) indicated that normal laboratory
rodent behaviors, such as nesting and grooming, were perturbated in mice that had been irradiated
and developed RIM/RAP. Both activities are highly dependent on mouth and tongue function (i.e.,
to shred the material or licking the forepaws, respectively), therefore, we decided to use
assessments of how well these activities were performed as markers of pain. To our knowledge,
no prior work has evaluated nesting and grooming behaviors in the context of oral pain in mice,
therefore, we adapted published protocols (Callahan et al., 2008; Gaskill et al., 2013; Jirkof et al.,
2013; Kerr & David, 2007; Negus et al., 2015). Briefly, mice were transferred to individual testing
cages containing one commercially available cotton fiber nestlet (5 cm x 5 cm, 5 mm thick,
approximately 2.5 g each), food and water. After 12 hours (dark cycle), nesting (i.e., building
activity) and grooming (i.e., physical appearance evaluation) activities were evaluated by a trained,
unblinded evaluators using a predefined scoring system. Briefly, nesting activity was measured
using a 3-point scale: 0 (zero) — Most of the nestlet has been completely torn into small pieces;
pieces arranged together into one area of the cage; 1 — Incomplete shredding of the nestlet; large
pieces may remain and may remain scattered around the cage (not all arranged together); and 2 —
nestlet was not noticeably touched. Self-grooming behavior was categorized using a 4-point scale:

0 (zero) — Clean, smooth haircoat; 1 — Fur on body begins to look messy, but face remains normal;
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2 — Face and body look messy, with hair “standing on end”; and 3 — Disheveled; wet/greasy
appearance, possible discoloration of coat, erythema (reddened skin), and areas of hair loss
(alopecia).

Additional comments: The scoring system used here slightly differ from the one described in

Chapter 2. The categorization used here was developed before the completion of Chapter 2.

3.6.3 Modulation of ambient temperature

A series of pilot experiments were performed to determine how to modify housing
temperature conditions of adult mice to create cage floor temperatures of 30 to 31°C (previously
associated with thermoneutrality in mice;(Repasky et al., 2013). First, we determined the
temperatures of standard mouse cages without animals. We measured the floor temperature of 20
standard mouse cages using a 4-channel rapid read thermometer (General Tools DT4947SD
thermocouple thermometer). All cages were kept inside our mouse colony at standard room
temperature (21-22°C), placed on steel shelving units, and filled with a normal amount of bedding
and no mouse behavioral enrichment material. Five cage floor “zones” were assessed: the center,
and each of the four corners. Temperature was recorded three times a day (8:00 A.M., 2:00 P.M.,
and 6:00 P.M.), each day for a week. In general, all zones were a similar temperature, ranging from
21.5°C to 22.7°C, with an average of 22.1°C (SD = 0.27). No differences were found between the
different times of the day, nor between days. Then we measured temperatures of all zones in a
single cage with bedding containing adult CD-1 mice (n = 4/cage). After an hour with mice in the
cage, temperatures ranged from 22.4°C to 24.5°C, with an average of 23.5°C (SD = 0.87). In a
separate experiment, we measured temperatures of 4 cages (bedding only; no animals) placed atop
a 10-inch x 20.5-inch heat mat (iPower Seed Starter Heat Mat) with the thermostat set at 25.6°C.

After 90 minutes, zone temperatures ranged from 29°C to 32°C, with an average of 30.5°C (SD =
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3.5). Ninety minutes after adding 4 CD-1 adult mice to each cage, we found that temperatures
ranged from 29.5 °C to 32.5 °C, with an average of 31°C (SD = 2.3). Body temperature of the mice

was not measured.
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Afterword

As mentioned before, one of the main goals of this dissertation was to study the tumor-
promoting effects of RAP using a mouse model of oral squamous cell carcinoma (i.e., MOC2-
Luc2 model). During the conduction of the current study, we had difficulty assessing tumor burden
in C57BL/6 mice using BLI imaging, thus, we used survival as a surrogate of tumor progression
for the MOC2-Luc2 model. The obvious next step for this model was to mitigate RAP and reassess
survival using the same methods mentioned above. Because we have historically obtained more
consistent results using the 4T1-Luc2 model (BALB/c mice), we first assessed changes in tumor
progression after RAP was alleviated using RTX in this strain. The encouraging results obtained
from the 4T1-Luc2 motivated us to repeat this experiment in C57BL/6 mice, and assess survival
in MOC2-Luc?2 bearing mice injected with RTX using the same experimental approach as we used
in BALB/c mice (i.e., 300 pg/kg). However, when the same dose of RTX was administered to
C57BL/6 mice obtained from the same supplier (i.e., Charles River Laboratories), unacceptable
toxicity was observed. Specifically, one mouse died very quickly after injection (within minutes)
of apparent respiratory arrest while still under anesthesia, while others never fully recovered from
anesthesia and died within the first 6 hours after injection (8 of 40 mice). Mice that didn’t die
within the first hours post-injection, displayed severe ataxia after recovering full conscienceless
(post-anesthesia); in some of those animals, ataxia progressed to severe depression and coma, and
eventually died (2 of 40) or were euthanized (3 of 40). In total, 13 mice died as a consequence of
RTX (32.5% mortality). Mice that survived made a full recovery approximately 10 days after
injection, and RTX produced in these mice a good degree of ablation (in comparison to control
excipient mice, 9 versus 62 wipes/minute; no baseline measurements were conducted). Body

weight loss ranged from 10 to 15% within the first 48-72 hours after injection, and improved
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(baseline values) by 5 to 10 days post injection. Due to the presence of these unintended side
effects after injecting 300 pg/kg of RTX in C57BL/6 mice, we cancelled the experiment that was
designed to study how tumor growth (MOC2-Luc2 model) is impacted by RTX-induced neuronal
ablation. On the next chapter (Chapter 4), we describe our process for RTX dose optimization,
including both a description of the observed tolerability and ablative efficacy of various protocols

tested in C57BL/6 mice.
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Chapter 4: “Systemic Administration of Resiniferatoxin in C57BL/6 Mice:

Troubleshooting Unexpected Morbidity and Mortality.”
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4.1 Introduction

The transient receptor potential vanilloid subtype 1 (TRPV1) is a well-characterized non-
selective cation channel primarily found in the C and Ad sensory fibers arising from the dorsal
root and trigeminal ganglia (Caterina & Julius, 2001; Ma, 2002; Tominaga et al., 1998). TRPV1-
expressing neurons constitute approximately 30-50% of all somatosensory neurons within the
rodent sensory ganglia, acting as important sensors for noxious stimuli such as heat, acidic pH,
mechanical pressure, and irritant vanilloids (e.g., capsaicin) (Caterina & Park, 2006; Chung et al.,
2008; Kobayashi et al., 2005; Tominaga et al., 1998). An increasing number of studies have shown
that the polymodal transducer TRPV1 plays a pivotal role in the transmission and modulation of
nociceptive information, making this channel a compelling molecular target candidate for the
development of non-opioid-based therapeutic alternatives for the management of difficult-to-treat
pain, such as orofacial pain in patients undergoing radiotherapy (Caterina & Park, 2006; Cui et al.,
2016; Eriksson et al., 2005; Masumoto et al., 2013; Neubert et al., 2008; Nishino et al., 2016; Price
etal., 2021). When TRPV1 ion channels are activated, a substantial influx of extracellular sodium
and calcium ions into the nerve terminal is triggered, causing neuronal excitation and subsequent
generation and propagation of action potentials along axons. These events will initiate the cycle of
inter-neuronal, synaptic communication between the peripheral and central nervous systems,
resulting in the perception of acute pain (Julius, 2013). Remarkedly, this initial and acute neuronal
excitation can be followed by the desensitization (reduction in channel activity) or ablation
(degeneration of nerve fibers and eventual death) of sensory nerve fibers when an excessive
calcium ions influx occurs as a result of prolonged or repetitive exposures to TRPV1 agonists, like
capsaicin, which provides pain relief (Caterina & Park, 2006; Choi et al., 2016; Mitchell et al.,

2010; Yang & Zheng, 2017).
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Resiniferatoxin (RTX), a highly potent irritant and inflammatory compound found in some
plants of the genus Euphorbia, is a naturally occurring capsaicin analog (Szallasi & Blumberg,
1989). Relative to capsaicin, RTX is a more selective and ultra-potent agonist of TRPV1 channels
(Brederson et al., 2013; Brown et al., 2005; Kissin & Szallasi, 2011; Payne et al., 2005). In
preclinical research, RTX has been widely used in in vivo studies as a tool to desensitize or ablate
TRPV1-expressing neurons, attenuating inflammatory, neuropathic, postoperative incisional,
articular, and bone cancer pain, without causing unacceptable systemic side effects (Kissin et al.,
2005; Lee etal., 2012; Menéndez et al., 2006; Neubert et al., 2008; Raithel et al., 2018). In rodents,
RTX can be administered by various doses and routes to produce long-lasting local ablation of
TRPV1-expressing neurons (up to 10 weeks), and thereby, induce analgesia without affecting
proprioception and motor function (Karai et al., 2004; Mitchell et al., 2010). In general, systemic
RTX is used in mice at doses ranging from 10 to 300 pg/kg (Menéndez et al., 2006). However,
doses higher than 30 pg/kg are commonly administered in escalating schemes, such as 30 ng/kg
given on day 1, 70 pg/kg on day 2, and 100 pg/kg on day 3 (Elekes et al., 2007; Wang et al., 2015).
Some of the routes described in small laboratory animals are systemic (subcutaneous), intrathecal,
intraarticular, epidural, perineural, and or direct application to peripheral nerve endings (Bishnoi
et al., 2011; Caterina & Julius, 2001; Kissin et al., 2005; Lee et al., 2012; Neubert et al., 2008;
Suzuki et al., 2009).

In our laboratory, we have used RTX as a tool to palliate the pain that accompanies oral
mucositis as a result of lingual irradiation in 10-week-old female BALB/c mice (NCrl substrain)
purchased from Charles River Laboratories (CRL). Using a single systemic administration of RTX
at a dose of 300 pg/kg, effective ablation occurred (as evidenced by a loss of capsaicin-induced

eye wiping responses). Furthermore, RTX was well-tolerated; specifically, we saw mild signs of
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ataxia and depression which quickly resolved within the first 12 hours post-administration, and no
mortality was associated with this dose. This approach appeared to significantly mitigate orofacial
pain when mice were experiencing severe radiation-induced oral mucositis (see Chapter 2).
However, when the same dose of RTX was administered to sex and age-matched C57BL/6 mice
obtained from the same supplier (NCrl substrain), adequate ablation was produced but
unacceptable toxicity was observed (i.e., mortality of 32.5%; see Chapter 3 (“Afterword” section)).
This mortality was unexpected, especially when considering that there are no reports in the
literature describing this effect. Given the value of RTX as a research tool and the extensive use
of C57BL/6 mice in pain research, we wanted to determine whether there is an RTX dosing
regimen that would be well-tolerated in this mouse strain, but also effective in ablating TRPV1-
expressing neurons. The purpose of this chapter is to describe our process for RTX dose
optimization, including a description of the observed tolerability and ablative efficacy of various

protocols tested in different substrains of C57BL/6 mice.

4.2  Material and Methods

We performed work to understand the tolerability (i.e., side effects and mortality) and
efficacy of RTX-mediated ablation of TRPV1-expressing neurons in adult C57BL/6 mice.
Experimental conditions (i.e., age, sex, vendor/genetic background) and RTX dose varied across
experiments in a prospective and stepwise fashion manner based on the severity of adverse events
and ablation success. All experimental procedures were approved by the North Carolina State
University (NCSU) Institutional Animal Care and Use Committee (protocol #: 19-810-B).
Experiments conducted in this study represented collaborative work between the author and other

members of our laboratory.
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4.2.1 Overall experimental rationale and scheme

Given the adverse effects encountered in past work when 300 ug/kg RTX was administered
in C57BL/6 mice from CRL (NCrl substrain, herein referred as “B6/NCrl”), we decided to repeat
this experiment in a new cohort and split the applied dose into three consecutive, increasing doses
(i.e., 50 pg/kg on day 1, then 100 pg/kg on day 2, and 150 pg/kg on day 3) in sex and age-matched
B6/NCrl mice obtained from the same supplier. In this first experiment, unacceptable toxicity was
associated with 50 pug/kg RTX (given once) within the first 12 hours post-RTX administration (i.e.,
70% mortality), therefore, we canceled the remaining dose administrations and ended the
experiment. For the next experiment, we requested older mice based on the idea that younger mice
might be more sensitive than adults to neurotoxins like RTX. Here we chose a vendor that could
deliver mice as fast as possible (time limitations related to the COVID-19 pandemic); therefore,
14-week-old female C57BL/6J substrain mice were purchased from Jackson Laboratories (JAX),
herein referred as “B6/J”. In this experiment, we decided to shift our approach and evaluate the
tolerability and ablative effectivity of RTX using substantially lower and higher dosages. Mice
here either received 2 pg/kg RTX (dose that one would expect fewer associated systemic side
effects) or 600 pg/kg RTX (dose that one would expect to cause a profound sensory nerve
desensitization/block). The total dose of 2 pg/kg RTX was associated with high tolerability (0%
mortality) but low ablative effectivity, while 600 ng/kg RTX was associated with high ablative
effectivity but low tolerability (62.5% mortality within the first 56 hours post-RTX
administration). Thus, in a separate experiment, we tested the effects of an intermediated dose (i.e.,
10 pg/kg), which was expected to avoid the potential side effects of RTX and to improve the
success of ablation. To facilitate data comparison, here we used 16-weeks old B6/J mice. Sex and

age-matched mice obtained from the same supplier (also same genetic background) were injected
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with 300 pg/kg RTX for comparison purposes. In this experiment, none of the mice injected with
either 10 or 300 pg/kg RTX died (0% mortality), and neuronal ablation was sufficient for both
applied dosages. Because 10 pg/kg RTX demonstrated to be the most tolerable way to approach
systemic ablation of TRPV1-expressing neurons in B6/J mice, we decided to repeat this
experiment using a larger sample size in B6/NCrl mice at 11 weeks of age. We selected this
substrain and age because we commonly use in our laboratory 10- to 14-weeks-old B6/NCrl mice
to model radiation-associated mucositis pain. Unfortunately, and while adequate ablative efficacy
was encountered, there was low tolerability (60.8% mortality within the first 48 hours post-RTX
administration). In reviewing animal records and results, we noticed a trend wherein B6/J mice
seemed to tolerate RTX better than B6/NCrl mice. To determine whether the excess
morbidity/mortality found in B6/NCrl was related to the vendor (and potentially related to
differences in genetic backgrounds), a final experiment was performed. Here, we decided to
evaluate the tolerability and ablation efficacy of 10 pg/kg RTX in female and male B6/J mice (13-
week-old). Details about experimental conditions and applied RTX dose of each cohort is

presented in Table 4.1.
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Table 4.1: Details about experimental conditions, applied RTX dose, and mortality rate of each experiment and cohort.

Vot Follow-
Experiment . _A_ge at Mouse  Cohort(s)/ RTX Vol sar_nple Dose up Mortality
Strain Sex injection - dose  sample  size .
number vendor experiment . scheme duration (%)
(weeks) (ng/kg)  size per
(days)
cohort
1 CS7BLI6  romale 10 CHL 1 50 10 Na  Sindle o, 70
NCrl dose
2a)1
ng'kg
2.) 2 Zm?::f every 2.2)0
2 C57BL/6J Female 14 JAX 2 2.b) 12 24 hrs. 3 |
2.b) 8 2.b) 62.5
600 mice 2.b)
Single
dose
3.a)8
3.a) 10 . .
3 C57BL/6) Female 16 JAX 2 3.b) 12 mice  Single 42 0 (both
300 3.b_) 4 dose cohorts)
mice
4 CSBL6  topale 11 CHL 1 10 46 na o Single 3 60.8
NCrl dose
5.a) 5.a)8
Female mice Single 5.a)0
5 C57BL/6J 5.b) 13 JAX 2 10 16 50)8  dose 126 5.b) 125
Male mice
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4.2.2 Animals
A total of 96 adult C57BL/6 mice were purchased from either CRL (B6/NCrl substrain) or
JAX (B6/J substrain). Upon arrival, animals were quarantined for 72 hours and then acclimated to

the colony room for at least

4.2.3 RTX administration

We used a pharmaceutical-grade formulation of RTX (200 ug/mL) that was kindly
provided by Dr. Alexis Nahama from Sorrento Therapeutics. RTX doses were drawn up into a
syringe in a fume hood and kept on ice until administration. Briefly, mice were anesthetized with
isoflurane (2%, flow rate of 3-4 L/minute) using an induction box (anesthesia induction) and mask
with a custom-built non-rebreathing circuit (anesthesia maintenance). Shortly after mice exhibited
unconsciousness, the skin of the interscapular region was gently grasped and lifted using silicone
coated soft forceps, and RTX was subcutaneously injected using a 30-gauge needle on a low dead
space insulin syringe (volumes ranging from 5 to 30 puL). After systemic administration, mice were
kept under anesthesia for 1 minute and then recovered in prewarmed standard (non-ventilated)
mouse cages containing disposable multi-layered pads and bedding. Warming of the cages was
done using a 10" x 20.5" heat mat (iPower Seed Starter Heat Mat, iPower Products, purchased

from Amazon) that was placed underneath the mouse cages (thermostat was set to 80°F).

4.2.4 Animal monitoring

Mice were first examined hourly and then daily after RTX administration for signs of pain
or distress (i.e., abnormal posture, twitching or trembling), nervous system dysfunction (i.e.,
depression/lethargy, ataxia, seizures, or coma), respiratory system dysfunction (i.e., changes in

respiration patterns), weight loss, and/or spontaneous death. Measurement of body weight
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(expressed as percentage change from baseline) acted as a surrogate marker of overall health; based
on our experience working with this mouse strain, body weight reduction was considered either
mild (<5%), moderate (6 to 15%), or severe (>15%) in this study. Complications were
documented, and mice received routine medical management appropriate for the presenting
symptoms (e.g., warming pads for hypothermia, eye lubricants to prevent corneal ulcers associated
with prolonged anesthesia recoveries, warm physiologic saline for dehydration). Criteria for
euthanasia included: weight loss exceeding 30%, long-lasting inability to ambulate well enough to
reach food and/or water (longer than 72 hours post-RTX administration), or severe dyspnea (i.e.,
struggling to breath). Euthanasia was performed using asphyxiation (3.5 L/minute CO2 chamber),
followed by cervical dislocation. The follow-up period differed between experiments (based on

mortality) but ranged from 3 to 126 days after RTX administration.

4.2.5 Assessment of RTX-mediated ablation of TRPV1-expressing neurons

To confirm successful systemic ablation of TRPV1-expressing neurons, we topically
applied capsaicin (Sigma-Aldrich, MO, USA) into the left eye as described elsewhere (Takahashi
et al., 2016); for this technique, capsaicin was diluted using 0.9% sterile saline (concentration:
0.01%; volume: 15 uL; solution temperature: 68-72°F). Responses were video recorded and later
reviewed by a blinded observer who counted and recorded the number of facial wipes over 1
minute immediately following ocular application of capsaicin. A reduction in the number of wipes
per minute from baseline measures higher than 50% constituted a sufficient ablation; the rationale
behind this criterion was determined based on the reduction observed in BALB/c mice when RTX
was provided (reduction in wipes above 50% highly correlated with a significant reduction in pain-
like behaviors). Baseline measures were obtained before RTX administration in all experiments

for comparison purposes.
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4.2.6 Post-mortem assessment

Post-mortem assessment (either gross or microscopic necropsy examination) was carried
out in select animals (see later). Post-mortem evaluation was predominately focused on the
following structures: lungs, heart, thymus, trigeminal ganglions (TG), spinal cord, and brain. The
aforementioned tissues were harvested after gross necropsy examination. Collected tissues were
fixed in 10% neutral buffered formalin for 24 hours, and then processed by routine methods and
embedded in paraffin at the NCSU Veterinary Histopathology Laboratory. Horizontally-oriented
sections (~5 um) were stained with hematoxylin and eosin (H&E) and evaluated by a veterinary
anatomic pathologist, board-certified by the American College of Veterinary Pathologists (Dr.

Debra Tokarz).

4.2.7 Calcium imaging

TG neurons samples were collected from select animals (see later) immediately after
euthanasia and digested in collagenase and dispase (Sigma-Aldrich, MO, USA) in Hanks’
Balanced Salt Solution (HBSS, NY, USA) at ~30°F. Isolated cells were resuspended in 25 pL
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Paisley, UK), placed onto an 18 mm
coverslip coated with poly-L-lysine and laminin. Neurons were then incubated in 1 mL complete
media that contained DMEM medium with 10% fetal bovine serum (FBS, heat-inactivated) and
2% Pen Strep (Gibco BRL Products, NY, USA) at room temperature with 5% CO2. All calcium
imaging procedures were performed 12 hours after plating the neurons. Briefly, neurons were
incubated with Fura-2AM (Biotium, CA, USA) in complete media for 30 minutes before imaging.
The coverslip was held by a Quick Release Magnetic Imaging Chamber (Warner Instruments, CT,
USA) and cells were visualized using an inverted microscope (Nikon Eclipse TE200 microscope,

Nikon Instruments Inc., NY, USA). Locke solution (kept at room temperature) flowed through the
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chamber continuously and perfused the coverslip during imaging. Fura-2AM was used as an
indicator of changes in intracellular calcium concentrations using ratiometric measurement of
fluorescent intensity at 340 and 380 nm wavelength (340/380 nm). TG neurons were manually
circled (identification was based on morphology and size; diameter of ~50 pum) using NIS-
Elements AR software (version 5.02.01, Nikon Instruments Inc, NY, USA). Neurons were
stimulated using capsaicin (1 pumol/L, Sigma-Aldrich, MO, USA) and potassium chloride (KClI,
150 mmol/L, Fisher Scientific, NH, USA), with at least 1-minute interval between stimulations. A
positive response was defined as a neuron that had a maximum 340/380 nm ratio greater than
110% of the baseline (pre-stimulation) 340/380 nm ratio; responses lower than 110% were defined
as unresponsive (negative). Only cells that positively responded to KCI were included in the
analysis. Results were expressed as the proportion (in percentage) of neurons that had a positive

response to capsaicin stimulation.

