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Thesis explanation

The format of my thesis is as follows: two literature reviews, three research chapters, a
general discussion, references and appendices. During my candidature, | made a
significant effort to publish my research findings. Each chapter is presented in its
original publication format, with the exception of spelling changes to keep consistent
English spelling, and the references which are listed in the final chapter. This may

result in slight repetition between chapters arising from the same study.

My thesis has two distinct themes relating to the pathobiology of gastrointestinal
toxicity second to targeted cancer treatment. The first theme aims to characterise
gastrointestinal toxicity induced by dacomitinib, a pan-human epidermal receptor
(HER) tyrosine kinase inhibitor (TKI) associated with high levels of diarrhoea. This
theme gives rise to the first four chapters. Chapter 1 was an invited review introducing
dacomitinib, highlighting the increasing incidence of gastrointestinal toxicity seen with
second generation small molecule HER-TKIs and incorporating basic information
required for understanding of subsequent chapters. Chapter 2 is a detailed literature
review proposing chloride secretion as a mechanistic hypothesis for development of
HER TKI-induced diarrhoea. Chapter 3 is my first original research chapter, which
characterised dacomitinib-induced gastrointestinal toxicity in a novel rat model.
Chapter 4, my second original research chapter, advances on this characterisation, and
introduces crofelemer, a chloride channel blocker as a therapeutic intervention for the
prevention of dacomitinib-induced diarrhoea. During my candidature, | had the
opportunity to work with Assistant Professor Tom Carney from the Institute of

Molecular and Cell Biology (IMCB), Biopolis, Singapore. This collaboration
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comprises Chapter 5, the second theme of this thesis. This chapter attempted to
address the need for an innovative model for the study of gastrointestinal toxicity,
investigating transgenic zebrafish reporter lines as a novel model for the study of

chemotherapy and targeted therapy-induced gastrointestinal toxicity.

Parts of this thesis were funded by Pfizer Pharmaceuticals under an unrestricted
investigator-initiated grant (Reference #W1175212). The report | generated for this grant,
which partly formed the basis of the publications presented in Chapters 3 and 4, is

included as an appendix in this thesis.
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Hypothesis and Aims

The overarching themes of my thesis are based on the characterisation of pan-HER TKI-
induced gastrointestinal toxicity. The initial hypothesis presented in this thesis addressed
chloride secretion as the proposed mechanism for pan-HER TKI-induced diarrhoea. This
thesis extensively investigated the literature to formulate this hypothesis, which is

presented in Chapter 2. This hypothesis drove my first three aims:

1. To characterise second generation pan-HER TKI-induced gastrointestinal toxicity

using dacomitinib in in vitro and rodent models (Chapter 3).

2. Utilising crofelemer (an antisecretory, antidiarrhoeal), investigate the hypothesis
of chloride secretion as a mechanism of HER TKI-induced diarrhoea utilising the

previously developed in vitro and rodent models (Chapter 4)

3. To determine if crofelemer is an effective prophylactic for dacomitinib-induced

diarrhoea using an established rodent model (Chapter 4).

An important feature arising from these chapters was the lack of translatability from in
vitro to whole organism in vivo models. | utilised in vitro models as proof of concept, but
when translated to rodent models, effects were not seen. This highlighted the need for a
bridge between in vitro and in vivo models that allows for high throughput, time, and
cost-efficient screening. The secondary theme of this thesis was therefore to try and

address this need, resulting in my fourth aim:
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4. Investigate zebrafish as a novel model to study gastrointestinal toxicity to bridge

the gap between in vitro and in vivo models (Chapter 5).
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Nomenclature

This thesis contains variations in terminology relating to gastrointestinal toxicity
second to cancer treatment. This is in part reflected by the lack of an accurate
definition of the pathophysiology in the field. There are also variances in terminology
of receptors that are key to this thesis. Inconsistencies within this thesis are due to
requests made by reviewers during peer-review of each publication. | did not change
this terminology from what was used in the original publications to avoid altering their
content.

Please review the following nomenclature.

Gut and gastrointestinal tract: the small and large intestine

HER (Human Epidermal Receptor), ErbB, and EGFR (Epidermal Growth Factor
Receptor): Interchangeable terms pertaining to the same class of proteins, HER is
refined to humans, ErbB pertains to all species, EGFR refers to the HER1/ErbB1

receptor.

Mucositis or gastrointestinal toxicity: Mucositis is a term referring to ulceration and
inflammation of the alimentary tract (any region from mouth to anus) that is
characterised by a 5-phase model, typically induced from traditional chemotherapy.
Gastrointestinal toxicity refers to side effects of gastrointestinal origin induced by any

drug, and not specifically defined by the 5-phase model.
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Chapter 1 Gastrointestinal toxicities of first and second
generation small molecule human epidermal growth factor
receptor tyrosine kinase inhibitors in advanced non-small cell

lung cancer

This chapter was an invited editorial published in the special issue, Gastrointestinal
Symptoms, in Current Opinion in Supportive and Palliative Care (Van Sebille, Y.Z.,
Gibson, R. J., Wardill, H.R., Bowen, J.M. 2016. Gastrointestinal toxicities of first and
second-generation small molecule human epidermal growth factor receptor tyrosine
kinase inhibitors in advanced non-small lung cancer. Current Opinion in Supportive and

Palliative Care, 10, 152-156.)

Abstract

Tyrosine kinase inhibitors (TKIs) against human epidermal growth factor receptors
(HER) are the standard of care treatment in non-small cell lung cancer (NSCLC).
Gefitinib is a first generation HER1 TKI used first line HER1 mutation-positive NSLC.
Initially, oncology end points were promising, however acquired resistance and
mutations have occurred, triggering the development of second-generation pan-HER
TKIs, such as dacomitinib.

However, with the development of novel targeted therapies has come worsened side
effects, in particular diarrhoea. Despite this toxicity being the most common side effect

of pan-HER TKiIs, it is poorly understood. This editorial discusses this gastrointestinal



toxicity, comparing first generation to second generation HER TKIs for the treatment of

NSCLC, using gefitinib and dacomitinib respectively.

Introduction

Lung cancer remains the leading cause of cancer-related death worldwide, with non-
small cell lung cancer (NSCLC) representing 85% of all lung cancer diagnoses [1, 2].
Platinum-based chemotherapy is recommended as standard first-line treatment; however,
the objective response rate is modest and recurrence eventually occurs for most patients
[3]. The landscape of NSCLC therapeutics has changed over the past decade in response
to discovery that many tumours overexpress the human epidermal growth factor receptor
(HER) family. This has resulted in the introduction of small molecule HER tyrosine
kinase inhibitors (TKIs) for the treatment of NSCLC [4]. Many new HER TKIs have
since emerged, moving from single HER targets (primarily HER1), such as gefitinib and
erlotinib to pan-HER targets such as dacomitinib and afatinib. Additionally, these small
molecule therapeutics have moved from first to second generation agents; now resistant
to the acquired mutations of the first-generation class of drugs, such as the T790
mutation. It was originally anticipated with the advent of these targeted therapies that
patients would experience less toxicity than traditional cytotoxic therapies. While
undoubtedly these new agents have improved therapy significantly, they also have
downsides, namely, causing unexpected adverse event profiles. This editorial will focus
on the predominant HER TKI-related side effect, namely diarrhoea, addressing the
change in the gastrointestinal toxicity profiles seen from the single-HER targeted drugs
to the second-generation pan-HER targeted drugs using gefitinib and dacomitinib as

examples.



HER TKIs

TKIs were first described in 1988, and specifically inhibited the human epidermal
growth factor receptor 1 (HER1) [5]. The activity of the HER receptors is dictated by the
expression of their ligands, which can be classified into three groups: 1) those binding
specifically to HER1; 2) those exhibiting dual specificity binding to HER1 and HER4;
and 3) neuregulins sub classified upon their capacity to bind HER3 and HER4 or only
HER4 [6] [7]. Currently, no ligand has been identified to be specific for HER2, however
it is understood that this receptor forms heterodimers with the other HER receptors.
Upon ligand binding to the HER receptor, heterodimerisation or homodimerisation of
receptors occurs, leading to a cascade of signalling pathways [8]. Among the pathways
activated are ERK, and PI3K/Akt. Pathway activation leads to changes in protein
functions and activation of gene transcription [8-10]. Briefly, these complex signalling
pathways result in interactions with apoptotic signalling, cell proliferation,

differentiation, migration and survival, which can promote tumorigenesis [9, 11].

Diarrhoea

For oral agents administered daily, toxicities of any grade are extremely important as
they can determine compliance. Despite this, adverse events remain largely ignored, with
the emphasis placed on efficacy. Diarrhoea is a severe, dose-limiting, and the most
common adverse event of small molecule HER TKI treatment [12]. HER TKI-induced
diarrhoea can become evident as early as 2-3 days after initiation of treatment, and given
the daily and continuous manner of HER TKI treatment, can persist for substantial
periods of time, significantly impacting on patients’ quality of life, resulting in poor
compliance and therapy interruption [13]. The severity of diarrhoea is most commonly
graded using the National Cancer Institute’s Common Terminology Criteria for Adverse
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Events (Table 1). Grade 3 (severe) diarrhoea can result in fluid and electrolyte loss,
which then can lead to dehydration, electrolyte imbalances, and renal insufficiency.
Additionally, alterations in gastrointestinal transit and digestion can lead to nutritional
deficiencies that can negatively impact the quality of life of patients. Furthermore, given
that therapy with HER TKIs tends to continue for more than 10 months, grade 1-2
toxicities should be considered equally important, and appropriate management of

diarrhoea is essential.



Table 1. Diarrhoea grading scale

Grade 1 Grade 2

Grade 3

Grade 4 Grade 5

Increase of <4 Increase of 4-6

stools over stools over
baseline baseline;
iv fluids <24 h

Increase of >7
stools over
baseline;
incontinence; iv
fluids > 24 h;
hospitalisation
indicated;

limits activities

of daily living

Life threatening Death
consequences;

urgent;

intervention

indicated




Mechanisms

The underlying mechanism(s) of HER TKI-induced diarrhoea remain poorly understood.
Despite a similar clinical manifestation to traditional chemotherapy treatment-induced
diarrhoea, toxicities associated with targeted therapies are hypothesised to have different
pathogenic mechanisms [14]. Preclinical studies using targeted therapies have shown
diarrhoea is not correlative with intestinal mucosal damage [15], suggestive of
pathogenic mechanisms that differ to traditional cytotoxic cancer treatments. Gaining
significant momentum is the hypothesis that HER TKI-induced diarrhoea is a result of
excess chloride secretion based on the established role of HERs in regulating ion
conductance channels in the colon [16]. Currently, treatment for cancer-therapy induced
diarrhoea is limited; coupled with increasing cancer prevalence, it is clear that the need
for a fuller understanding of the mechanism(s), and subsequently therapeutic targets will
not abate. Ultimately, such an understanding should eventually point to safer, more

targeted and more effective therapies for cancer sufferers.

First Generation HER-TKI- Gefitinib

Gefitinib (Iressa; AstraZeneca, London, U.K., http://www. astrazeneca.com) was the first
oral HER TKI approved in the U.S. Gefitinib reversibly binds to the adenosine
triphosphate -binding pocket of the tyrosine kinase domain of HER1 subsequently
inhibiting kinase-dependent signal transduction [17-19]. Gefitinib, has demonstrated
benefit in terms of response rate and time to progression in adults with metastatic
NSCLC who have activating HER1 mutations [20-22]. However, results from multiple
clinical trials have demonstrated that between 25 — 55 % of patients receiving gefitinib

monotherapy develop diarrhoea (Table 2).



Table 2. Clinical trials of gefitinib

Study Experimental design Diarrhoea  Diarrhoea
(all grades) grade 3-4

Thatcher et al., 2005 [23] NSCLC Phase 111 (n = 1688) 27 % 3%

Sun et al., 2012 [24] NSCLC Phase 111 (n = 135) 26.5 % 0 %
Cufer et al., 2006 [25] NSCLC Phase 11 (n = 140) 26.5 % 2.9 %
Kim et al., 2008 [26] NSCLC Phase 111 (n = 1466) 35% 25%
Lee et al., 2010 [27] NSCLC Phase 111 (n =161) 259 % 1.2%
Mok et al., 2009 [28] NSCLC Phase Il (n=1217) 46.6 % 3.8%
Maemondo et al., 2010 [29] NSCLC Phase 111 (n = 161) 342 % 0.9%
Goss et al., 2009 [30] NSCLC Phase Il (n = 201) 51 % 3%
Moreére et al., 2010 [31] NSCLC Phase Il (n = 128) 28 % 5%
Mitsudomi et al., 2010 [32] NSCLC Phase Il (n=117) 54 % 1.1%
Zhang et al., 2012 [33] NSCLC Phase 111 (n = 298) 25 % 0%
Crind et al., 2008 [34] NSCLC Phase 11 (n = 196) 25.5 % 4.3 %




Second Generation HER TKI- Dacomitinib

Resistance to reversible HER1 TKIs such as gefitinib has increased, leading to the
development of novel target-based therapies such as dacomitinib for the treatment of
NSCLC harbouring exon 19 deletions or exon 21 (L858R) mutations [35-37].
Conventional HER TKIs such as gefitinib are reversible: they competitively bind to the
HER1 tyrosine kinase domain [38]. However, the simultaneous activation of different
HER family members through dynamic hetero- and homo- dimerisation can compromise
the therapeutic efficacy by inhibition of a single receptor [39]. Dacomitinib (PF-
00299804, Pfizer) was developed to irreversibly (covalently) bind to the ATP domain of
each of the three kinase-active members of the HER family (HER1, HER2 and HER4)
effectively inactivating them [40]. Subsequently, signal transduction pathways
implicated in the proliferation and survival of cancer cells are blocked [41]. Dacomitinib
has shown significant therapeutic efficacy in NSCLC, specifically to tumours that have
not previously responded to conventional single receptor inhibitors, and also against
tumours with mutations developed for acquired resistance of targeted therapies [37-39].
Dacomitinib is currently in phase 111 clinical trials, and the most commonly reported
adverse event among all trials has been diarrhoea (Table 3), commonly resulting in dose

reductions and patient withdrawal from clinical trials [38, 39, 42-44].
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Table 3. Clinical trials of dacomitinib

Study

Experimental design

Diarrhoea

(all grades) grade 3-4

Diarrhoea

Janne et al., 2011 [45] NSCLC Phase | (n=121)  66.7 % 11 %
Reckamp et al., 2014 [44] NSCLC Phase Il (n = 66) 84.8 % 12.1%
Abdul Razak et al., 2013 [42] NSCLC Phase Il (n = 69) 84.1% 15.9 %
Ramalingam et al., 2012[46] NSCLC Phase Il (n = 94) 73.1% 11.8 %
Takahashi et al., 2012 [39] NSCLC Phase | (n = 13) 92 % 0%
Ruiz-Garcia et al., 2013 [47] NSCLC Phase | (n = 14) 14 % 0%
Ramalingam et al., 2014[48] NSCLC Phase 11l (n=878) 72 % 12 %
Janne et al., 2016 [49] NSCLC Phase | (n = 70) 74 % 16 %
Ellis et al., 2014 [50] NSCLC Phase 111 (n=720) 78 % 13 %
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Conclusion

Over the past decade, therapies for advanced NSCLC have significantly changed with
the development of small molecule TKIs moving from single- to pan- HER targets. The
median percentage of patients developing diarrhoea from gefitinib is 27.5 %, with a
median of 2.5 % developing grade 3 or higher diarrhoea; compared to a median of 74 %
of patients developing diarrhoea from dacomitinib, with a median of 12 % developing
grade 3 or higher. Using gefitinib and dacomitinib as examples, it is clear that second
generation, pan-HER TKIs induce diarrhoea in a higher proportion of patients, and to a
worse degree than first generation single-HER TKIs. The HER family of receptors are
mainly expressed on cells of epithelial origin, including those of the gastrointestinal
tract, and inhibitors of the HER pathway are therefore associated with gastrointestinal
side effects, with diarrhoea constituting the most frequent. Perhaps, the increased
incidence and worse diarrhoea seen with pan-HER TKIs vs single-HER TKIs suggests
that other members of the HER family, and not only HER1 are important in the
mechanism(s) of HER-TKI induced diarrhoea. Whilst understanding of the role of HER1
in growth and repair of the GIT is well understood, little is known of the role of other

HER receptors in GIT homeostasis.

Dacomitinib is a novel HER family blocker that has demonstrated anticancer activity in
Phase Il and I11 studies in NSCLC patients whose tumours harbor HER mutations.
Gefitinib is currently the standard of care for these patients as first-line treatment.
Following positive clinical trial data, dacomitinib may replace gefitinib as the first-line
choice of treatment for EGFR mutation-positive advanced NSCLC patients. Given the
aforementioned concerns associated with dacomitinib-induced diarrhoea, education on

the frequency of HER TKI-associated diarrhoea, as well as early diagnosis, timely
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management and reassessment and close patient follow-up, will help to prevent adverse
event aggravation, dose reductions or therapy discontinuation, thus encouraging patient
compliance and allowing patients to obtain the maximum therapeutic benefit from this

novel agent.
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Chapter 2 ErbB small molecule tyrosine kinase inhibitor
(TKI1) induced diarrhoea: chloride secretion as a mechanistic

hypothesis.

This chapter was published in Cancer Treatment Reviews (Van Sebille, Y.Z., Gibson, R.
J., Wardill, H.R., Bowen, J.M. 2015. ErbB small molecule tyrosine kinase inhibitor
(TKI) induced diarrhoea: Chloride secretion as a mechanistic hypothesis. Cancer

Treatment Reviews, 41, 646-652.)

Abstract

Diarrhoea is a common, debilitating and potentially life threatening toxicity of many
cancer therapies. While the mechanisms of diarrhoea induced by traditional
chemotherapy have been the focus of much research, the mechanism(s) of diarrhoea
induced by small molecule ErbB TKI, have received relatively little attention. Given the
increasing use of small molecule ErbB TKIs, identifying this mechanism is key to
optimal cancer care. This paper critically reviews the literature and forms a hypothesis
that diarrhoea induced by small molecule ErbB TKIs is driven by intestinal chloride
secretion based on the negative regulation of chloride secretion by ErbB receptors being

disrupted by tyrosine kinase inhibition.

Introduction

In clinical oncology practice, diarrhoea is a very common and severe side effect of
cancer treatments including radiotherapy, chemotherapy, and targeted therapies [51].
Diarrhoea occurs in between 50-100% of patients depending on their treatment regimen
[12, 52]. It is a debilitating and potentially life threatening toxicity as fluid and
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electrolyte loss associated with persistent and/or severe diarrhoea can result in electrolyte
imbalances, renal insufficiency, malnutrition, and extreme dehydration, all of which can
lead to cardiovascular compromise and death [53]. Furthermore, these often necessitate
dose reductions and treatment breaks, compromising clinical outcomes [54, 55]. The
need for prevention of cancer therapy-induced diarrhoea is critical. Identification of the
pathogenesis may lead to a more accurate management to help reduce severe

complications that may be irreversible [56, 57].

Cancer therapy-induced diarrhoea is also associated with considerable economic costs
with recent reports suggesting that additional costs of up to $25,000 (USD) per
chemotherapy cycle are incurred [58]. These costs are attributed to patients with cancer
therapy-induced diarrhoea having an increased risk of infection, increased hospital stays
and increased resource utilisation for supportive care measures [59, 60]. Consequently,
prevention, minimisation, and/or prediction of cancer therapy-induced diarrhoea may

significantly reduce health system costs over the total course of cancer treatment.

Small molecule ErbB receptor tyrosine kinase inhibitors (TKIs) are used for the
treatment of a variety of cancers that overexpress ErbB receptors. These cancers include,
but are not limited to breast, non-small cell lung cancer (NSCLC) and head and neck
cancers. Small molecule ErbB TKIs act by competitively binding to the intracellular
ATP domain of the tyrosine kinase, effectively inhibiting phosphorylation of the receptor
and therefore downstream signalling [61, 62]. To date, the mechanism(s) of action of
ErbB TKI-induced diarrhoea has yet to be elucidated. This is in contrast to diarrhoea
induced by traditional chemotherapy agents including fluropyrimidines, topotecans,

platinum analogues, folate inhibitors and taxanes [12]. Recent research has suggested
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that chemotherapy-induced diarrhoea is a result of severe intestinal damage caused by
mucositis. Mucositis is a multi-factorial process whereby acute damage to the intestinal
mucosa (including, increased apoptosis, villous atrophy, crypt hypoplasia and dilation,
loss of epithelium, excessive mucous secretion, necrosis and inflammation) causes an
imbalance between absorption and secretion, ultimately resulting in an anatomic
derangement diarrhoea phenotype [12, 63, 64]. Numerous preclinical and clinical
studies have documented the pathobiology of chemotherapy-induced diarrhoea and have
reported that it is largely based on indirect biological signalling, rather than direct tissue
damage [65-70]. The mechanisms of chemotherapy-induced diarrhoea are becoming
better characterised, this is not the case for TKI-induced diarrhoea; this critical review

will outline potential mechanisms of ErbB receptor TKI-induced diarrhoea.

ErbB receptors

Many tumours including but not limited to breast, NSCLC, and squamous cell cancers of
the head and neck, have been identified as overexpressing ErbB receptors. This has
meant that many targeted therapies have been developed to act on the ErbB family of
receptors [14]. The ErbB family (interchangeably known as HER/EGFR), is comprised
of four membrane receptor tyrosine kinases: ErbB1 (HER1 or EGFR), ErbB2 (HER2),
ErbB3 (HER3), and ErbB4 (HERA4) [39]. The activity of the ErbB receptors is dictated
by the expression of their ligands [6], which can be classified into three groups: Group 1)
those binding specifically to ErbB1; Group 2) ligands which exhibit dual specificity
binding to both ErbB1 and ErbB4; and Group 3) neuregulins, which can be further sub-
classified based upon their ability to bind only ErbB4 or both ErbB3 and ErbB4 (Table
1) [7]. To date, no ligand has been identified as being specific for ErbB2, although this

receptor does form heterodimers with the other ErbB receptors.
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Table 1: ErbB receptors and their ligands

Receptor Ligands

ErbB1 EGF, Areg, TGFa
ErbB1 and ErbB4 Btc, HBEGF and Ereg
ErbB3 and ErbB4 Nrgl and Nrg2
ErbB4 Nrg3 and Nrg4

EGF: Epidermal Growth Factor; Areg: Amphiregulin; TGF: transforming growth factor; Btc:
Betacellulin; HBEGF: Heparin-binding EGF-like growth factor; Ereg: Epiregulin; Nrg:

Neuregulins.
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When ligands bind to the extracellular domain of the ErbB receptors, receptor
dimerisation and phosphorylation of intracellular tyrosine kinase domains occur. This
leads to activation of a cascade of signalling pathways including the mitogen activated
protein kinases/ extracellular signal regulated kinases (MAPK/ERK), and
phosphatidylinositol-3'-kinase (P13K/Akt) pathways [8]. Once activated, these pathways
lead to changes in both protein functions and activation of gene transcription [8-10],
leading to interactions with apoptotic signalling, cell proliferation, differentiation,

migration and survival. These can all promote tumorigenesis [9, 11].

In addition to being expressed on cancer cells, ErbB receptors are also found on healthy
cells throughout the body. Of specific interest to this review are the receptors expressed
in the gastrointestinal tract. Specifically, they are abundantly expressed on the

basolateral membranes of healthy intestinal epithelial cells and are crucial for essential
normal functions and development in the gut [41, 71]. For example, ErbB receptors
activated on intestinal epithelial cells cause a cascade of complex signalling pathways
resulting in maintenance of mucosal integrity via induction of mucus and prostaglandin
synthesis, promotion of enterocyte migration, prevention of intestinal epithelial cell
apoptosis, decreasing bacterial translocation and preservation of gut barrier function after

injury [40, 72].

The first anti-cancer agents targeting ErbB receptors were developed in the 1980°s. This
led to the development of the first generation of two overarching subtypes of ErbB
receptor inhibitors: monoclonal antibodies, and small molecule tyrosine kinase inhibitors
[73-76]. Monoclonal antibodies are directed against the extracellular domain of ErbB

receptors, whereas small molecule TKIs act directly on cytoplasmic domains of ErbB
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TKI activity. The overexpression of ErbB receptors in many solid tumours is correlated
with advanced stages and often a worse prognosis of the cancer [77]. In many different
cancer cell types, the ErbB pathway becomes hyper-activated by a range of mechanisms,
including overproduction of ligands, overproduction of receptors, or constitutive
activation of receptors [71]. This hyper-activity and hence key role of the ErbB network
has made it an attractive target for therapies. After an initial response however, patients
being treated with first generation ErbB TKIs often develop secondary mutations such as
T790M, MET or HER2 amplifications, resulting in acquired resistance [78]. Ultimately,
this limits the effectiveness of these first-generation agents over time. Pan-ErbB TKIs
are now considered second-generation and are resistant to acquired mutations. As a
result, these TKIs are now commonly used. However, they are associated with clinical

toxicities which are important to recognise and manage.

ErbB TKIs and diarrhoea

Toxicities are common in patients receiving first generation ErbB TKIs, including, but
not limited to erlotinib, gefitinib, and lapatinib. In particular, up to 69% of patients
experience diarrhoea [61]. Large randomised trials have shown that erlotinib and
lapatinib induce diarrhoea in 40-60% of patients, with approximately 10% of these
presenting with grade 3-4 symptoms (National Cancer Institute Common Toxicity
Criteria) [79, 80]. One of the most frequent toxicities associated with second-generation
pan-ErbB TKIs is also diarrhoea. Recent clinical data suggests that all grades of
diarrhoea are more frequently seen with pan-ErbB TKIs than first generation ErbB TKIs
(e.g. dacomitinib vs. eroltinib). Up to 96% of patients receiving second generation pan-
ErbB TKI’s develop diarrhoea, and perhaps more importantly, the incidence of grade 3

(severe) diarrhoea is significantly higher [81]. Further exacerbating this diarrhoea is that
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many TKIs are given daily for months at a time, and side effects are therefore often
chronic, unlike the acute manifestations typically seen following traditional

chemotherapy regimens.

Do ErbB TKIs induce diarrhoea via a distinctly different mechanism

than chemotherapy-induced diarrhoea?

One common hypothesis for the mechanism of action of diarrhoea following TKI
treatment is thought to be due to inhibition of ErbB signalling within intestinal epithelia,
leading to direct mucosal atrophy and damage [82-84]. Research suggested that this
diarrhoea was associated with reduced growth, characterised by reduced growth and
healing of the intestinal epithelium leading to mucosal atrophy due to the stimulatory
effect of ErbB pathway on enterocyte proliferation [85], nutrient and electrolyte transport
[86], brush border enzyme expression [87] and epithelial restitution being impeded [88].
Increased frequency of diarrhoea in patients using oral compounds (e.g. small molecule
TKI’s) compared to monoclonal antibodies supports this theory. This direct mucosal
damage hypothesis mimics chemotherapy-induced diarrhoea, bought about by the

manifestation of mucositis (Figure 1).
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Figure 1: (A) In a normal villus fluid transport is tightly controlled and there is a net absorption of fluid. (B) In chemotherapy induced gut
toxicity, the villus is blunted and there is less area for absorption of fluid. The manifestation of chemotherapy-induced diarrhoea is largely driven
by small intestinal changes. (C) Small molecule ErbB TKI induced diarrhoea is likely due to secretory mechanisms within the colon. The tight

control of chloride secretion is lost, resulting in an accumulation of fluid in the lumen.
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A more recent hypothesis suggests that despite a similar clinical manifestation as is seen
in traditional chemotherapy induced diarrhoea, ErbB TKI-induced diarrhoea is due to a
distinctly different pathological mechanism [14, 89]. This followed the recent
development of a preclinical model to study the gastrointestinal toxicity associated with
ErbB inhibitors [15]. Using lapatinib, an oral small molecule ErbB1 and ErbB2 TKI for
7-28 days, this large (n=128) study showed no significant pathology in the intestines of
rats, despite rats displaying a dose-dependent diarrhoea profile consistent with that
observed clinically [15]. No significant changes were noted in intestinal weights and no
significant histopathology was noted in the jejunum or colon, indicating that no
significant pathology in the intestines occurred as a result of lapatinib treatment [15]. In
fact, it was found that jejunum crypts were significantly longer, and contained increased
mitotic cells in rats treated with lapatinib [90]. This is in stark contrast to what is noted in
mucositis models of rats treated with chemotherapeutic agents such as irinotecan causing
severe intestinal damage and atrophy [63, 91]. This is therefore highly suggestive that
the mechanism of ErbB TKI-induced diarrhoea is profoundly different from
chemotherapy-induced diarrhoea. Further investigation found that serum biochemistry
levels of chloride were decreased in rats treated with high dose lapatinib, correlating with
diarrhoea incidence, suggesting that chloride loss via the intestinal lumen may be
involved in the manifestation of small molecule ErbB TKI induced diarrhoea [90].
However, this was inconclusive. Furthermore, studies using another kinase inhibitor,
flavopiridol, showed no intestinal damage, despite clinical manifestation of diarrhoea
[92, 93]. Additional investigation showed treatment with flavopiridol directly stimulated
chloride secretion across monolayers of human colonocytes in modified Ussing

chambers [94].
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Paradoxically, a study by Hoda et al. (2010), showed in a chemotherapy model of gut
toxicity, that chloride secretion was increased in rats treated with methotrexate [95].
While the severity and incidence of diarrhoea was not reported, it was suggested by the
authors that increased chloride secretion may be part of the mechanism responsible for
chemotherapy induced diarrhoea. However, given the limited evidence of this in the

wider literature, it requires further investigation.

Other research has also established that ErbB receptors have a limited role in the
development of mucositis induced diarrhoea [96]. Transgenic mice that overexpress EGF
(a ligand for ErbB1) in the small intestine, showed no improvements in weight recovery,
mucosal architecture, apoptosis or proliferation compared to controls following
fluorouracil, a chemotherapeutic known to induce mucositis [96]. This was also the case
in mice treated with exogenous EGF following fluorouracil. These findings are highly
suggestive that the ErbB family of receptors does not play a significant role in the
development of mucositis associated diarrhoea. Given that ErbB TKIs target these
receptors, it is likely that their physiological function is critically involved in the
development of the associated diarrhoea. This supports the indication that ErbB TKIs
induce diarrhoea via a distinct mechanism to chemotherapy-induced diarrhoea. Together,
this suggests that the pathogenic mechanisms of ErbB TKI-induced diarrhoea are not
necessarily the same as for other cancer treatments, and there remains a vast gap in the

knowledge regarding the biological mechanisms responsible.

Chloride secretion and diarrhoea

Chloride secretion occurs throughout the length of the gastrointestinal tract and is critical

for normal physiological functioning of the gut [97]. The chloride secretory mechanism
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has several transmembrane transport pathways. In the colon, chloride is taken into the
cell via the basolateral membrane through the sodium potassium chloride co-transporter
in an electro-neutral manner. This process is driven largely by the sodium potassium
ATPase pump [97]. Potassium channels are also located on the basolateral membranes,
and allow for potassium recycling and prevention of cellular depolarisation. This
preserves the electrical driving force for chloride secretion from the apical membrane of
the cell. Chloride then accumulates in the lumen via the cAMP dependent cystic fibrosis
transmembrane conductance regulator (CFTR) chloride channels, and the calcium
activated chloride channels (CaCC). The presence of chloride in the lumen provides the
electrochemical driving force for paracellular movement of sodium. The resulting
accumulation of sodium chloride in the lumen provides the osmotic gradient for water to
flow to the lumen [97]. The normal chloride secretory process is outlined in Figure 2.
The secretion of chloride ions is important in controlling fluid flow across various

epithelial surfaces, including the intestine, helping to keep it moist.

There are two key mechanisms whereby chloride secretion is initiated. (1) a CAMP-
dependent pathway; which elicits a delayed and prolonged response and (2) a calcium
ion-dependent pathway; which elicits a rapid and transient response [98]. The transient
nature of the calcium ion-dependent response, even in the face of sustained increases in
intracellular calcium suggests calcium dependent agonists generate an inhibitory signal.
This inhibitory signal then serves to limit the extent of the chloride secretory response
[99]. Under normal homeostasis, this process is tightly regulated. However, any
homeostatic breakdown can lead to various complications, such as diarrhoea where

secretion is exaggerated [100].
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Figure 2: Chloride secretory mechanism in normal intestinal epithelium. cAMP, cyclic adenosine monophosphate; CFTR, cystic fibrosis

transmembrane conductance regulator; CaCC, calcium activated chloride channel; ATP, adenosine triphosphate
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ErbB receptors are abundantly expressed on the basolateral membrane of intestinal
epithelial cells and are critical regulators of intestinal ion transport via multiple
downstream pathways [10]. The intricate pathways that result from binding and
dimerisation lead to negative regulation of both chloride secretion and sodium absorption
[10]. ErbB receptors have been shown to exert both an inhibitory effect on chloride
secretion (Figure 3) [8]. Binding of EGF to ErbB1 leads to homodimerisation and
heterodimerisation with ErbB2 exerting an inhibitory effect on chloride secretion
signalling via PI3K/Akt and PKC pathways; these distinct pathways inhibit the

basolateral potassium channels (Figure 3) [101, 102].

Based on the negative regulatory roles ErbB receptors play in chloride secretion, it is
reasonable to suggest that when receptors are inhibited from phosphorylating (as is the
case with TKIs), they are no longer able to negatively regulate chloride secretion. This
results in excessive movement of chloride into the lumen, providing the driving force for
paracellular movement of sodium and subsequently water leading to a secretory
diarrhoea phenotype. This hypothesis is supported by research with genistein, an
isoflaovone that acts as an ErbB1 TKI, which has shown to reverse the inhibitory effect
of EGF on chloride secretion [100, 103]. In contrast however, some TKIs including
erbstatin analogue, tryphostin A23, tryrphostin A51 and herbimycin A are not associated
with an increase in epithelial chloride secretion [104]. This is contradictory to the
increased chloride secretion seen following tyrosine kinase inhibition with other agents
[104]. This may be explained due to the differing mechanisms of action of each drug,

and strongly suggests that different TKIs may need to be considered independently.
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Figure 3: Negative regulation of chloride secretion by ErbB receptors
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TKI1 and chemotherapy concomitant therapy

Concomitant chemotherapy and TKIs has increased due to a greater therapeutic
effectiveness [62]. However, this has meant toxicities increase. A meta-analysis
including 3918 patients from six trials of erlotinib, gefitinib, and vandetanib found that
the addition of an ErbB1 inhibitor to a variety of different chemotherapeutics
significantly increased the severity of diarrhoea [105]. Furthermore, concomitant
lapatinib with capecitabine increased diarrhoea from 30% (when capecitabine is given
alone) to 65% in combination. Likewise, the addition of lapatinib with paclitaxel
increased diarrhoea incidence from 28% to 48% [106]. These combination therapies not
only result in more severe diarrhoea, but also complicate identifying and treating the
causes and underlying mechanisms, which are likely to be multifactorial. Understanding
the mechanisms is important as attributing all mucosal toxicity on the concomitant
chemotherapy, without considering the TKIs may lead to the wrong intervention [107].
Diarrhoea is not always the same and a distinction needs to be made between secretory
and anatomic derangement diarrhoea in these cases. Diarrhoea seen in patients
undergoing concomitant TKI/chemotherapy treatment may be due to either the direct
mechanisms caused by the agents themselves, or amplification of injury mechanisms in
combination [89]. There are known shared metabolic and drug efflux pathways of
various TKIls and chemotherapeutic agents, which may explain the more severe
diarrhoea associated with concomitant therapy. For example, concomitant treatment can
down-regulate CYP3A4 and UGT1A1, increasing exposure to both TKI and
chemotherapeutic agents sharing common metabolic pathways which may increase
toxicity [108, 109]. Additionally, both TKIs and chemotherapeutics are substrates for

drug efflux transporters of the ATP binding cassette family. This means that they may
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impede drug clearance of the other drug, subsequently drug accumulation can result with

potentially increased toxicity [110].

While the use of concomitant treatment no doubt contributes to the toxicity profile,
patients prescribed ErbB TKI monotherapy also demonstrate systemic treatment
complications. Given the drugs different mechanisms of action, this supports a
hypothesis suggesting that ErbB TKIs trigger deregulation of chloride channels, driving
water into the lumen, resulting in a secretory diarrhoea phenotype, as opposed to the
mucositis driven anatomical derangement diarrhoea phenotype typically seen in
chemotherapy induced diarrhoea. Given the reduced quality of life associated with

diarrhoea is further exacerbated in concomitant treatment, further research is crucial.

Pharmacogenetic studies have shown a link between TKI-induced diarrhoea and allelic
variants of ABCG2, a polymorphic efflux transporter protein (also known as breast
cancer resistance gene BCRP), highly expressed in the intestines. A common functional
single-nucleotide polymorphism (SNP) in the ABCG2 gene was associated with
diarrhoea in patients treated with gefitinib, an ErbB1 small molecule TKI [111]. This
suggests that patients with reduced ABCG2 activity due to a common genetic variation
are at increased risk for substrate drug-induced diarrhoea, with implications for
optimising treatment with small molecule ErbB TKIs. However, further research is

required before meaningful conclusions can be made.

Current treatment approaches for TKI-induced diarrhoea

Currently, management of TKI-induced diarrhoea is very similar to management of

chemotherapy-induced diarrhoea and includes patient education and both non-
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pharmacologic and pharmacologic management strategies. This ignores the probability

of a differing mechanism of diarrhoea development.

Patient education includes advice on dietary changes for the management of ErbB TKI-
induced diarrhoea, based on dietary changes recommended for chemotherapy induced-
diarrhoea. These dietary modifications include incorporating bananas, rice, apple sauce
and toast (BRAT diet), as well as increasing water consumption and avoiding
foods/drinks that contain lactose/caffeine; however, these dietary changes are not
recommended in anticipation of diarrhoea development [61]. Patients should also avoid
foods that exacerbate symptoms, such as greasy, spicy and fried items; and foods that are
difficult to digest. Increasing fluid intake to 2 litres/ per day is recommended to avoid
dehydration; some fluids should contain sugar or salt to avoid hyponatremia and

hypokalaemia caused by electrolyte loss associated with diarrhoea [61].

Pharmacologic management of ErbB TKI-induced diarrhoea is largely limited to
loperamide, with the dose based on the grade of diarrhoea experienced by the patient
[61]. Loperamide, a synthetic oral opioid drug, works by a number of different
mechanisms of action that decrease peristalsis and fluid secretion, resulting in longer
gastrointestinal transit time and increased absorption of fluids and electrolytes from the
gastrointestinal tract [112]. Alternatives to loperamide are also available for managing
diarrhoea, however their use and effectiveness can differ by geographic location and the
diarrhoea severity. Some of these include diphenoxylate—atropine and codeine, either of
which can be used with loperamide [61]. Dose reductions are not recommended for
grade 1 diarrhoea. At grade 2, if the patient does not respond to loperamide after 48

hours, it is recommended the ErbB TKI is temporarily discontinued until the diarrhoea
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returns to grade 1, at which time the ErbB TKI is resumed, often at a lower dose [61]. It
is recommended that the ErbB TKI should be permanently discontinued if diarrhoea does
not reach grade 1 within 14 days despite best supportive care and withholding of the
ErbB TKI [61]. Patients presenting with grade 3-4 diarrhoea should be admitted to

hospital for the administration of intravenous fluids and electrolyte replacement.

Potential treatment approaches for TKI-induced diarrhoea

If the hypothesis of increased chloride secretion being responsible for TKI-induced
diarrhoea is correct, there may be more effective treatment strategies. If TKI-induced
diarrhoea is induced by increased chloride secretion, the two major apical channels for
chloride secretion in enterocytes, CFTR and CaCC, present as promising targets. Ideally,
these treatment approaches would have minimal systemic absorption, and act on the
external pore of the chloride channels, to limit systemic effects. While this is appealing
in terms of reducing systemic absorption, and therefore potential drug interactions and
toxicities, concerns have been raised in regards to the potential barrier of the inhibitor
reaching the deep intestinal crypts given the strong convective washout force observed
during secretory diarrhoeas [113]. CFTR inhibitors include CFTRinh-172, which binds
to the cytoplasmic side of the channel and stabilises the channel closed state [114], and
the glycine hydrazides, which target the extracellular CFTR surface in the channel pore
[113]. CaCC inhibitors are less common and include CaCCinr-A01, a red wine extract
that has been shown to prevent watery diarrhoea in a mouse model of rotavirus [115].
Recently, crofelemer, a natural product extract, was approved for the treatment of
diarrhoea induced by antiretroviral medication for HIV patients. Crofelemer is extracted
from the stem bark latex of the croton lechleri tree. It has been shown to dose-

dependently reduce intestinal fluid secretion in cell culture and mouse models [116,
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117]. It has been used for many years in Peru and Ecuador to treat diarrhoea, and has
been investigated for the treatment of traveller’s diarrhoea, infectious diarrhoea and
diarrhoea predominant irritable bowel syndrome [116, 117]. While the precise
mechanism of crofelemer is unclear, it is known that the antisecretory activity of
crofelemer is due to its dual inhibitory action on the two principle ClI- channels in the
apical membrane of intestinal epithelial cells, CFTR and CaCC [118]. As crofelemer
effectively inhibits both of the principle Cl- channels, it is an attractive agent to reduce
secretory diarrhoea. Clinical studies have demonstrated that crofelemer is a safe and

tolerable drug, with no adverse effects being reported [119-121].