4.2.8 Cellular immunofluorescence staining

After calcium imaging, TG neurons on the coverslips were immediately fixed using 4%
neutral buffered formalin (for 10 minutes), then washed with phosphate-buffered saline (PBS).
The coverslips were incubated in blocking solution (5% goat serum and 0.05% Triton-X 100 in
PBS) for 1 hour at room temperature. TRPV1 expression was detected by applying a primary
antibody at 39.2°F overnight (mouse anti-mouse, 1:1000; Abcam, MA, USA). The coverslips were
washed with PBS 3 times followed by incubation with secondary antibody (Alexaflour 594
conjugated goat anti-mouse, 1:1000, for TRPV1) for 1 hour at room temperature. The coverslips
were then washed with PBS 3 times, mounted using ProLong Gold antifade reagent with DAPI
(Invitrogen, OR, USA), and then incubated overnight at room temperature. Images were acquired

by inverted microscopy (Nikon TE200, Nikon Instruments Inc, NY, USA), and neurons were
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manually contoured using ImageJ software (US National Institutes of Health, USA). Positively

TRPV1-stained neurons in TG samples were quantified as a percent of all DAPI-stained cells.

4.2.9 Statistical analysis

Descriptive statistics were computed using mean, standard deviation (SD), range, and
proportion (i.e., number or percentage of either animals/total or neurons/total). All statistical tests
were performed using commercial software (Prism version 6, GraphPad Software, Inc., La Jolla,

CA).

4.3 Results

4.3.1 Experiment 1

Initially, we planned to evaluate the tolerability and ablative efficacy of 300 pg/kg RTX
using 3 consecutive (once daily) increasing doses (50, 100, and 150 pg/kg) in 10-week-old female
B6/NCrl mice. However, unexpected increased mortality (as compared to past work) was found
after applying 50 pg/kg RTX. Specifically, all mice (n = 10) showed severe ataxic gait followed
by depression within the first hour after 50 pg/kg RTX was administered. However, 7 mice (7/10)
developed lethargy (lateral recumbency), increased respiratory rate, and unresponsiveness to touch
(loss of pinch reflex) within the next 6 hours. Among these 7 mice, all died within the first 12
hours post-RTX. Only 3 mice (3/10) survived the first 24 hours post-RTX. Therefore, a mortality
of 70% was found in this experiment; no further RTX doses were administered in these mice. In
the surviving mice (3/10), signs of ataxic gait and depression persisted for the first 6 days post-
RTX. In these mice, overall weight loss was severe within the first 3 days post-RTX (overall mean

reduction + SD: -16.2 + 4.0%, range: -24 to -11%), and persisted until day 6 post-RTX (Figure
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4.1A). On this day (day 6), mice started to present signs of improvement in their activity levels,
appetite, and ataxic gait, returning to normal mouse behavior at day 8 post-RTX. On day 6 post-
RTX, we assessed the ablative efficacy of 50 pg/kg RTX. As shown in Figure 4.1B, an insufficient
neuronal ablation was found in all 3 mice (i.e., overall reduction less than 40% from baseline).
Therefore, mice were euthanized the next day. A gross necropsy was performed 12 to 24 hours
after death in all mice, however, no gross lesions were seen in the lungs, heart, thymus, trigeminal

ganglions, spinal cord, or brain.
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Figure 4.1: Systemic administration of RTX at a dose of 50 pg/kg (given once) in 10-week-
old female C57BL/6NCrl mice (n = 10). (A) Overall body weight loss was severe within the first
3 days post-RTX (n = 3); mice returned to baseline values by day 8 post-RTX. (B) Neuronal
ablation was considered insufficient (i.e., overall reduction less than 40% from baseline) in the

surviving mice (n = 3). Data expressed as mean + SD.

4.3.2 Experiment 2

Since 50 pg/kg caused an even higher mortality rate than 300 pg/kg, we used in this next
experiment either a substantially lower or higher RTX dose in B6/J mice (16-weeks old, female).
RTX at a dose of 2 png/kg (n = 4) induced mild depression within the first hour post-RTX, and

none of the mice died (mortality rate: 0%). As shown in Figure 4.2A, overall weight loss within
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the first 3 days post-RTX was mild (overall mean reduction + SD: -1.9 + 4.0%, range: -6 to 4%),
and normal mouse behaviors were observed in this cohort 12 hours post-RTX. Conversely, 600
ng/kg RTX induced early signs of nervous system damage and increased death. Specifically, all
mice (n = 8) developed within the first few hours post-RTX ataxic gait and depression, muscle
rigidity in the neck, forelimbs, and hindlimbs, increased respiratory rate, unresponsiveness to touch
(loss of pinch reflex), and/or lethargy. Death associated with RTX administration occurred 2 hours
(2/8), 36 hours (3/8), and 56 hours (1/8) post-RTX. Therefore, a mortality of 62.5% was found in
this cohort. Overall weight loss in those mice that survived the first 48 hours post-RTX (5/8) was
moderate (overall mean reduction + SD: -9.2 + 4.7%, range: -16 to -3%). All surviving mice in
this cohort (n = 2) were purposely euthanized by day 3 post-RTX. As shown in Figure 4.2B,
neuronal ablation (examined until day 3 post-RTX) was insufficient in the 2 pg/kg cohort (i.e.,
overall reduction less than 15% from baseline) and exceptional in the 600 pg/kg cohort (i.e., overall
reduction higher than 90% reduction from baseline).

A full necropsy (i.e., microscopic assessment) was performed in all those mice that
received 600 pg/kg RTX (8/8). During the histological evaluation, we did not find pathological
abnormalities in those mice that died 2 hours post-RTX (2/8), however, relevant histopathologic
changes were found in mice that survived the first 24 hours post-RTX (6/8), which were:
Alzheimer type 1l astrocyte changes in the brain (2 mice; Figure 4.2C), scattered acute neuronal
necrosis in TGs (4 mice; Figure 4.2D), widespread lymphocyte necrosis in thymus (4 mice; Figure
4.2E), and minimal focal acute necrosis in the bilateral ventricular myocardium (2 mice; Figure
4.2F). Pathological evidence of spinal cord or respiratory tract (upper or lower) disease were not

found in this cohort.
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Figure 4.2: Systemic administration of RTX at a dose of either 2 pg/kg (n = 4) or 600 pg/kg
(n = 8) in 14-week-old female C57BL/6J mice. (A) Overall body weight loss was mild in the 2
ug/kg cohort and moderate in the 600 pg/kg cohort. (B) Neuronal ablation was considered
insufficient (i.e., overall reduction less than 15% from baseline) in the 2 pug/kg cohort (n = 4), and
sufficient (i.e., overall reduction higher than 90% reduction from baseline) in the 600 pg/kg cohort
(n =210 6). Data expressed as mean + SD. Histopathological examination conducted in 600 pug/kg
cohort revealed the next lesions: (C) Alzheimer type II astrocyte changes (black arrow, 20 pum,
60X magnification), (D) scattered acute neuronal necrosis of varying severity in TG samples
(black arrow, 20 um, 40X magnification), (E) extensive areas of lymphocyte necrosis in thymus
(100 pm, 10X magnification), and (F) minimal focal acute necrosis in the bilateral ventricular

myocardium (area marked with white circle, 20 pm, 40X magnification).

4.3.3 Experiment 3
After determining that none of the previously tested RTX doses were able to produce both
high tolerability and ablative efficacy in C57BL/6 mice (i.e., 2, 50, and 600 pg/kg), we decided to

test a relatively intermediate-dose of RTX (i.e., 10 ug/kg, given once) in 16-week-old female B6/J
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mice (n = 8), and compare tolerability and ablative efficacy against sex and age-matched B6/J
mice obtained from the same vendor which received a relative high-dose of RTX (i.e., 300 pg/kg,
given once; n = 4). We used those same mice that previously received 2 pg/kg of RTX
(“Experiment 2”°) to evaluate the tolerability and ablative efficacy associated with 300 ng/kg RTX;
mice received a 2-week break between administrations.

In general, the vast majority of mice (no distinction between cohorts) showed early signs
of depression and/or ataxic gait within the first hours post-RTX. However, these signs only lasted
for the first 24 hours post-RTX; all mice returned to normal behavior on the next day (i.e., 48 hours
post-RTX). Moreover, no death was associated with either 10 or 300 pg/kg RTX in this experiment
(0% mortality). As shown in Figure 4.3A, overall weight loss in the 10 pg/kg cohort was moderate
within the first 3 days post-RTX (overall mean reduction + SD: -9.0 + 3.7%, range: -16 to 0%).
Likewise, overall weight loss in the 300 pg/kg cohort was moderate during the same period (overall
mean reduction + SD: -11.0 + 4.1%, range: -21 to -4%). Body weight gain and normal mouse
behaviors were observed by day 4 post-RTX in all mice (from both cohorts). Neuronal ablation
(examined until day 8 post-RTX for both cohorts) was sufficient for both applied dosages (i.e.,
overall reduction higher than 70% from baseline; Figure 4.3B).

Because no difference in tolerability and ablation efficacy were found between cohorts,
and because we know from past work that adult female B6/NCrl mice do not tolerate 300 pg/kg
RTX, we decided to euthanize mice that received 300 pg/kg RTX on day 8 post-RTX (no gross
lesions were seen in lungs, heart, thymus, TGs, spinal cord, or brain in this cohort), and continue
assessing the ablative efficacy of 10 pg/kg RTX to determine if ablation was sustained. Neuronal
ablation was assessed once weekly in those 8 mice that received 10 pg/kg RTX. As shown in

Figure 4.3B, the degree of neuronal ablation found at 24 hours post-RTX (i.e., overall reduction
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higher than 70% from baseline) was sustained for at least 42 days. Therefore, 10 ng/kg RTX given

subcutaneously to 16-week-old female B6/J mice was tolerable, and resulted in long-lasting

ablation.
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Figure 4.3: Systemic administration of RTX at a dose of either 10 pg/kg (n = 8) or 300 pg/kg
(n = 4) in 16-week-old female C57BL/6J mice. (A) Overall body weight loss was moderate in
both cohorts within the first 3 days post-RTX; body weight in both cohorts returned to baseline
values approximately by day 4 post-RTX. (B) Neuronal ablation was considered sufficient (i.e.,
overall reduction higher than 70% reduction from baseline) in both 10 pg/kg (n = 8) and 600 pg/kg

cohorts (n = 4). Data expressed as mean + SD.

4.3.4 Experiment 4

After determining that 10 ug/kg RTX was well tolerated and effective at ablating TRPV1-
expressing neurons in adult female B6/J mice, we repeated this experiment in sex-matched
B6/NCrl mice (n = 46); here, RTX was administered when animals were 11 weeks of age.
Unexpectedly, yet in line with previous results obtained from this substrain, early signs of nervous
system damage and death were found. Specifically, several mice (20/46) died within the first 24
hours post-RTX; some either never recovered from anesthesia (n = 3), while others quickly showed

tremor, ataxia, and lethargy after administration, and were later found death inside the cage (n =
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17). From those surviving mice (26/46), 8 died approximately 48 hours post-RTX. Therefore, a
mortality of 60.8% was found in this experiment. Overall weight loss in this cohort was moderate
within the first 2 days post-RTX (overall mean reduction + SD: -9.8.0 + 10.4%, range: -33 to 7%;
Figure 4.4A), but in general, mice quickly recovered baseline values by day 3 post-RTX. As shown
in Figure 4.4B, overall neuronal ablation (examined until day 3 post-RTX) in these mice was

sufficient (i.e., overall reduction of 60% from baseline).

4.3.5 Experiment5

Because TRPV1 ablation using 10 pg/kg RTX was well tolerated in B6/J mice, we decided
to attempt replication of our results by repeating “Experiment 3” in a larger group that both
contained female (n = 8) and male (n = 8) B6/J mice. In this experiment, RTX was administered
at a dose of 10 ug/kg (given once) when animals were 13 weeks of age, and we evaluated the

tolerability and ablative efficacy over a period of 126 days post-administration.

In this experiment, the vast majority of mice showed early signs of depression and ataxic
gait within the first hours post-RTX. However, these signs only lasted for 6-12 hours after
administration, returning to their normal state 24 hours after. In total, only 1 mouse died 24 hours
post-RTX (male cohort), therefore, 10 ng/kg RTX resulted in 6.25% mortality (0% in female, and
12.5% in male). As shown in Figure 4.4C, overall weight loss within the first 48 hours post-RTX
was moderate in female mice (overall mean reduction + SD: -7.6 + 6.3%, range: -18 to 4%), and
values returned to baseline measures by day 5 post-RTX. In male mice, overall weight loss was
also moderate (overall mean reduction + SD: -9.1 + 1.6%, range: -14 to -6%), and values returned
to baseline measures by day 9 post-RTX. As shown in Figure 4.4D, both female and male mice

displayed high levels of neuronal ablation (i.e., higher than 80% reduction from baseline for both
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cohorts) after RTX administration; this effect lasted for at least 126 days (end of the study) in both

female and male mice.
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Figure 4.4: Systemic administration of RTX at a dose of 10 pg/kg in female B6/NCrl (n = 46)

or female and male B6/J mice (n = 16). (A) Overall body weight loss was moderate within the

first 2 days post-RTX in 11-week-old female B6/NCrl mice; body weight returned to baseline

values approximately by day 3 post-RTX. (B) Neuronal ablation was considered sufficient in

B6/NCrl mice (i.e., overall reduction higher than 60% reduction from baseline; n = 13). (C) Overall

body weight loss was moderate within the first 2 days post-RTX in 13-week-old female and male

B6/J mice; body weight returned to baseline values in female and male mice by days 5 and 9 post-

RTX, respectively. (D) Neuronal ablation was considered sufficient (i.e., overall reduction higher

than 80% reduction from baseline) in both female (n = 8) and male (n = 8) B6/J mice. Data

expressed as mean + SD.
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Calcium imaging and immunofluorescent studies were done after all B6/J mice were
euthanized (i.e., day 126 post-RTX). For this procedure, we only used TG samples from 4 mice
per sex. From the calcium imaging analysis (Figure 4.5A) we found that the total proportion of TG
neurons that responded to capsaicin was 12.8%; specifically, 11.5% in female and 15.1% in male
mice. Immunofluorescent analysis (Figure 4.5B) revealed that the total proportion of TRPV1-
positive TG neurons corresponded to 22.1%; specifically, 17.6% in female and 26.0% in male

mice (representative images in Figure 4.5C).
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Figure 4.5: Calcium imaging and immunofluorescences studies in 13-week-old female and
male B6/J mice (n = 16; 10 pg/kg RTX). (A) The overall total proportion of TG neurons that
positively responded to capsaicin during calcium imaging was 12.8% (female: 11.5%, male:
15.1%). (B) The overall total proportion of TRPV1-positive TG neurons (immunofluorescence
analysis) corresponded to 22.1% (female: 17.6%, male: 26.0%). Data expressed as mean + SD.
(C) Representative immunofluorescence images of the TG neurons in female B6/J mice injected
with 10 pg/kg RTX; the red fluorescence is the stained TRPV1-protein, and the blue fluorescence

is the DAPI stained cell nuclei (20X magnification, scale bar = 50 um).
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4.4  Discussion

The ablation of TRPV1-expressing neuron populations via RTX has been broadly used in
preclinical research as a tool to prevent or alleviate pain hypersensitivity in a safe and effective
manner. However, and as mentioned before, we noticed during the conduct of past experiments a
remarkable difference in tolerability (in terms of mortality) between two commonly used
laboratory mouse strains when a single high-dose of RTX (300 pg/kg) was administered
subcutaneously (0% versus 32.5% mortality in BALB/c and C57BL/6 mice, respectively). The
high mortality in C57BL/6 mice was quite unexpected since there is no evidence from studies in
experimental animals indicating that systemic RTX (at used route and dose) may cause significant
death in these mouse strains. To our knowledge, there is only one study that has suggested the
possibility that RTX may increase mouse mortality when higher doses are used (Lee et al., 2018);
in this preliminary study, the authors gave a single dose of RTX solution (dose: 10, 50, or 200
ug/kg, respectively) intraperitoneally into 8-week-old adult male ICR mice, and a significantly
increased mortality was associated to high-dose RTX (0% mortality in the 10 pg/kg group, 25%
mortality in the 50 pg/kg group, and 100% mortality in the 200 pg/kg group). Since RTX injections
were done in the same experimental conditions in our studies (e.g., same sex, age, environment,
mouse vendor, anesthesia, and recovery procedures), and moreover, because it has been
demonstrated that TRPV1 expression (and increase capsaicin-related sensitivity thereof) is
significantly higher in C57BL/6 mice in comparison to BALB/c mice (Ono et al., 2015), we first
assumed that this increased RTX-related mortality may be a result of a strain difference.

In this study, we originally planned to test the tolerability and ablative efficacy of 300
ng/kg RTX spitted into three consecutives, increasing doses in C57BL/6 mice (B6/NCrl substrain).

The idea here was to avoid any potential side effect associated to higher doses, such as death
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related to respiratory stress (i.e., bronchoconstriction) as postulated by others in the past (Lee et
al., 2018). However, we unfortunately encountered an excessive mortality and low ablative
efficacy when a single RTX dose of 50 ug/kg was administered on day 1. In this experiment, the
signs that we observed in the past (Chapter 3) in B6/NCrl mice injected with a single dose of 300
ug/kg RTX (i.e., severe depression and ataxic gait) were substantially more pronounced and were
followed by sudden death within the first hours post-RTX in 70% of the animals. Intriguingly,
RTX mortality in these mice did not greatly differ from the tolerability observed in B6/J substrain
mice injected with a single high-dose of 600 pg/kg RTX in subsequent experimentation. While
sudden death was less commonly seen in the 600 pg/kg cohort in comparison to the 50 pg/kg
cohort, we did see a wider variety of signs in these mice (B6/J) that were indicative of severe
respiratory and/or nervous damage. However, and oppositive to what we were expecting, no
histopathological alterations were found in lungs or spinal cord samples of any mouse. In this
experiment, only two B6/J mice presented signs of Alzheimer type Il astrocyte changes in brain
samples, which is a change that is classically described in  hepatic
encephalopathy/hyperammonemia (Norenberg et al., 1997) and other systemic metabolic
disturbances (Butterworth et al., 1987); nevertheless, brain tissues appeared to be histologically
unremarkable in most mice (even in those mice that showed respiratory stress, motor
abnormalities, and unresponsiveness). Remarkedly, we found in some mice indications of minimal
focal acute myocardium necrosis, acute neuronal necrosis, and marked widespread lymphocyte
necrosis in heart, trigeminal ganglions, and thymus samples, respectively. These last findings were
particularly interesting because capsaicin-induced apoptotic cell death in these tissues has been

previously described in rats (Santoni et al., 2004; Szoke et al., 2002; Zhang et al., 2012). Therefore,
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RTX-induced death could potentially be related (or at least partially related) to a failure in these
structures.

Because none of the tested RTX doses (i.c., 2, 50, and 600 pg/kg) resulted in a tolerable
and effective TRPV1-ablation in the used C57BL/6 substrains, we decided to examine and
compare RTX-tolerability and ablative efficacy between B6/J mice that either received 10 pg/kg
or 300 pug/kg RTX, which are two of the most commonly used doses in adult mice (Menéndez et
al., 2006). According to our results, both dose regimens seemed to be tolerable in mice, and
moreover, they showed to have a similar effectivity ablating TRPV1 populations. While only 4
mice received the 300 pg/kg dose, it was interesting to found that RTX at this dose seemed to be
safer in B6/J mice in comparison to B6/NCrl mice (as stated in Chapter 3), thus, results here we
suggestive of a distinct intolerance of RTX between C57BL/6 substrains. However, it was
impossible to make any definitive conclusion at this stage. Taking into consideration all
experiments, we can preliminarily conclude at this stage that RTX at a dose of 10, 300 or 600
ug/kg induce good levels of ablation in B6/J mice, with varying tolerability responses (i.e., higher
doses, such as 600 pg/kg, increase the risk to develop side effects). Moreover, we can also
preliminarily conclude that RTX at a dose of 50 or 300 pg/kg produce inconsistent results
regarding tolerability and ablation efficacy in B6/NCrl mice (i.e., both 50 and 300 ug/kg induce
serious toxicity, but higher doses (300 pg/kg) produce adequate ablation). To our knowledge, there
are no preclinical studies comparing tolerability and/or ablation degree using varying doses of
RTX in mice. Therefore, we cannot know with certainty why two very different dosages, such as
10 and 300 pg/kg, yield to the same ablative degree in some C57BL/6 substrains, as well as we
cannot know why two very different dosages, such as 50 and 300 pg/kg, may produce different

degrees of ablation in other C57BL/6 substrains. However, we can assume from basic
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pharmacokinetic principles that there is a potential ablative threshold dose-effect. In particular, it
appears that doses higher than 10 pg/kg do not increase the degree of ablation (e.g., 300 and 600
ng/kg), but conversely, they increase the risk to develop serious toxicities (at least in B6/J
substrains). Yet, this should be tested in other mouse strains to be sure, especially when considering
the results obtained from B6/NCrl strains. Concerning to the duration of ablation, here we showed
that the degree of ablation was sustained for at least 6 weeks in those B6/J mice that received 10
ug/kg RTX. The prolonged effect of RTX is particularly relevant since it provides additional
support for the long-term ablative effects of RTX in animals (Bates et al., 2010; Mitchell et al.,
2010; Okun et al., 2011), and moreover, it also highlights how drugs targeting the “capsaicin
receptor”, TRPV1, could be important clinically for long-term treatment of chronic pain problems
(Brown, 2016; Palazzo et al., 2010; Premkumar, 2010).

After determining that RTX at a dose of 10 pug/kg was the most tolerable way to approach
long-lasting ablation of TRPV1-expressing neurons in C57BL/6 mice (at least in B6/J substrains),
we decided to repeat this experiment using B6/NCrl mice from CRL. In this experiment, we found
that RTX-associated mortality did not greatly differ from the one documented in “Experiment 17,
when 50 pg/kg was administered to mice from the same vendor and genetic background. In
particular, almost half of the mice suddenly died few hours after 10 pg/kg RTX was administered.
While the ablative efficacy of RTX was adequate in those surviving mice, this reduction (60%)
was not superior to the one observed in “Experiment 3” when the same dose was used in B6/J mice
obtained from JAX (70%). These results finally led us to realize that the low tolerability found in
this particular strain (C57BL/6) was potentially related to the genetic background (vendor-
dependent) of certain substrains, such as B6/NCrl. While we were not expecting this radical

difference in tolerability between substrains, there is evidence in the literature indicating that the
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inconsistency of research findings across studies can be attributable to the genotypic and
phenotypic differences between inbred C57BL/6 substrains, as well as the differing environmental
variables occurring at different vendors (Ahlgren & Voikar, 2019; Lariviere et al., 2001; Mogil &
Wilson, 1997). Indeed, several genetic or genomic structural variations affecting phenotypes
among C57BL/6 substrains have been described in the past by others; for example, differing
susceptibility to intermittent hypoxia between C57BL/6N and C57BL/6J (Ge et al., 2019), or
differences in response to high-fat diet intervention between C57BL/6J and C57BL/6NJ mice
(Fisher-Wellman et al., 2016). In the realm of pain research, some authors have described that
acute thermal nociception (measured using reflexive-based methods like the tail withdrawal and
hot plate assays) appears to be enhanced in C57BL/6J in comparison to C57BL/6NCrl substrains
(Bryant et al., 2008; Matsuo et al., 2010). Therefore, the generalization of results from a single
mouse substrain can exacerbate the current “reproducibility crisis” in basic research,
compromising the reproducibility and reliability of results.

To further confirm that external factors, such as genetic background associated to the
commercial mouse supplier, might contribute to disparate results between inbred C57BL/6
substrain mice, we re-evaluated the tolerability and ablative efficacy of 10 pg/kg RTX in B6/J
mice. To obtain a better idea of the effects of RTX, we also assessed here whether RTX tolerability
and/or the degree of ablation varied across sexes, and whether the degree of ablation can be
sustained on time. Results here confirmed that 10 pg/kg RTX is well-tolerable in B6/J mice (mild
and short-lived side effects, such as depression, weight loss or ataxic gait). While the frequency
and severity of RTX-related adverse side effects did not differ across sexes, we did notice that
weight gain was relatively quicker in female mice in comparison to male mice (5 versus 9 days to

return to baseline values, respectively). Moreover, the mortality associated with this RTX dose —
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while low — was only present in the male cohort (1 of 8 mice). Although RTX-associated toxicity
was mildly higher in males, we cannot conclude from the present data that the variation in
outcomes is sex-dependent given the small sample size used. Moreover, there is no evidence in
the literature indicating that the toxicity of RTX varies between females and males in any species;
to our knowledge, there is only one study in the literature that has revealed that the toxic side
effects associated with TRPV1 agonists, such as capsaicin, varies across sexes from the same
mouse strain (Treat et al., 2022). However, in this study they showed that capsaicin-related toxicity
(i.e., death) was increased in female in comparison to male mice. In terms of neuronal ablation,
and line with previous results, 10 pg/kg RTX showed to be effective in reducing capsaicin-related
eye wiping responses, an outcome measure that is vastly used to test TRPV1 ablation in preclinical
settings (Bates et al., 2010; Mishra & Hoon, 2010; Pecze et al., 2009; Pogorzala et al., 2013). The
degree of this reduction was equally high for both cohorts (> 80% from baseline in female and
male mice), as well as the duration of ablation. Indeed, the ablation efficacy of this RTX dose was
maintained for long periods (i.e., for at least 18 weeks) in both cohorts, with no obvious alterations
in behavior or physical health. This finding further validates the use of RTX as a research tool to
produce long-lasting desensitization in B6/J substrains, without affecting proprioception and
motor functions. Finally, we performed calcium imaging and immunofluorescent studies at the
end of this study to further corroborate ablation of TRPV1-expressive neuron populations at the
peripheral nervous system level. On one hand, calcium imaging studies demonstrated that ~11 to
15% of trigeminal ganglion neurons responded to capsaicin, which differs from the responsiveness
that we normally observe in our laboratory when using non-RTX mice from the same substrain
(i.e., ~30 to 40%; unpublished) or from a different mouse strain (i.e., ~40 to 45% in CD-1

mice; Nolan et al., 2017). Therefore, it appears that 10 pg/kg RTX was effective in decreasing the
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activity of TRPV1 in TG neurons. On the other hand, the immunofluorescent analysis revealed
that approximately 22% of the DAPI-positive neurons were immunostained for TRPV1, which
does not differ from the proportion described in other studies that have used non-RTX mice from
the same strain (i.e., ~30%, Huang et al., 2012). This finding was indicative that 10 ug/kg RTX
did not reduce TRPV1 protein levels at the TG level, however, Huang and colleagues did not
specify in their work which substrain was used. In addition, we noticed that the ex vivo response
to capsaicin in female TG neurons, as well as the percent of neurons expressing TRPV1, were
lower than the ones observed in the male cohort. While these results are just preliminary, they are
in accordance with previous studies conducted in rats, where it was evidenced that the expression
of TRPV1 channels in TG was higher in male in comparison to female (Bai et al., 2018). Taking
all these pieces of evidence together, we could theorize that the difference in toxicity between
sexes that was found in this study might be explained by a difference in TRPV1 expression, and
therefore, supporting the idea that the ablative effects of RTX might be potentially sex-dependent.

Limitations of this study should be mentioned. First, we did not use the same number of
animals across experiments, and moreover, sample sizes were in general small. Therefore, some
of our findings may not be extendable to other research facilities. For example, the ablative
efficacy of 2, 50, and 300 pg/kg RTX was only tested in 3-4 mice per cohort, so definitive
conclusions regarding to this aspect cannot be made. Moreover, we did not compare tolerability
and ablative efficacy across sexes in most studies (except for “Experiment 5”). The rationale
behind that lay on the fact that we were unsure about the potential toxicity associated with each
dose, therefore, we limited our experimentation to females to avoid additional mouse death (at
least until we found a well-tolerable dose). Regarding mortality, we need to clarify that we did not

measure corporal body temperature in our mice after injections. This is important because both
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RTX and anesthesia can produce significant drops in rectal temperature in this species (Horii et
al., 2019; Téth et al., 2011), thus, we cannot discard the idea that the mortality observed in our
experiments might be a result of hypothermia (even if the cages were properly warmed). Another
important limitation in our study was related to the fact that ablation of TRPV1-expressing neurons
was only confirmed behaviorally. Certainly, the lack of control (non-RTX) mice and small sample
sizes limited the interpretations of calcium imaging and immunofluorescent analyses. This was
unfortunate, however, the confirmation of RTX-related ablation by means of capsaicin sensitivity
using the eye-wiping test has been widely applied in research, and it appear to be an adequate
indicator of the level of ablation (Bates et al., 2010; Pecze et al., 2009). Yet, further
molecular/cellular analyses (as the ones described here) should be done to confirm ablation at the
peripheral and central nervous system levels. In addition, we should also assess in future
investigations the effect of systemic RTX in other biological systems. Indeed, we were unable to
determine the cause of death in most of our studies, and the lack of appropriate control slides
limited the interpretations of the lesions found in the 600 pg/kg cohort. Therefore, it will be
important to add additional knowledge regarding the systemic effect of RTX before validating its
use in our model of pain and cancer. Finally, the observed differences between substrains validate
the idea that further investigations are required before making absolute conclusions. For example,
none of experiments conducted in this work appropriately compared the effects of RTX in the
different C57BL/6 substrains within the same experiment; therefore, we cannot exclude the idea
that other environmental factors within our research facilities may contribute the observed
difference in response. Moreover, we cannot confirm that all C57BL/6 substrains from either JAX
or CRL will have the same tolerability or ablative effectivity in response to RTX observed in this

study. Indeed, both vendors have developed several C57BL/6 substrains and phenotypical,
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genetical, and behavioral variations between them have been demonstrated in the past (as
mentioned above). This emphasizes the concept that published research findings should always
include details about the substrains included to improve the replicability of results.

In summary, we conclude from this body of work that the tolerability and ablative efficacy
of systemic RTX greatly differs between mouse substrains, and potentially, between mouse strains.
Results here validate the use of systemic RTX at a dose of 10 pg/kg to produce effective and long-
lasting ablation of TRPV1-expressing neurons in a safe manner in female and male C57BL/6J
mice from JAX. However, appropriate support care (e.g., measure of corporal temperate, fluids,
DietGel, cage warming) are imperative to reduce the risk to develop RTX-associated side effects.
Moreover, and considering the results from past and current investigations in our research group,
we can also state that 300 pg/kg RTX represents a good strategy to ablate TRPV 1-populations (at
least in a short-term fashion) in C57BL/6J mice from JAX and BALB/cNCrl mice from CRL;
however, it will be interesting to test the 10 pg/kg protocol in BALB/cNCrl mice to determine
whether lower doses can be used. On the contrary, C57BL/6NCrl mice from CRL seem to be
particularly prone to develop serious toxicities as consequence of systemic RTX using doses
ranging from 10 to 300 pg/kg. Therefore, we cannot recommend the use of these RTX protocols
in this substrain. While results in this substrain may be seen as a potential difficulty in research,
we consider that data here actually represents a valuable opportunity to study the mechanisms by
which RTX produce varying grades of tolerability and ablation across C57BL/6 strains, thus,
improving reproducibility across multiple laboratories. Finally, these findings constitute a very
significant step forward in our research group to continue investigating the effects of radiation-
associated mucositis pain in the progression of murine oral cancer (MOC2-Luc2 model) using

RTX (at dose of 10 ng/kg) as a valuable tool for the relief pain in C57BL/6J mice.
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Chapter 5: “Characterization of Radiation-induced Oral Mucositis and Validity Testing of
a Subjective Oral Pain Scale in Pet Dogs Undergoing Definitive Radiation Therapy for the

Treatment of Oral, Nasal and Cranial Cavity Tumors.”

217



5.1 Introduction

Radiation therapy (RT) plays an important role in the treatment of head and neck cancer
(HNC). However, curative-intent RT modalities can adversely affect exposed tissues, which, in
turn, can lead to the development of painful toxicities, such as radiation-induced oral mucositis
(RIM) (Borbasi et al., 2002; Lalla et al., 2019; Scully et al., 2003). While various pharmacological
and non-pharmacological methods are currently available to manage the pain that arise along with
RIM, usually termed as radiation-associated pain (RAP) (see Chapter 1 for details), most HNC
patients demonstrate a poor response to these analgesic strategies (Barber et al., 2007; Christoforou
et al., 2019; Cook et al., 2022). The impact of untreated or poorly treated RAP can be
overwhelming as it affects the patient’s quality of life, oral cavity functioning, and the continuity
of RT, and thus, limiting the efficacy of RT to control tumor progression (Bese et al., 2007;
Brzozowska & Golebiowski, 2019; Carlotto et al., 2013; Elting et al., 2007). Based on this
evidence, researchers in the field are racing to find novel and better strategies to improve RAP
management (Astrup et al., 2015; Chen et al., 2011; Muzumder et al., 2018).

Rodent models have been, and continue to be, important in generating new information to
understand the biological mechanistic processes underlying many conditions, such as pain, as well
as relevant in the discovery of new candidate therapeutic targets (Brown, 2021; Kersten et al.,
2017; Tappe-Theodor & Kuner, 2014). However, small animal models cannot perfectly mimic the
complex processes involved in the initiation and progression of pain, neither can translate the
human response to new therapeutic alternatives (Mogil, 2009, 2019; Piel et al., 2014). Certainly,
the leap from rodent models to the clinic is a large one and has been partly blamed for the poor
translation of basic research (De Jong & Maina, 2010; Mak et al., 2014). To meet the increasing

demand for novel, safe and effective pain therapies, the biomedical research community working
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on translational pain research has proposed to incorporate into drug development programs higher
order preclinical species to bridge the gap between basic and clinical research (Cho et al., 2021;
Klinck et al., 2017; Kol et al., 2015; Lascelles et al., 2018). For example, the use of companion
animals may provide clinically relevant models of human diseases (Kol et al., 2015). In the last
years, some canine comparative models have been developed to improve our understanding of the
natural progression of certain diseases (e.g., osteosarcoma, osteoarthritis), and to examine
interventions that could potentially improve clinical outcomes in humans (Brown et al., 2005;
ladarola et al., 2018; Menéndez et al., 2006; Minnema et al., 2020; Miyagi et al., 2017; Ranieri et
al., 2013). Despite apparent phenotypic differences, domesticated dogs share a genetic,
physiological, and environmental basis with their human counterpart, increasing the chances of
better modeling the multifactorial variabilities found in human studies (Paoloni & Khanna, 2008).

Companion dogs, like people, suffer from the spontaneous development of HNC in the
same anatomical locations, use similar RT treatment regimens, and develop painful RIM,
impacting their quality of life, oral function, and treatment outcomes (Boss et al., 2022; Denneberg
& Egenvall, 2009; Farcas et al., 2014; Hunley et al., 2010). In this scenario, pet-owned dogs
represent an exceptional alternative to test novel analgesic alternatives for managing RAP.
However, if the dog model of HNC and RAP is planned to be used in translational research, then
the model needs to be fully characterized, and relevant and valid outcome measures need to be
developed. Because RAP has been majorly linked to RIM in humans, we will describe in this
chapter the characteristics of RIM in pet dogs undergoing definitive-intent RT for the treatment of
oral, nasal, and cranial cavity tumors. To date, various owner-reported questionnaire instruments
have been developed to quantify different types of pain and the impact of pain on the dog’s quality

of life (Brown et al., 2008; Holton et al., 2001; Wiseman-Orr et al., 2004). However, none of the

219



so far developed outcomes measures have been designed specifically for the assessment of RAP
within the oral cavity. Therefore, in this study, we will also assess aspects of reliability and validity

of a novel client metrology instrument designed to measure oral RAP in this species.

5.2 Material and Methods

All procedures performed in this study were conducted in accordance with the Institutional
Animal Care and Use Committee (IACUC) of the University of Pennsylvania (protocol number:
A3079-01). Protocols were additionally reviewed and approved by The Veterinary Internal
Review Board — comprised of clinicians, veterinarians actively practicing within the University of
Pennsylvania Veterinary Hospital (VHUP) — to ensure that the animals were adequately protected.
The Veterinary Clinical Investigations Center (VCIC) at VHUP oversaw recruitment, patient care,

and data collection.

5.2.1 Subjects

Client-owned dogs of any age, breed, and of either sex (neutered or intact) for which the
owners had chosen to pursue standard of care definitive-intent RT (DRT) for cancer treatment
were recruited to this single-arm prospective observational, non-interventional clinical study
between 2009 and 2011. Inclusion criteria were: (1) dogs with a histopathologically-confirmed
solid malignancy of the oral or nasal cavity, or an imaging diagnosis of a tumor within the cranial
cavity, (2) dog owner(s) provided informed consent for routine clinical care including a standard
course of DRT at the VHUP, and (3) dog owner(s) agreed to fill out questionnaires throughout
treatment and for 3 weeks following the last treatment. Dogs were excluded from data analysis if
they received any concomitant cancer treatment (i.e., surgery or chemotherapy) during the course

of DRT and follow-up.
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5.2.2 Recruitment and patient care

Recruitment within the VHUP was done by the VCIC staff and supported by specialized
veterinarians and research scientists in the field of veterinary radiation oncology. Cases from
outside VHUP were recruited by direct mailings to general practices and referring veterinarians.
Information about the study and recruitment was also distributed using print advertisements in
local newspapers, radio spots on local stations, and digital flyers provided by the VCIC website.

Animal care and handling were performed by licensed veterinarians and veterinary technicians.

5.2.3 Data collection

Data collection was performed from initiation to the completion of DRT and during the 3
weeks of follow-up examination. Specifically, data were obtained from 9 total visits: enrollment
(i.e., immediately before the first DRT fraction delivery; considered as baseline); five visits during
DRT (after dogs received approximately 25, 50, 70, 90, and 100% of the total DRT planned

course); and three weekly follow-up visits.

5.2.4 Definitive-intent radiation therapy (DRT)

Three-dimensional conformal DRT was planned using a commercial software (Prowess
3D-RTP); DRT was delivered using a Siemens 6 MV linear accelerator. In an overall treatment
time of 5 weeks, RT regimens of approximately 45-54 Gy were planned to be delivered in 15-18
single daily factions using 3 Gy/fraction (Monday through Friday schedule). A certified veterinary
anesthesia technician was always on-site to monitor and provide care to dogs during anesthesia

and recovery.
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5.2.5 Patient’s characteristics

Information regarding age, sex, neuter status, breed, body weight and condition, tumor
type, and location, date of cancer diagnosis, scheduled DRT regimen (number of fractions,
Gyl/fraction, and fraction interval planned), and medication history was collected at enrollment
(i.e., prior first DRT fraction delivery). Other relevant information gathered at enrollment included
appetite and diet acceptance levels, current diet, presence of oral mucositis (prior DRT), and use

of prophylactic dental cleaning strategies performed immediately before DRT initiation.

5.2.6 Assessment of oral radiation-induced mucositis

Clinical features of radiation-induced oral mucositis (herein termed as “RIM”) were
evaluated separately in: (1) dogs that received irradiation for oral tumors (herein referred to as
“oral DRT”), (2) dogs that received irradiation for nasal tumors (herein referred as “nasal DRT”),
and (3) dogs that received irradiation for intracranial tumors (herein referred as “cranial DRT”).
5.2.6.1 Time course and severity: At each visit, the severity of RIM was graded according to the
Veterinary Radiation Therapy Oncology Group (VRTOG) radiation therapy acute morbidity
scoring system. VRTOG scores (herein referred to as “VRTOGs”) were rated from 0 to 3 according
to the condition of the oral mucosa as follow: (0) no change over baseline; (1) erythema, dry
desquamation, alopecia/epilation; (2) patchy moist desquamation; and (3) confluent moist
desquamation with edema and/or ulceration, necrosis, hemorrhage (Appendix 5.1).
5.2.6.2 Adverse side-effects: Occurrence and severity of side-effects potentially associated with
RIM were assessed by means of body weight and body condition score, level of appetite and diet
acceptance, the necessity of feeding tube, unscheduled breaks in DRT, and failure to complete the

prescribed course. Additionally, signs consistent with nasal mucositis (i.e., sneezing, nasal
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discharge) and radiation dermatitis (i.e., crusting, redness, alopecia) were used for estimation of

adverse side effects.

5.2.7 Measures of pain and function interference

In this section, measures of pain and interference of function by pain were assessed and
compared across oral, nasal, and cranial DRT groups. For each visit, pain and pain’s interference
with dogs’ function over the last 7 days were assessed using the Canine Brief Pain Inventory
(CBPI; Appendix 5.2), which is an owner-completed clinical metrology instrument (CMI) (Brown
et al., 2008). The CBPI contains three subscales designed to assess pain severity (i.e., “Pain
Severity Scale”, PSS), the degree to which pain interferes with function or the ability to perform
activities (i.e., “Pain Interference Scale”, PIS), and overall quality of life (“Overall Impression
Scale”, OIS). In addition, owners were asked to complete a new questionnaire, the “Oral Pain
Scale” (OPS) at the same time that they completed the CBPI (OPS developed by Dorothy Brown
at VHUP; Appendix 5.3). The OPS is a questionnaire designed to assess the impact of oral pain;
the 7 questions included in this scale asked about owners’ perceptions of how pain was interfering

with certain oral functions (such as eating, drinking, barking, chewing, etc.) in the last 7 days.