Conclusion

With the increasing incidence of malignancy, coupled with the advent of more
aggressive treatment modalities, ErbB TKI induced diarrhoea remains a significant
clinical burden and a fuller understanding of the basic biological mechanisms is therefore
required. The pathogenesis of ErbB TKI induced diarrhoea remains unknown, and
understanding this is ultimately integral to developing interventions, leading to safer and
more optimised cancer treatment. The negative regulation of chloride secretion by ErbB
receptors being disrupted by tyrosine kinase inhibition provides a strong rationale for a
secretory diarrhoea phenotype hypothesis. Considering the increased utilisation and
therapeutic efficacy of ErbB TKIs, further research to gain the ability to prevent

diarrhoea is urgently warranted [122].
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Chapter 3 Dacomitinib-induced diarrhoea is associated with
altered gastrointestinal permeability and disruption in ileal

histology in rats

This chapter was published in The International Journal of Cancer (Van Sebille, Y.Z.,
Gibson, R. J., Wardill, H.R., Secombe, K.R., Ball, I.A., Keefe, D.M., Finnie, JW.,
Bowen, J.M. 2017. Dacomitinib-induced diarrhoea is associated with altered
gastrointestinal permeability and disruption in ileal histology in rats. International

Journal of Cancer, 140, 2820-2829.)

Abstract

Dacomitinib — an irreversible pan-ErbB tyrosine kinase inhibitor (TKI) — causes
diarrhoea in 75% of patients. Dacomitinib-induced diarrhoea has not previously been
investigated and the mechanisms remain poorly understood. The present study aimed to
develop an in-vitro and in-vivo model of dacomitinib-induced diarrhoea to investigate
underlying mechanisms. T84 cells were treated with 1-4 uM dacomitinib and resistance
and viability were measured using transepithelial electrical resistance (TEER) and XTT
assays. Rats were treated with 7.5 mg/kg dacomitinib daily via oral gavage for 7 or 21
days (n = 6/group). Weights, and diarrhoea incidence were recorded daily. Rats were
administered FITC-dextran 2 hours before cull, and serum levels of FITC-dextran were
measured and serum biochemistry analysis was conducted. Detailed histopathological
analysis was conducted throughout the gastrointestinal tract. Gastrointestinal expression
of ErbB1, ErbB2, and ErbB4 was analysed using RT-PCR. The ileum and the colon were
analysed using multiplex for expression of various cytokines. T84 cells treated with

dacomitinib showed no alteration in TEER or cell viability. Rats treated with

38



dacomitinib developed severe diarrhoea, and had significantly lower weight gain.
Further, dacomitinib treatment led to severe histopathological injury localised to the
ileum. This damage coincided with increased levels of MCP1 in the ileum, and
preferential expression of ErbB1 in this region compared to all other regions.

This study showed dacomitinib induces severe ileal damage accompanied by increased
MCP1 expression, and gastrointestinal permeability in rats. The histological changes
were most pronounced in the ileum, which was also the region with the highest relative

expression of ErbBL1.

Introduction

Dacomitinib (PF-00299804) is an orally administered, highly selective irreversible
small-molecule pan-ErbB receptor tyrosine kinase inhibitor (TKI) under development for
treatment of recurrent or metastatic non-small cell lung cancer (NSCLC) [42]. It acts by
covalently binding to the intracellular adenosine triphosphate domain of each of the three
kinase-active members of the ErbB family (ErbB1, ErbB2 and ErbB4). This effectively
inhibits phosphorylation of the receptors and therefore downstream signalling [40]. In
addition to being expressed on cancer cells, the ErbB family are also abundantly
expressed on the basolateral membrane of healthy gastrointestinal epithelial cells, and
are crucial for essential functions including maintenance of mucosal integrity via
induction of mucus and prostaglandin synthesis, promotion of enterocyte migration,
prevention of intestinal epithelial cell apoptosis, decreasing bacterial translocation and

preservation of gut barrier function after injury [41, 71, 72].

Dacomitinib is currently in phase 11 clinical trials for NSCLC and has shown significant

therapeutic effects, specifically to tumours which have not previously responded to
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conventional single receptor inhibitors [48]. Furthermore, dacomitinib has shown to be
effective against tumours with mutations developed for acquired resistance of targeted
therapies [123]. However a commonly reported adverse event among all trials has been
diarrhoea, with up to 78% of patients developing some degree of diarrhoea [124]. Severe
diarrhoea commonly results in dose reductions and patient withdrawal from clinical trials
[124]. Of particular clinical importance is dacomitinib is delivered in a continuous
manner over many months; therefore, to optimise dacomitinib therapy, adequate
management or prevention of chronic diarrhoea is essential to minimise the impact on
the patient’s quality of life, increase safety and the ability to complete the course of
therapy. Currently management for dacomitinib-induced diarrhoea follows that used in
conventional chemotherapy (daily loperamide), however the mechanisms underlying this
diarrhoea are likely different [16]. Recent phase Il research has investigated both
antibiotic and probiotic prophylactic treatment for dacomitinib-induced diarrhoea, with
no change in diarrhoea reported [125]. It is hypothesised that the development of
dacomitinib-induced diarrhoea differs from conventional chemotherapy-induced
diarrhoea and does not result due to direct cytotoxicity but rather occurs through
alternative mechanisms [16, 82]. As such, traditional diarrhoea management may be not
targeting the underlying changes for optimal management. Therefore, this study
assessed direct cytotoxicity in an in vitro model, and then aimed to develop an in vivo rat
model of dacomitinib-induced diarrhoea, characterising the changes that dacomitinib

causes through the gastrointestinal tract.
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Materials and Methods

Chemicals

Dacomitinib (PF-00299804) was kindly provided by Pfizer Pharmaceuticals. For all in
vivo experiments dacomitinib was suspended in 0.5% (w/w) hydroxypropyl-
methylcellulose to a final concentration of 2 mg/ml. For all in vitro experiments
dacomitinib was suspended in DMSO. SN38 and TX100 were used as positive controls

in vitro, both suspended in DMSO. Exposure of DMSO to cells did not exceed 0.01%.

In vitro Model

The model utilised T84 cells (passage 5-15) derived from a human colorectal carcinoma
(Culture Collections, Porton Down, UK). Cells were authenticated by Culture
Collections by DNA profiling and were used within 6 months of receipt. Cells were
maintained at 37°C in 5% C02/95% air in Dulbecco’s Modified Eagle Medium
(DMEM)/Ham’s F-12 Nutrient Mixture containing 15mM HEPES, L-glutamine and
10% foetal bovine serum (FBS) and were routinely screened for mycoplasma infection.
Cells were seeded at a density of 100,000 cells/cm? on 1.12 cm?, 0.4 um pore polyester
transwell inserts (Corning Life Sciences, MA, USA) or at 10,000 cells in 96 well
microtiter flat-bottom plates (Becton Dickinson, USA) for transepithelial electrical
resistance (TEER) measurements and cell proliferation (XTT) assays (Roche, Australia)
respectively. Dacomitinib was diluted to a series of concentrations (1 - 4 uM) and
exposed to cells via the apical side for 24 - 48 hours. An equivalent dilution of DMSO
was used as vehicle control treatment. SN-38 (5 uM), an inhibitor of topoisomerase 1,
was used as the positive control as it is recognised for its cytotoxicity [126]. Triton X-

100 was used as the positive control for TEER measurements as it is known to
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permeabilse T84 cells [127]. All experiments were performed in triplicate and repeated

twice.

Polyester transwell inserts support a polarised T84 phenotype with functional tight
junctions; TEER is a measure to assess the integrity of this monolayer [127]. Once cells
had reached 1000 ©/cm?, indicating monolayer formation, cells were exposed to varying
doses of dacomitinib for 24 or 48 hours. Transepithelial electrical resistance (TEER) was
measured using an EVOMZ2 epithelial volt-ohm-meter with chopstick electrodes, STX2
(World Precision Instruments, Sarasota, FL, USA) and area adjusted for analysis using
the following formula;

TEER monolayer (Q/cm?) = [raw TEER () — TEER blank (Q2)/area of membrane (1.12

cm?)].

XTT assays were conducted on cells exposed to 1 - 4 uM dacomitinib in total media for
24 hours. Following 24 hours exposure, media and dacomitinib were removed and
replaced with 100 ul fresh media and 50 pl of XTT solution; composed of 5 ml XTT
labelling reagent and 100 ul of electron coupling reagent (Roche cell proliferation Kkit,
Germany). The microtitre plate was incubated again for 6 hours at 37°C in 5% CO2/95%
air. Absorbance was read at 490 nm using Bio Tek Synergy™ Mx Microplate Reader
(Bio Tek, Vermont, USA) and Gen5 version 2.00.18 software to assess the cleavage of
tetrazolium salt XTT in the presence of an electron-coupling reagent, producing a

soluble formazan salt, only occurring in viable cells.
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In vivo Model and Ethics

The study was approved by the Animal Ethics Committee of The University of Adelaide,
and complied with the National Health and Medical Research Council (Australia) Code
of Practice for Animal Care in Research and Training (2014). Rats were group housed in
ventilated cages with three to six animals per cage and were on a 12 h light/dark cycle.

Food and water were provided ad libitum.

Experimental Design

All experiments were conducted on male Albino Wistar rats (initial age 6 weeks)
obtained from The University of Adelaide Laboratory Animal Service (SA, Australia).
Rats were treated with dacomitinib at a dose of 7.5 mg/kg administered daily for 7 or 21
days, via oral gavage using a soft plastic feeding tube. This treatment schedule mimics
the clinical oral administration over many weeks and allows assessment of acute damage
(7 days) and prolonged damage (21 days). Control animals received daily gavage with
dacomitinib vehicle (0.5% (w/w) hydroxypropyl-methylcellulose. Rats were randomly
assigned to treatment groups and culled at 7 and 21 days (n = 6/group). Rats were
anaesthetised using isoflurane inhalation, and were culled via cardiac exsanguination and

cervical dislocation.

Clinical Assessment of Gastrointestinal Toxicity

All rats were monitored two times daily for the presence of diarrhoea. Two independent
assessors quantified diarrhoea using a validated grading system where 0 = no diarrhoea,
1 = mild diarrhoea with soft stools and perianal staining, 2 = moderate diarrhoea with
loose stools and perianal staining of fur, 3 = severe diarrhoea with watery stools +/-

mucous and fur staining incorporating hind legs [15]. Rats were weighed daily to track
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weight loss/gain. Rats were culled if they displayed > 15 % weight loss or significant
distress and deterioration, in compliance with animal ethical requirements. One animal
was removed from the study due to > 15 % weight loss from the dacomitinib group. This

animal was not included in any further analysis.

Tissue Preparation

At necropsy, the entire gastrointestinal tract from pyloric sphincter to rectum was
dissected and flushed with saline to remove intestinal contents. Samples of jejunum,
ileum and colon were collected and either (1) fixed in 10 % formalin for embedding in
paraffin, (2) had the mucosal surface scraped and stored in RNA-later at -20 °C for
molecular analyses, or (3) had the mucosal surface scraped and snap frozen in liquid
nitrogen and stored in -80 °C for immunological analysis. Other organs were collected
as routine and fixed in formalin and embed in paraffin. All histopathological analysis
was conducted on 5 um sections tissue cut on a rotary microtome and mounted onto
glass Superfrost® microscope slides (Menzel-Glaser, Braunschweig, Germany). Slides
were scanned using a NanoZoomer™ (Hamamatsu Photonics, Japan) and assessed with

NanoZoomer Digital Pathology software view.2 (Histalim, Montpellier, France).

Blood Biochemistry

Blood samples were collected by cardiac puncture. Serum was separated by
centrifugation at 3,000 g for 5 min before being analysed by the Department of Clinical
Pathology, SA Pathology, Adelaide, South Australia. A multiple blood analysis (MBA-

20) was conducted.
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Gastrointestinal Histopathological Analysis

Haematoxylin and eosin (H&E) staining was performed and a well described total tissue
injury score was generated based on the occurrences of eight histological criteria in the
jejunum and ileum, and six criteria in the colon [128, 129]. These criteria were villous
fusion and villous atrophy (jejunum and ileum only), disruption of brush border and
surface enterocytes, crypt loss/architectural disruption, disruption of crypts cells,
infiltration of polymorphonuclear cells and lymphocytes, dilation of lymphatic’s and
capillaries, and oedema. Each parameter was scored as present = 1, or absent =0, in a

blinded fashion.

Goblet Cell Analysis

Alcian Blue (1 % Alcian Blue 8GX (Cl 74240) in 3 % glacial acetic)/ Periodic acid
Schiff staining was performed on jejunum, ileum and colon. Sections were oxidised in 1
% periodic acid before washing then treated in Schiff’s reagent. Goblet cells and
cavitated cells in crypts and villi that were deemed to be greater than 80% complete were
counted, and a total of at least 15 villi/crypts per section analysed. Data presented as

average per crypt or villous. All analysis was done in a blinded fashion.

Immunohistochemistry

Immunohistochemical analysis was performed for apoptosis (caspase 3; Abcam, Vic,
Australia; #ab4051), and proliferation (Ki67; Abcam, Vic, Australia #ab16667). Changes
in these parameters are validated markers for altered tissue kinetics in previous models
of cancer therapy induced-gastrointestinal toxicities [63, 69, 70, 90].
Immunohistochemical analysis was performed using Dako reagents on an automated

machine (AutostainerPlus™, Dako, Denmark) following standard protocols supplied by
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the manufacturer. Briefly, sections were deparaffinised in histolene and rehydrated
through graded ethanol before undergoing heat mediated antigen retrieval using an
EDTA/Tris buffer (0.37 g/L EDTA, 1.21 g/L Tris; pH 9.0). Retrieval buffer was
preheated to 65°C using the Dako PT LINK (pre-treatment module). Slides were
immersed in the buffer and the temperature raised to 97°C for 20 minutes. After
returning to 65°C, slides were removed and placed in the Dako AutostainerPlus and
stained following manufactures guidelines. Negative controls had the primary antibody
omitted. Caspase 3 and Ki67 were quantified by counting the number of positively
stained cells for 15 crypts. Data presented as average positively stained cells per crypt.

All analysis was done in a blinded fashion.

Real Time PCR

To assess the expression of ErbB1, ErbB2 and ErbB4 receptors along the gastrointestinal
tract, total RNA was isolated from duodenal, jejunal, ileal and colonic mucosal
scrapings. Purification of mMRNA was done using the Nucleospin mRNA purification
RNA 11 kit (Macherey-Nagel) following the manufacturer’s protocol. 1 ug of RNA was
reverse transcribed using iScriptTM cDNA synthesis kit (Bio-Rad) according to the
manufacturer’s protocol. cDNA was quantified and diluted to a working concentration of
100 ng/ul. Primers for genes of interest were either designed using web-based primer

design program Primer 3, version 4 (http://bioinfo.ut.ee/primer3-0.4.0/), or in the case of

ErbB4 purchased from BioRad (Gladesville, Australia). Genes of interest were ErbB1

(Forward: 5’-CCCACAGCAAGCCTTCTTCA,; Reverse: R: 5’-
CACGGCAGCTCCCATTTCTA), ErbB2 (Forward: 5°-
GCTCCTCCTTGAGTTGAGTGT; Reverse: 5’-TAGCCTTGGAATGAGTGCGT) and

ErbB4 (PrimePCR™ SYBR® Green Assay: ErbB4, rat). ErbB1 and ErbB2 were
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denatured at 95°C for 10 seconds, annealed at 52°C for 15 seconds, and extended at
72°C for 20 seconds (40-45 cycles). ErbB4 was following manufactures instructions.
Amplified transcripts were detected by SYBR Green (Quantitect, Qiagen) in a Rotor-
Gene Q (Qiagen). All reactions were completed in triplicate, with two housekeeping
normaliser primers, UBC (Forward: 5’-TCGTACCTTTCTCACCACAGTATCTAG;
Reverse: 5’-GAAAACTAAGACACCTCCCCATCA) and B2M (Forward: 5°-
TGACCGTGATCTTTCTGGTG; Reverse: 5’-ATCTGAGGTGGGTGGAACTG).
Amplification was followed by a melt curve analysis to confirm product specificity.

Relative gene expression was determined by delta Ct method [130].

Tissue Cytokine Quantification

Proinflammatory cytokine expression was assessed using 30 mg of ileal and colonic
mucosal scraping samples. Mucosa samples were homogenised at room temperature

using the QIAGEN TissueLyser LT (Qiagen) for 5 minutes at 50 Hz in 500 uL of the

Radioimmunoprecipitation Assay (RIPA) buffer (150 mmol/L NaCl, 1.0% IGEPAL CA-

630, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mmol/L Tris, pH 8.0; Sigma

Aldrich; #04693116001). Homogenates were centrifuged at 11,000 x g for 15 minutes at

4°C and the supernatant isolated, aliquoted, and stored at -80 °C. Total protein

concentration was quantified using the Pierce BCA Protein Assay Kit (ThermoFisher

Scientific; #23225). A working concentration of 1 mg/ml was used for cytokine analysis.

Levels of 7 different cytokines, including interleukin-1f3 (IL-1B), interleukin-6 (I1L-6),

interleukin-17 (IL-17), tumour necrosis factor alpha (TNFa), monocyte chemoattractant

protein-1 (MCP-1), interleukin-4 (IL-4) and interleukin-10 (1L-10), were measured in

individual ileal and colonic homogenates using Luminex xXMAP technology (Milliplex

Rat Cytokine Kit, Merck Millipore; #RECYTMAG-65K) as per the manufacturer’s
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instructions. Each 96 well plate included a 6-point standard curve and two quality

controls provided by Merck Millipore.

FITC-dextran Assay

Two hours prior to culling, rats received a 600 mg/kg dose (120 mg/ml) of 4 kDa
fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, NSW, Australia, Cat# FD4)
via oral gavage. Blood was collected via cardiac puncture at necropsy into serum-gel
clotting activator tubes and protected from light. Samples were centrifuged at 3,000 g for
5 minutes and serum isolated. Serum samples were diluted 1:3 with 1 X PBS and
quantified using the Bio Tek Synergy™ Mx Microplate Reader (Bio Tek, Vermont,

USA) and Genb5 version 2.00.18 software relative to a standard curve (range 0.0001-10

ug/ml).

Statistical Analysis

Data were compared using Prism version 7.0 (GraphPad® Software, San Diego USA). A
D’Agostino Pearson omnibus test was used to assess normality. When normality was
confirmed, a two-way analysis of variance (ANOVA) with appropriate post hoc testing
was performed to identify statistical significance between groups. In other cases, a
Kruskal-Wallis test with Dunn’s multiple comparisons test and Bonferroni correction

was performed. For diarrhoea data, a Chi? test was used.
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Results

Dacomitinib Does Not Cause Direct Cytotoxicity to T84 Epithelial Cells

T84 monolayers exhibited comparable TEER between controls and monolayers treated
with dacomitinib (1 - 4 uM), with no significant differences detected (p > 0.05). TEER
readings for cells treated with all doses of dacomitinib were significantly higher than
SN38, the positive control (p < 0.05) (Figure 1A). Cells treated with varying doses of
dacomitinib (1 - 4 uM) had no alterations in cell viability, as measured by XTT

absorbance, with no significant differences seen between controls (Figure 1B).

Compared to the positive control (SN38), cells treated with dacomitinib had significantly

increased viability (p < 0.05) (Figure 1B). Combined these results demonstrate that

dacomitinib does not cause direct cytotoxicity to T84 cells.
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Figure 1 A: Transepithelial electrical resistance (TEER) following dacomitinib exposure (1 — 4 uM) for 24 - 48 hours did not decrease (p >
0.05). Data presented as mean + SEM. Data analysed using two-way ANOVA. B: Absorbance of XTT assay did not decrease following 24 hours

of dacomitinib exposure (1 - 4 uM) compared to controls, but was significantly higher than SN-38 (p < 0.05). Data presented as mean + SEM.

Data analysed using one-way ANOVA.
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Dacomitinib Causes Reproducible, Severe Diarrhoea

Rats treated with vehicle control did not develop diarrhoea at any time point (data not
shown). Dacomitinib treatment induced diarrhoea in 100% of rats (Figure 2A),
comparable to the incidence seen in clinical trials [124]. Mild diarrhoea developed in a
small number of animals from as early as day 2 of treatment, with severe diarrhoea
manifesting as early as day 3. Diarrhoea incidence peaked from day 7 onward. The
average number of days with diarrhoea was 14 days. Rats treated with dacomitinib had

significantly worse diarrhoea than control rats (p < 0.0001).

Growth rates of dacomitinib treated rats were significantly lower than control rats from
day 10 (p < 0.0001) (Figure 2B). At day 21, the control group had gained 46.38 + 2.459
% body weight compared to day 1, and the dacomitinib group had gained 18.99 + 5.602

% body weight compared to day 1.
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Figure 2 A: Rats treated with vehicle control did not develop diarrhoea. 100% of rats treated with 7.5 mg/kg dacomitinib developed diarrhoea.
Diarrhoea data are expressed as a percentage of total animals (per day) with a particular grade of diarrhoea. B: Rats treated with 7.5 mg/kg
dacomitinib had significantly lower weight gain than controls from day 10 onward (p < 0.0001). Data displayed as a percentage of weight

change from baseline (day 1). A Kruskal-Wallis with post hoc testing was performed to identify statistical significance.
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Dacomitinib Alters Biochemistry and Histology

In rats treated with dacomitinib, serum biochemistry revealed mildly elevated alanine
aminotransferase (ALT) which, in the absence of histological changes in the liver,
suggested increased permeability of hepatocyte cell membranes with leakage of this
cytosolic enzyme into the blood (Supplementary Table 1). There was also a modest
increase in blood urea nitrogen (BUN) and creatinine, particularly at 21 days, indicating
mild renal dysfunction (Supplementary Table 1). A mild hypoalbuminemia was probably
attributable to a combination of malabsorption due to villous atrophy, protein-losing
enteropathy associated with severe diarrhoea, and renal proteinuria. All other MBA-20
analytes were within the normal range (Supplementary Table 1). Kidneys of all rats,
except one, treated with dacomitinib for 21 days showed acute papillary necrosis with
severe coagulation necrosis of medullary tubules and collecting duct epithelium, either
complete or with intraluminal, desquamated, necrotic epithelial cells and few, usually
degenerating, lining epithelial cells with marked interstitial congestion. One rat treated
with dacomitinib for 21 days showed mild hydronephrosis, with dilation of renal pelvis
and patchy distension of tubules and collecting ducts. Rats treated with dacomitinib for 7
days exhibited mild glomerulopathy with thickening of the glomerular basement

membranes.

Dacomitinib Causes Significant ileal Damage

Rats treated with dacomitinib had significant ileal injury compared to controls at both
time points (p < 0.0001). This was predominantly characterised by severe villus atrophy
with stunting and fusion of villi, which was also attended by enterocyte metaplasia to a
low columnar or cuboidal phenotype and mild compensatory expansion of the basal

proliferative compartment of crypts. In the congested lamina propria, there was an

53



increased inflammatory infiltrate comprised of lymphocytes, macrophages, plasma cells
and neutrophils, and dilation of lacteals (villous lymphatics) (Figure 3). There were no
significant differences in tissue injury at any time point in the jejunum and colon (data
not shown). Across both treatment groups no significant differences for both total
number of goblet cells or percentage cavitated goblet cells in the jejunum, ileum or colon

as assessed via AB-PAS staining were seen (data not shown).
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Control

Dacomitinib

Figure 3 Histological injury was significantly increased in the ileum in rats treated with
dacomitinib at both day 7 (p <0.0001) and day 21 (p <0.0001). Histological injury was

characterised by villus atrophy/blunting and fusion (indicated by black stars), enterocyte
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metaplasia to a low columnar or cuboidal epithelium (indicated by black arrows), and
increased inflammatory component in the lamina propria (indicated by black cross).
There was no significant change in histological injury in the jejunum or colon. Tissue

injury score presented as mean + SD.
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Dacomitinib Did Not Alter Gastrointestinal Apoptosis or Proliferation

To assess gastrointestinal epithelial apoptosis, the number of caspase-3 positively stained
crypt cells were counted and means calculated. Gastrointestinal apoptosis was not
changed following dacomitinib treatment in the crypts of the jejunum at day 7
(dacomitinib 0.11 + 0.053 vs control 0.04 + 0.02) or day 21 (dacomitinib 0.24 £ 0.05 vs
control 0.10 £+ 0.03). Gastrointestinal apoptosis was not changed following dacomitinib
treatment in the crypts of the ileum at day 7 (dacomitinib 0.03 + 0.02 vs control 0.03 +
0.01) or day 21 (dacomitinib 0.03 + 0.01 vs control 0.02 + 0.02). Gastrointestinal
apoptosis was not changed following dacomitinib treatment in the crypts of the colon at
day 7 (dacomitinib 1.27 + 0.37 vs control 1.20 + 0.27) or day 21 (dacomitinib 0.94 +
0.17 vs control 0.82 + 0.18). To assess proliferation within crypts, the number of Ki-67
positively stained cells were counted and means calculated. Gastrointestinal proliferation
was not changed following dacomitinib treatment in the crypts of the jejunum at day 7
(dacomitinib 21.72 + 0.53 vs control 21.07 + 0.07) or day 21 (dacomitinib 18.82 + 1.31
vs control 22.70 + 0.68). Gastrointestinal proliferation was not changed following
dacomitinib treatment in the crypts of the ileum at day 7 (dacomitinib 33.71 + 3.60 vs
control 38.81 + 2.63) or day 21 (dacomitinib 39.02 + 1.66 vs control 40.57+ 1.84).
Gastrointestinal proliferation was not changed following dacomitinib treatment in the
crypts of the colon at day 7 (dacomitinib 12.85 + 0.87 vs control 14.56 + 3.74) or day 21

(dacomitinib 11.91 + 2.30 vs control 16.22 + 1.88).

ErbB1 Receptor is Highly Expressed in the lleum

The mRNA expression of ErbB1 was significantly higher in the ileum compared to the

other regions of the gastrointestinal tract in untreated control rats (p = 0.0336) (Figure 4).
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The expression of ErbB2 and ErbB4 was unchanged throughout the gastrointestinal tract
(p > 0.05). Treatment with dacomitinib did not change the expression of the ErbB

receptors (p > 0.05) (data not shown).
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Figure 4 ErbB1 expression is significantly higher in the ileum compared to other areas of the gastrointestinal tract (p = 0.0336). Relative mMRNA

expression of ErbB receptors to UBC and B2M. Data presented as min-max. Data analysed using one-way ANOVA.
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Dacomitinib Treatment Increases Levels of monocyte chemoattractant protein-1

(MCP-1) in the ileum

There were significant increases in the expression of MCP-1 in the ileum of rats treated
with dacomitinib compared to controls (p = 0.001). No changes were seen in the colon.
Rats treated with dacomitinib showed no statistically significant change in IL-13, IL-6,
IL-17, TNFa, IL-4, and IL-10 expression in the ileum or colon when compared to

vehicle controls (Figure 5).
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Figure 5 Cytokine expression in the mucosa of the ileum and colon. MCP-1 was significantly increased in the ileum of rats treated with
dacomitinib (p = 0.001) compared to controls. Data presented as mean with SD (pg/mL). Multiple t-tests were performed to identify statistical

significance. MCP-1 expression was increased in the mucosa of the ileum in animals treated with dacomitinib compared to control (p = 0.001).
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Dacomitinib Caused Increased Gastrointestinal Permeability

Serum FITC-dextran levels were elevated in rats treated with dacomitinib compared to

vehicle controls, (p = 0.0018) (Figure 6).
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Figure 6 Serum FITC-dextran levels were significantly increased in rats treated with dacomitinib (p = 0.0018) indicating intestinal barrier

dysfunction. Data presented as mean with SD. Data analysed using one-way ANOVA.
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Discussion

Dacomitinib is an emerging small molecule TKI for the treatment of NSCLC, with
clinical trials showing diarrhoea as an adverse event in over 75% of patients [124]. The
mechanisms of ErbB TKI-induced diarrhoea are unclear with conflicting hypotheses
presented in the literature [16]. The present study found dacomitinib does not cause
direct cytotoxicity to T84 epithelial cells, supporting the study hypothesis, and previous
literature suggesting that ErbB TKI induced-diarrhoea is not due to direct cell death [14,
89]. However, this may be explained because of the colorectal origin of T84 cells, as in
rats dacomitinib causes diarrhoea that appears associated with histopathological
alterations in the ileum and intestinal barrier disruption. This is the first time
gastrointestinal morphometry and function have been characterised following
dacomitinib, demonstrating dacomitinib causes histopathological damage confined to the
ileum in rats. In murine models of ErbB TKI-induced gastrointestinal side effects, there
has previously been evidence of histological changes characterised by villous atrophy

[82-85, 87].

TKI’s have previously been associated with diarrhoea, and this has been largely
hypothesised to be of a secretory phenotype [16, 82]. In a previous rat model of
lapatinib-induced diarrhoea, blood biochemistry showed a significant decrease in serum
chloride. This decrease coincided with diarrhoea in rats treated with high-dose lapatinib,
suggesting a possible secretory diarrhoea phenotype [90]. However, in the current study
we saw no changes in serum chloride suggesting negligible secretory processes.
Although not the primary focus of the study, the findings from blood biochemistry
indicate rats treated with dacomitinib had significant changes in renal biochemistry, with

supplementary histological investigation supporting this. These findings are despite renal
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clearance of dacomitinib being only minimal [131]. As such, the renal pathology seen in
this model is likely to be a species-specific response to high dose dacomitinib. The
increased level of liver enzymes seen in the present study is consistent with elevations
noted clinically [131], and are unsurprising given that dacomitinib is largely metabolised

by the liver through oxidative and conjugative metabolism [131].

Traditional chemotherapeutic agents are known to cause severe gastrointestinal
cytotoxicity, resulting in histological damage manifesting as anatomic derangement
diarrhoea [63, 129]. However, throughout the literature there are conflicting findings
regarding the histopathological changes in the gastrointestinal tract associated with ErbB
TKI-induced diarrhoea [16]. For example, a recent study by Bowen et al, (2012) showed
lapatinib-induced diarrhoea was not associated with gastrointestinal histopathological
changes, typically associated with anatomic derangement diarrhoea [15]. Hare et al
(2007) showed treatment with gefitinib in a murine model was associated with villous
atrophy, confined to the duodenum only [132]. However, Rasmussen et al (2010)
suggested that inhibition of the ErbB receptors with erlotinib causes direct mucosal
atrophy and damage, which, similar to this study, was most pronounced in the ileum of
mice [83]. The present study showed largely negative results, with marginal changes
noted in the jejunum or colon. However, significant histopathological changes were
noted in the ileum, characterised by significant villus atrophy. Unlike traditional
chemotherapy-induced diarrhoea, villus shortening and blunting was localised to the
ileum, with terminally differentiated enterocytes being the most affected. There were
only mild compensatory changes in the deep crypt progenitor compartment and no

associated goblet cell hyperplasia or apoptosis. This supports the hypothesis suggesting
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an alternative mechanism may be responsible for the changes seen following dacomitinib

treatment.

While small intestinal damage has previously been attributed to greater exposure of the
unabsorbed drug to the mucosal surface compared to the colon [133], this is not a
plausible explanation in the current study, as the jejunum showed minimal
histopathological damage. The differential expression or ErbB receptors through regions
of the gastrointestinal tract has not been previously characterised. Data from the present
study indicates ErbB1 is preferentially expressed in the ileum compared to other regions
of the gastrointestinal tract. It is therefore possible that the high degree of histopathology
observed in the ileum may be linked to the high expression of ErbB1. Unlike first
generation ErbB TKIs that are susceptible to mutations that affect binding affinity,
second generation ErbB TKIs (such as dacomitinib) are irreversible and resistant to
mutations, they have therefore demonstrated a higher binding affinity [134]. This may
account for the more severe ileal damage seen in our model, and the associated

diarrhoea.

Elevated MCP-1 was evident in the ileum, suggesting an inflammatory response
characterised, in part, by monocyte infiltration, which may contribute to the ileal tissue
injury. This is of particular significance as inflammation has been associated with the
induction of a ‘leaky’ gut [135, 136]. Mucosal enterocyte barrier disruption has been
associated with a number of gastrointestinal pathologies characterised by diarrhoea
[137]. It has been suggested that altered intestinal permeability worsens clinical
outcomes, as it allows for translocation of endotoxin and bacteria [136]. Additionally, it

has been proposed that breakdown of the intestinal mucosal barrier contributes to
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diarrhoea through leak-flux mechanisms allowing passive movement of water into the
lumen [138]. Our findings partially support this with increased serum FITC-dextran seen
following dacomitinib treatment. The increased gastrointestinal permeability noted in
this study is most likely indicative of tight junction disruption, the main regulators of
paracellular permeability. Tight junctions join the apical margins of adjacent enterocytes
and, while permeable to small molecules and water, form a barrier to transepithelial
macromolecular movement; the basolateral aspect of enterocytes is the site of Na-K-
dependent ATPase that drives the sodium pump. Further studies are required to examine
the impact of dacomitinib on specific tight junction proteins. Although barrier
dysfunction is emerging as a key driver of chemotherapy induced diarrhoea, this is the
first study to implicate barrier dysfunction in the development of TKI induced diarrhoea,

and will form the basis of further investigation.

Conclusion

In summary, this study has shown that dacomitinib induces severe ileal damage and
gastrointestinal permeability in this model. The high expression of ErbBL1 in the ileum,
was also accompanied by the localised damage seen only in this region. This is the first
study to provide a detailed interrogation of the intestinal changes associated with
dacomitinib treatment and advances our understanding of diarrhoea processes induced by
not only this agent, but assists in further characterising the poorly understood

mechanisms of ErbB TKI- induced diarrhoea.

67



Supplementary Table

7 day 21 day

Control Dacomitinib ~ Control Dacomitinib
Sodium (mmol/L) 137.50 138.50 139.50 140.00
Potassium (mmol/L) 7.88 7.98 6.80 6.95
Chloride (mmol/L) 99.33 102.00* 100.00 99.33
Bicarb (mmol/L) 31.17 29.83 29.33 27.50
Anion gap (mmol/L) 14.83 14.50 17.00 19.17*
Glucose (mmol/L) 8.82 8.55 9.15 7.12
Urea (mmol/L) 6.77 5.83 6.40 12.38
Creatinine (umol/L) 9.167 12.17 21.33 39.33*
Cholesterol (mmol/L) 2.40 2.48 1.75 1.75
Urate (mmol/L) 0.12 0.13 0.14 0.09
Phosphate (mmol/L) 2.89 3.14 2.73 2.74
Total Ca (mmol/L) 2.62 2.51 2.54 2.42
Albumin (g/L) 11.83 10.50 13.33 10.67*
Globulin (g/L) 36.50 35.55 40.33 43.67
Protein (g/L) 48.33 45.83 53.67 54.33
ALP (U/L) 395.80 268.70 238.80 205.80*
ALT (U/L) 77.00 90.00 67.17 89.50
AST (U/L) 107.80 148.70 153.00 218.70
LD (U/L) 680.20 1269.00 1658.00 2208.00

Supplementary table 1 Serum biochemistry data presented as mean. Ca: calcium, ALP:



alkaline phosphatase, ALT: alanine aminotransferase, AST: aspartate
aminotransferase, LD: lactate dehydrogenase. *indicates significantly different from

control at same time point. Data analysed using one-way ANOVA.

69



Statement of Authorship

Title of Paper

Dacomitinib-induced diarrhoea: targeting chloride secretion with crofelemer

Publication Status

Accepted for Publication

“ Published
r Accepted for Publication

[~ submitted for Publication

Unpublished and Unsubmitted w ork w ritten in
manuscript style

Publication Details

Primary research paper accepted for publication in the International Journal of Cancer (2017)
In press

Principal Author

Name of Author

(Candidate)

Principal

Ysabella Van Sebille

Contribution to the Paper

First author and main contributor. | developed the concept, did the data curation, formal
analysis, investigation, methodology, project administration, validation, visualisation, writing
the original draft, and reviewing and editing.

Overall percentage (%)

90%

Certification:

This paper reports on original research | conducted during the period of my Higher Degree
by Research candidature and is not subject to any obligations or contractual agreements with
a third party that would constrain its inclusion in this thesis. | am the primary author of this

paper.

Signature

Date September, 2017

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:

i the candidate’s stated contribution to the publication is accurate (as detailed above);

ii. permission is granted for the candidate in include the publication in the thesis; and

the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author

Rachel Gibson

Contribution to the Paper

Rachel was involved in conceptualisation, supervision, and reviewing manuscript drafts

Signature

Date September, 2017

70




Name of Co-Author

Hannah Wardill

Contribution to the Paper

Hannah was involved in investigation, methodology, and reviewing manuscript drafts

Signature

Date

September, 2017

Name of Co-Author

Imogen Ball

Contribution to the Paper

Imogen was involved in investigation, and methodology

Signature Date September, 2017
Name of Co-Author Dorothy Keefe

Contribution to the Paper Dorothy was involved in funding acquisition.

Signature Date September, 2017

Name of Co-Author

Joanne Bowen

Contribution to the Paper

Joanne was involved in conceptualisation, funding acquisition, investigation, methodology,

project administration, supervision, and reviewing manuscript drafts

Signature

Date

September, 2017

71




Chapter 4 Dacomitinib-induced diarrhoea: targeting chloride

secretion with crofelemer

This chapter was accepted for publication in The International Journal of Cancer, and
was in press at the time of thesis submission (Van Sebille, Y.Z., Gibson, R. J., Wardill,
H.R., Ball, I.A., Keefe, D.M., Bowen, J.M. 2017. Dacomitinib-induced diarrhoea:
targeting chloride secretion with crofelemer. International Journal of Cancer, Accepted,

in press.

Abstract

Dacomitinib, an irreversible small-molecule pan-ErbB TKI, has a high incidence of
diarrhoea which has been suggested to be due to chloride secretory mechanisms. Based
on this hypothesis, crofelemer, an anti-secretory agent may be an effective intervention.
T84 monolayers were treated with 1uM dacomitinib and 10uM crofelemer, and mounted
into Ussing chambers for electrogenic ion analysis. Crofelemer attenuated increases in
chloride secretion in cells treated with dacomitinib. Albino Wistar rats (n=48) were
treated with 7.5 mg/kg dacomitinib and/or 25 mg/kg crofelemer via oral gavage for 21
days. Crofelemer significantly worsened dacomitinib-induced diarrhoea (p=0.0003), and
did not attenuate weight loss (p<0.0001). Sections of the ileum and colon were mounted
into Ussing chambers, and secretory processes analysed. This indicated that crofelemer
lost its anti-secretory action in the presence of dacomitinib in this model. Mass
spectrometry revealed that crofelemer did not change serum concentration of
dacomitinib. Serum FITC dextran levels indicated that crofelemer was unable to
attenuate dacomitinib-induced barrier dysfunction. Tight junction proteins were
visualised with immunofluorescence. Qualitative analysis showed dacomitinib induced

proteolysis of ZO-1 and occludin, and internalisation of claudin-1, which was not
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attenuated by crofelemer. Detailed histopathological analysis showed that crofelemer
was unable to attenuate dacomitinib-induced ileal damage. Crofelemer worsened
dacomitinib-induced diarrhoea, suggesting that antisecretory drug therapy may be

ineffective in this setting.

Introduction

Dacomitinib (PF-00299804) is an orally administered, irreversible small-molecule pan-
ErbB receptor tyrosine kinase inhibitor (TKI) under development for the treatment of
recurrent or metastatic non-small cell lung cancer (NSCLC) [42]. Dacomitinib acts by
covalently binding to the intracellular adenosine triphosphate domain of each of the three
kinase-active members of the ErbB family (ErbB1, ErbB2 and ErbB4). This effectively
inhibits phosphorylation of the receptor and therefore inhibits downstream signalling
[40]. The most commonly reported adverse event associated with dacomitinib therapy
has been diarrhoea, with an incidence of around 73% [124]. Although less common,
severe diarrhoea can result in dose reductions (28%), treatment interruptions (12%) and
treatment discontinuation (8%) from clinical trials [139]. Of particular clinical
importance, dacomitinib is delivered in a continuous manner over many months,
meaning diarrhoea is often prolonged, and as such, impacts significantly on quality of
life. Currently the treatment for TKI-induced diarrhoea is loperamide or octreotide,
however very few studies have looked at antidiarrhoeal agents in a targeted approach

[61, 140-142].

Research in our laboratory has recently indicated that ErbB TKIs induce diarrhoea due to
chloride secretory mechanisms [16]. ErbB receptors are abundantly expressed on the
basolateral membrane of healthy intestinal epithelial cells, and are crucial for normal

functions and development of the gut. Of particular importance to this study, ErbB
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receptors in healthy settings are negative regulators of chloride secretion [41, 71]. This
study therefore hypothesised that inhibition of these receptors through the action of
dacomitinib would result in a loss of the negative regulation of chloride, thus resulting in

a secretory diarrhoea phenotype.