5.2.8 Statistical analysis

All the collected data was kindly provided in March 2020 by Dr. Dorothy Brown at VHUP
to the authors at the North Carolina State University College of Veterinary Medicine (NCSU-
CVM). The principal author reviewed, organized, and analyzed the data. All statistical analyses
were done using two commercial statistical software packages: GraphPad Prism (version 7.0) and

IBM SPSS Statistics (version 28.0).
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5.2.8.1 Data characterization and grading: Change (i.e., reduction or increase) in body weight
after DRT initiation was characterized as the percentage change from baseline (i.e., enrollment).
Body condition was assessed using the Purina Body Condition Scoring (Appendix 5.4); body
condition score (BCS) of 4 or 5 on a 9-point scale was considered ideal, whereas BCSs < 4/9 were
considered underweight and those >5/9 were considered overweight (Ineson et al., 2019). The
level of appetite and acceptance of the usual diet by dogs, as well as the type of diet, were
characterized by asking owners to complete a questionnaire developed by the VHUP staff
(Appendix 5.5). Appetite and acceptance of regular diet were rated on a 0-10 numerical rating
scale (NRS) ranging from 0 (“no appetite” or “completely unacceptable”, respectively) to 10
(“excellent appetite” or “very acceptable”, respectively). Data regarding the type of current diet
were coded as “hard”, “soft” or “mixed”. Nasal mucositis and radiation dermatitis were graded on
a 0-10 NRS that ranged from 0 (“none”) to 10 (“severe”); both of these questions were included
in the VRTOGs assessment form (Appendix 5.1). The 4 questions of the PSS were scored on a 0-
10 NRS ranging from 0 (“no pain”) to 10 (“extreme pain”), while the 6 and 7 questions of the PIS
and OPS, respectively, were scored on a 0-10 NRS ranging from 0 (“does not interfere”) to 10
(“completely interferes”). The single question of the OIS was rated on a 5-item Likert scale that
categorized quality of life as either poor (score of 0), fair (score of 1), good (score of 2), very good
(score of 3), or excellent (score of 4). Scores of the PSS, PIS, and OPS were averaged across
questions to create a single score for each of these subsections. OPS item questions were coded
during this analysis as follow: (1) “Ability to eat its normal diet” coded as “OPS_Eat”; (2) “Ability
to drink liquids” coded as “OPS_Drink™; (3) “Ability to vocalize (bark, whine, growl) normally”
coded as “OPS_Vocalize”; (4) “Ability to swallow saliva (which leads to excessive drooling)”

coded as “OPS_Swallow”; (5) “Willingness to be pet or stroked on the head” coded as “OPS_Pet”;
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(6) “Willingness to move the head and neck™ coded as “OPS_Move”; and (7) “Willingness to play
with toys (tug, chew on balls, fetch)” coded as “OPS_Play”.

5.2.8.2 General data handling: Normal distribution of the numeric data was evaluated by the
Shapiro-Wilk normality test, and appropriate parametric or non-parametric statistical tests were
applied. Statistical significance was assessed by using Student's t-test (parametric, 2-tailed
unpaired) or Mann-Whitney test (non-parametric, 2-tailed unpaired) for comparisons between two
groups. For comparison of three or more groups, a 1-way ANOVA (analysis of variance) with
Dunn's multiple comparison test (parametric data) or Kruskal-Wallis’s test with Dunn's test for
correction for multiple comparisons (non-parametric data) were used. For comparison of two or
more groups with two independent variables, a 2-way repeated-measures ANOVA analysis was
used; p-values were adjusted for multiple comparisons using Tukey's or Dunnett’s post hoc test.
Numerical data were plotted as mean + standard deviation (SD). Descriptive statistics were
computed using mean, SD, median, range, and/or variance and proportion of cases (i.e., number
or percentage of cases/total). Correlations were measured by means of Spearman or Pearson
coefficients for non-parametric and parametric data, respectively. Significant p-values for all
analyses were set at < 0.05.

5.2.8.3 Risk factor assessment: To determine risk factors for RIM, regression studies were
conducted.

5.2.8.3.a) Ordinal regression: Simple regression analysis was used to determine if any of the
variables collected at baseline (independent variables) were associated with the VRTOG scores
(dependent variable) documented after completing DRT (i.e., at visit 5). Independent variables
were treated as discrete categorical variables (described in 5.2.8.3.c), while the dependent variable

(VRTOG) was treated as a 3-level ordinal variable (0 = VRTOG scores of 0, 1 = VRTOG scores
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of 1, and 2 = VRTOG scores > 2). The relationship between dependent and independent variables
was estimated using R2, slope (95% confidence intervals (Cl)), and p-values. For each of those
independent variables that showed a statistically significant association, we examined the
occurrence of VRTOG scores > 0 in the total population using Chi-square analysis (results
expressed in percentage).

5.2.8.3.b) Logistic regression: Logistic regression was used to assess the ability of variables
collected at baseline (independent variables) to predict severe grades of RIM after DRT completion
(i.e., VRTOG scores of 3; dependent variable). Independent variables were treated as discrete
categorical variables (described in 5.2.8.3.c), while the dependent variable (VRTOG) was treated
as a 2-level ordinal variable (0 = VRTOG scores below 3, and 1 = VRTOG scores equal to 3). For
this analysis, Spearman or Pearson coefficients for non-parametric and parametric data,
respectively, were calculated (significant p-values set at < 0.05). For those independent variables
that demonstrated predictive significance, we examined the occurrence of VRTOG scores of 3 in
the total population using Chi-square analysis (results expressed in percentage).

5.2.8.3.c) Data categorization for regression analyses: Data were coded for both regression
analyses as: (1) Sex: 0 = male, 1 = female; (2) Life stage: 0 = young/mature adult, 1 = senior/end
of life (calculated using the AAHA Canine Life Stage Guidelines;(Bartges et al., 2012); (3) Breed:
0 = mixed, 1 = purebred; (4) Neuter Status: 0 = intact, 1 = neutered; (5) Tumor location: 0 = oral,
1 = nasal, 2 = cranial; (6) Body weight: 0 = small (< 10 kg), 1 = medium (10 to 25 kg), 2 = large
(> 25 kg); (7) BCS: 0 = scores < 4, 1 = scores ranging from 4 to 5, 2 = scores > 6; (8) Signs of
oral mucositis (OM) prior DRT initiation: 0 = no, 1 = yes; (9), Prophylactic dental cleaning prior
DRT initiation: 0 = no, 1 = yes; (10) Appetite: 0 = scores < 4, 1 = scores ranging from 4 to 6, 2 =

scores > 7; (11) Diet Acceptance: 0 = scores < 4, 1 = scores ranging from 4 to 6, 2 = scores > 7;
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(12) Current diet: 0 = hard, 1 = soft, 2 = mixed; (13) Use of systemic anti-inflammatory drugs
(NSAID or corticosteroid): 0 = no, 1 = yes; (14) Use of systemic narcotics: 0 = no, 1 = yes; (15)
Use of antiemetics/gastroprotectants: 0 = no, 1 = yes; and (16) Use of antibiotics: 0 = no, 1 = yes.
5.2.8.4 Assessment of aspects of reliability and validity of the “Oral Pain Scale” (OPS):
Reliability and validity assessments were done to determine whether the newly developed OPS
appeared to be an appropriate CMI tool to measure the underlying theoretical construct (i.e.,
orofacial pain associated to RIM). We evaluated reliability/validity by means of internal
consistency, construct and concurrent validity, extreme group validation, and responsiveness. The
temporal choice for internal consistency, construct and concurrent validity evaluations
corresponded to the first visit where VRTOG grades > 2 were found (i.e., visit 2), while the
temporal choice for extreme group validation evaluations corresponded to the time that DRT was
completed (i.e., visit 5). The temporal choices for responsiveness examination corresponded to the
time of enrollment (i.e., visit 0), time that DRT was completed (i.e., visit 5), and time that the last
follow-up occurred (i.e., visit 8).

5.2.8.4.a) Reliability assessment: Internal consistency was examined by means of Cronbach’s
alpha, inter-item correlation matrix, and item-total statistics; Reliability was considered
satisfactory (based on the rule of thumb) if: (1) Cronbach’s alpha coefficient > 0.7, (2) individual
inter-item correlation means > 0.3, (3) no significant change (i.e., p > 0.05) in mean and variance
occurred when certain item-question was removed, and if (4) item-total correlation and Cronbach’s
alpha coefficient values decreased when certain item question was removed.

5.2.8.4.b) Validation assessment: Construct validity was examined using Principal Component
Analysis (PCA). PCA was used as a factor extraction method; we accepted factors with

eigenvalues greater than 1. As a rule of thumb, items with a factor loading of at least 0.4 were
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considered relevant. Before the extraction of the constructs, we examined the adequacy of the
sample and the suitability of data (i.e., to determine how many factors to retain) using the following
methods: (1) Kaiser-Meyer-Olkin (KMO) and Bartlett's Test of Sphericity (BTS), (2)
communality, and (3) cumulative percent of variance extracted. Data was considered suitable for
PCA if KMO index > 0.50, and BTS resulted significant (i.e., p < 0.05). As a rule of thumb, item
communalities were considered less than appropriate if values were < 0.30. A cumulative percent
of variance higher than 50% was considered adequate. Concurrent validity was assessed by
determining the correlation between the OPS and VRTOG scores. Specifically, each OPS item
question was multiplied by the associated factor derived from the PCA, and the resulting values
were then summed to obtain a total factor (TF) score per animal. Extreme group validation was
evaluated by comparing OPS scores between dogs experiencing the lowest (i.e., scores of 0) and
highest (i.e., scores of 3) VRTOGs at the same assessment time point. Responsiveness was
assessed by comparing OPS scores documented at enrollment against those documented after dogs

received their full DRT course and at the end of the study (during follow-up).

53 Results

5.3.1 Patient’s characteristics

5.3.1.1 Demographic profile: Between 2009 and 2011, 61 dogs were enrolled, but 3 dogs were
later excluded (2 dogs died within the first week after enrollment, and 1 dog underwent concurrent
chemotherapy). A total of 58 dogs were included in this analysis. At enrollment (n = 58), there
were 34 male and 24 female dogs. The median age at admission was 9.0 years, and the median
body weight and condition score were 28.2 kgs and 5.0 BCS, respectively. In total, 16 dogs were

identified as mixed breed dogs, and 42 as purebred dogs. See Table 5.1 for details.
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Table 5.1: Demographics of dogs at enrollment (n = 58).

Demographics at admission
Sex (number of cases)

Female 34 (6 sexually intact, 28 neutered)
Male 24 (all neutered)
Age (years)
Mean + SD (range) 88+28(2-14)
Body weight (kgs)
Mean + SD (range) 26.2+12.2 (5.6 -48.3)
Body condition (BCS)
Mean + SD (range) 54+10(3-9)
Breed (number of cases)
Mixed breed 16
Purebred 42
Labrador Retriever 8
Golden Retriever 5
Boxer 4
English Springer Spaniel 2
German Shepherd 2
Jack Russell Terrier 2
West Highland White Terrier 2
Other purebred (one dog/breed): Welsh Springer Spaniel, Standard Poodle, Pekingese,

Toy Manchester Terrier, Cocker Spaniel, Greyhound,
Dachshund, Brussels Griffon, Siberian Husky,
Australian Cattle Dog, Boston Terrier, Bassett Hound,
Cairn Terrier, American Pit Bull Terrier, Beagle,
Basenji, and Malamute.

5.3.1.2 Tumor location and type: Tumors were localized in one of 3 cavities: oral (23 dogs),
nasal (18 dogs), and cranial (17 dogs). The most common specific locations reported for oral
tumors were the maxilla (8 dogs, 34.7%), for nasal tumors the nose (17 dogs, 94.4%), and for

cranial tumors the brain (14 dogs, 82.4%). Tumor types are enumerated in Table 5.2.
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Table 5.2: Tumor types diagnosed at enrollment (n = 58).

Tumor type Number of cases

N

Adenocarcinoma
Ameloblastoma
Carcinoma
Squamous cell carcinoma
Osteosarcoma
Chondrosarcoma
Chondrosarcoma + osteosarcoma
Fibrosarcoma
Glioma
Lymphoma
Macroadenoma
Mast cell tumor
Meningioma
Oligodendroglioma
Polyps
Unknown

R B 0O AR EFPDMBEDNDWREDMOOO
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5.3.1.3 DRT scheme: The mean number of days between cancer diagnosis and enrollment was of
59.6 days (SD: 94.0 days, median: 30.5 days, range: 1 to 442 days). Dogs were treated with 3 Gy
daily per RT fraction, however, the total number of fractions and, thus the total DRT dose
delivered, differed from the original treatment plan. In particular, dogs from the oral DRT group
received 15 to 18 fractions, with total DRT doses ranging from 45 to 54 Gy; dogs from the nasal
DRT group received 9 to 18 fractions, with total DRT doses ranging from 27 to 54 Gy; and dogs
from the cranial DRT group received 11 to 15 fractions, with total DRT doses ranging from 33 to
45 Gy.

5.3.1.4 Concomitant medication: During the study, 27% of the dogs received a systemic anti-

inflammatory drug (NSAIDs: 6 dogs; corticosteroids: 15 dogs). Other concomitant medications
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included opioids (11 dogs), antiemetics and gastroprotectants (11 dogs), antibiotics (13 dogs), and
experimental herbal therapeutic and/or nutritional supplements (5 dogs).

5.3.1.5 Other relevant information gathered at enrollment: From the total enrolled dogs, only
1 dog presented with oral mucositis before enrollment (i.e., dog with primary nasal cavity tumor).
Dental prophylaxis prior to DRT was done in a total of 16 dogs (10 oral DRT dogs, 5 nasal DRT
dogs, and 1 cranial DRT dog). In general, dogs had no appetite and diet acceptance impairments
prior to DRT initiation. Mean + SD scores for appetite and diet acceptance were 9.1 + 1.8 (median:
10, range: 3 to 10), and 8.8 + 2.3 (median: 10, range: 1 to 10), respectively. The current diet at
enrollment consisted of either hard (6 dogs) or soft (18 dogs) pellet-based diet, however, most dogs
received a diet regimen that mixed both modalities (34 dogs). The number of cases for each

variable is detailed in Table 5.3.

Table 5.3: Information about oral mucositis, dental prophylaxis, appetite, diet acceptance, and

type of diet documented at enroliment.

Variable Number of cases

Oral mucositis prior DRT 1
Dental prophylaxis 16
Appetite (score)

0-3 3

4-6 2

7-10 53
Diet acceptance (score)

0-3 4

4-6 1

7-10 53
Type of diet

Hard 6

Soft 18

Mixed 34
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5.3.2 Clinical features of oral radiation-induced oral mucositis in pet dogs

Clinical features of RIM were evaluated in dogs undergoing oral DRT (n = 23), nasal DRT

(n=18) and cranial DRT (n = 17). Details about visits (i.e., mean + SD days elapsed between each

visit) and DRT dose administered by each assessment time point (mean + SD) are listed in Tables

5.4 and 5.5, respectively.

Table 5.4. Summary statistics of elapsed days from DRT initiation (enrollment) to the end of this

study (i.e., 3 weeks after DRT finalization).

Visit #

Mean
0.0
5.3

11.8
17.6
22.9
29.6
36.5
43.6
50.8

0o ~Noolhs WN P O

Day(s) post-DRT initiation

SD
0.0
1.9
2.9
2.9
3.0
3.0
2.9
3.1
3.1

Median
0.0
6.0

11.0
17.0
22.0
29.0
36.0
43.0
50.0

Range
0
3-12
7-21
10 - 27
15-31
22 - 38
29 - 44
36 - 54
43 - 61

Table 5.5. Total DRT dose administered by each assessment time point (i.e., from DRT initiation

to completion).

Visit #
Mean
0.0
23.9
49.8
73.2
93.5
100.0

o b W NP O

SD
0.0

6.3
9.4
7.9
1.7
0.0

Median

0.0
22.0
47.0
72.0
94.0

100.0

Total DRT dose administered (expressed in percentage)

Range
0-0
13-44
35-89
60 - 100
87 - 100
100 - 100
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5.3.2.1 Time course and severity: We first characterized the time course of RIM using VRTOGs
for each group at each assessment time point, and compared differences in VRTOGSs between visit
0 and the following visits (details in Table 5.6). Then, VRTOGs documented on each visit were
compared across all groups (Figure 5.1).

5.3.2.1.a) Oral DRT group: The first signs of RIM (i.e., VRTOGs > 0 in 4/23 dogs) were seen at
visit 1 when dogs had received ~ 25% of the prescribed DRT course; overall mean score at this
visit was 0.2 (SD: 0.4, range: 0 to 1; difference from baseline non-significant). At the following
visit (visit 2), higher grade RIM (i.e., VRTOGs > 2 in 14/23 dogs) was seen when dogs had
received ~ 50% of the prescribed DRT course; the overall mean score at this visit was 1.6 (SD:
0.7; range: 0 to 3; difference from baseline significant). At visit 3, RIM increased in severity (i.e.,
VRTOGs > 2 in 21/23 dogs) when dogs had received ~ 75% of the prescribed DRT course; the
overall mean score at this visit was 2.2 (SD: 0.7; range: 0 to 3; difference from baseline significant).
Maximal RIM severity (i.e., VRTOGs > 2 in 22/23 dogs) was seen at visit 4 when dogs had
received ~ 90% of the prescribed DRT course; the overall mean score at this visit was 2.4 (SD:
0.7; range: 0 to 3; difference from baseline significant). Signs of RIM resolution (i.e., score
reduction) started to be evident at subsequent visits; overall mean (SD) VRTOGs at visits 5, 6, and
7 were 1.8 (SD: 1.1), 1.3 (SD: 0.9), and 1.0 (SD: 0.7), respectively (difference from baseline
significant for all visits). By the last follow-up visit (visit 8), the overall mean VRTOGs was 0.6
(SD: 0.7; range: 0 to 2; difference from baseline non-significant). Complete RIM resolution by the
end of the study was seen in a total of 56.5% of dogs (13 of 23).

5.3.2.1.b) Nasal DRT group: The first signs of RIM (i.e., VRTOGs > 0 in 2/18 dogs) were seen at
visit 1 when dogs had received ~ 25% of the prescribed DRT course; overall mean score at this

visit was 0.2 (SD: 0.5; range: 0 to 2; difference from baseline non-significant). At the following
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visit (visit 2), higher grade RIM (i.e., VRTOGs > 2 in 12/18 dogs) was seen when dogs had
received ~ 50% of the prescribed DRT course; the overall mean score at this visit was 1.6 (SD:
0.9; range: 0 to 3; difference from baseline significant). Maximal RIM severity (i.e., VRTOGs >
2 in 15/17 dogs; 1 died) was seen when dogs had received ~ 75% of the prescribed DRT course
(visit 3); the overall mean score at this visit was 2.2 (SD: 0.5; range: 1 to 3; difference from baseline
significant). Maximal RIM severity (i.e., VRTOGs > 2 in 14/16 dogs; 1 died) was also seen at visit
4 when dogs had received ~ 90% of the prescribed DRT course; the overall mean score at this visit
was 2.2 (SD: 0.8; range: 0 to 3; difference from baseline significant). RIM severity (i.e., VRTOGs
> 2 in 13/15 dogs; 1 died) continued to be maximal at visit 5 when dogs had received ~ 100% of
the prescribed DRT course; the overall mean score at this visit was 2.2 (SD: 0.7; range: 1 to 3;
difference from baseline significant). Signs of RIM resolution (i.e., score reduction) started to be
evident at subsequent visits (follow-up visits); overall mean (SD) VRTOGs at visits 6 and 7 were
1.1 (SD: 0.8), and 0.6 (SD: 0.7), respectively (difference from baseline significant only for visit
6). By the last follow-up visit (visit 8), the overall mean VRTOGs was 0.6 (SD: 0.7; range: 0 to 2;
difference from baseline non-significant). Complete RIM resolution by the end of the study was
seen in a total of 50% of dogs (6 of 12; no follow-up in 3 dogs).

5.3.2.1.c) Cranial DRT group: The first signs of RIM (i.e., VRTOGSs > 0 in 5/17 dogs) were seen
at visit 1 when dogs had received ~ 25% of the prescribed DRT course; overall mean score at this
visit was 0.4 (SD: 0.7; range: 0 to 2; difference from baseline non-significant). At the following
visit (visit 2), higher grade RIM (i.e., VRTOGSs > 2 in 5/17 dogs) was seen when dogs had received
~ 50% of the prescribed DRT course; the overall mean score at this visit was 0.7 (SD: 0.9; range:
0 to 2; difference from baseline significant). RIM decreased in severity (i.e., VRTOGs > 2 in 3/17

dogs) when dogs had received ~ 75% of the prescribed DRT course (visit 3); the overall mean
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score at this visit was 0.5 (SD: 0.8; range: 0 to 2; difference from baseline non-significant). At the
following visit (visit 4), higher grade RIM (i.e., VRTOGs > 2 in 6/17 dogs) was seen when dogs
had received ~ 90% of the prescribed DRT course; the overall mean score at this visit was 0.9 (SD:
0.9; range: 0 to 2; difference from baseline significant). Maximal RIM severity (i.e., VRTOGs >
2 in 8/17 dogs) was seen at visit 5 when dogs had received ~ 100% of the prescribed DRT course;
the overall mean score at this visit was 1.0 (SD: 1.0; range: 0 to 2; difference from baseline
significant). Signs of RIM resolution (i.e., score reduction) started to be evident at subsequent
visits; overall mean (SD) VRTOGs at visits 6 and 7 were 0.5 (SD: 0.6), and 0.4 (SD: 0.7),
respectively (difference from baseline non-significant). By the last follow-up visit (visit 8), the
overall mean VRTOGs was 0.1 (SD: 0.4; range: 0 to 1; difference from baseline non-significant).
Complete RIM resolution by the end of the study was seen in a total of 86.7% of dogs (2 of 15; no

follow-up in 2 dogs).
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Table 5.6: RIM time course and severity (using VRTOGsS, scale: 0 - 3) across groups at each assessment time point.

VRTOGS
VEit Mean
0 0.0
1 0.2
2 1.6
3 2.2
4 2.4
5 1.8
6 1.3
7 1.0
8 0.6

0.0
0.4
0.7
0.7
0.7
1.1
0.9
0.7

0.7

Oral DRT
Median  Range
0.0 OtoO
0.0 Oto1l
2.0 Oto3
2.0 Oto3
3.0 Oto3
2.0 Oto3
1.0 Oto3
1.0 Oto?2
0.0 Oto2

p-value

0.9579
<0.0001*
<0.0001*
<0.0001*
<0.0001*
<0.0001*
<0.0001*

0.0520

Mean

0.0
0.2
1.6
2.2
2.2
2.2
11
0.6

0.6

SD

0.0
0.5
0.9
0.5
0.8
0.7
0.8
0.7

0.7

Nasal DRT
Median  Range
0 OtoO
0 Oto2
2 Oto3
2 1to3
2 Oto3
2 1to3
1 Oto2
0.5 Oto2
0.5 Oto2

p-value

0.9818
<0.0001*
0.0002*
0.0003*
0.0004*
0.0003*
0.0759

0.1666

Mean

0.0
0.4
0.7
0.5
0.9
1.0
05
0.4

0.1

SD

0.0
0.7
0.9
0.8
0.9
1.0
0.6
0.7

0.4

Cranial DRT

Median  Range
0.0 OtoO
0.0 Oto2
0.0 Oto2
0.0 Oto2
1.0 Oto2
1.0 Oto2
0.0 Oto2
0.0 Oto2
0.0 Oto1l

p-value

0.4209
0.0277*
0.1917
0.0007*
0.0002*
0.2339
0.3706

0.9968

Comments: Difference from baseline analyzed using Dunnett's multiple comparisons test (ordinary 2-way ANOVA); statistically significant p-
values set at *p < 0.05.
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5.3.2.1.d) VRTOGs comparison across groups at each assessment time point: VRTOGs were
significantly higher in oral versus cranial DRT groups at visits 2, 3, 4, 5 and 6 (visit 2, p = 0.0006;
visit 3-4, p < 0.0001; visit 5, p = 0.0032; visit 6, p = 0.0031), and in nasal versus cranial DRT
groups at visits 2, 3, 4, and 5 (visit 2, p = 0.0010; visit 3-5, p < 0.0001). No statistically significant
differences were not found between nasal and oral DRT groups at any time point (Figure 5.1).
-e- Oral DRT

-~ Nasal DRT
-e- Cranial DRT

VRTOG (overall mean scores)
1

Visit post-DRT initiation

Figure 5.1: RIM progression over time for oral, nasal, and cranial DRT groups. Plots of
overall VRTOGs for each group over time. Comparisons between groups were done using 2-way
ANOVA analysis (with Tukey’s multiple comparisons test); data were expressed as mean + SD.
The symbol represents a significant difference between oral and cranial DRT groups (*p < 0.05),

and between nasal and cranial DRT groups (*p < 0.05).

5.3.2.2 Adverse side-effects

5.3.2.2.a) Oral DRT group: Weight progressively decreased at each visit after DRT initiation
(Table 5.7), reaching maximal decrease when dogs had received ~ 90% of the prescribed DRT
course (visit 4); overall mean reduction at this visit was -5.0% (SD: 3.3%, range: -13.3 to 0.8%);

a significant decrease in weight from baseline was seen at visits 3, 4, 5 and 6, and signs of weight
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recovery started to be evident from visit 5. Overall BCS was 5.7 (considered an ideal body
condition), and scores did not significantly change from baseline at any assessment time point
(Table 5.8). Signs of impairment in appetite (Table 5.9) or diet acceptance (Table 5.10) were not
seen at any time point, and none of the dogs required feeding tube placement (not shown). Nasal
mucositis (Table 5.11) and radiodermatitis (Table 5.12) progressively increased in severity
following DRT initiation. Maximal nasal mucositis severity was seen when dogs had received ~
90% of the prescribed DRT course (visit 4); overall mean score of 1.1 (SD: 2.0; range: 0 to 7); a
significant increase in scores from baseline was seen at visits 4 and 5, and signs of score decrease
started to be evident from visit 5. Maximal radiodermatitis severity was seen when dogs had
received ~ 100% of the prescribed DRT course (visit 5); overall mean score of 4.1 (SD: 2.2; range:
1 to 8), a significant increase in scores from baseline was seen from visit 4 to 8, and signs of score
decrease started to be evident from visit 6. In this group, a total of 13% of dogs (3 of 23) had DRT
interruption related to RIM, and 39.1% of dogs (9 of 23) failed to complete the prescribed DRT
course.

5.3.2.2.b) Nasal DRT group: Weight progressively decreased at each visit after DRT initiation
(Table 5.7), reaching maximal decrease when dogs had received ~ 100% of the prescribed DRT
course (visit 5); overall mean reduction at this visit was -4.5% (SD: 5.3%, range: -16.5 to 6.4%);
a significant decrease in weight from baseline was only seen at visit 5, and signs of weight recovery
started to be evident from visit 6. Overall BCS was 5.0 (considered an ideal body condition), and
scores did not significantly change from baseline at any assessment time point (Table 5.8). Signs
of impairment in appetite (Table 5.9) or diet acceptance (Table 5.10) were not seen at any time
point, and none of the dogs required feeding tube placement (not shown). Nasal mucositis (Table

5.11) and radiodermatitis (Table 5.12) progressively increased in severity following DRT
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initiation. Maximal nasal mucositis severity was seen at the first follow-up visit (visit 6); overall
mean score of 2.0 (SD: 2.7; range: 0 to 8); a significant increase in scores from baseline was seen
at visits 5 and 6, and signs of score decrease started to be evident from visit 7. Maximal
radiodermatitis severity was seen when dogs had received ~ 100% of the prescribed DRT course
(visit 5); overall mean score of 6.3 (SD: 1.9; range: 3 to 10), a significant increase in scores from
baseline was seen from visit 4 to 8, and signs of score decrease started to be evident from visit 6.
In this group, a total of 5.6% of dogs (1 of 18) had DRT interruption related to RIM, and 38.9%
of dogs (7 of 18) failed to complete the prescribed DRT course.

5.3.2.2.c) Cranial DRT group: Weight progressively decreased at each visit after DRT initiation
(Table 5.7), reaching maximal decrease when dogs had received ~ 50% of the prescribed DRT
course (visit 2); overall mean reduction at this visit was -1.8% (SD: 3.8%, range: -12.9 to 4%); a
significant decrease in weight from baseline was not seen in this group, and signs of weight
recovery started to be evident from visit 3. Overall BCS was 5.1 (considered an ideal body
condition), and scores did not significantly change from baseline at any assessment time point
(Table 5.8). Signs of impairment in appetite (Table 5.9) or diet acceptance (Table 10) were not
seen at any time point, and none of the dogs required feeding tube placement (not shown). Signs
of nasal mucositis (Table 5.10) and radiodermatitis (Table 5.11) appeared to be absent in this
group. Maximal nasal mucositis severity was seen at visit 1 (overall mean score of 0.1 (SD: 0.2;
range: 0 to 1)), and maximal radiodermatitis severity was seen at visit 6 (overall mean score of 0.3
(SD: 0.8; range: 0 to 3)); a significant increase in nasal mucositis and radiodermatitis scores from
baseline were not seen. In this group, none of the dogs (0 of 17) had DRT interruption related to

RIM, and 17.6% of dogs (3 of 17) failed to complete the prescribed DRT course.
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Table 5.7: Body weight change from baseline (%) for each group, at each assessment time point.

Body weight (percentage change from baseline)

Visit Oral DRT Nasal DRT Cranial DRT

# Mean SD Median Range p-value Mean SD Median Range p-value Mean  SD Median Range p-value

0 oo% 90 00% 0tw0 - 00% 51 00% 0t0 - 0.0% 00% 00% 0to0 -
- 4.0 - -16.4 - 30 o0 -4.2 - o o -5.6t0

1 24% % 1.7% t03.1 0.3406 01% % 0.2% t05.3 0.9999 0.1% 28% 0.0% 492 0.9994
- 30 5. -9.5 - 3.1 1 ko -7.1 - 0 A 20 -12.9

2 33% % 3.2% t0 2.1 0.0853 08% % 1.5% t053 0.9971 1.8% 3.8% 0.3% to 4 0.6565
- 33 a0 -9.5 0.0167 - 35 .o -7.8 - . e -8.6 to

3 1% % 4.8% t0 25 - 19% % 2.6% t02.7 0.6406 1.1% 3.6% 1.2% 6.6 0.9277
- 33 o -13.3  0.0025 - 5.2 N Eo -10.1 - o 10 )

4 50% % 4.2% 0 0.8 - 220 0% 0.5% t013 0.5920 0.7% 3.5% 1.0% 7to8 0.9936
- 38 . -10.5 0.0018 - 5.3 o -16.5 0.0185 0 . =6 -4.7to  >0.99

> 4% % %P o5 = 45% % Y e4 = 00% 49% -15% 114 99
- 54 L. -12.3  0.0426 - 4.2 510 -94 0 0 5o -4.4 10

6 37% % 3.3% t0 6 - 19% % 2.4% t0 3.9 0.7668 0.9% 5.8% 2.0% 175 0.9931
- 49 L, -11.9 - 4.6 v -8.3 0 0 G -4.510

7 33% % 3.4% t05.9 0.0853 20% % 3.4% to 8.4 0.3567 27% 72% -0.6% 233 0.3228
- 52 .5 -10.9 - 4.8 110 -9.3 o o o -4.110

8 13% % 1.7% t07.9 0.8673 20% % 4.1% t0 8.8 0.3892 3.6% 92% 0.3% o5 0.0764

Comments: Difference from baseline analyzed using Dunnett's multiple comparisons test (ordinary 2-way ANOVA); statistically

significant p-values set at *p < 0.05.
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Table 5.8: Body conditions scores (0-9) in each group, at each assessment time point.

Body condition (score)

Visit Oral DRT Nasal DRT Cranial DRT

# Mean SD Median Range p-value Mean SD Median Range p-value Mean SD Median Range p-value
0 58 13 55 4109 - 50 038 5.0 4106 - 53 08 5.0 3to6 -

1 58 12 6.0 4t09 0.9999 53 038 5.0 4t06 09721 52 09 5.0 3to7 0.9998
2 57 13 5.0 4t09 0.9978 49 038 5.0 4t06 0.9996 51 0.7 5.0 4t07 0.9976
3 58 14 5.0 4t09 0.9997 49 09 5.0 4t06  0.9996 52 08 5.0 4t07  0.9997
4 57 15 5.0 4t09 0.9994 48 09 5.0 3'%t0 0.9994 51 06 5.0 4t06 0.9979
5 57 15 55 4t09 0.9995 50 038 5.0 3'56t0 0.9999 50 08 5.0 3to6 0.9736
6 57 15 5.0 4t09 0.9969 51 09 5.0 3'%t0 0.9996 52 10 5.0 3to7 0.9996
7 56 16 5.0 4t09 0.9747 50 09 5.0 4t06 >0.9999 53 09 5.0 3to7 >0.9999
8 56 15 5.0 4t09 0.9747 49 08 5.0 4t06  0.9997 51 09 5.0 3to7 0.9994

Comments: Difference from baseline analyzed using Dunnett's multiple comparisons test (ordinary 2-way ANOVA); statistically

significant p-values set at *p < 0.05.
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Table 5.9: Appetite scores (0-10) for each group, at each assessment time point.

Appetite (score)
Visit Oral DRT Nasal DRT Cranial DRT
# Mean SD Median Range p-value Mean SD Median Range p-value Mean SD Median Range  p-value
0 89 20 100 5P - 96 07 100 °F - 89 23 100 3t0l10 -
1 78 2.7 9.0 1150 0.2808 88 15 9.0 5150 0.8336 88 22 10.0 3tol10 0.9996
2to 5to
2 79 25 9.0 10 0.4174 90 15 10.0 10 0.9515 9.2 18 100 3to10 0.9995
410 2to
3 84 19 9.0 10 0.9640 87 24 10.0 10 0.7056 9.3 23 10.0 1to10 0.9974
4 83 23 90 OO 088l 84 24 95 50 0365 93 23 100 1tol0 09976
5 82 24 9.0 1150 0.7521 89 16 9.0 5150 0.8890 89 23 10.0 2to10 >0.9999
6 9.0 21 10.0 3180 0.9997 91 13 10.0 6150 0.9823 95 13 100 5to10 0.9569
7 9.7 07 10.0 7150 0.5815 98 0.6 10.0 8150 0.9996 98 05 10.0 8tol1l0 0.7028
4to 3to
8 95 14 10.0 10 0.8192 93 1.9 10.0 10 0.9995 94 16 100 4to10 0.9881

Comments: Difference from baseline analyzed using Dunnett's multiple comparisons test (ordinary 2-way ANOVA); statistically

significant p-values set at *p < 0.05.
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Table 5.10: Diet acceptance scores (0-10) for each group, at each assessment time point.

Diet acceptance (score)
Visit Oral DRT Nasal DRT Cranial DRT

# Mean SD Median Range  p-value Mean SD Median Range p-value Mean SD Median Range p-value

0 84 27 100 1tol0 - 04 09 100 © - 85 30 100 0 -
6 to 210

1 72 34 9.0 0to10 0.4983 92 12 10.0 10 0.9996 86 27 10.0 10 0.9999
3to 3to

2 70 33 8.0 0to10 0.3543 87 21 10.0 10 0.9461 9.2 19 10.0 10 0.9494
4to 1to

3 74 29 8.0 0to10 0.6523 89 20 10.0 10 0.9891 89 25 10.0 10 0.9972
Oto 1to

4 70 36 9.0 Oto10 0.3086 75 38 9.5 10 0.129 8.8 24 10.0 10 0.9995
Oto 210

5 72 3.1 8.0 1t010 0.4629 79 32 9.0 10 0.3808 86 24 10.0 10 0.9998
5to 410

6 83 24 9.0 1to10 >0.9999 87 138 10.0 10 0.9616 89 19 10.0 10 0.9993
9to 6 to

7 9.0 1.7 100 4to10 0.9569 98 04 10.0 10 0.9995 95 1.2 10.0 10 0.8088
8to 4to

8 93 16 10.0 3to10 0.7844 9.7 06 10.0 10 0.9996 9.1 17 10.0 10 0.9813

Comments: Difference from baseline analyzed using Dunnett's multiple comparisons test (ordinary 2-way ANOVA); statistically

significant p-values set at *p < 0.05.
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Table 5.11: Nasal mucositis scores (0-10) for each group, at each assessment time point.

Visit
#

0

8

Mean

0.0

0.0

0.1

0.6

11

0.8

0.5

0.3

0.1

Nasal mucositis (score)

Oral DRT
SD Median Range
0.0 0.0 OtoO
0.0 0.0 OtoO
0.6 0.0 Oto3
1.3 0.0 Oto5
2.0 0.0 Oto7
15 0.0 Oto4
1.3 0.0 Oto5
0.7 0.0 Oto2
0.3 0.0 Oto1l

p-value

>0.9999

0.9994

0.3931

0.0142*

0.0947*

0.5777

0.9331

0.9996

Mean

0.6

0.7

0.9

1.3

1.7

1.7

2.0

14

1.6

SD

1.3

1.4

1.2

1.6

2.0

1.7

2.7

1.7

13

Nasal DRT

Median Range
00 Oto4
0.0 Oto4
0.0 Oto3
00 Otob
2.0 Oto6
1.5 Oto5
1.0 Oto8
1.0 Oto6
15 Oto4

p-value

0.9997

0.9452

0.4273

0.0500

0.0417*

0.0038*

0.2215

0.1224

Mean

0.0

0.1

0.1

0.0

0.0

0.0

0.0

0.0

0.0

SD

0.0

0.2

0.5

0.0

0.0

0.0

0.0

0.0

0.0

Cranial DRT

Median  Range
0.0 OtoO
0.0 Oto1l
0.0 Oto2
0.0 OtoO
0.0 OtoO
0.0 OtoO
0.0 OtoO
0.0 OtoO
0.0 OtoO

p-value

0.9998

0.9996

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

Comments: Difference from baseline analyzed using Dunnett's multiple comparisons test (ordinary 2-way ANOVA); statistically

significant p-values set at *p < 0.05.
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Table 5.12: Radiodermatitis scores (0-10) for each group, at each assessment time point.

Visit
#

8

Mean

0.3

0.0

0.4

11

2.9

4.1

3.4

2.0

1.7

SD

1.3

0.0

1.1

1.4

2.8

2.2

2.0

1.2

1.3

Radiodermatitis (score)

Oral DRT
Median  Range
0.0 OtoO
0.0 OtoO
0.0 Oto4
1.0 Oto4
2.5 Oto8
4.0 1to8
3.0 1to7
2.0 Oto4
2.0 Oto4

p-value

0.9922

0.9994

0.2166

<0.0001*

<0.0001*

<0.0001*

0.0002*

0.0029*

Mean

0.0

0.0

0.5

1.0

2.7

6.3

3.9

3.2

2.4

SD

0.0

0.0

1.2

1.4

2.3

1.9

1.8

1.3

14

Nasal DRT
Median  Range
0.0 0toO
0.0 0toO
0.0 Oto4
1.0 Oto5
3.0 Oto6
60 O
3.0 2t08
3.0 1to5
2.0 1to5

p-value

>0.9999

0.8353

0.2110

<0.0001*

<0.0001*

<0.0001*

<0.0001*

<0.0001*

Mean

0.0

0.2

0.2

0.1

0.1

0.2

0.3

0.3

0.3

SD

0.0

0.5

1.0

0.3

0.5

0.5

0.8

0.8

0.8

Cranial DRT
Median Range
0.0 OtoO
0.0 Oto2
0.0 Oto4
0.0 Otol
0.0 Oto2
0.0 O0to2
0.0 Oto3
0.0 O0to3
0.0 Oto3

p-value

0.9994

0.9970

0.9998

0.9996

0.9994

0.9968

0.9884

0.9968

Comments: Difference from baseline analyzed using Dunnett's multiple comparisons test (ordinary 2-way ANOVA); statistically

significant p-values set at *p < 0.05.
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5.3.2.3 Risk factors: Ordinal regression analysis revealed that tumor location (R2 = 0.0403; 95%
Cl,-0.6707 to 0.0156; p = 0.0403), appetite (R2 =0.1843; 95% CI, -0.0376 to 0.1439; p = 0.0012),
and diet acceptance (R2 = 0.1535; 95% CI, -0.2006 to 1.200; p = 0.0071) significantly correlated
with the occurrence of RIM at the end of DRT (Table 5.13). The likelihood (calculated by means
of Chi-squared analysis) to develop VRTOGs > 0 in the total population was greater for those
patients exhibiting tumors in the oral (35.2%) and nasal cavity (27.8%) in comparison to patients
exhibiting tumors in the cranial cavity (16.7%). Also, the likelihood of developing VRTOGs > 0
was greater for those patients exhibiting high scores (i.e., scores above 6) of appetite and diet
acceptance (77.8% for both variables) in comparison to the patients exhibiting lower scores (1.2%
for both variables), however, only 1 dog presented scores below 6 at enrollment. Sex, life stage,
breed, neuter status, body weight, BCS, oral mucositis and dental prophylaxis before DRT, current
diet, systemic-anti-inflammatory drugs, narcotics, antiemetics/gastroprotectants, antibiotics, and
novel therapeutics or herbal/nutritional supplements were not significantly associated with the
occurrence of RIM.

In line with the ordinal regression analysis, the logistic regression analysis (Table 5.13)
revealed that tumor location (p = 0.0419) was a significant predictor of severe RIM (i.e., VRTOGs
of 3). The likelihood (calculated by means of Chi-squared analysis) of developing severe RIM in
the total population was greater for those patients exhibiting tumors in the oral (13.0%) and nasal
cavity (9.3%) in comparison to those patients exhibiting tumors in the cranial cavity (0%). Dog
breed appeared to be a significant predictor of severe RIM (i.e., VRTOGs of 3) according to our
regression analysis (p = 0.0067). In particular, the likelihood of developing severe RIM was greater
for mixed-breed dogs (13.0%) in comparison to purebred dogs (9.3%). Sex, life stage, neuter

status, body weight, BCS, oral mucositis and dental prophylaxis before DRT, appetite, diet
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acceptance, current diet, systemic-anti-inflammatory drugs, narcotics, antiemetics or
gastroprotectants, antibiotics, and novel therapeutics or herbal/nutritional supplements did not

predict severe RIM.