Crofelemer is an antisecretory antidiarrhoeal proanthocyanidin oligomer extracted from
Croton lechleri. It is approved by the U.S Federal Drug Administration (FDA) for the
treatment of diarrhoea induced by antiretroviral medication for HIV patients and has
been proposed as an intervention for pertuzumab-induced diarrhoea [143]. Crofelemer
inhibits the two principal apical channels for chloride secretion in enterocytes, with
partial inhibition of the cAMP —dependent cystic fibrosis transmembrane conductance
regulator (CFTR) and complete inhibition of the calcium activated chloride channel
(CaCC) [118]. Clinical studies have demonstrated that crofelemer is a safe and tolerable
drug, with no adverse effects being reported [119-121]. Crofelemer is also appealing
because it is too large and polarised to be systemically absorbed, limiting any systemic
effects including drug interactions and toxicities [16]. Therefore, this study investigated
the effect of dacomitinib and crofelemer on chloride secretion in vitro, and then

translated the study to a preclinical rat model of dacomitinib-induced diarrhoea.

Materials and Methods

Chemicals

Dacomitinib (PF-00299804) was kindly provided by Pfizer. Dacomitinib is soluble in
dimethyl sulfoxide (DMSO) at 19 mg/ml. Aliquots of dacomitinib in DMSO (Sigma
Aldrich) were added to Ringer’s solution (composition in mmol/L: NaCl 115.4; KCI 5;

MgCl2 1.2; NaH2PO4 0.6; NaHCO3 25; CaCl2 1.2 and glucose 10) to create a 50 uM
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concentration. Appropriate volumes were added to Ussing chambers to reach a final
concentration of 1 uM with previous studies demonstrating doses above this result in off-
target or non-specific effects [144]. Secretory effects below 1 uM are therefore more
likely to be due to the specific effect of the drug on its designed molecular target.
Crofelemer (Salix Pharmaceuticals) was diluted with DMSO to 21 mg/ml (10 mM) and
was diluted in ringer solution and administered at 10 uM. This dose has previously been
shown to inhibit secretagogue activated chloride secretion in T84 cells [118]. Exposure
of DMSO to cells did not exceed 0.01%. The same concentration of DMSO was used as
a vehicle control. For all in vivo experiments, dacomitinib was suspended in 0.5% (w/w)
hydroxypropyl-methylcellulose (Sigma Aldrich) in sterile distilled water to a final
concentration of 2 mg/ml. Crofelemer was suspended to a final concentration of 5 mg/ml

in sterile distilled water.

In vitro Model

Cell Preparation and Maintenance

This study utilised T84 cells (passage 5-15) derived from a human colorectal carcinoma
(Culture Collections, Porton Down, UK). Cells were certified mycoplasma-free and
authenticated by Culture Collections by DNA profiling and used within 6 months of
receipt. Cells were maintained at 37°C in 5% CO2/95% air in Dulbecco’s Modified Eagle
Medium (DMEM)/Ham’s F-12 Nutrient Mixture containing 15mM HEPES, L-glutamine
and 10% foetal bovine serum (FBS) supplemented with 1 %
penicillin/gentamicin+fungizone and were grown in sterile, multi-well tissue culture
plates under identical growth conditions. The T84 cell line retained its original
morphology and growth characteristics over the range of passages used. Cells were

seeded at a density of 100,000 cells/cm? on 1.12 cm?, 0.4 um pore polyester transwell
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inserts (Corning Life Sciences, MA, USA). Cell culture media in both the apical and
basolateral chambers was changed every 48 hours. Transepithelial electrical resistance
(TEER) was monitored daily using an EVOMZ2 epithelial volt-ohm-meter with chopstick
electrodes (World Precision Instruments, Sarasota, FL, USA) for 1 week during the
growth period and area adjusted for analysis using the following formula; TEER

monolayer (Q/cm2) = [raw TEER (Q) — TEER blank (Q)]/area of membrane (cm2).

In vitro Electrophysiological Studies using Ussing Chambers

To test whether dacomitinib increased intestinal epithelial cell Cl-secretion, short-circuit
current (Isc) was measured in T84 cells in symmetrical physiological solutions in Ussing
chambers. Once adequate resistance was reached (determined by TEER of > 1000 Q
cm?)[127], T84 monolayers were then placed onto 1.12 cm? aperture sliders (Physiologic
Instruments; P2302) and mounted into Ussing chambers and continuously bathed in an
oxygenated, glucose-fortified Ringer’s solution at 37°C. Cells were voltage clamped to
zero potential difference by the application of short-circuit current (Isc) and baseline
established. Cells were allowed to equilibrate for 20 minutes and before dacomitinib and
crofelemer were administered. Dacomitinib was administered at a range of time points,
with 15 minutes showing peak intestinal secretion, this time point was used for all
further analyses. Both dacomitinib and crofelemer were administered in the Ussing
chamber to the apical side. Crofelemer was added first, followed by dacomitinib after 10
minutes. Once cells had been exposed to dacomitinib for 15 minutes, the baseline Isc
(uA/cm?) was determined as the mean over a 5-min period (5 values) immediately prior
to administration of secretagogues. Cells were pretreated via the apical chamber with

amiloride (20 umol/L), to inhibit the apical epithelial sodium channel before being

treated with carbachol (Ca?* agonist; 100 umol/L) applied to the basolateral chamber.
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The Is response was then measured and determined as the change in Isc following
agonist administration (ApA/cm?), representing stimulated chloride secretion using

Acquire and Analyze software 2.3 (Physiologic Instruments).

In vivo Model

Ethics

The study was approved by the Animal Ethics Committee of The University of Adelaide
(approval number: M215-13), and complied with the National Health and Medical
Research Council (Australia) Code of Practice for Animal Care in Research and Training
(2014). All experiments were conducted in male Albino Wistar rats (initial age
approximately 6 weeks) obtained from The University of Adelaide Laboratory Animal
Service (SA, Australia). Rats were group housed in ventilated cages with three to six
animals per cage. They were housed in approved conditions on a 12-hour light/dark

cycle. Food and water were provided ad libitum.

Experimental Design

Rats were treated with crofelemer (25 mg/kg) and dacomitinib (7.5 mg/kg) administered
daily for 21 days, both via oral gavage using a soft plastic feeding tube. Control animals
received daily gavage with dacomitinib vehicle (0.5% (w/w) hydroxypropyl-
methylcellulose) and crofelemer vehicle (sterile distilled water). The dose volume for
oral gavage was approximately 5 ml/kg. Rats were randomly assigned to treatment
groups and Killed at 21 days (n = 6/group). Rats were anaesthetised using isoflurane

inhalation, and were killed via cardiac exsanguination and cervical dislocation.
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Clinical Assessment of Gastrointestinal Toxicity

All rats were monitored twice daily for the presence of diarrhoea for the duration of the
study. Diarrhoea was quantified by two independent assessors using a well-established
grading system where 0 = no diarrhoea, 1 = mild diarrhoea with soft stools and perianal
staining, 2 = moderate diarrhoea with loose stools and perianal staining of fur, 3 = severe
diarrhoea with watery stools +/- mucous and fur staining incorporating hind legs [15].
Rats were weighed daily to track weight loss/gain. Rats were killed if they displayed >
15 % weight loss from baseline or significant distress and clinical deterioration, in

compliance with animal ethical requirements.

Tissue Preparation

At necropsy, the entire gastrointestinal tract from pyloric sphincter to rectum was
dissected and flushed with saline to remove intestinal contents. Both the small and large
intestines were weighed immediately after resection. Samples of jejunum, ileum and
colon were collected and (1) fixed in 10 % formalin for embedding in paraffin, or (2)
were placed in Ringer’s solution with 10 uM indomethacin for Ussing chamber

experiments.

In vivo Electrophysiological Studies using Ussing Chambers

Distal colon and ileum tissue was cut longitudinally along the mesentery and external
muscle layers were carefully dissected and removed under micro-dissection microscopes
in a Ringer’s/indomethacin solution. Tissue was then immediately placed onto 0.5 cm?
aperture sliders (Physiologic Instruments; P2305), mounted into Ussing chambers
(Physiologic Instruments; #EM-CSY S-8) and continuously bathed in an oxygenated,
glucose-fortified ringer solution at 37°C for electrophysiological analysis. The

epithelium was voltage clamped to zero potential difference by the application of short-
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circuit current (Isc) and baseline established. Throughout the experiment, the epithelium
was continuously short-circuited by the automatic voltage clamp device with correction
for solution resistance. In 1 min intervals, a voltage step of £2 mV (U) was applied to the
tissue and the change in short-circuit current (Isc) measured. Tissue was allowed to
equilibrate for 20 minutes and baseline Isc (WA/cm?) was determined as the mean over a
5-min period (5 values) immediately prior to administration of secretagogues. Tissue was
pretreated via the apical chamber with amiloride (20 umol/L), to inhibit the apical
epithelial sodium channel before being treated with carbachol (Ca?* agonist; 100
umol/L) applied to the basolateral chamber. The Is response was then measured and
determined as the change in Isc following agonist administration (ApA/cm?), representing
stimulated chloride secretion using Acquire and Analyze software 2.3 (Physiologic

Instruments).

Serum Drug Analysis

Determination of serum dacomitinib concentration (range 3-10000 ng/ml) by liquid
chromatography/ mass spectrometry (LC/MS/MS) was conducted at the Pharmaceutical
Science Sector Laboratory, School of Pharmacy and Medical Sciences, University of
South Australia under GLP conditions. Blood samples were collected by cardiac
puncture and serum separated. Dacomitinib and the internal standard was extracted from
serum using a protein precipitation clean up, before separation by HPLC on a
Phenomenex Luna C18 reverse phase column. Elutes were monitored by an AP1 3000
MS/MS detector operated in positive MRN mode. Samples with dacomitinib

concentrations above the linear range were diluted 1:10 with blank rat serum.
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FITC-dextran Assay

Two hours prior to culling, rats received a 600 mg/kg dose (120 mg/ml) of 4 kDa
fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, NSW, Australia, Cat# FD4)
via oral gavage. Blood was collected via cardiac puncture at necropsy into serum-gel
clotting activator tubes and protected from light. Samples were centrifuged at 3,000 g for
5 minutes and serum isolated. Serum samples were diluted 1:3 with 1 X phosphate buffer
solution (PBS) and quantified using the Bio Tek Synergy™ Mx Microplate Reader (Bio
Tek, Vermont, USA) and Gen5 version 2.00.18 software relative to a standard curve

(range 0.0001-10 ug/ml).

Histopathological Analysis

Hematoxylin and eosin (H&E) staining was performed on 5 um sections of jejunum,
ileum, and colon cut on a rotary microtome and mounted onto glass Superfrost®
microscope slides (Menzel-Glé&ser, Braunschweig, Germany). Slides were scanned using
a NanoZoomer™ (Hamamatsu Photonics, Japan) and assessed with NanoZoomer Digital
Pathology software view.2 (Histalim, Montpellier, France). The occurrences of eight
histological criteria in the jejunum and ileum were examined to generate a total tissue
injury score [136]. These criteria were villous fusion, villous atrophy, disruption of brush
border and surface enterocytes, crypt loss/architectural disruption, disruption of crypts
cells, infiltration of polymorphonuclear cells and lymphocytes, dilation of lymphatics
and capillaries, and oedema. In the colon, the latter six criteria were examined. Each

parameter was scored as present = 1, or absent = 0, in a blinded fashion.
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Immunohistochemistry

Immunohistochemical analysis was performed for apoptosis (caspase 3; Abcam, Vic,
Australia; #ab4051), and proliferation (Ki67; Abcam, Vic, Australia #ab16667.
Immunohistochemical analysis was performed using Dako reagents on an automated
machine (AutostainerPlus™, Dako, Denmark) following standard protocols supplied by
the manufacturer. Briefly, sections were deparaffinised in histolene and rehydrated
through graded ethanol before undergoing heat mediated antigen retrieval using an
EDTA/Tris buffer (0.37 g/L EDTA, 1.21 g/L Tris; pH 9.0). Retrieval buffer was
preheated to 65°C using the Dako PT LINK (pre-treatment module). Slides were
immersed in the buffer and the temperature raised to 97°C for 20 minutes. After
returning to 65°C, slides were removed and placed in the Dako AutostainerPlus and
stained following the manufacture’s guidelines. Negative controls had the primary
antibody omitted. Caspase 3 and Ki67 were quantified by counting the number of
positively stained cells for 15 crypts. Data presented as average positively stained cells

per crypt. All analysis was done in a blinded fashion.

Tight Junction Analysis

Immunofluorescence was carried out on 5 um sections of ileum and colon, cut on a
rotary microtome, and mounted onto FLEX IHC microscope slides (Flex Plus Detection
System, Dako; #K8020). Immunofluorescence analysis was performed for key tight
junction proteins: claudin-1 (Abcam Ab15098; 2 ug/ml; 1:100; Alexa Fluor anti-rabbit
568 nm), ZO-1 (Invitrogen 61-7300; 2.5 ug/ml; 1:100; Alexa Fluor anti-rabbit 568 nm),
and occludin (Invitrogen 33-1500; 5 ug/ml; 1:100; Alexa Fluor anti-rabbit 568 nm).
Immunofluorescence was performed using Dako reagents on an automated machine
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(AutostainerPlus, Dako; #AS480) following standard protocols supplied by the
manufacturer. Briefly, sections were deparaffinised in histolene and rehydrated through
graded ethanol before undergoing heat-mediated antigen retrieval using an EDTA-NaOH
buffer (0.37 g/L EDTA, pH 8.0). Retrieval buffer was preheated to 65°C using Dako PT
LINK (pretreatment module; Dako; #PT101). Slides were immersed in the buffer and the
temperature raised to 97°C for 20 minutes. After returning to 65°C, slides were placed in
the Dako AutostainerPlus, and returned to room temperature with the buffer applied.
Tissue was blocked using 10% normal horse serum in 1 X PBS. The primary antibodies
were applied for 1 hour using 5% normal horse serum as a diluent. A fluorescently
labeled secondary antibody (donkey anti-rabbit or mouse 1gG [H+L] secondary antibody,
Alexa Fluor 568 conjugate, Invitrogen; #A10042) was applied at 0.8 pug/ml for a further
1 hour, using 1 X PBS + 1% BSA (Sigma-Aldrich; #A2058) and 2% FBS (Sigma-
Aldrich; #F2442) as a diluent. Slides were washed using 1 X PBS; counterstained using
1 pg/ml 4°,6-diamidino-2-phenylidole (DAPI; Life Sciences; #D1306), and cover slipped
using an aqueous mounting medium (Fluorshield, Sigma-Aldrich; #F6182). Negative
controls had the primary antibody omitted. Slides were visualised using the SP5 Spectral
Scanning Confocal Microscope (Leica). Four areas from each tissue were imaged (40 X
magnification) providing a range of areas for both qualitative and quantitative analysis.
Immunofluorescence was assessed qualitatively for staining distribution in a blinded
fashion. Quantitative analysis was conducted using ImageJ software. Briefly, channels
were separated and RGB images converted to 8-bit. Automated thresholding was
performed using the MaxEntropy algorithm, chosen based on qualitative assessment of
its ability to identify tight junctions, and exclude non-specific staining [145, 146].
Epithelium only was selected, and total stained area was calculated and expressed as a

percentage of the total area selected.
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Statistical Analysis

Data were compared using Prism version 7.0 (GraphPad® Software, San Diego USA). A
D’Agostino Pearson omnibus test was used to assess normality. When normality was
confirmed, a two-way analysis of variance (ANOVA) with appropriate post hoc testing
was performed to identify statistical significance between groups. In other cases, a
Kruskal-Wallis test with Dunn’s multiple comparisons test and Bonferroni correction
was performed. Diarrhoea was assessed using a Chi-square test. A p-value of < 0.05 was

considered significant.

Results

Crofelemer Inhibits Dacomitinib-Induced Chloride Secretion in vitro

To test the hypothesis of dacomitinib inducing diarrhoea via a secretory mechanism,
short-circuit current (Isc) was measured to assess intestinal cell Cl-secretion in T84
colonic cells in symmetrical physiological solutions. Previous studies have shown that Isc
is reflective of changes in transepithelial chloride secretion in T84 cells [147, 148].
Figure 1A shows baseline Isc, after cells have been exposed to dacomitinib and/or
crofelemer, but with no agonist administration. Baseline Is significantly increased
following dacomitinib treatment (p < 0.0001; figure 1A) and crofelemer inhibited this
dacomitinib-induced increase in Isc (p < 0.0001; figure 1A). Administration of CaCC
agonist — carbachol — increased Isc in cells treated with dacomitinib (figure 1B).

Crofelemer inhibited this increase (p <0.0001; figure 1B).
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Figure 1 Baseline short-circuit current (Isc) and change in Isc following CaCC agonist carbachol. T84 monolayers were mounted into Ussing
chambers and treated with dacomitinib (1 uM) and crofelemer (10 uM) via the apical chamber. A: Increased baseline Isc was seen in cells
treated with dacomitinib (p < 0.0001) which was attenuated with crofelemer (p < 0.0001). B: Increased delta Isc was also seen in cells treated
with dacomitinib following the administration of carbachol, a CaCC agonist, this was also attenuated with crofelemer (p <0.0001). Data
presented as mean = SEM. A one-way ANOVA with Tukey post-hoc was performed to identify statistical significance (p < 0.05).
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Crofelemer is ineffective at reducing dacomitinib-induced diarrhoea

Following the results seen in vitro, which showed dacomitinib increased chloride
secretion and crofelemer inhibited it, treatment was then translated into an animal model.
Our previous publication presents data of control and dacomitinib alone treated rats
[149]. Rats treated with vehicle control did not develop diarrhoea at any time point
[149]. Diarrhoea (gradel - 3) occurred in 100 % of dacomitinib alone rats, which is
comparable to the incidence seen in clinical trials [149]. Two rats treated with crofelemer
alone developed mild grade 1 diarrhoea on the 3 and 11™ treatment day, likely due to
stress (figure 2A). Diarrhoea developed in 100% of rats treated with
dacomitinib/crofelemer combination (figure 2B). Approximately 50 % of rats treated
with combination crofelemer and dacomitinib had severe diarrhoea (grade 3: severe
diarrhoea as watery stools +/- mucous with fur staining incorporating hind legs).
Approximately 30 % of rats treated with dacomitinib alone had severe diarrhoea [149].
Rats treated with dacomitinib/crofelemer combination had significantly worse diarrhoea

than rats treated with dacomitinib alone (p = 0.0003).
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Figure 2 Diarrhoea profiles shown for rats treated with A: crofelemer alone, and B: crofelemer and dacomitinib. To see data of rats treated with
control and dacomitinib alone, see Van Sebille et al., 2017 [150]. A: Two rats treated with 25 mg/kg crofelemer developed mild, grade 1
diarrhoea on the 3" and 11" day. B: In 100% of rats treated with 7.5 mg/kg dacomitinib and 25 mg/kg crofelemer developed any grade
diarrhoea. Rats treated with dacomitinb and crofelemer combination had significantly worse diarrhoea than rats treated with dacomitinib alone (p
=0.0003). Data expressed as percentage of total animals per day with a particular grade of diarrhoea. A Chi? test was performed to identify

statistical significance.
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Weight loss

In the crofelemer/dacomitinib combination group, two animals were killed due > 15%
weight loss. These animals were not included in downstream analysis. Rats treated with
crofelemer/dacomitinib combination had significantly less weight gain than controls
from day 10-21 (p < 0.0001) (Figure 3). At day 21, the control group had on average
gained 46.38 + 2.459 % [149], the crofelemer group gained 39.27 + 8.298 %, the
dacomitinib group gained 18.99 £ 5.602 % [149], and the crofelemer/dacomitinib
combination group gained 13.36 £ 6.846 % body weight compared with day 1 of

treatment.
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Figure 3 Body weight over the 21-day time course. Data presented as a percentage of
weight change from baseline (day 1). A Kruskal-Wallis with post-hoc testing was
performed to identify statistical significance. Rats treated with dacomitinib/crofelemer
combination (7.5 mg/kg and 25 mg/kg respectively) had significantly less weight gain
than the controls from day 10-21 (p < 0.0001). To see data of rats treated with control
and dacomitinib alone, see Van Sebille et al., 2017 [150]. Rats treated with dacomitinib

alone were not significantly different to crofelemer/dacomitinb combination.
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Crofelemer did not inhibit chloride secretion in the presence of dacomitinib in this

model

Samples of colon and ileum from each animal in the study were mounted in Ussing
chambers to record electrogenic ion transport. Baseline readings were recorded to assess
baseline differences in transepithelial short circuit current (lsc). Baseline Isc in the ileum
was significantly higher in rats treated with combination crofelemer and dacomitinib
compared to controls (p = 0.0408) (figure 4A). Baseline Is in the colon was significantly
higher in rats treated with combination crofelemer and dacomitinib compared to
crofelemer alone (p = 0.0122) (figure 4B). Carbachol was administered to elevate levels
of intracellular calcium to assess the role of the calcium-activated chloride channels, and
indirectly, basolateral potassium channels. No differences were noted between groups in
ileum samples following carbachol administration (figure 4C). The response to carbachol
in colon samples of rats treated with combination crofelemer and dacomitinib was
significantly higher compared to controls, crofelemer alone, and dacomitinib alone (p <