Table 5.13: Oral RIM risk factors (ordinal and logistic regression).

Ordinal regression Logistic regression
Variables R?
square p-value Slope p-value
-0.308 to
Sex 0.0165 0.3534 0.848 0.9424
. -0.176 to
Life stage 0.0355 0.1721 0.961 0.4715
-1.165to
Breed 0.0477 0.1123 0.066 0.0067*
Neuter status 00224 02592 O42lto 0.9025
1.532
. -0.670 to
* *
Tumor location 0.0783  0.0403 -0.0156 0.0419
. -0.087 to
Body weight 0.0426 0.1339 0.634 0.1271
-0.039 to
BCS 0.0648 0.0686 1,040 0.2498
Oral mucositis (pre-DRT) 00299 02112 '03'7112:0 0.0607
Dental prophylaxis 0.0096  0.4802 -064§(312t0 0.2310
Appetite 0.1843  0.0012* 0'?46;0 0.2176
Diet acceptance 0.1535  0.0071* -oizggoto 0.2529
Current diet 00282 02048 900 0.2016
0.663
Systemic anti-inflammatory 0.0037 0.6593 -0.466 to 0.1326
drugs 0.731
. -0.138 to
Narcotics 0.0045 0.6288 1932 0.7977
Antiemetics/ gastroprotectants 0.0111 0.4467 -0(.)9;127;0 0.6078
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Table 5.13 (continued)

Antibiotics 000414 06439 094510 0.3893
0.589
Novel Therapeutics, -1.049 to
herbal/nutritional Supplements 0.00020  0.9192 1.161 0.9089

Comments: Slope is represented here as 95% confidence intervals; correlation was assessed using

the Spearman coefficient. Significant *p-values set at < 0.05.

5.3.3 Assessment of aspects of reliability and validity of the “Oral Pain Scale” in dogs with
RIM

5.3.3.1 Change in individual OPS question scores overtime during and following RT: Before
addressing the reliability assessment, we examined the evolution of OPS scores for each item
question for each group. In general, overall mean scores for each of the item question were low at
all time points for all groups (Figure 5.2). In the oral DRT group, we saw a similar pattern across
all questions; scores gradually increased above baseline level after ~ 50% of the prescribed DRT
course was delivered (visit 2), and tended to reach their peak earlier than the other groups.
Specifically, maximal OPS scores were found when dogs had received ~ 90% of the prescribed
DRT course (at the time of maximal RIM severity), and scores at this time point were higher than
the ones documented for nasal and cranial DRT groups for the following questions: “OPS_Eat”,
“OPS_Drink”, “OPS Vocalize” “OPS_Swallow”, and “OPS Play”. After DRT completion,
scores gradually decreased reaching baseline values by visit 8. In the nasal DRT group, the change
in scores over time was similar to the one displayed by oral DRT dogs, but the curve was shifted
slightly to the right (delay in increased scores). Specifically, scores from all OPS questions were
increased over their baseline level after ~ 75% of the prescribed DRT course was delivered (visit
3), and tended to reach their peak one week later than the oral DRT group when dogs had received

~ 100% of the prescribed DRT course (at the time of maximal RIM severity). At this visit, OPS
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scores were higher than those displayed by the oral DRT group for the “OPS_Pet” question, and
higher than scores displayed by the cranial DRT group for the following questions: “OPS Eat”,
“OPS_Pet”, and “OPS_Play”. After reaching the peak, scores from the nasal DRT group gradually
decreased reaching baseline values at the end of the study (visit 8). In the cranial DRT group, we
did not notice a substantial change from baseline in scores for most OPS questions throughout the

study.
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Figure 5.2: Change in individual OPS question scores overtime during and following RT.
Plots of change in OPS scores for each question over the study period for each group (polynomial

trendlines, fluctuation’s order: 6).
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5.3.3.2 Reliability assessment: According to the obtained Cronbach’s alpha coefficient, the OPS
had a high internal consistency (o of 0.867). As shown in Table 5.14, individual inter-item

correlation means for all questions ranged from 0.409 to 0.575 indicating no item redundancy.

Table 5.14: Inter-correlation matrix (assessment time point: visit 2).

. . . Inter-
Inter-item correlation matrix e
ltem
: correla
question OPS. OPS D OPS Voc OPS Sw OPS. OPS_ OPS_ Al
Eat rink alize allow Pet Move Play means
(E);S_ - 0.505 0.483 0.543 0.428 0.316 0.494 0.462
OPS
= 0.505 - 0.586 0.641 0.574 0.478 0.664 0.575
Drink
OPS _
. 0.483 0.586 - 0.419 0.463 0.576 0.77 0.550
Vocalize
OPS
— 0.543 0.641 0.419 - 0.574 0.33 0.427 0.489
Swallow
OPS _
Pet 0.428 0.574 0.463 0.574 - 0.293 0.515 0.475
OPS _
M 0.316 0.478 0.576 0.33 0.293 - 0.458 0.409
ove
OPS_
Play 0.494 0.664 0.77 0.427 0.515 0.458 - 0.555

Overall mean, variance, and inter-item correlation at visit 2 were 0.778, 2.947, and 0.502,
respectively. According to the item-total statistics analysis (Table 5.15), the resulting overall mean
score of this scale decreased from 0.778 to 0.655, 0.773, and 0.624 if the item questions
“OPS_Eat”, “OPS Vocalize”, or “OPS Play” were removed, respectively. Conversely, the
resulting overall mean score of this scale increased from 0.778 to 0.851, 0.819, 0.853, and 0.874
if the item questions “OPS_Drink”, “OPS_Swallow”, “OPS_Pet” or “OPS_Move” were removed,
respectively. Regarding variance, the overall variance of this scale increased from 2.947 to 2.974,

3.314, 3.221, and 3.327 if the item questions “OPS_Drink”, “OPS_Vocalize”, “OPS_Swallow”,
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or “OPS_Pet” were removed, respectively, and decreased from 2.947 to 2.373 and 2.039 if the
item questions “OPS_Eat” or “OPS_Play” were removed, respectively. Additionally, the resulting
overall item-total correlation did not improve if any of the item questions were removed, however,
the item-total correlation was lower if the questions “OPS Drink”, “OPS Vocalize”, or
“OPS_Play” were removed. Cronbach’s a did not increase when any item questions were deleted.
In summary, based on these data, we concluded that the OPS has adequate reliability and that all
originally included item questions (i.e., “OPS Eat”, “OPS_Drink”, “OPS Vocalize”,
“OPS_Swallow”, “OPS_Move”, “OPS Pet”, and “OPS_Play”) contribute to the resulting OPS

scores. Therefore, all item questions were included in the validation assessment.

Table 5.15: Item-total statistics (assessment time point: visit 2).

Item-Total Statistics

Item question Scale Mean if  Scale Variance Corrected Cronpach B
. Item-Total Alpha if Item
Item Deleted if Item Deleted .
Correlation Deleted

OPS _Eat 0.655 2.373 0.508 0.792
OPS_Drink 0.851 2.974 0.490 0.782
OPS_Vocalize 0.773 3.314 0.494 0.750
OPS_Swallow 0.819 3.221 0.504 0.786
OPS_Pet 0.853 3.327 0.506 0.796
OPS_Move 0.874 3.382 0.517 0.810
OPS_Play 0.624 2.039 0.493 0.773

5.3.3.3 Validity assessment

5.3.3.3.a) Factor analysis: Before performing factor analysis, sampling adequacy was verified
using KMO, BTS, and communalities. Here, we found a KMO value of 0.841, and BTS was
significant (p < 0.001). Moreover, the calculated communalities for each question were above 0.4

(Table 5.16), and the cumulative percent of variance was higher than 50% (i.e., 57.9%). Therefore,
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factor analysis was determined to be appropriate. Only one factor component was extracted from
PCA (Table 5.17). Therefore, the OPS appeared to be a uni-dimension scale (i.e., item questions

fit into a single theoretical construct).

Table 5.16: Communalities (assessment time point: visit 2).

Item question Communality
extracted
OPS_Eat 0.499
OPS_Drink 0.718
OPS_Vocalize 0.669
OPS_Swallow 0.545
OPS_Pet 0.526
OPS_Move 0.405
OPS_Play 0.687

Table 5.17: Factor loadings extracted from the PCA (assessment time point: visit 2).

Item question Factor loading
OPS_Eat 0.707
OPS_Drink 0.848
OPS Vocalize 0.818
OPS_Swallow 0.738
OPS_Pet 0.725
OPS_Move 0.637
OPS_Play 0.829

5.3.3.3.b) Concurrent validity: Concurrent validity was assessed using those scores documented
at the time that most dogs (no group distinction) developed VRTOG scores > 2 (i.e., visit 2).

According to this analysis, there was a low correlation (i.e., Spearman r = 0.077; p = 0.5672; 95%
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confidence interval: -0.1928 to 0.3354) between the OPS (by means of TF scores) and VRTOG
scores documented at this specific visit.

5.3.3.3.c) Extreme group comparison: Extreme group comparison was assessed using those scores
documented at the time that dogs (no group distinction) completed their prescribed DRT course
(i.e., visit 5). According to this analysis, the OPS was able to discriminate dogs with VRTOG
scores of 0 (zero) from those with VRTOG scores > 2 (p = 0.0466).

5.3.3.3.d) Responsiveness: The responsiveness of this CMI tool (OPS) was assessed by comparing
those scores documented at the time that dogs (no group distinction) were enrolled in this study
(visit 0) with those documented when dogs completed their prescribed DRT course (visit 5), and
at the end of the study (visit 8). According to this analysis, the OPS was effective in discriminating
baseline scores (before DRT) from those scores documented at the end of DRT when RIM was
most severe (p < 0.0001). When baseline OPS scores were compared to those documented at the
end of follow-up (i.e., RIM resolution), no statistically significant difference was found (p =

0.5743).

5.3.4 Pain assessment using PSS, PIS, OIS, and OPS in pet dogs with RIM

We compared the scores from the PSS, PIS, OIS, and OPS between all groups (i.e., oral
versus nasal versus cranial DRT) at all visits (visit 0 versus visit 2 to 8).
5.3.4.1 Pain severity scale (PSS): As shown in Figure 5.3, low scores (i.e., overall PSS scores <
1.5) were found in all dogs at enroliment (baseline measure), and they did not significantly change
from baseline during the first 3 weeks after DRT initiation (overall p-values > 0.1). These scores
were maintained until the end of the study for the cranial DRT group (overall mean scores < 1.2,
and overall difference from baseline non-significant). However, higher grade PSS scores were seen

in oral and nasal DRT groups after completing ~ 90% of the prescribed DRT course (visit 4).
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Scores at this visit were significantly higher in oral and nasal DRT groups as compared to the
cranial DRT group (oral versus cranial DRT, p < 0.0001; nasal versus cranial DRT, p < 0.0001),
and scores in both oral and nasal DRT groups were significantly higher at this visit than those
documented at baseline (p < 0.0001 for both comparisons). Maximal scores were found in oral and
nasal DRT groups after they completed their prescribed DRT course (visit 5). In these dogs, PSS
scores at visit 5 were significantly higher than those reported for the cranial DRT group (p < 0.0001
for both comparisons), and significantly higher than baseline (p < 0.0001 for both comparisons).
Scores were decreased in both oral and nasal DRT groups in the next visit (first follow-up
assessment; visit 6). Yet, scores here remained significantly higher than those documented for the
cranial DRT group (oral versus cranial DRT, p = 0.0229; nasal versus cranial DRT, p = 0.0024),
and significantly higher than those documented at baseline (oral DRT, p = 0.0440; nasal DRT, p
=0.0299). Scores returned to baseline levels for oral and nasal DRT groups after visit 7 (oral DRT,
p = 0.9358; nasal DRT, p = 0.9997), and continued to be low until the end of the study (visit 8;
oral DRT, p =0.9632; nasal DRT, p =0.9926). No statistically significant differences were found

between groups at visits 7 and 8.
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Figure 5.3: Pain severity scale (PSS). Plots of overall PSS score for each group over time.
Comparisons between visit 0 (baseline) and visits 2 to 8 were done using a 2-way ANOVA analysis
(with Dunnett's multiple comparisons test); symbols represent the difference from baseline in oral
(®p < 0.05) and nasal (*p < 0.05) DRT groups. Comparisons between groups were done using 2-
way ANOVA analysis (with Tukey’s multiple comparisons test); symbols represent the difference
between oral and cranial DRT groups (*p < 0.05) and between nasal and cranial DRT groups (p

< 0.05). Data expressed as mean + SD.

5.3.4.2 Pain interference scale (P1S): As shown in Figure 5.4, low-grade scores (i.e., overall PIS
scores < 2) were found in all dogs at enrollment (baseline measure), and they did not significantly
change from baseline (overall p-values > 0.1). This behavior pattern was maintained until the end
of the study for all groups (overall difference from baseline p > 0.4). In general, no statistically
significant differences in scores were found across groups at any time point, except for visit 6. At
this visit, the nasal DRT group had PIS scores significantly higher than the oral DRT group (p =

0.0107).
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Figure 5.4: Pain interference scale (PIS). Plots of overall PIS score for each group over time.
Comparisons between visit 0 (baseline) and visits 2 to 8 were done using a 2-way ANOVA analysis
(with Dunnett's multiple comparisons test). Comparisons between groups were done using 2-way
ANOVA analysis (with Tukey’s multiple comparisons test); symbols represent the difference

between oral and nasal DRT groups (*p < 0.05). Data expressed as mean + SD.

5.3.4.3 Overall impression scale (OI1S): In general, high-grade scores (i.e., OIS scores ranging
from 3.5 to 4, scale 0-5) were found in most dogs at enrollment and maintained until the last visit
(Figure 5.5). However, a significant decrease in scores (as compared to baseline measures) was
found in the oral DRT group after completing ~ 90% of the prescribed DRT course (visit 4; p =
0.0253). However, no statistically significant differences were found between groups at this time
point. A maximal decrease in scores was found in oral and nasal DRT groups at visit 5 (DRT
completion). Here, scores from both groups were significantly lower than baseline (oral DRT, p =
0.0005; nasal DRT, p = 0.0120), and were also significantly lower than those documented for the
cranial DRT group (oral versus cranial DRT, p = 0.0163; nasal versus cranial DRT, p = 0.0030).

In these groups (oral and nasal DRT), scores started to increase in the following visit (visit 6),
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returning to baseline values by visit 7. No statistically significant differences from baseline were

found at any time point for the cranial DRT group.
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Figure 5.5: Overall impression scale (OIS). Plots of overall OIS score for each group over
time. Comparisons between visit 0 (baseline) and visits 2 to 8 were done using a 2-way ANOVA
analysis (with Dunnett's multiple comparisons test); symbols represent the difference from
baseline in oral (3p < 0.05) and nasal (*p < 0.05) DRT groups. Comparisons between groups were
done using 2-way ANOVA analysis (with Tukey’s multiple comparisons test); symbols represent
the difference between oral and cranial DRT groups (*p < 0.05) and between nasal and cranial

DRT groups (*p < 0.05). Data expressed as mean + SD.

5.3.4.4 Oral pain scale (OPS): As shown in Figure 5.6, low-grade scores (i.e., overall OPS scores
< 0.6) were found in all dogs at enrollment (baseline measure), and they did not significantly
change from baseline during the first 2 weeks after DRT initiation (overall p-values > 0.1).
However, higher grade scores were seen in the oral DRT group after completing ~ 75% of the

prescribed DRT course (visit 3). At this visit, scores from the oral DRT group were significantly
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higher than baseline measures (p = 0.0298) and significantly higher in comparison to nasal and
cranial DRT groups (oral versus nasal DRT, p = 0.0083; oral versus cranial DRT, p = 0.0214). In
the next visit (visit 4), maximal scores were found the oral DRT group after completing ~ 90% of
the prescribed DRT course; scores from the oral DRT groups remained significantly higher than
baseline measures (p = 0.0002) and were significantly higher in comparison to cranial DRT group
(p < 0.0103). In this visit (visit 4), an increase in scores was also found in nasal and cranial DRT
groups, however, no differences from baseline were found for both groups. After DRT completion,
maximal scores were found in nasal and cranial DRT groups; scores here were only significantly
higher than baseline measures in the nasal DRT group (p = 0.0062). In this visit, scores from the
oral DRT group were significantly higher than the cranial DRT group (p = 0.0388), and they were
also significantly higher than baseline (p = 0.0004). No relevant differences were found between
oral and nasal DRT groups, nor between nasal nor cranial DRT groups at this time point. A rapid
decrease in OPS scores was seen in all dogs in the next visit (first follow-up assessment; visit 6),
and continued decreasing until the end of the study. In these visits (visit 6 to 8), no statistically

significant differences were found between groups, nor between assessment time points for any

group.
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Figure 5.6: Oral pain scale (OPS). Plots of overall OPS score for each group over time.
Comparisons between visit O (baseline) and visits 2 to 8 were done using a 2-way ANOVA analysis
(with Dunnett's multiple comparisons test); symbols represent the difference from baseline in oral
(®p < 0.05) and nasal (*p < 0.05) DRT groups. Comparisons between groups were done using 2-
way ANOVA analysis (with Tukey’s multiple comparisons test); symbols represent the difference
between oral and cranial DRT groups (*p < 0.05), nasal and cranial DRT groups (*p < 0.05), and

between oral and nasal DRT groups (*p < 0.05). Data expressed as mean + SD.

5.3.5 Exploration of individual question responsiveness and discriminatory ability

While the OPS was able to discriminate oral DRT from nasal and cranial DRT groups at certain
times during the course of this study, the results here suggested that oral irradiation resulted in low
levels of oral pain/interference (low overall mean OPS scores). This observation differs from those
made by pain and radiation oncology specialists in clinical practice who suggest that most dogs
submitted to oral irradiation (as in humans) display a great level of oral pain/interference by the
end of DRT. Therefore, we decided to explore the behavior patterns of each question included in

the PSS, PIS, and OPS to understand whether there were individual questions that detected oral
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pain or dysfunction better than other questions. For each scale, we compared scores of each
individual item question documented at visit 4 (when RIM was most severe for oral/nasal DRT
groups) between groups and between baseline measures.

5.3.5.1 Group comparison: As shown in Figure 5.7, the 4 item questions of the PSS and the item
question “Enjoyment of life” of the PIS were able to discriminate between oral and cranial DRT
groups. Meanwhile, the OPS item questions “Ability to eat its normal diet” and “Willingness to
play with toys” were able to discriminate between oral and cranial DRT dogs (Figure 5.8). No

difference in scores was found between oral and nasal DRT dogs when the PSS, PIS, or OPS was

applied.
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Figure 5.7. Individual item question’ scores for the PSS (A to D) and PIS (D to I)
guestionnaires. Data analyzed using Kruskal-Wallis’s test, followed by Dunn's multiple
comparisons test; statistically significant p-values set at *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001; ns., not significant.
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Figure 5.8. Individual item question’ scores for the OPS (A to G) questionnaires. Data
analyzed using Kruskal-Wallis’s test, followed by Dunn's multiple comparisons test; statistically

significant p-values set at *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns., not significant.

5.3.5.2 Baseline comparison for each group: As shown in Table 5.18, the following item
questions were able to discriminate baseline measures from visit 4: “Pain at its worst in the last 7
days”, “Pain at its least in the last 7 days”, “Pain at its average in the last 7 days”, “Pain at its right
now”, “General activity”, “Enjoyment of life”, “Overall quality of life”, “Ability to eat its normal

diet”, “Ability to vocalize”, “Ability to swallow”, and “Willingness to play with toys”.
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Table 5.18: Comparison of individual item question scores documented at baseline against those

documented at visit 4 (comparison using p-values).

Scale Item question Oral DRT  Nasal DRT C[r)aRn_:_aI
Pain worst <0.0001~* 0.0008* 0.9831

Pain least <0.0001* 0.0004 0.6702

PSS

Pain average <0.0001* 0.0002* 0.8375

Pain now 0.0003* <0.0001* 0.9198

General activity 0.0002* 0.0113* 0.8385

Enjoyment of life <0.0001* 0.0004* 0.7281

Ability to rise 0.6273 0.4271 0.707

i Ability to walk 0.8589 0.4682 0.2283
Ability to run 0.3219 0.2704 0.1303

Ability to climb 0.2812 0.1992 0.1344

OIS Quality of life 0.0005* 0.012* 0.9996
Ability to eat 0.0071* 0.0025* 0.3261

Ability to drink 0.0959 0.3145 0.3519

Ability to vocalize 0.0004* 0.0537 0.8039

OPS Ability to swallow 0.0374* 0.1055 0.3135
Willingness to be pet 0.1243 0.02* 0.2779

Willingness to move head/neck 0.0845 0.2246 0.7249
Willingness to play with toys 0.0053* 0.0014* 0.7082

Comments: Data analyzed using Mann Whitney test; statistically significant p-values set at *p <

0.05.
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5.3.5.3 New scale development: Based on these results, and taking into consideration the results
from sections 5.3.3 and 5.3.4, we concluded that the following item questions seemed to be best
in tracking the changes in VRTOG scores: (1) “Pain at its worst in the last 7 days”, (2) “Pain at its
least in the last 7 days”, (3) “Pain at its average in the last 7 days”, (4) “Pain at its right now”, (5)
“Enjoyment of life”, (6) “Ability to eat its normal diet”, and (7) “Willingness to play with toys”.
Therefore, we combined these questions and used them to compare groups (oral versus nasal
versus cranial DRT) and changes from baseline. Scores here were averaged across questions to
create a single overall score.