0.0001) (figure 4D).
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Figure 4 Baseline short circuit current (lsc) of the distal ileum and colon. Segments of
the distal colon and ileum were dissected, opened longitudinally and had the external
muscle layers removed, before being mounted into Ussing chambers. Increased baseline
Isc was seen in rats treated with dacomitinib/crofelemer combination (7.5 mg/kg and 25
mg/kg respectively) compared to controls in the ileum (A: p = 0.0408) and compared to
dacomitinib alone (7.5 mg/kg) in the colon (B: p = 0.0122). Following the administration
of calcium agonist — carbachol — the colon of rats treated with dacomitinib/crofelemer
combination had a significantly increased response compared to all other treatment
groups (D: p < 0.0001). No significant changes were noted in the ileum (C). Data
presented as mean £ SEM. A one-way ANOVA with Tukey post-hoc was performed to

identify statistical significance (p < 0.05).
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Crofelemer does not increase serum absorption of dacomitinib

To assess if crofelemer was increasing the serum absorption of dacomitinib circulating
dacomitinib levels were analysed by mass spectrometry in serum samples collected at
death, after 21 days of treatment. The average blood concentration of dacomitinib in rats
treated with dacomitinib alone was 258.2 = 51.76 ng/mL and 260.8 + 36.63 ng/mL in
rats treated with dacomitinib and crofelemer combination (p > 0.05) (Supplementary

Figure 1).
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Supplementary Figure 1 Serum dacomitinib concentration. Group mean serum

dacomitinib concentration was not changed when given in combination with crofelemer

(p > 0.05). Data presented as mean, £ min/max. An unpaired t test was performed to

identify statistical significance (p < 0.05).
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Dacomitinib induces gastrointestinal permeability

FITC dextran was administered orally to measure gastrointestinal permeability. Serum
FITC dextran levels were significantly elevated in rats of either treatment arm involving
dacomitinib [149]. Rats treated with dacomitinib alone had significantly elevated levels
of serum FITC dextran compared to controls (p = 0.0018) [149], and crofelemer alone (p
=0.0043). This was not attenuated with combination crofelemer/dacomitinib treatment,
which had significantly elevated levels of serum FITC dextran compared to controls (p <

0.0001) and crofelemer alone (p = 0.0002) (figure 5).
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Figure 5 Serum 4kDa FITC-dextran was administered as a 600 mg/kg dose, via oral
gavage, 2 hours prior to kill time point. Data expressed as mean £ SEM and were
analysed using a one-way ANOVA. To see data of rats treated with control and
dacomitinib alone, see Van Sebille et al., 2017 [150]. Both treatment arms involving
dacomitinib had significantly elevated levels of serum FITC-dextran, indicating
gastrointestinal barrier dysfunction, with no significant differences between these
groups. Rats treated with 25 mg/kg crofelemer and 7.5 mg/kg dacomitinib alone had
significantly elevated levels of serum FITC dextran compared to crofelemer alone (p =

0.0002).
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Cytoplasmic redistribution of tight junction proteins contributes to dacomitinib-

induced barrier dysfunction

To evaluate if dacomitinib alters permeability through tight junction disruption we
investigated tight junction proteins in the intestine. Qualitative analysis of
immunofluorescence for tight junction proteins showed membranous staining for all tight
junction proteins in vehicle controls, and crofelemer alone controls (figure 6A, C, E, G,
I, K, M, O, Q, S, U, W). Immunofluorescence staining for ZO-1 showed focal areas of
proteolysis in the ileum (figure 6B, D) and colon (figure 6F, H) of rats treated with
dacomitinib and dacomitinib/crofelemer combined. These focal areas of protein
disruption were particularly evident in areas of epithelial injury, often occurring
alongside phenotypically normal tight junction staining (indicated by arrows). Similar
changes in occludin expression were also seen in the ileum (figure 6J, L) and colon
(figure 6N, P), with focal areas of proteolysis corresponding with frank epithelial
damage in rats treated with dacomitinib and dacomitinib/crofelemer combination.
Claudin-1 staining presented with sharp apical intensities and membranous staining
down the apicolateral border of the enterocyte in vehicle and crofelemer alone controls
in both the ileum (figure 6Q, S) and colon (figure 6U, W). Marked caludin-1
internalisation was evident in rats treated with dacomitinib and dacomitinib/crofelemer
combination, particularly in the ileum (figure 6R, T), with complete loss of membranous
staining specificity in some areas, and to a lesser extent in the colon (figure 6V, X).
There were no apparent differences noted between the two dacomitinib treatment arms.
To complement the observation of morphological changes in tight junction proteins,
quantitative analysis was conducted on epithelium only, to assess mean percentage area
stained. Vehicle control had a mean percentage area staining of 5.23% for claudin-1,

4.27% for ZO-1, and 1.00% for occludin. Crofelemer alone had a mean percentage area
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staining of 6.8% for claudin-1, 2.5% for ZO-1, and 0.93% for occludin. Dacomitinib

alone had a mean percentage area staining of 4.23% for claudin-1, 3.53% for ZO-1, and
1.87% for occludin. Dacomitinib and crofelemer had a mean percentage area staining of
2.8% for caludin-1, 3.23% for ZO-1, and 1.45% for occludin. No significant differences

were noted between groups (data not shown).
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Figure 6 Representative images of claudin-1, occludin, and ZO-1 immunofluorescence
in the ileum and colon of vehicle- crofelemer- dacomitinib- and dacomitinib/crofelemer
combination- treated rats. Vehicle treated, and crofelemer alone treated rats showed
phenotypically normal tight junction proteins, with apical staining intensities (A, C, E,
G LK, M,O,Q,S, U, W). Rats treated with dacomitinib and dacomitinib/crofelemer
combination showed no differences, with both displaying focal areas of ZO-1 and
occludin disruption, particularly in areas of epithelial injury (B, D, F, H, J, L, N, P,
arrows). Rats treated with dacomitinib and dacomitinib/crofelemer combination
displayed claudin-1 internalisation, found alongside areas of phenotypically normal tight
junctions (R, T, V, X, arrows). Sections of ileum and colon were stained with a primary
antibody for claudin-1, occluding and ZO-1 and visualised using an AlexaFluor anti-
rabbit 568. Blue counterstaining (DAPI, 405 nm) shows nuclei. Original magnification

20x.
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Crofelemer does not attenuate dacomitinib induced histopathological injury

Rats treated with dacomitinib [149], or dacomitinib/crofelemer combination had
significant tissue injury in the ileum compared to controls (p < 0.0001) (figure 7). This
was predominantly characterised by severe villous atrophy with stunting and fusion of
villi, which was also attended by enterocyte metaplasia to a low columnar or cuboidal
phenotype and mild compensatory expansion of the basal proliferative compartment of
crypts. In the congested lamina propria, there was an increased inflammatory infiltrate

comprised of lymphocytes, macrophages, plasma cells and neutrophils, and dilation of

lacteals (villous lymphatics). There were no significant differences in tissue injury in the

jejunum and colon between any groups (data not shown). Dacomitinib did not cause
increased apoptosis or proliferation in the gastrointestinal tract compared to controls
[149]. When Dacomitinib and crofelemer were given in combination, there was no

difference seen in apoptosis or proliferation between any group (data not shown).
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Figure 7 Histopathological parameters in H&E stained ileum. A: There were significant
increases in tissue injury scores in rats treated with 7.5 mg/kg dacomitinib and 25 mg/kg
crofelemer combination (p < 0.0001) compared crofelemer control. To see data of rats
treated with control and dacomitinib alone, see Van Sebille et al., 2017 [150]. There
were no significant differences between crofelemer dacomitinib combination and
dacomitinib alone treated rats. B: Rats treated with crofelemer alone showed no
histopathological damage. Scale bar indicates 250 uM. C: Villous atrophy and stunting
is evident in the ileum of rats treated with dacomitinib and crofelemer combination.
Fusion of villi is indicated by brackets. Compensatory expansion of crypts is indicated
by crosses. Increased inflammatory infiltrate is indicated by arrow heads. Scale bar
indicates 250 uM. D: Enterocyte metaplasia is indicated by arrows. Scale bar indicates

100 pM. Original magnification 40x.
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Discussion

Whilst dacomitinib - a second-generation small molecule pan-HER TKI - shows promise
for the treatment of NSCLC, its’ most commonly reported adverse event is diarrhoea,
which significantly impacts on clinical outcomes [124]. Currently no anti-diarrhoeal
medication used for the treatment of TKI-induced diarrhoea offers a targeted approach
due to the lack of understanding of the underlying mechanisms. HER TKI-induced
diarrhoea has recently been hypothesised to be caused by ErbB down-regulation, where
blockade leads to excess chloride secretion and thus secretory diarrhoea [16]. Therefore,
this study first investigated this hypothesis in an in vitro model. We demonstrated that
dacomitinib caused increased chloride secretion across polarised epithelia, and that
crofelemer, an antisecretory antidiarrhoeal agent, was able to attenuate this increase.
Given this positive finding we then aimed to determine if crofelemer was an effective

prophylactic for dacomitinib-induced diarrhoea in a rat model.

Despite the results seen in vitro, rats treated with dacomitinib/crofelemer combination
had significantly worse diarrhoea than rats treated with dacomitinib alone [149].
Previous investigations of the antisecretory mechanism of crofelemer have demonstrated
weak and partial inhibition of CFTR, and complete inhibition of CaCC [118].
Electrophysiological analysis in the present study conducted on T84 cells supported this,
with crofelemer inhibiting chloride secretion at baseline, as well as following CaCC
agonist administration. However, the electrophysiological analysis in the in vivo arm of
this study demonstrated that the inhibitory effect of crofelemer on chloride secretion is
lost when given in combination with dacomitinib over 21 days. This is the first time
crofelemer has been used in a preclinical study of this duration, therefore the lack of

effect seen in Ussing experiments in vivo may be due to the timing of the ex vivo
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experiments occurring 24 hours after the last dose of drugs. Furthermore, the tissue was
significantly damaged, potentially altering the normal function of transporters.
Nevertheless, crofelemer was unable to attenuate dacomitinib-induced diarrhoea. This
may be explained by convective drug washout, a concern for drugs with an extracellular
target in intestinal crypts, such as crofelemer [151]. Convective washout reduces the
efficacy of enterocyte surface targeted Cl- channel inhibitors, which can be of concern in
diarrhoea, due to the potential of washout forces impeding the inhibitor to reach the deep
intestinal crypts. However, convective drug washout does not explain why crofelemer

was not only ineffective, but also significantly worsened dacomitinib-induced diarrhoea.

Chloride channel blockers have previously been suggested for the investigation of TKI-
induced diarrhoea [16], including CFTRinh-172, which binds to the cytoplasmic side of
the CFTR channel and stabilises the channel closed state [114]; glycine hydrazides,
which target the extracellular CFTR surface in the channel pore [113]; and CaCCinn-A01,
a red wine extract that has been shown to prevent watery diarrhoea in a mouse model of
rotavirus [115]. Crofelemer was selected as an intervention in this study because (a) it
was reported as a safe and tolerable drug with no adverse events and was approved for
clinical use, (b) its dual inhibitory action on the two principle CI- channels in the apical
membrane of intestinal epithelial cells, and (c) its lack of systemic absorption due to its
size and polarity [118], suggesting that it would not interact with dacomitinib
systemically. Given the worsened effects seen in the present study, this might suggest
that crofelemer can be systemically absorbed if administered in conjunction with drugs
that cause barrier disruption and small intestinal damage such as dacomitinib. Serum
mass spectrometry did not indicate that crofelemer altered the absorption of dacomitinib

when looking at serum nadir levels only. A more detailed pharmacokinetic study would
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be required to assess if the combination drug protocol altered maximum concentrations
or time to peak. There are currently no reported contraindications for crofelemer and this
is the first study to show that crofelemer may worsen diarrhoea in certain situations. The
results from this study suggest that crofelemer should be investigated for

contraindications before being used in combination with other drugs.

Although the in vitro electrophysiological analysis indicated that dacomitinib induced
excess chloride secretion, the ex vivo electrophysiological analysis did not suggest that
dacomitinib causes excess chloride secretion in intestinal tissue following 21 days of
treatment. This may be due to not only the timing of the Ussing experiments as
previously mentioned, but additionally, the in vivo model was a chronic dosing schedule,
whereas Ussing experiments in the in vitro model were conducted after only one
treatment, 15 minutes after exposure. The disadvantage of cell line work should also be
considered. T84 monolayer cell lines lack other mucosal cell interactions, and of
particular importance in this study, the impact that inflammation has on tight junctions.
Clinical studies have also indicated that neratinib, a pan-HER ErbB TKI has a fecal
osmotic gap that is consistent with the values for secretory diarrhoea [152]. Previous
work investigating lapatinib, an ErbB1 and ErbB2 TKI, suggested that diarrhoea was
associated with chloride secretion, indicated by decreased serum chloride levels, which
the authors proposed may be due to loss of chloride via the intestinal lumen [15].
However, this was the only measure of secretory mechanisms and is therefore
inconclusive. Another kinase inhibitor, flavopiridol, has been reported to stimulate
chloride secretion across monolayers of human colonocytes in modified Ussing
chambers [94]. Nevertheless, given this was conducted in vitro the results need to be

translated to an in vivo model for more in-depth understanding. This is especially
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important considering the differing results of the in vitro and in vivo arms of the present
study. Despite the growing support in the literature for the hypothesis of TKI-induced
diarrhoea being due to excess chloride secretion, this is the first study to assess secretory
diarrhoea ex vivo using Ussing chamber analysis. The results of this study do not
support the hypothesis that diarrhoea second to TKI treatment is due to excess chloride
secretion. The potential flaw in the hypothesis (EGFR in normal settings are negative
regulators of chloride secretion, and so when inhibited there is a loss of negative
regulation, and thus increased chloride secretion), is that the hypothesis does not
consider that the tissue may be inflamed, and hence behave differently. The assumption
that inflamed tissue would behave in a similar manner to normal tissue is a fundamental
caveat of the hypothesis. This is highlighted by McCole et al., who showed in a model of
DSS-induced colitis, that EGF behaves in a contradictory way in inflamed tissue (i.e.
enhances chloride secretion instead of inhibiting it) [153]. Therefore, future research
could administer dacomitinib and crofelemer to healthy gastrointestinal tissue in Ussing
chambers, instead of using ex vivo treated tissue, in order to dissect whether the
inflammatory changes in the present model overshadow the effects of the drugs

themselves.

This is the first study to compare functional in vivo permeability, and morphological
assessment of tight junction proteins in the setting of dacomitinib-induced gut toxicity.
Our previous research has indicated that dacomitinib induces severe ileal damage and
barrier dysfunction [149]. This study further characterised this barrier dysfunction;
showing increases in barrier permeability to 4kDa FITC-dextran, and clear changes to
tight junction proteins. Tight junctions are critical in maintaining gastrointestinal health

and homeostasis. Despite this, they are highly plastic structures vulnerable to post-
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transcriptional and -translational modification by a variety of pathological cues [154,
155]. Tight junction disruption has been identified following treatment with a number of
chemotherapeutic agents, both preclinically [137, 156] and clinically [157-159]. To date,
many studies have shown architectural abnormalities, and functional alteration, of key
tight junction proteins such as claudin-1, ZO-1, and occludin. As such, the current study
focused on these three proteins, despite the numerous other proteins present within the
junctional complex. Given the complexity of tight junction physiology, further
investigation could be directed towards the behaviour of junctional adhesion molecule-A
(JAM-A), following dacomitinib given its involvement in inflammatory settings [160].
Despite increased research in this area, assessment of barrier function, and in particular
tight junction analysis has never been conducted in TKI models. The present study
identified derangement of claudin-1, ZO-1, and occludin, characterised by severe
cytoplasmic redistribution and disassembly of the tight junction unit. However
quantitative analysis showed no significant differences in percentage area stained. This
method of quantification may not have sufficient power to detect the subtle changes that
occur upon protein translocation, thus explaining the disparity between qualitative and
quantitative analyses. Internalisation of tight junction proteins is well recognised to
contribute to poor barrier function, and loss of tight junction apposition [136, 155]. In the
current study, cytoplasmic redistribution of claudin-1 was seen in the ileum, where peak
histopathological damage was also seen. However, the mechanisms causing this tight
junction dysfunction remain to be elucidated. Previous research has suggested that tight
junction dysfunction can be pro-inflammatory cytokine mediated [136, 155, 161]. Given
the increased inflammatory infiltrate noted in the lamina propria of the ileum in this
study, this might suggest that this may be a contributive factor to tight junction

dysfunction in this study. While the mechanisms remain unclear, intestinal barrier
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dysfunction second to cancer treatment is becoming more evident in both preclinical
[136] and clinical models [157]. Clinically, this is highly important as barrier
dysfunction permits LPS translocation [129], systemic toxicity [157], bacterial
translocation and colonisation in mesenteric lymph nodes and the spleen, increasing the
risk of infection, graft-versus-host disease [162], and sepsis [163]. Intestinal barrier
dysfunction has also been suggested to exacerbate direct gastrointestinal damage from
the cancer therapy, worsening quality of life and clinical outcomes for patients [136]. It
is therefore imperative that the mechanisms that lead to barrier dysfunction second to
cancer treatment are further investigated, so that therapeutic targets may be identified
and interventions developed to prevent local toxicity transitioning to systemic toxicity, to

reduce associated risks.
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Conclusion

In summary, this study showed that crofelemer was unable to attenuate dacomitinib-
induced diarrhoea, and in fact, worsened it in the current model. Despite the growing
support for secretory diarrhoea as the mechanism of TKI-induced diarrhoea, this study
provided little support for this hypothesis, suggesting that antisecretory drug therapy may
be ineffective in this setting. This is the first study to provide a detailed interrogation of
the barrier changes associated with dacomitinib treatment. Tight junction disruption is a
hallmark trait of many pathological states. A wealth of research now implicates poor
tight junction integrity following treatment with various chemotherapeutic agents,
however, this is the first study to implicate these changes in a TKI model. This study
advances our understanding of diarrhoea processes induced by not only this agent, but
assists in further characterising the poorly understood mechanisms of ErbB TKI- induced

diarrhoea.
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Abstract

Gastrointestinal toxicity arising from cancer treatment remains a key reason for
treatment discontinuation, significantly compromising remission. There are drawbacks to
the currently used in vitro and rodent models, and a lack of translatability from in vitro to
in vivo work. A screening-amenable alternative in vivo model such as zebrafish would,
therefore, find immediate application. This study utilised a transgenic reporter line of
zebrafish to investigate its utility as an alternative vertebrate model to bridge the gap
between simple in vitro cellular studies and complex in vivo models for understanding
gastrointestinal toxicity induced by chemotherapy and targeted therapy. Transgenic
zebrafish larvae were administered afatinib or SN38 in water, and assessed for viability
and eGFP induction. Adult zebrafish were administered afatinib via oral gavage, and
SN38 via intraperitoneal injection. Fish were killed after 24 hours, and had
gastrointestinal tracts removed and assessed for histopathological damage, goblet cell
changes and apoptosis. Whilst treatment with either compound did not induce eGFP in
the gastrointestinal tract of larvae, SN38 caused histopathological damage to adult
intestines. The lack of eGFP induction may be due to poor solubility of the drugs.

Chemotherapy agents with high solubility and permeability would be more amenable to
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these models. Further progress in this area would be greatly facilitated by the generation
of robust and reproducible genetic models of zebrafish intestinal toxicity that mimic the
known pathobiological pathways in rodents and humans, and can be readily induced in a

short time-frame.

Introduction

Gastrointestinal toxicity arising from systemic cancer treatment such as chemotherapy
and targeted therapies remains a key reason for treatment cessation, significantly
compromising chances of remission. These side effects are frequently associated with
traditional chemotherapy drugs, and now are increasingly recognised to be associated
with targeted therapies [124]. Patients commonly report gastrointestinal toxicity as being
the most impactful on quality of life, influencing their willingness and ability to comply
with treatment [51]. This results in dose reductions, interruptions and discontinuation,

reducing remission rates [51].

Currently, the animal models used to study gastrointestinal toxicity arising from cancer
treatment are primarily rodent models[164]. These models have provided extensive
information on mechanisms, and prompted specific hypotheses about the effect of cancer
treatment on any regions of the gastrointestinal tract [164]. However, there are
challenges associated with rodent models including being prohibitively expensive, time
consuming, and the relative difficulty of genetic manipulation. In vitro models are also
utilised to study gastrointestinal toxicity. Epithelial cell lines derived from the intestine
are cultured as monolayers, in attempt to mimic the intestinal epithelium [127].
However, there are many limitations to in vitro work, and while they can be useful to

understand simple mechanisms, they lack stromal, neural and immune signalling which
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is of key importance for modelling gastrointestinal toxicity. Further, they cannot
recapitulate the complex systemic metabolism of compounds and thus do not assay the
full spectrum of compound derivatives found in vivo. Considering the constraints of in
vivo and in vitro models currently used, an alternative model to study cancer treatment-
induced gastrointestinal toxicity that allows rapid, miniaturised, multi-organ toxicity,

screening-amenable testing is warranted.

Recently, a new zebrafish transgenic eGFP reporter, Tg(cyp2k18:egfp), was developed
by identifying highly upregulated genes as biomarkers of liver toxicity [165]. Although
this transgenic zebrafish reporter line was initially developed for liver toxicity, upon
further testing, it was identified that the line also induced eGFP in the gastrointestinal
tract following drug treatment, highlighting this organ as a major detoxification site.
Detailed investigations have also reported the intestinal morphology and genetic
expression of the zebrafish, demonstrating it as a useful model for gastrointestinal
disease models [166-168]. Transcriptome profiling has demonstrated that the large
anterior portion (58%) of the zebrafish intestine has a similar RNA profile to the human
small intestine, followed by a small transitional zone (14%), a tissue resembling the
caecum (14%) and lastly a profile resembling the rectum (14%) [168]. Zebrafish do not
have separated stomach or colon sections, and instead have a continuous tube with

segments expressing some genes characteristic of human colon and rectum [168].

Here we exploit this newly developed transgenic zebrafish reporter line to investigate its
utility as an alternative vertebrate model to bridge the gap between simple in vitro
cellular studies and complex in vivo models for understanding gastrointestinal toxicity

induced by SN38 and afatinib. These agents are associated with high levels of
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gastrointestinal toxicity, manifesting as diarrhoea, and represent two classes of anti-
cancer agents; classical cytotoxic chemotherapy (SN38, a topoisomerase 1 inhibitor) and
targeted agents (afatinib, a pan-HER tyrosine kinase inhibitor) [91, 169-172]. Thus, this
study aimed to assess the efficacy of zebrafish as a platform to study gastrointestinal

toxicity second to anticancer chemotherapy and targeted therapy.

Methods

Fish Husbandry

Experiments were conducted under the authority of the Institutional Animal Care and
Use Committee (IAUCUC) of the Biological Resource Centre, A*STAR (Protocol
number 120751), mandated by National Advisory Committee for Laboratory Animal
Research Guidelines of the Agri-Food and Veterinary Authority, Singapore.

Zebrafish (Danio rerio) were housed in the zebrafish facility of the Institute of
Molecular and Cell Biology, a division of A*STAR, Singapore. Larvae were obtained
through natural crosses and staged as previously described by Kimmel et al., 1995 [173].
Embryos and larvae were raised and treated in water containing 60 pg/ml sea salt (Red

Sea Aquatics, UK), and 1% methylene blue.

Zebrafish used included wildtype (AB strain), Tg(cyp2k18:egfp) reporter line and

Tg(BACmpx:gfp) reporter line. The development of both the Tg(cyp2k18:egfp) reporter

line and Tg(BACmpx:gfp) line have been described previously [165, 174].

Drug Treatment

For treatment of both larvae and adults, SN38 (Tocris bioscience, 2684) was used as the

chemotherapeutic agent, and afatinib (AdooQ, A10141) was used as the HER-TKI agent.
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Both were administered to mimic clinical administration (afatinib orally, and SN38 via
intraperitoneal injection). Diclofenac (Sigma D6899) was used as the positive control to
cause hepatic and gastrointestinal toxicity reported by Tg(cyp2k18:egfp) zebrafish line
(larvae only). Larvae were treated at 3 days post fertilisation (dpf). Drug compounds
were dissolved in DMSO, and added to the egg water in a 12 well plate (volume 2
ml/well), with 10 larvae/well. All treatments were conducted in duplicate. Compounds
were dissolved in DMSO, and diluted in egg water for larvae treatment. DMSO exposure
to larvae or adult fish did not exceed 0.01%. SN38 and afatinib were administered to
larvae at a range of concentrations from 0.5-900 uM for 24 hours, and optimal dose for
treatment was determined as 300 uM. Positive controls (Tg:cyp2k18 line only) were
administered diclofenac at a concentration of 13 uM for 24 hours as this is known to
induce eGFP in this line [165]. Controls were administered the corresponding solvent

concentration (DMSO, 0.01%).

Adult zebrafish were weighed and administered 100 pg/g afatinib via oral gavage, with
the maximum volume administered not exceeding 1% of the fish bodyweight. Afatinib
was dissolved in DMSO, and diluted in PBS. DMSO exposure did not exceed 0.01%.
Controls were administered the corresponding solvent concentrations (DMSO, 0.01%).
The oral gavage technique was modified from Collymore and colleagues [175]. A soft,
flexible 20 pl ultra-micro tip (Eppendorf) was trimmed to 5cm in total length, and the cut
edge was assessed under a dissection microscope to ensure cut edges were blunt, with no
bevelled or sharp edges. A sponge was cut with a groove and soaked in facility system
water to hold zebrafish during gavage procedure. The ultra-micro tip was attached to a
pipette and appropriate volume drawn up, ensuring no bubbles were present, and gently

inserted into mouth, below the gills. To ensure procedure was effective, Casper
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transparent zebrafish [176], were gavaged with phenol red (1:10 dilution with a 0.5%
phenol red solution in Dulbecco’s PBS). This indicated that the solution was entering the
intestinal bulb and not exiting via the gills, and that fish did not expel the solution
through their mouth (Supplementary Figure 1). Fish were killed 24 hours following

gavage.

Adult zebrafish were weighed and administered 100 pg/g SN38 via intraperitoneal
injection, with the maximum volume administered not exceeding 1% of the fish
bodyweight. SN38 was dissolved in DMSO, and diluted in PBS. DMSO exposure did
not exceed 0.01%. Controls were administered the corresponding solvent concentrations
(DMSO, 0.01%). Using a 10 pl micro syringe (Hamilton) the correct volume was
injected into the fish on the ventral body wall, posterior to the pelvic girdle and anterior
to the anus, roughly midway along the length of a pelvic fin. The tip of the needle was
pointing rostrally, and was inserted shallowly. Fish were killed 24 hours following

injection.
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Supplementary Figure 1: Casper zebrafish gavaged with phenol red. Arrow

indicates phenol red in intestinal bulb of transparent Casper fish following gavage.
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Imaging and tissue preparation

For imaging, larvae were anaesthetised with 0.02% Tricane (buffered to pH 7.0) and
placed on a petri dish under a Leica MZ16FA. Only larvae were imaged for eGFP
induction as they are transparent.

Adult fish were culled by placing in 0.02% Tricane. A shallow longitudinal incision on
the ventral side, from the gills to the anus, was made to remove the intestines which were
uncoiled and the anterior 60% of the intestines were fixed in 4% PFA overnight before

processing and embedding in paraffin.

Histopathological analysis

Hematoxylin and eosin (H&E) staining was performed on 4 um sections of intestine, cut
on a rotary microtome and mounted onto glass Superfrost® microscope slides (Menzel-
Glaser, Braunschweig, Germany). Slides were scanned using a NanoZoomer™
(Hamamatsu Photonics, Japan) and assessed with NanoZoomer Digital Pathology
software view.2 (Histalim, Montpellier, France). The occurrences of six histological
criteria in the intestine were examined to generate a total tissue injury score [136]. These
criteria were villous fusion, villous atrophy, disruption of brush border and surface
enterocytes, infiltration of polymorphonuclear cells and lymphocytes, dilation of
lymphatics and capillaries, and oedema. Each parameter was scored as present = 1, or

absent = 0, in a blinded fashion (YZVS).

Goblet Cell Analysis

Alcian Blue (1 % Alcian Blue 8GX (CI 74240) in 3 % glacial acetic)/ Periodic acid
Schiff staining was performed on 4 pum sections the intestine. Sections were oxidised in 1

% periodic acid before washing then treated in Schiff’s reagent. Slides were scanned
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using a NanoZoomer™ (Hamamatsu Photonics, Japan) and assessed with NanoZoomer
Digital Pathology software view.2 (Histalim, Montpellier, France). Data presented as

average per villus. All analysis was done in a blinded fashion (YZVS).

Immunohistochemistry

Immunohistochemical analysis was performed for apoptosis analysis (caspase 3; BD
Pharmingen #559565). Change in caspase-3 is a validated marker for altered tissue
kinetics in previous models of cancer therapy induced-gastrointestinal toxicities [63, 69,
70, 90]. Immunohistochemical analysis was performed using Dako reagents on an
automated machine (AutostainerPlus™, Dako, Denmark) following standard protocols
supplied by the manufacturer. Briefly, sections were deparaffinised in histolene and
rehydrated through graded ethanol before undergoing heat mediated antigen retrieval
using an EDTA/Tris buffer (0.37 g/L EDTA, 1.21 g/L Tris; pH 9.0). Retrieval buffer was
preheated to 65°C using the Dako PT LINK (pre-treatment module). Slides were
immersed in the buffer and the temperature raised to 97°C for 20 minutes. After
returning to 65°C, slides were removed and placed in the Dako AutostainerPlus and
stained following manufactures guidelines. Negative controls had the primary antibody
omitted. Caspase 3 was quantified by counting the number of positively stained cells.
Data presented as average positively stained cells per villus. All analysis was done in a

blinded fashion (YZVS).

Statistics

Data were compared using Prism version 7.0 (GraphPad® Software, San Diego USA). A
D’ Agostino Pearson omnibus test was used to assess normality. When normality was

confirmed, a one-way analysis of variance (ANOVA) with appropriate post hoc testing
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was performed to identify statistical significance between groups. In other cases, a
Kruskal-Wallis test with Dunn’s multiple comparisons test and Bonferroni correction

was performed. Differences were considered significant when p < 0.05.

Results

Dose titration

Larvae Zebrafish
Zebrafish larvae (n = 10/group) were treated with varying doses of afatinib and SN38,
ranging from 100 uM to 1 mM to determine optimal treatment dose. SN-38 did not cause
mortality in larvae at any concentration tested. In contrast, afatinib induced dose-
dependent mortality (Figure 1). The optimal dose of afatinib for larvae was determined

as LC25 (300 uM).

Adult Zebrafish
Adult zebrafish (n = 6/group) were treated with SN38 (by intra peritoneal injection) or
afatinib (by oral gavage) at 10, 20, 30 and 40 pg/g based on previous publications [177].
SN-38 and afatinib did not cause mortality or noticeable morbidity in adult fish, and

hence 40 pg/g was dosed for the remainder of the study.
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Figure 1: Percent death of larvae Administration of varying concentrations of afatinib
caused lethality in zebrafish larvae. At does below 100 puM, no larvae died. Doses above
600 UM caused lethality in 100% of larvae. LC25 (dotted line) was 300 uM, and this was

determined as the optimal dose for further treatment. SN 38 did not cause death at any

concentration.
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Transgenic zebrafish larvae fluorescence imaging

To assess the effectiveness of zebrafish Tg(cyp2k18:egfp) reporter line as a high-
throughput screening for gastrointestinal toxicity of cancer treatment, larvae were treated
with SN38 and afatinib, anti-cancer compounds with known gastrointestinal toxicity
profiles; and positive control, diclofenac [165]. Larvae were imaged for induction of
eGFP in the gastrointestinal tract of Tg(cyp2k18:egfp) reporter line. To assess gut
inflammation, the neutrophil reporter line, Tg(BACmpx:gfp) was also exposed to both
compounds. As expected, diclofenac induced eGFP in the gastrointestinal tract of the
Tg(cyp2k18:egfp) zebrafish larvae (figure 2a); SN38 and afatinib did not elicit a
response (Figure 2c, d). SN38 and afatinib induced neutrophil translocation from the
vasculature (indicated by white arrow in untreated control, figure 2e) to surrounding
tissues, however, this was not specific to the gastrointestinal tract (Figure 2f, g). Visual
inspection indicated a relative decrease in translocation of neutrophils in larvae treated

with SN38 (Figure 2f) compared to afatinib treated larvae (Figure 29).
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Figure 2: Fluorescent microscope still images of Tg(cyp2k18:egfp) and
Tg(BACmpx:gfp) larvae zebrafish at 4dpf. 2a: Diclofenac (positive control) induced
eGFP in gastrointestinal tract of Tg(cyp2k18:egfp). 2b: Untreated larvae did not display
eGFP in gastrointestinal tract Tg(cyp2k18:egfp). 2c: SN38 treatment did not induce
eGFP in gastrointestinal tract Tg(cyp2k18:egfp). 2d: Afatinib treatment did not induce
eGFP in gastrointestinal tract Tg(cyp2k18:egfp). 2e, white arrow: Untreated
Tg(BACmpx:gfp) displayed neutrophils contained to the vasculature. 2f: SN38 treated
Tg(BACmpx:gfp) displayed some neutrophil translocation from the vasculature. 2g:
Afatinib treated Tg(BACmpx:gfp) displayed neutrophil translocation from the

vasculature.
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Histopathological intestinal analysis in adult zebrafish

To assess the effect of cancer drugs on the histopathology of the gastrointestinal tract, six
key markers of damage were assessed in adult zebrafish: disruption of brush border and
surface enterocytes, infiltration of polymorphonuclear cells and lymphocytes, dilation of
lymphatics and capillaries, oedema, villus fusion and villus atrophy. Both
Tg(cyp2k18:egfp) (n=6) and wildtype AB (n=6) adult zebrafish treated with afatinib did
not display histopathological damage to the intestines (p > 0.05) (figure 3a, b, c). Both
Tg(cyp2k18:egfp) (n=6) (p = 0.0076) and wildtype AB (n=6) (p = 0.0407) zebrafish
treated with SN38 had significantly increased histopathological scores compared to
controls (n=6 Tg(cyp2k18:egfp); n=6 AB wildtype) (figure 3a, d). The adult
Tg(cyp2k18:efp) zebrafish were not different from the wild type (AB) at baseline (p >
0.05), or in response to treatment (p > 0.05). To assess the effect of cancer drugs on
goblet cells in the gastrointestinal tract, AB-PAS staining was analysed. There was no
significant difference between either the transgenic (5.736 +/- 1.49 cells per villus in
DMSO IP; 7.446 +/- 1.092 cell per villus in DMSO gavage) or AB controls (5.923 +/-
2.06 cells per villus in DMSO IP; 7.625 +/- 1.205 cells per villus DMSO gavage). There
was no significant difference in fish treated with either SN38 (8.454 +/- 1.229 per villus
in AB fish; 6.528 +/- 2.135 per villus in Tg(cyp2k18:egfp) fish), or afatinib (5.508 +/-
1.482 cells per villus in AB fish; 6.392 +/- 1.957 cells per villus in Tg(cyp2k18:egfp)
fish), (p > 0.05). Caspase 3 staining to identify apoptotic cells in the intestine showed no
significant difference between either the transgenic or wildtype line in controls and fish

treated with either SN38 or afatinib (p > 0.05; data not shown).
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Figure 3: Histopathological injury in zebrafish. 3a: Adult Tg(cyp2k18:egfp) and adult
AB zebrafish treated with SN38 had significant histopathological intestinal injury
compared to controls (**p=0.0076 and *p = 0.0407 respectively). 3b: Adult zebrafish
treated with afatinib did not develop histopathological intestinal injury (p>0.05). 3c:
Representative image of adult Tg(cyp2k18:egfp) zebrafish treated with DMSQO control.

3d: Representative image of adult Tg(cyp2k18:egfp) zebrafish treated with SN38.
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Discussion

Gastrointestinal toxicity is a common side effect of cancer therapies, and can restrict
administration dose, and thus treatment efficacy. There is a pressing need for diverse
models and assays to better understand the mechanisms, and identify toxicity early in
drug development. The zebrafish model has been recognized as a powerful tool for
human disease modelling, toxicology and drug screening assays, based largely on its
ease of handling, fecundity, low cost, rapid external development, amenability to genetic
manipulation as well as its genetic similarity to higher vertebrates [178]. There has been
minimal use of the zebrafish model to study gastrointestinal toxicity; with one model
reporting mucositis findings when developing a hand-foot disease model with PEGylated
doxorubicin [177]. Here, we aimed to utilise a newly developed transgenic reporter line

as a novel model to screen anti-cancer drugs that induce gastrointestinal toxicity.

The Tg(cyp2k18:egfp) reporter line was developed to screen liver toxicity drugs,
however, on testing it was noted that eGFP was also induced in the gastrointestinal tract
if toxicity was induced [165]. Non-steroidal anti-inflammatory agents such as diclofenac
have long been reported to induce gastrointestinal injury [179]. It was therefore logical to
test the ability of this line as a reporter line for cancer treatments that induce both
hepatotoxicity and gastrointestinal toxicity. In this model, two agents known to induce
severe gastrointestinal-toxicity were used to assess the viability of the Tg(cyp2k18:egfp)
line as a high throughput, low cost screening tool. However, upon testing it was noted
that following treatment with both chosen drugs, SN38 and afatinib, no induction of
eGFP was seen in larvae. It is now becoming appreciated that each toxicant is likely to
induce a unique set of transcriptional responses and that a global toxic reporter is

unlikely to exist. It was noted previously that diverse toxicity reporter lines each
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responded differently to hepatotoxicants [165]. Ideally any toxicity assay would involve
a number of independent reporter lines. Unbiased transcriptional profiling of the toxic
response to afatinib and SN38 in the zebrafish might yield novel markers for transgenic

reporter development.

A key drawback in using zebrafish for the study of toxicity, is that larvae must receive
the compound in water. Drug solubility is therefore a major factor to be considered when
utilising this model. While this study overcame this limitation in adult fish by
administering drugs via oral gavage or intraperitoneal injection, such approaches are not
feasible in larvae nor are adults readily screenable for reporter eGFP induction due to
inherent opacity. Whilst understood that SN38 and afatinib engage a different pathway
for metabolism than Cyp2K18, these agents have been shown to induce hepatotoxicity in
other models, the precise mechanisms of which are unknown [180, 181]. Therefore, the
potential confounding issue in this model may be that sufficient concentrations were not
achieved to induce liver or gastrointestinal toxicity due to the low solubility, and thus
lack of absorption. The solubility of SN38 has previously been identified as problematic,
and hence development of soluble SN38 is now being investigated, and may be useful in
this model in the future [182]. Nevertheless, afatinib was soluble, and indeed, caused
some lethality at doses above 200 pM, however it is unclear if the lethality was of

gastrointestinal origin.

Adult zebrafish treated with afatinib did not show histopathological damage. There are a
number of reasons to potentially explain this: (1) histopathological damage is only
occasionally reported as a feature of targeted-therapy induced gastrointestinal toxicity;

(2) when histopathology is reported; it is most commonly only in the ileum, and it is
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possible that given the differences in zebrafish gastrointestinal anatomy this was not
seen. The zebrafish lacks a stomach, with the regionalisation of the adult zebrafish being
more gradual. The morphology of the zebrafish intestine is analogous to the villus
structure of mammalian intestines, with capacious folds of the epithelium that protrude
into the lumen, increasing the surface area with the finger-like projections, however do
not contain crypts [168]; (3) afatinib is typically administered daily over many weeks,
and so a single dose may not cause gastrointestinal toxicity. Further studies are therefore
needed to further investigate this model with a time-course, however the tolerance of

daily gavage to zebrafish is unclear.

While a robust and tractable genetic model of gastrointestinal toxicity is not available
yet, the identification of genes required for the rapid proliferation of zebrafish intestinal
epithelial cells during development has highlighted a number of essential genes that
could be targeted to disable gastrointestinal toxicity [183]. Moreover, appreciation of the
utility of zebrafish to study intestinal inflammation is gaining momentum. In particular,
zebrafish provide opportunities to investigate the integrity of intestinal epithelial barrier
function, a key emerging marker of gastrointestinal toxicity second to cancer treatment,
with FITC-dextran gavage. With currently available tools, the interplay between
epigenetic regulators, intestinal injury, microbiota composition and innate immune cell
mobilisation can be analysed in exquisite detail [183]. This provides excellent
opportunities to define critical events that could be targeted therapeutically. Furthermore,
the use of zebrafish larvae as hosts for xenografts of human tissue, while still in its
infancy, holds great promise that zebrafish could provide a practical, preclinical
personalised medicine platform for the rapid assessment of the drug sensitivity of the

patient. Furthermore, there are nascent, yet encouraging, efforts to generate humanised
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transgenic zebrafish lines for more accurate reconstitution of human drug metabolism

[184].