5.3.5.3.a) Reliability assessment: Before conducting any multiple comparison analysis, we tested
the reliability of this scale by means of internal consistency using Cronbach’s alpha coefficient;
the temporal choice for evaluation corresponded to visit 4 (all dogs’ scores included). The internal
consistency of this scale was very high, with a Cronbach’s a of 0.957.

5.3.5.3.b) Score evolution assessment: The evolution of scores over time was very similar to the
evolution of PSS scores (Figure 5.9). Regarding the group comparison, no difference was found
between oral and nasal DRT groups at any time point. Significantly higher scores — as compared
to cranial DRT dogs — were found in the oral DRT group at visits 3, 4, and 5, and in the nasal DRT
group at visits 4, 5, and 6 (1-week delay as compared to the oral DRT group). Regarding baseline
comparisons, significant differences from baseline were found in the oral DRT dogs at visits 4 and
5, and in nasal DRT dogs at visits 4, 5, and 6. No statistically significant differences were found

at any time point for the cranial DRT group.
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Figure 5.9: Adapted OPS (AOPS). Plots of overall AOPS score for each group over time.
Comparisons between visit 0 (baseline) and visits 2 to 8 were done using a 2-way ANOVA analysis
(with Dunnett's multiple comparisons test); symbols represent difference from baseline in oral (°p
< 0.05) and nasal (*p < 0.05) DRT groups. Comparisons between groups were done using 2-way
ANOVA analysis (with Tukey’s multiple comparisons test); symbols represent the difference
between oral and cranial DRT groups (*p < 0.05) and between nasal and cranial DRT groups (*p

< 0.05). Data expressed as mean + SD.

5.4  Discussion

In this body of work, we demonstrated that the clinical features of RIM as a result of oral,
nasal, or cranial irradiation in pet dogs share similarities (in terms of progression, severity, and
secondary side effects) with its human counterpart. In general, we found that oral, nasal, and
cranial irradiations are associated with the establishment of RIM; however, the progression and
severity of RIM varies depending on tumor location. In particular, our results indicated that

oral/nasal DRT dogs — in comparison to cranial DRT dogs — are significantly more likely to
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develop rapid RIM after the DRT initiation, as well as to develop high-grade RIM (VRTOGs >2)
when increasing DRT doses are being delivered. Moreover, the risk to develop secondary side
effects related to RIM (e.g., reduction in body weight, loss of appetite, decreased diet acceptance,
nasal mucositis, radiodermatitis, and RT interruptions) is also higher in oral/nasal DRT dogs in
comparison to cranial DRT dogs. Finally, and opposite to the “Pain Interference Scale” and
“Overall Impression Scale” from the CBPI, we showed that the “Pain Severity Scale” (also from
the CBPI) and the newly developed “Oral Pain Scale” are effective in detecting changes in RIM
progression, as well as in discriminating dogs with higher grades of RIM (i.e., oral/nasal DRT
dogs) against dogs with lower RIM grades (i.e., cranial DRT dogs). Yet, the suitability of these
CMIs to measure oral pain/interference in this particular scenario still need further examination.
In the first part of this study, we described the epidemiology and clinical features of RIM
in pet dogs for which the owners had chosen to pursue DRT for cancer treatment. Results from
this single-arm prospective observational, non-interventional clinical study indicated that, like in
humans, RIM usually arises in the second week of DRT in most dogs that received either oral,
nasal, or intracranial irradiation (Sroussi et al., 2017; Ying et al., 2020). While clinically relevant
levels of RIM (i.e., VRTOGs > 1) were found in some dogs with cranial tumors when increased
doses of irradiation were delivered, high-grade RIM (i.e., VRTOGSs > 2) was only encountered in
dogs with oral and nasal tumors (incidence up to 50-60%). According to our results, high-grade
RIM in oral/nasal DRT dogs was typically seen in the fourth or fifth week of DRT (when dogs
received more than 90% of the prescribed course). This finding certainly agrees with most studies
done in human HNC, which have indicated that most HNC patients develop high-grade RIM when
most of the prescribed DRT course is delivered, which usually occur 4 to 5 weeks following DRT

initiation (Franco et al., 2017; Sonis et al., 1999; Sroussi et al., 2017). While there is little evidence
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showing that RIM is developed in patients receiving only DRT for the treatment of intracranial
malignancies, results here are in agreement with the study conducted by other authors (Yergolkar
et al., 2020), who indicated that the frequency of RIM development is higher in HNC patients
(50%) in comparison to patients with intracranial (brain) masses (11.5%) receiving cancer therapy
(chemotherapy or radiation therapy, or combination of both). Although the severity of RIM
decreased after completing the prescribed course of radiotherapy in this study, RIM seemed to
persist for at least three weeks after DRT completion in dogs undergoing oral and nasal irradiation.
Indeed, incomplete RIM resolution by the end of this study was seen in up to 50% of dogs with
oral/nasal masses, similar to what it has been described in human HNC (Redding, 2005; Sonis,
2011).

In this work, we also described the occurrence and severity of adverse effects potentially
associated to the development of RIM. According to our results, the incidence of critical weight
loss (i.e., defined by most studies as a reduction > 5% from baseline during DRT) in oral and nasal
DRT dogs — which was 69.6% and 55.5%, respectively — does not greatly differ from to the one
reported previously in their human counterparts, with is up to 52.2% in patients receiving
irradiation for oral cavity/oropharynx tumors, and up to 46% in patients receiving irradiation for
nasopharynx tumors (Langius et al., 2013; Nazari et al., 2021). Remarkably, we also found — but
to a lesser extent — critical weight loss in the cranial DRT group (29.4% incidence). While this
finding was not entirely surprising for us since few cranial DRT dogs (5 of 17) developed some
degree of RIM during DRT, it was interestingly to see this side effect in this cohort since neither
RIM nor RIM-related weight loss has been reported in their human counterpart. Regarding BCS,
here we also found interesting, yet conflict results. Although body mass index (BMI), which is the

pet version of BCS, does not commonly change from pre-treatment measures during DRT in
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human HNC, low BMI are commonly documented before DRT initiation, which has been highly
associated with critical weigh loss during DRT and to poorer prognosis (Lee et al., 2019; Lgnbro
et al., 2016; Nazari et al., 2021; Pai et al., 2012). In this work, most dogs (from all cohorts)
presented adequate BCS at baseline, and as in humans, there was little-to-absent fluctuation in
scores throughout the study. Therefore, we can preliminarily conclude from this work that RIM
does not affect BCS in dogs during oral, nasal, or cranial DRT, yet remarkably, and unlike humans,
HNC canine patients do not present pre-treatment low BCS. To our knowledge, a poor predictive
association between low BCS and critical weigh loss during DRT or poorer prognosis has not been
reported in this species. Thus, this evidence could potentially be the rationale to promote further
investigations in that area in order to determine whether the dog is a clinically predictable animal
model of RIM and RAP. Another interestingly discrepancy between dogs and humans that was
found in this study is related to the use of feeding tubes. Here, we only found that one dog from
the oral DRT required feeding tube placement during DRT, with a total incidence of 4.3%. While
this dog presented high-grade RIM (score of 3) and RIM-related DRT interruption when the
feeding tube was implemented, the incidence of this side effect was significantly lower than the
one reported in human HNC, which can range from 15% to 50% (Beaver et al., 2001; Trotti et al.,
2003). Moreover, this incidence did not differ from the one documented in the cranial DRT group
(1 dog with grade RIM of 0; 5.9% incidence). Therefore, these results could potentially reveal the
possibility that the scale used here to grade the severity of RIM in dogs (i.e., VRTOG) might not
perfectly match the scales used in humans. As detailed in Chapter 1, most RIM scales used in
humans include the parameter “requires parenteral or enteral support” or “unable to ingest
solid/liquid diet” to indicate maximal RIM severity, however, maximal RIM scores here were not

associated to parenteral/enteral support. In this context, it seems pertinent to further investigate the
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translational value of these assessment scoring systems in order to improve clinical translation. In
that same line, results from the vast majority of clinical studies done in the human HNC population
agree on the fact that both appetite and/or diet acceptance are significantly reduced once RIM is
established following DRT initiation (despite the fact that incidences for appetite loss or reduced
diet acceptance have been poorly detailed) (Bansal et al., 2004; Chencharick & Mossman, 1983;
Ogama et al., 2010; Ravasco et al., 2005; Yucel et al., 2014). Here however, and while we found
a greater incidence in oral/nasal dogs in comparison to cranial dogs, the frequency and severity of
these side effects was relatively low (lower than 30%). This evidence suggests, in the author’s
opinion, that the reduction in food/water intake (either as a result of appetite lost or oral
dysfunction), and thus body weight loss, might be exacerbated in HNC patients with high grade
RIM by the emotional components (e.g., psychological and social factors) that arise as a result of
RAP, which are components that may not be present or may not be as relevant in dogs as in
humans. Since it has been extensively proven that cancer pain (which includes RAP) is a complex
and multidimensional experience that affects and is affected by psychological and social factors
(Porter & Keefe, 2011), these results points to the importance of determining the role of the
emotional components of RAP in order to improve the development of mechanism-based therapies
in HNC. Other side effects found in this study include nasal mucositis and radiodermatitis. Like
RIM, the progress of these two toxicities depends on the field size, the interval between fractions,
dose-per-fraction, previous exposure to chemotherapy, concurrent chemotherapy or presence of
co-morbid medical conditions, and they usually arise along with RIM in advances human HNC
cases submitted to aggressive courses of DRT (Kawamura et al., 2019; Narayan et al., 2008; Riva
et al., 2019); in human patients with intracranial masses, however, these RT-related side effects

have not been reported. Similarly, here we found that both nasal mucositis and radiodermatitis
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were present in oral and nasal DRT dogs, and its severity was associated to an increase in RIM
severity; these side effects, as in humans, were not frequent nor severe in cranial DRT dogs.
Concerning to the treatment course modifications associated to RIM, we demonstrated that the
incidence of DRT interruption was higher in orally irradiated dogs (13%) in comparison to nasally
(5.6%) and intracranially (0%) irradiated dogs, which seems to be an effect possibly linked to the
radiotherapy field or to the extension of mucosal damage. This is relevant when examining the
translation value of companion dogs for the study of RIM in human HNC because poorly managed
oral complications has been highly associated with treatment course interruptions or delays, which
further impacts the outcome in these patients (Russo et al., 2008). According to five clinical studies
reporting this outcome in human HNC, the aggregate incidence of radiation therapy breaks or
modifications resulting from ulcerative oral mucositis is 11% (Adelstein et al., 1997; Bensadoun
et al., 1999; Brizel et al., 1998; Dische et al., 1997; Lefebvre et al., 1996), which is comparable to
the incidence reported here in dogs submitted to oral DRT. Finally, here we also reported that up
to 39% of oral/nasal DRT dogs failed to complete the prescribed course of DRT, while a lower
incidence was seen in cranial DRT dogs (17.6%). Although is not clear whether this outcome was
related to RIM in our study (lack of specification in our database), the decision to stop ongoing
DRT in humans does not always relate to RIM, and other causes may lead this outcome (such as
personal reasons, associated costs, presence of other serious medical problems, among others), and
its incidence greatly differs across studies, ranging from 6 to 23% in HNC patients subjected to
DRT (Rosenthal, 2007; Wong et al., 2006).

In this study, we also examined the risk factors for RIM in dog patients receiving oral,
nasal, and cranial DRT (no group distinction). While the current understanding of risk factors in

human HNC is limited, and the literature is often conflicting, some studies have reported that

270



relevant factors for the prediction of RIM include total radiation dose, fractionated DRT
modalities, volume of mucosa irradiated, use of concurrent chemotherapy, low body mass,
prolonged neutrophil recruitment, female sex, young or old age (Barasch & Peterson, 2003; Raber-
Durlacher et al., 2000; Rapoport et al., 1999; Sonis et al., 2004). As expected (and based on the
aforementioned clinical features of RIM), tumor location (i.e., oral/nasal cavity tumors) revealed
to be a valuable predictive indicator of RIM progression and severity in pet dogs. However, results
here —while revealing — are hard to be interpreted because outcomes in this type of analysis greatly
depend on how the data is managed. Specifically, no other study has gathered patients with oral,
nasal, and cranial cavity tumors in the same risk factor assessment study. This is important because
most analyses have examined risk factors within the same disease (i.e., HNC). However, and while
we were expecting this outcome, it was important to confirm in this study that RIM is not an event
that randomly occurs in canine HNC, but instead, its highly correlated to the radiation target. In
this analysis we also found that dogs with excellent appetite and diet acceptance at the time of
DRT initiation had more chances to develop some grade of RIM over the course of DRT. This
outcome was particularly interesting because while this has not been described in human, and
moreover, HNC patients commonly report nutritional impairments due to the location of masses
in sensitive areas such as the oropharynges (Wong et al., 2006), it appeared that these factors could
potentially influence the development of canine RIM. Based on Priya and colleagues’ work (Priya
et al., 2020), we hypothesize that alterations of the oral microbial flora as a consequence of diet
and/or lack of appropriate dental care could potentially explain why variables such as appetite and
diet acceptance were considered as risk factors for the progression of RIM, however, but we cannot
assure this with certainly without performing further investigations. Finally, we also noticed that

mixed-breed dogs had a higher risk to develop severe RIM in comparison to purebred dogs (13%
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versus 9.5%). However, it is important to highlight that we did not divide the purebred category
into more specific categories (42 breeds in total), and furthermore, because there was not a breed
that was being overrepresented in this study (Labrador Retriever being the most common breed (n
= 8)), it is impossible to determine whether dog breed is a true predictive factor. Thus, further
investigation is needed to understand the effects of breed in the progression of canine RIM.

After having a better understanding about the clinical features and progression of RIM in
pet dogs, we assessed the reliability and validity of the newly developed OPS. Given the lack of
appropriate tools to measure oral RAP in canine HNC, this owner-completed questionnaire was
designed especially for this work. First, we examined the evolution of OPS scores for each item
question in each group (i.e., oral, nasal and cranial DRT). In general, we saw in this assessment
that the pattern behavior across all questions included in the OPS was similar the pattern of RIM
progression for each group. Specifically, we found that the increase in RIM severity correlated
with an increase in OPS scores, and moreover, the magnitude of this increase varied depending on
tumor location. Indeed, higher scores were seen in those dogs that had higher grades of RIM (i.e.,
oral/nasal DRT), and conversely, lower scores were seen in dogs that developed lower grades of
RIM (i.e., cranial DRT). However, when assessing each individual question contained in this scale,
we saw that some questions were better in tracking the changes in VRTOGs, such as the questions
related to the dog’s ability to eat appropriately (“OPS_Eat”) and to play (chew) with their toys
(“OPS_Play”). Nevertheless, the OPS had a high internal consistency and all questions seemed to
be highly related to each other according to our reliability assessment, therefore, all questions were
included in our factor analysis. According to factor analysis, it appeared that the OPS is a uni-
dimension scale, and that all questions included in this scale fitted into the same theoretical

construct (i.e., pain/interference with oropharyngeal functions). Therefore, this finding was a good
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first step to confirm that the OPS could potentially be a useful CMI to assess oral RAP. In our
validity assessment, we first noticed that there was a low correlation between OPS scores and
VRTOGs > 2 when dogs received ~ 50% of the total prescribed DRT course (concurrent validity).
This was not surprising because, as mentioned before, OPS scores were in general low and we did
not separate during this analysis the different experimental groups (i.e., oral versus nasal versus
cranial). Therefore, we cannot conclude that there is a lack of correlation between these outcomes
by only using concurrent validity as an assessment modality. Indeed, the OPS showed to be
effective in discriminating dogs with severe RIM (VRTOGs > 2) against those that never
developed RIM (VRTOGs of 0) according to our extreme group validation evaluation. In addition,
it was also effective in tracking the changes in VRTOGS over time according to our responsiveness
evaluation. Therefore, we can conclude at this stage that while the OPS do not seem to be the best
strategy to accurately measure the magnitude of oral RAP, it could be potentially good in
differentiating dogs with and without RAP in the oral cavity, and potentially, also good in detecting
the effects of therapeutic interventions for managing RIM in this species.

After testing the reliability and validity of the OPS, we measured pain (potentially
associated with RIM) using all the available CMIs. First, we assessed pain (PSS), pain interference
(P1S), and quality of life (OIS) using the CBPI, a CMI that has been extensively used in veterinary
research and medicine to assess non-oral pain (Brown et al., 2008). Here we saw that the PSS
appeared to be good at tracking the changes in VRTOGSs. According to this scale, and similar to
HNC humans (Huang et al., 2003), pain was marginal during the first weeks following DRT
initiation, yet it rapidly increased in severity (as indicated by a marked increase in scores) when ~
90% of the prescribed DRT was delivered (i.e., 4 weeks after DRT initiation), reaching maximal

pain severity at the time that oral and nasal irradiated dogs displayed maximal RIM severity. After
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DRT completion, PSS scores gradually decreased until the end of the study, and thus, potentially
mirroring the resolution of RIM. Moreover, and according to this scoring system, pain was
minimal for the cranial DRT group (at least significantly lower than oral/nasal DRT scores), and
scores did not fluctuate over time suggesting that relevant levels of pain were not experienced in
this group throughout this study. Scores from the PIS were in general minimal according to this
scale system for all the assessed time points in all dogs, and curve fluctuations were not in
agreement with the severity of RIM. This was not a surprise since this scale was originally
designed to assess the interference of pain in actions that are not dependent on the oral function,
but instead, it was designed to assess the impairment of other type of activities (e.g., walking,
running, or climbing) that are commonly impaired in dogs with osteoarthritis or osteosarcoma pain
in legs or upper arms (Brown et al., 2009; Brown et al., 2005). Results from the OIS, however,
were unexcepted. According to this scale, dogs in general had a good quality of life at baseline,
over the course of treatment, and 3 weeks after, and it was only temporally affected at the end of
DRT in oral/nasal dogs. These results certainly differ from numerous studies that have revealed
that quality of life in HNC patients is severely affected from the start of DRT, which can last for
months or year after DRT completion (Epstein et al., 2001; Kemmler et al., 1999; Peterman et al.,
2001; Wiseman-Orr et al., 2004). However, the author of this work believes that a scale with a
stand-alone final question to score the animal's quality of life might not be as reliable as the other
scales due to the ambiguity nature of the “quality of life” concept in dogs.

Lastly, and confirming what is was previously stated, the behavior pattern of the OPS was
remarkedly similar to the progression pattern of RIM for each group. However, we had the
impression that the pain/interference levels indicated by this scale were, in general, low (as

indicated by overall scores at the lower range of the scale). While we cannot assure here whether
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these low scores are a true reflection of the level of pain/interference experienced by dogs since
scores are determined by the owner (not the dog), we had the impression that the OPS might not
be adequately measuring the magnitude of oral RAP; this an assumption solely based on empirical
evidence (veterinary clinicians commonly report that severe pain/interference is associated to
canine RIM). Therefore, we decided to combine the questions that seemed to reflect greater levels
of pain/interference into one single scale. The idea here was to design a scale that could potentially
be more accurate at tracking the changes in RIM, as well as its severity. Unfortunately, this adapted
scale was not superior to the other scales. Specifically, the duration and severity of pain did not
greatly differ from the one obtained from the PSS alone, and moreover, its responsiveness was not
superior to the OPS.

Limitations of this study should be mentioned. First, and in general, conclusions of most
outcomes were hard to be obtained because there were several pieces of information missing in
this analysis that could be greatly impacting the results, like tumor stage or medical history.
Therefore, we cannot know with certainly that the clinical course of RIM in these dogs was not
influenced by tumor staging, as well as we cannot know whether pain killers (opioids) or anti-
inflammatory agents were influencing (i.e., palliating signs of pain or reducing the severity of
RIM, respectively) in the pain outcomes measures. Moreover, several of the scales applied in this
study, such as the appetite and diet acceptance questionnaires, PSS, PIS, and OIS questionnaires,
have not been previously validated to be used in this specific scenario. Therefore, results from
these scales could not necessarily be reflecting the functional impact of RIM. Also, as mentioned
before, the results obtained from the risk factor assessment were highly dependent on how the data
were handled, and additional or more refined categorizations should be used to further understand

the predictive value of the variables used in this study. Finally, and one important limitation in this
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study was related to the treatment modality applied. Because data collection was done a decade
ago, dogs were treated here with three-dimensional conformal radiotherapy, which is no longer
used in most veterinary hospitals. Currently, cancer treatment by means of radiation therapy is
mainly accomplished using more modern technology, such as intensity-modulated radiation
therapy. This modality can dramatically decrease the toxicities related to DRT (Chao, 2002; De
Sanctis et al., 2019). Therefore, our results might not be correctly capturing the studied outcomes
(i.e., epidemiology and clinical course of RIM, as well as the risk factors and secondary side effects
associated to RIM). In this context, it will be important to reassess these parameters using DRT
modalities that are currently being implemented in veterinary to confirm, or complement, our
results. Although the reliability and validity assessment of the OPS should not be affected by this
limitation, the progression and severity of oral RAP described here (as indicated by the applied
CMIs) might also not be accurately reflecting the individuals' level of pain as a result of oral, nasal,
or cranial DRT when more modern techniques are being applied, limiting the translation of our
results into the clinical practice (both in human and veterinary medicine).

In conclusion, the results obtained from this collective work provides the first body of
evidence suggesting that the clinical features of RIM (i.e., progression, severity, and secondary
side effects) as a result of oral, nasal, or cranial DRT in pet dogs share similarities with its human
counterpart. Nevertheless, future investigations should include more rigorous preclinical settings
(e.g., modern DRT techniques, deeper understanding about patient’s clinical history, appropriate
samples sizes) in order to, on one hand, confirm the translatability of pet dogs as preclinical models
of RIM in the context of HNC, and on the other hand, provide a clinically relevant comparative
model for evaluating novel therapeutic intervention strategies for managing RIM in human clinical

trials. In regard to the pain assessment, we can preliminarily conclude that canine HNC, as in
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human HNC, is associated to pain and pain-related interference with normal dog’s activities once
RIM is established. Certainly, both the PSS and OPS provide encouraging findings that further
support the idea that the progression and severity of oral RAP echoes the progression and severity
of RIM in this species. However, it would be important that future studies reevaluate the reliability
and validity of these CMIs in this specific scenario before testing novel drug candidate
interventions for RAP treatment, especially when considering the important limitations found in
this study. Moreover, the use of complementary pain assessment techniques (e.g., quantitative
sensory testing, canine grimace scales, or automated facial analysis), appropriate analgesic
strategies, and relevant control groups (e.g., dogs with pain in areas distant to the head and neck
area) are imperative in order to confirm the sensitivity and specificity of these pain screening tools.
Taking all together, we cannot confirm from our results that pet dogs offer a higher degree of
translational success than other species (e.g., mice, rats), however, this work represent an important
first step to start validating canine oral RAP (in the context of RIM and HNC) as suitable
preclinical model for improved translation of preclinical finding into the clinic, and furthermore,

to increase the probability of the successful development of new and safe analgesic therapeutics.
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The potential negative effect of radiation-associated pain (RAP) on cancer progression is
a critically important, yet hitherto relatively ignored, area of research. While treatment failure in
head and neck cancer (HNC) patients undergoing radiation therapy (RT) may be causally linked
to the unplanned breaks in treatment related to acute, orofacial RAP (a0RAP) associated to RT-
induced mucosal damage (Bese et al., 2007; Chen et al., 2011), little information exists regarding
the direct effect of aoRAP in tumor biology, as well as its role in cancer development and
progression. The purpose of this work was to fill some of the considerable gaps in knowledge
regarding the tumor-promoting effects of aoRAP using sophisticated animal models of radiation
therapy-related oral mucositis.

As a way to begin exploring the idea that aoRAP may have a relevant biological role in
tumor development, we designed a set of experiments that largely recapitulate the work of Page
and collaborators (Page et al., 1993; Page et al., 2001) to determine if animals with experimentally
induced radiation-induced mucositis (RIM) and associated pain have evidence of enhanced tumor
growth at distant (unirradiated) sites. However, standardized measures needed to be developed to
confirm that mice were indeed experiencing aoRAP. While our laboratory has a strong set of
behavioral assays to characterize aoRAP in our RIM model using withdrawal reflex-based and
well-being-based indicators (e.g., eye wiping and burrowing assays, respectively), none of these
tools provides a metric of spontaneous, non-evoked (voluntary) pain in the orofacial region. This
is relevant since most episodes of pain in HNC following RT are located in the orofacial region,
and moreover, they are often associated with increased reports of spontaneous pain and with low
quality of life scores (Epstein B et al., 2007; Epstein et al., 2009; Franco et al., 2017; Lalla et al.,
2014; Scully et al., 2003). Thus, it has been largely accepted that the use of health-related quality

of life indices may be better at capturing the global experience of aoRAP in human HNC, and
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currently, they represent one of the most valid strategies to assess the response to analgesic
treatment interventions during RT (Epstein et al., 2001; Franco et al., 2017; Heutte et al., 2014;
Meyer et al., 2009). In this context, it seems pertinent to theorize that, like in humans, aoRAP in
mice might also have affective/motivational components, hence — and keeping in mind that our
ultimately goal is to produce powerful tools for translational research — the addition of pain
outcomes that include the assessment of voluntary, spontaneous mouse behaviors definitely
represent an important requirement towards validation of our murine model of aoRAP.

In Chapter 2, we sought to robust the characterization of aoRAP in our model of RIM using
voluntary, spontaneous home-cage activities (nesting and grooming) as proxy indicators. Although
cageside measures — such as nesting and grooming activities — have shown to be useful and valid
proxy indicators of welfare in small laboratory animal species, and they have been employed for
estimating acute and spontaneous states of pain in mice (Gaskill et al., 2013; Negus et al., 2015),
these activities have not been used as behavioral metrics to assess orofacial pain in mice.
Therefore, here we introduced for the first time a novel set of behavioral-based instruments
specifically designed in our laboratory to assess the impairment in nesting and grooming activities
as a result of experimentally-induced RIM (glossitis), and thus aoRAP, in mice (BALB/c and
C57BL/6 strains). As a theoretically interesting sidenote, it is important to highlight the fact that
while we are interested in studying the direct effects of aoRAP in tumor progression, we cannot
exclude the important role that RIM plays in the onset and progression of aoRAP (Fall-Dickson et
al., 2007; Lalla et al., 2014; Sonis et al., 2000; Sonis, 2004). Hence, here we need to clarity that
while both side effects are two independent events, their signalling pathways most likely converge
at some level to give rise to the painful experience (a0RAP) related to RIM. Therefore, and when

appropriate, the author here will be referring aoRAP related to RIM as “aoRIM/RAP”. According
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to the results obtained from our newly developed assays, here we provided the first direct evidence
that demonstrate that nesting and grooming activities are markedly impaired when mice experience
high-grade lingual RIM (score > 2). Interestingly enough, these impairments can be significantly
reduced after RIM resolution and after applying two analgesic strategies, anti-NGF mAb and
resiniferatoxin (RTX), whose therapeutic targets (NGF and TRPV1, respectively) are known to
play a relevant role in cancer pain processing (Bujak et al., 2019; Dudas et al., 2018; Ghilardi et
al., 2005; Hirose et al., 2016; Kissin & Szallasi, 2011; Menéndez et al., 2006; Sevcik et al., 2005;
Shinoda et al., 2008; Ye et al., 2011). These results open exciting possibilities to begin validating
the idea that both activities are highly dependent on the mouth, and moreover, that they represent
valid parameters for measuring the affective/motivational aspects of aoRIM/RAP in our model.
However, we further need to investigate whether the responsiveness of our assays was either
determined by the analgesic or the anti-inflammatory effects of anti-NGF mAb and RTX before
confirming with certainly the presence of aoRAP in our RIM model. One proof-of-concept
approach to confirm the presence of aoRAP (and thus potentially separating aoRAP from RIM)
would be to assess the changes in nesting and grooming scores after applying local pain-relief
strategies, such as topical applications of lidocaine into the mouse tongue. However, this approach
has both pragmatic and mechanistic limitations. For example, injecting a solution into an
edematous and ulcerative mucosa is not easy, and can potentially enhance mucosal damage and,
thus, altering the progression and severity of aoRIM/RAP. Moreover, it has been proven that
anesthetic solutions, such as the ones commonly used in research facilities (e.g., lidocaine) possess
anti-inflammatory properties (Kelbel & Weiss, 2001). Therefore, we could potentially end up
having the same uncertainties that were raised after using anti-NGF mAb and RTX. Regarding our

assessment methodologies, the results of this study suggested that our proposed standardized
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scoring systems provide reliable and valid tools to screen the progression and severity of
aoRIM/RAP in mice. However, and even though our assays were comparable under different
experimental conditions (across sexes, mouse strains, and irradiation modalities), it might be
necessary to further assess the specificity and sensitivity of our behavioral assessment tools by
adding adequate comparative animal groups, like the addition of other oral pain models (e.g.,
temporomandibular joint pain, tongue pain induced by formalin or Complete Freund's adjuvant
(CFA)) and models of pain that arise in areas distant to the orofacial region (e.g., abdominal pain,
limb pain). Another important limitation towards the translation of results includes the fact that
aoRIM/RAP was not influenced in our model by other sources of pain/inflammation that are in
general present in human HNC, such as the nociceptive/inflammatory events associated to tumor
progression (e.g., enhanced release of cytokines or growth factors) or the pain that arise from
complementary cancer therapies (e.g., surgery and chemotherapy) (Astrup et al., 2015; Benoliel et
al., 2007; Cramer et al., 2018; Edwards et al., 2019; Schmidt, 2015). The addition of these variables
is obviously relevant to improve preclinical to clinical translation; therefore, future work should
be focused on developing adequate strategies to include these features into our murine model of
aoRIM/RAP.

After determining, at least preliminarily, that RIM is associated to aoRAP in our mouse
model, we assessed the influence of aoRIM/RAP on tumor progression (Chapter 3). In this study,
we revealed for the first time that the presence of lingual RIM, and thus potentially aoRAP, appears
to be associated to enhanced tumor progression in preclinical settings. In particular, we showed
that the combination of high-grade RIM (scores > 2) and aoRAP-like behaviors (as indicated by
our battery of assays) was significantly associated with an accelerated growth of 4T1-Luc2 tumors

and an increased mortality associated to the progression of MOC2-Luc2 tumors. Moreover, we

294



robustly showed that the palliation of aoRIM/RAP achieved by RTX was associated to a reduction
in the burden of 4T1-Luc2 tumors. Despite these exciting and novel findings, it remains to be
determined whether the provision of RTX abrogated the tumor-promoting effects of aoRIM/RAP
through inhibiting nociceptive or inflammatory pathways, or both. In addition, it will be also
important to discard a possible influence of TRPV1-expressing afferents innervating airways and
lungs abrogating the tumor-promoting effects of aoRIM/RAP. Therefore, further ex vivo and in
vitro investigations, such as calcium imaging and immunofluorescence, respectively, should be
performed in order to determine more accurately the targeted location of RTX, as well as the
extension of its ablative effect, in this model. Notwithstanding, we can firmly state here that our
work provided the first insights into the potential mechanism (i.e., TRPV1 activation) by which
aoRIM/RAP accelerated the growth of tumors at sites distant and promoted cancer-related death.
Certainly, these findings offer valuable insights towards the understanding the clinical significance
of the crosstalk between oral mucositis pain and cancer, and will hopefully contribute to the
development of effective strategies for managing aoRIM/RAP in HNC patients, and thus, improve
outcomes. Unfortunately, we were unable to confirm whether aoRIM/RAP mitigation also
improved the survival of MOC2-Luc2-bearing mice due to unexpected toxicity associated with the
use of RTX. In C57BL/6 mice, high mortality was associated with RTX. Therefore, we decided to
cancel subsequent planned experiments, and explore in a series of pilot studies the tolerability and
ablative efficacy of different doses of RTX to find the most tolerable way to approach systemic
ablation of TRPV1-expressing neurons in C57BL/6 mice (Chapter 4). Two surprising, yet
interesting conclusions were obtained from these studies. First, we were able to determine that the
risk to develop serious toxicities, such as death, from systemic RTX (300 pg/kg) is higher in

C57BL/6 mice in comparison to BALB/c mice purchased from the same vendor. This new
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information was quite revealing since this type of evidence has never been reported in the
literature. Secondly, and even more unexpected, we discovered that the low tolerability found in
C57BL/6 mice was related to the genetic background (vendor-dependent) of certain substrains.
C57BL/6NCrl mice (a commonly used C57BL/6 substrain) were particularly prone to develop
serious toxicities as a consequence of systemic RTX using doses ranging from 10 to 300 pg/kg.
Conversely, RTX at same doses produced both effective and long-lasting ablation of TRPV1-
expressing neurons in a safe manner in C57BL/6J mice (another commonly used C57BL/6
substrain). Based on this evidence, it seems pertinent to determine in future work how the genetic
background of these substrains can lead to varying responses following RTX to help make
preclinical data more reproducible and to successfully achieve clinical translation. Nevertheless,
the results here provided initial validation to use RTX (at a dose of 10 pug/kg) in C57BL/6J mice
as a tool to mitigate aoORIM/RAP and to investigate in future studies the effects of aoRIM/RAP in
the progression of murine oral cancer (MOC2-Luc2 model).

Lastly, we were interested on adding a higher order pre-clinical species into our studies to
complement and further support in future work the results obtained from rodent studies, and
moreover, to potentially fill some of the knowledge gaps in this area that cannot be answered by
only using mice. In Chapter 5, we provide the first body of evidence suggesting that the clinical
features of RIM in pet dogs (i.e., progression, severity, and secondary side effects) as a result of
HNC irradiation share similarities with its human counterpart. While there are many limitations
that could potentially invalidate our results (e.g., sample size, RT modality, poor knowledge about
the patient’s medical history), the findings of this study represent an important first step to begin
validating pet dogs as valuable translational animal models for the study of RIM and RIM-related

therapeutic interventions in the context of HNC. Another important finding of this study relates to
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the progression and severity of aoRAP (as indicated by the available clinical metrical instruments
used in this work). According to the “Pain Severity Scale” from the Canine Brief Pain Inventory
and the newly developed “Oral Pain Scale” (both designed by Dr. Dorothy Brown), the progression
and severity of aoRAP, as in humans, echoes the progression and severity of RIM in this species.
While we cannot confirm this statement since several issues need to be addressed to confirm the
reliability and validity of these tools in this specific context, these findings provide enough
rationale for supporting the conduct of future investigation regarding aoRIM/RAP in dogs, and
hopefully, contributing to increase the probability of the successful development of new and safe
analgesic therapeutics in both veterinary and human HNC. Next steps towards validation involves
the use more appropriate RT modalities (such as intensity modulated RT) to match the progression
and severity of RIM that pet dogs experience when more modern techniques are being applied, to
increase our understanding about each patient’s clinical history to potentially detect risk factors of
RIM and aoRAP in this species, to add relevant comparative control animals since intracranially
irradiated dogs might not represent the best control group, and to increase the number of recruited
animal to robust our results. Moreover, and since we are currently in an era where modern
assessment techniques, such as automated pain assessment via machine learning, are available in
the pain research field (Feighelstein et al., 2022; Feighelstein, 2021; Susam et al., 2018; Susam et
al., 2021), we could substantially improve aoRAP screening in this canine model by the use of
these complementary tools.

Taking all results together, we can conclude that our murine model of RIM and pain
assessment tools provided in this work compelling evidence for a potential effect of aoRIM/RAP
on cancer progression, and laid a foundation for future work to better understand the mechanisms

underlying its tumor promoting effects. Moreover, we significantly contributed to the field of
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translation pain research by initiating explorations in pet dogs aimed to validate the use of this
preclinical model to understand the affective and neurobiological components associated with

aoRIM/RAP, and its influence on cancer treatment failure in clinical settings.
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Appendix 5.1: Veterinary Radiation Therapy Oncology Group (VRTOG) acute morbidity scoring

scheme.
Study D | | Oral Mucositis Study ate | |
L A—
(T TT T Acute Radiation Morbidity Initials |:
Scoring Scheme
M Radiation Therapy I Post Radiation Therapy
Treatment#____ of
Day#______ Postend of
Scheduled Delivered Radiation Therapy Treatment

Instructions: Fill in the oval below the description which best describes the condition of the patient's oral
cavity/mucous membranes at this time.

Patchy mucositis Confluent fibrinous mucositis
No change over baseline Injection without mucositis with patient necessitating analgesia;
seemingly pain free ulceration, hemorrhage, necrosis
o O O O

Signs consistent with nasal mucositis, (sneezing, nasal discharge)

Oo O1 02 O3 O4 Os Os O7 Osg O9 O 0

None Severe

Signs consistent with radiation dermatitis (crusting, redness, alopecia)

Oo O1 02 O3 O4 Os Os¢ O7 Osg O9 O 10

None Severe
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Appendix 5.2: The Canine Brief Pain Inventory (CBPI).

Description of pain:
Rate your dog's pain:
1. Fill in the oval next to the one number that best describes the pain at its worst in the last 7days.

Oo O 02 O3 O4 Os O¢ O7 Osg O
No pamn

2. Fill in the oval next to the one number that best describes the pain at its least in the last 7 days

Qo O 02 O3 O4 Os O¢ O7 Osg O
No pain

O 10

O 10

3. Fill in the oval next to the one number that best describes the pain at its average in the last 7 days.

0o (o) 02 O3 O4 Os O¢ O7 Osg O
No pain

4. Fill in the oval next to the one number that best describes the pain as it is right now.

Oo o1 02 O3 O4 Os O¢ O7 Og O
No pain
Description of function:

O 10

O 10

Fill in the oval next to the one number that best describes how dunng the last 7 days pain has interfered with

your dog's:
5. General Activity

Oo O1 02 O3 O4 Os O¢ O7 Og O
Does not interfere
6. Enjoyment of Life

Oo O (o) O3 (oY Os O¢ O7 Og O
Does not interfere

7. Ability to Rise to Standing From Lying Down

(o])) (o] (0] O3 O4 Os O¢ O7 Og O
Does not interfere

8. Ability to Walk

Oo O1 02 O3 O4 Os Os¢ O7 Og O
Does not interfere
9. Ability to Run

Oo O1 02 O3 O4 Os O¢ O7 Og O
Does not wterfere

10. Ability to Climb Stairs, Curbs, Doorsteps, etc.

Oo O 02 O3 O4 Os O¢ O7 Og O
Does not interfere

Overall impression:

O 10
Completely wterferes

O 10
Completely interferes

O 10
Completely interferes

O 10
Completely interferes

O 10
Completely interferes

O 10
Completely interferes

11. Fill in the oval next to the one number that best describes your dog's overall quality of life over the

last 7 days.

O Poor O Fair O Good O Very Good O Excellent
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Appendix 5.3: The Oral Pain Scale (OPS).

Fillin the oval next to the one number that best describes how during the past 7 days pain has interfered with your

dog's:

1. Ability to eat its normal diet
Qo 01 O2 O3 O4 Os
Does not
interfere
2. Ability to drink liquids
G O) O2 O3 O4 Os
Does not
interfere
3. Ability to vocalize (bark, whine, growl) normally
Oo 01 02 O3 O4 Os

Does not
interfere

4. Ability to swallow saliva (which leads to excessive drooling)

Oo 0O O2 O3 O4 Os
Does not
interfere
S. Willingness to be pet or stroked on the head

O O O2 O3 O4 Os
Does not
interfere
6. Willingness to move the head and neck

Oo O O2 O3 O4 Os
Does not
interfere
7. Willingness to play with toys (tug, chew on balls, fetch)

Qo 01 O2 O3 O4 Os

Does not
interfere

O¢

O6

O¢

O6

O¢

O¢

10

Completely
interferes

10

Completely
interferes

10

Completely
interferes

10

Completely
interferes

10

Completely
interferes

10

Completely
interferes

10

Completely
interferes
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Appendix 5.4: Body Condition Score (BCS).

Body Condition Scoring

Instructions: Fill in the oval next to the one number that best describes the patient's body condition today.

O

@)
IS

Ribs, lumbar vertebrae, pelvic bones and other bony prominences evident from a distance. No discernable body fat.
Obvious loss of muscle mass.

Ribs, lumbar vertebrae and pelvic bones easily visible. No palpable fat. Some evidence of other bony prominence.
Minimal loss of muscle mass.

Ribs easily palpated and may be visible with no palpable fat. Tops of lumbar vertebrae visible. Pelvic bones becoming
prominent. Obvious waist and abdominal tuck.

Ribs easily palpable, with minimal fat covering. Waist easily noted, viewed from above. Abdominal tuck evident.

Ribs palpable without excess fat covering. Waist observed behind ribs when viewed from above. Abdomen tucked up
when viewed from side.

Ribs palpable with slight excess fat covering. Waist is discernable viewed from above but is not prominent. Abdominal
tuck apparent.

Ribs palpable with difficulty; heavy fat cover. Noticeable fat deposits over lumbar area and base of tail. Waist absent or
barely visible. Abdominal tuck may be present.

Ribs not palpable under very heavy fat cover, or palpable only with significant pressure. Heavy fat deposits over lumbar
area and base of tail. Waist absent. No abdominal tuck. Obvious abdominal distention may be present.

Massive fat deposits over thorax, spine and base of tail. Waist and abdominal tuck absent. Fat deposits on neck and
limbs. Obvious abdominal distention.
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Appendix 5.5: Appetite, diet acceptance and current diet form.

Appetite Assessment

Instructions: Fill in the oval next to the ONE number that describes your dog's appetite over the past 7 days.

O o o 7 O O 3 O 4 O s O 6 O 7 O g O 9 O 10

No Excellent
Appetite Appetite

Acceptance of Regular Diet

Instructions: Fill in the oval next to the ONE number that describes how acceptable your dog's regular
food has been to him over the past 7 days.

O o (@I} O 2 O 3 O 4 (@3] O 6 O 7 O 3 O 9 O 10

Completely Very
Unacceptable Acceptable

What diet is your dog currently eating?

Is this hard or soft food?
o Hard & Soft ~ Mixed Text Field
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