Conclusion

Zebrafish are providing several productive avenues for toxicology research, however a
timely screening model for gastrointestinal toxicity second to cancer treatment is yet to
be developed. Here, we aimed to utilise a newly developed transgenic reporter line to
address this need, however, the transgenic line did not report gastrointestinal toxicity
using the compounds tested. This may be explained due to poor solubility, providing an
unclear picture of whether these larvae were induced for any type of injury. We therefore
had to concentrate our attention on the adult fish in the direct delivery of the compounds.
Chemotherapy agents with high solubility and permeability would be more amenable to
these models. In addition, different drugs may invoke highly unique genomic responses,
and hence we did not see induction of eGFP in larvae in response to these compounds.
Further progress in this area would be greatly facilitated by the generation of robust and
reproducible genetic models of zebrafish intestinal toxicity that mimic the known
pathobiological pathways in rodents and humans, and can be readily induced in a short
time-frame. This would include identification of more gastrointestinal toxicity reporter
genes in zebrafish from these and other drugs. Suitably apt models will have the
potential to deliver novel cancer drugs by providing a platform for high throughput

chemical screens.
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Chapter 6 General Discussion

Introduction

The use of TKIs is increasing, and despite intentions of reduced toxicity, the prevalence
of diarrhoea, one of the most troublesome and prevalent symptom of toxicity, has
increased [124]. This has been further exacerbated with the advent of second generation
pan-HER TKIs [124]. Initial research suggested the mechanisms causing diarrhoea were
consistent with chemotherapy-induced mucositis, characterised by direct mucosal
atrophy [16]. However, as more research emerged, conflicting findings made it unclear if
there was indeed a uniform pattern to characterise toxicity of tyrosine kinase inhibitors

as previously hypothesised.

This thesis aimed to address the knowledge gap and provide a detailed interrogation of
mechanisms underpinning gastrointestinal toxicity second to pan-HER TKI treatment
(Chapter 3). I selected, dacomitinib as an ideal agent, as it (a) was associated with high
levels of diarrhoea (Chapter 1), (b) is a second generation TKI characterised by
irreversible receptor binding [37] and (c) inhibits all active members of the HER family
[37]. Given the growing body of evidence in support for a chloride secretory mechanism
of HER TKI-induced diarrhoea (Chapter 2), this thesis also investigated crofelemer as an
intervention for dacomitinib-induced diarrhoea (Chapter 4). | chose crofelemer as it (a)
dose-dependently inhibits the two major apical chloride channels found in the intestines
[118], and (b) has previously been approved for the treatment of diarrhoea [185].
Utilising gold standard Ussing chambers, electrogenic ion movement across the

epithelium was investigated. There is increasing acceptance for the hypothesis of TKI-
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induced diarrhoea being attributable to chloride secretion, now resulting in crofelemer
being proposed in clinical trials for the treatment of cancer therapy induced diarrhoea

[143]. The body of work described in this thesis:

Characterised dacomitinib-induced diarrhoea, with strong evidence provided of

barrier dysfunction and mucosal atrophy.

e Showed that damage was confined to the ileum following dacomitinib treatment.
This was also the area with highest relative expression of ErbB1.

e Suggested that crofelemer is not useful in this particular setting, as not only was
it unable to attenuate diarrhoea, it also made it worse.

e Did not support the initial hypothesis of chloride secretion being a mechanism of

dacomitinib-induced diarrhoea in this model.

Given the stark contrast seen between the in vitro and in vivo studies of Chapter 4, where
the in vitro proof of concept was not translated to the whole-organism model, Chapter 5
aimed to bridge the gap between in vitro and rodent models, with a zebrafish model of
gastrointestinal toxicity. Zebrafish are providing several productive avenues for
toxicology research and Chapter 5 aimed to harness this to develop a timely screening
model for gastrointestinal toxicity second to cancer treatment. The transgenic reporter
line utilised in this model did not report gastrointestinal toxicity as predicted. However,
it did highlight that the generation of robust and reproducible genetic models of zebrafish
intestinal toxicity is warranted. A model that can be readily induced in a short time-
frame will have the potential to provide a novel platform for high throughput

gastrointestinal toxicity screens.
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Histopathological damage to the ileum, barrier dysfunction, and

inflammation: traits of dacomitinib-induced gastrointestinal toxicity

With the advent of targeted therapies, it was anticipated that side effects would be few,
however this has not come to fruition [14, 122]. In fact, the incidence of gastrointestinal
toxicity is increasing with their use, which is exacerbated by the chronic oral
administration and concomitant treatment [16]. Despite this increasing incidence, there is
still limited understanding of mechanisms underpinning the toxicity, with literature
reporting varying findings ranging from no histopathological damage seen, to significant
damage. It is therefore imperative to provide a detailed investigation of mechanisms
underpinning TKI-induced gastrointestinal toxicity. Dacomitinib was an attractive agent
to use to interrogate mechanisms as it is associated with high levels of diarrhoea, and

irreversibly targets all active members of the HER family.

There have been contradictions throughout the literature about whether TKI-induced
diarrhoea is associated with histopathological damage (as is this case with traditional
chemotherapy-induced diarrhoea) [16]. The study presented in Chapter 3 demonstrated
for the first time that dacomitinib was associated with significant histopathological
damage. This was characterised by a number of validated features of mucosal injury,
with terminally differentiated enterocytes being the most affected. Importantly, this
damage was isolated to the ileum, with no other areas of the gastrointestinal tract

identified as displaying histopathological damage.

Furthermore, an analysis of 7 cytokines common to mucosal injury following cytotoxic
treatment, were analysed, and only MCP-1 was found to be upregulated, and again this

was confined to the ileum. MCP-1 is a monocyte chemoattractant which is also highly
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upregulated in patients with inflammatory bowel disease (IBD) [186]. IBD is
characterised by increased permeability and an influx of granulocytes and monocytes
which exacerbate inflammation and tissue injury. The parallels could open the avenue
for future therapeutic interventions such as granulocyte and monocyte adsorptive
apheresis (GMA), which has been successful in the IBD field [187]. However, when
considering systemic interventions such as this, careful considerations must be made

about their safety in regards to tumour growth.

The localisation of injury to the ileum may begin to explain why there has been such
variation in the literature around histopathology of TKI-induced gastrointestinal toxicity,
as if the ileum specifically was not assessed, no damage would be noted. The publication
arising from Chapter 3 was also the first to characterise ErbB receptor expression along
the gastrointestinal tract of rats, revealing that ErbB1 is expressed at a relatively higher
rate in the ileum compared to other regions of the tract. This correlates with the site of

histopathological damage, which may suggest why peak damage was seen at this site.

Mucosal enterocyte barrier disruption has been associated with a number of
gastrointestinal disorders characterised by diarrhoea, and is suggested to worsen clinical
outcomes, as it allows for translocation of endotoxin and bacteria [136]. Additionally,
previous research has shown alterations in intestinal barrier function following various
cytotoxic treatments, with tight junction dysfunction gaining momentum as a key feature
of chemotherapy-induced gastrointestinal toxicity [137, 188]. However, the role barrier
function has in TKI-induced gastrointestinal toxicity has been largely ignored. The study
described in Chapter 3 utilised FITC-dextran to show barrier dysfunction following

dacomitinib treatment. This barrier dysfunction was then further characterised in the
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study described in Chapter 4, with tight junction defects characterised in the ileum and
colon. Three important tight junction proteins were investigated given their established
role in maintaining barrier function [188]. Notably, these changes also coincided in the
ileum, the region where peak histopathological damage and inflammation was seen. This
is of particular importance, as inflammation has been associated with the induction of a
‘leaky’ gut [135, 136]. Furthermore, although not presented, | found that colon tissue
mounted into Ussing chambers from rats treated with dacomitinib in either treatment
schedule, showed no difference in conductance, a measure of permeability (p > 0.05).
Conversely, rats treated with crofelemer and dacomitinib combination showed
significantly increased conductance in the ileum compared to all other treatment groups
(p < 0.003), indicating increased barrier dysfunction in this group. Characterising
intestinal barrier dysfunction is central to understanding the development of
gastrointestinal toxicity, as it is proposed that breakdown of the intestinal mucosal
barrier contributes to diarrhoea through leak-flux mechanisms allowing passive
movement of water into the lumen [138]. In addition, inflammation in the
gastrointestinal tract is also reported to decrease sodium absorption, thereby further
contributing to fluid loss in diarrhoea [189]. Furthermore, given the histopathological
damage is pronounced at the ileum, it is likely to lead to decreased bile acid uptake,

further contributing to diarrhoea [190].
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Highlighting limitations to the hypothesis of chloride secretory

mechanisms for TKI-induced diarrhoea with crofelemer

The gold standard in management of cancer-therapy induced diarrhoea are the
MASCC/ISOO clinical practice guidelines for the management of mucositis second to
cancer treatment [60]. Although no recommendations are made by these guidelines on
how to treat diarrhoea second to TKIs, there is a call for more research of TKI-induced
diarrhoea [191]. Currently, pharmacologic management of ErbB TKI-induced diarrhoea
is largely limited to loperamide, a synthetic oral opioid drug that decreases peristalsis
and fluid secretion [61]. However, no anti-diarrhoeal medication used for the
management of TKI-induced diarrhoea offers a targeted approach, primarily due to the
lack of understanding of the underlying mechanisms. This thesis (Chapter 2) described
the emerging anecdotal evidence for chloride secretion as a mechanistic hypothesis for
TKI-induced diarrhoea, and offered crofelemer, an anti-secretory, anti-diarrhoeal as a
targeted treatment. This publication was provided as the rationale for a phase Il
evaluation of crofelemer for the prevention and prophylaxis of diarrhoea in patients
administered pertuzumab-based regimens by Gao and colleagues, who are currently

recruiting patients [143].

The research presented in Chapter 4 demonstrated that in vitro experiments supported the
hypothesis of chloride secretion as the underlying mechanism of dacomitinib-induced
diarrhoea. However, when these findings were translated into a whole organism, and ex
vivo model, there was minimal evidence supporting chloride secretion as a mechanism
for dacomitinib-induced diarrhoea. Although my study utilised the gold standard of
assessing electrogenic ion movement across an epithelium, the Ussing chamber

(Physiologic Instruments), there come limitations with the method. Ussing chambers
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measure electrogenic secretion, however are unable to measure electroneutral sodium
chloride transport [192]. In the context of other inflammatory bowel diseases, sodium
transport is considered important in measuring changes in bowel function. In fact, the
predominant mechanism of IBD associated diarrhoea involves impairment of
electroneutral sodium chloride absorption, with very little role, if any played by anion
secretion [193]. However, as this was not the primary outcome of interest given the
prevailing chloride secretion hypothesis, this was not assessed in this thesis. Although
the ex vivo Ussing chamber investigations did not return evidence for a secretory
diarrhoea phenotype following dacomitinib treatment, blood biochemistry results may
indicate otherwise. There was a significant increase in the anion gap, a marker of
metabolic acidosis. Acidosis occurs when bicarbonate is lost, however, our results
showed no significant loss in bicarbonate, thus making the interpretation quite difficult
in this context. Given the decreased albumin results, which can be related to kidney
damage, this further exacerbates complications in interpretation. Nevertheless, the
blatant differences and lack of translatability from the in vitro and in vivo components of
this thesis should be considered. T84 monolayers lack other neuro-immune mucosal cell
interactions, and of particular importance to this thesis, the impact that inflammation has
on tight junctions, which can influence chloride secretion via leak flux mechanisms. The
ex vivo analysis of this study utilised tissue from animals exposed to dacomitinib for 21
days, and was therefore inflamed. This is in stark contrast to the in vitro component, in
which dacomitinib was administered to healthy cells. While future studies could consider
administering dacomitinib in the Ussing chamber to ‘healthy’ animal tissue to see acute

changes; there are clear limitations to this.
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When a drug is added to healthy tissue to model response, it does not take into account
that clinically the gut would be in an inflamed state. The tissue hence reacts very
differently than in the healthy state due to altered expression of proteins and transporters
[153]. Therefore, this method of analysis does not adequately represent the true changes
in function and signalling. In fact, the state of gastrointestinal inflammation may point to
potential flaws in the hypothesis of TKI-induced diarrhoea being due to secretory
mechanisms. The hypothesis is based on ErbB being a negative regulator of chloride
secretion in normal settings, and so when inhibited there is a loss of negative regulation,
and thus increased chloride secretion. This hypothesis was supported by previous
research with HER-1 TKI, lapatinib, which was not associated with inflammation [90].
However, the hypothesis does not consider that the tissue may be inflamed, and hence
behave differently, a fundamental caveat. This is primarily demonstrated with DSS-
induced colitis models, that have shown that when tissue is in an inflamed state, ErbB1

phosphorylation actually enhances chloride secretion, instead of inhibiting it [153].

Crofelemer has previously been shown to exert its antisecretory effect via partial
inhibition of CFTR, and complete inhibition of CaCC (TMEM16A) [118]. Current
literature suggests it has no contraindications. It was chosen for use in this thesis based
on its lack of systemic absorption and its reported selectivity in acting only on the apical
side of the CaCC and CFTR chloride channels of the gastrointestinal tract [118]. The in
vitro arm presented in Chapter 4 clearly demonstrated that crofelemer inhibited chloride
secretion, supported by the current literature. Conversely, when I translated crofelemer
to the in vivo arm, the electrophysiological analysis demonstrated that crofelemer had no
inhibitory effect on chloride secretion. Additionally, crofelemer was unable to attenuate

dacomitinib-induced diarrhoea in this model, and in fact, worsened it. Convective drug
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washout may explain the lack of effect seen with crofelemer, but does not explain the
significantly worse clinical presentation. It was unlikely that this was associated with
increased dacomitinib exposure given the cMin was unaffected with crofelemer co-
treatment, however without doing a more in-depth pharmacokinetic analysis, conclusions
cannot be confidently drawn. Regardless, this is the first study to suggest that crofelemer
may have paradoxical effects, and warrants further investigation before crofelemer is
used in conjunction with other pharmaceuticals. Research with crofelemer has previously
been focused on non-infectious diarrhoea, driven by chloride secretory mechanisms
[117], with only one study suggesting that crofelemer may be effective in an infectious

diarrhoea context [194].
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Bridging the gap between in vitro and whole-organism models with

zebrafish

The study presented in Chapter 5 aimed to harness zebrafish as a model to overcome the
prohibitive expense and time constraints of currently used rodent models. While in vitro
models have helped for high throughput screening, the lack of surrounding cells and
tissues limits their usefulness. Often this results in a lack of translatability, as was clearly
seen in Chapter 4. Zebrafish allow for rapid, miniaturised, whole-organism toxicity
testing due to their ease of handling, fecundity, low cost, rapid external development,
amenability to genetic manipulation and the genetic similarity to higher vertebrates
[183]. To date, there has been minimal use of zebrafish for the study of gastrointestinal

toxicity, however their use in other gastrointestinal diseases is gaining momentum [178].

Zebrafish express ErbB receptors [195], and chloride channels [196, 197]. As such, I
decided to further exploit zebrafish and investigate their feasibility in this field. Chapter
5 utilised the Tg(cyp2k18:egfp) transgenic reporter line with the hypothesis that the
eGFP would be induced in the gastrointestinal tract if toxicity was induced in larvae,
allowing for rapid screening of gastrointestinal toxicity. Unfortunately, due to the
material transfer agreement (MTA) with Pfizer Pharmaceuticals, dacomitinib was unable
to be used in this model. Afatinib was therefore selected as the pan-HER TKI, as it is
readily available and is the same class as dacomitinib (characterised in Chapters 3 and
4). The active metabolite of irinotecan, SN38, was selected as the cytotoxic as it has been
well characterised in the literature as causing severe gastrointestinal toxicity and
diarrhoea [127]. Together, they represent two different classes of cancer drugs known to
cause gastrointestinal toxicity. Upon testing with SN38 and afatinib, | found that the

Tg(cyp2k18:egfp) reporter line was unable to screen for gastrointestinal toxicity
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following either of these two drugs, as eGFP was not induced in the gastrointestinal
tracts of the larvae. One of the key limitations of using aquatic animals, is that all drugs
must be administered in water, making drug solubility a major contributing factor in the
success of the model. Therefore, the potential confounding issue in this model may be
that sufficient concentrations were not achieved to induce liver or gastrointestinal
toxicity due to low solubility and/or poor permeability, and thus lack of gastrointestinal
absorption. This may offer an explanation as to why no fluorescence was seen. While
this study overcame this limitation in adult fish by administering drugs via oral gavage or
intraperitoneal injection, such approaches are not feasible in larvae nor are adults readily
screenable for reporter eGFP induction due to inherent opacity. Nevertheless, the use of
zebrafish to screen new compounds is gaining momentum [198-201]. Their use is not
just attractive to toxicity, but also molecular oncology, with the opportunity to
investigate multiple genetic alterations associated with the development of human
cancers and validation of novel anticancer drug targets [198]. Particularly, the
transparent zebrafish models can be used as a xenotransplantation system to rapidly
assess tumorigenesis and metastatic behaviour of cancer stem or progenitor cells [198].
Given the success of zebrafish reporter lines for toxicity screening others have yielded, it
may be worthwhile taking a more targeted approach, such that soluble cancer drugs
known to induce gastrointestinal toxicity are administered to zebrafish. In this way,
highly upregulated genes in the gastrointestinal tract can be identified as biomarkers of
toxic response, and tagged with eGFP. Creating such a model could subsequently be
used for high throughput screening of new cancer drugs, however the heterogeneity of

the many classes of cancer drugs would need to be considered.
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Despite overcoming treatment difficulties in adults, afatinib still did not induce
gastrointestinal histopathological damage, potentially due to regionalisation of the
zebrafish intestine not representing the ileum closely enough. As outlined in Chapters 3
and 4, the ileum is the key region damaged following pan-HER TKI administration.
Additionally, this model used a single dose administration, as opposed to the typical
protracted administration of pan-HER TKIs, where 7 days is needed to see
histopathological damage, which may explain the lack of damage seen in zebrafish.
Given this, it is possible that afatinib exposure may not have been sufficient, and future

studies would need to test for retention and absorption of any drug used.

Although the transgenic reporter line was unable to screen for gastrointestinal toxicity,
the adult zebrafish administered SN38 did show histopathological damage to the
intestines reminiscent of changes seen in clinical samples. This is the first time SN38 has
been administered in adult zebrafish, and given the positive result, could be expanded on
to other drugs, particularly the growing area of oral formulations of SN38. Given the
many advantages of utilising zebrafish, and the evidence that zebrafish can indeed
develop gastrointestinal injury from cytotoxic agents, further investigation is warranted.
While a robust and tractable genetic model of gastrointestinal toxicity is not available
yet, the identification of genes required for the rapid proliferation of zebrafish intestinal
epithelial cells during development has highlighted a number of essential genes that
could be targeted to disable gastrointestinal toxicity [202]. Moreover, zebrafish are being
exploited for other gastrointestinal inflammatory pathologies, and intestinal epithelial
barrier function has been identified as a characteristic in these models [166]. Given the
increasing acknowledgement of barrier dysfunction as a key factor in the development of

gastrointestinal toxicity (as outlined in Chapter 4), zebrafish may provide a unique
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platform to investigate this. With currently available tools, the interplay between
epigenetic regulators, intestinal injury, microbiota composition and innate immune cell
mobilisation can be analysed in exquisite detail [183]. This provides excellent

opportunities to define critical events that could be targeted therapeutically.
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Conclusion

It is clear that second generation, pan-HER TKIs induce diarrhoea in a high proportion
of patients. With the increasing use of these agents, understanding the mechanisms of
HER TKI-induced diarrhoea are crucial. This will enable researchers to investigate
potentially effective interventions to help prevent adverse event aggravation, dose

reductions or therapy discontinuation.

The studies presented in this thesis have shown that pan-HER TKI-induced
gastrointestinal toxicity is associated with histopathological damage, inflammation, and
intestinal barrier dysfunction in the ileum, the region where ErbB1 is preferentially
expressed. It is likely that this injury seen following HER TKI treatment, is the cause of
diarrhoea. Through a number of investigations, this thesis highlighted limitations to the
mechanistic hypothesis of HER TKI-induced diarrhoea being of secretory phenotype.
Furthermore, the publications airing from this thesis are the first to suggest that
crofelemer may have contraindications, emphasising the importance of preclinical trials,
and that crofelemer should be used with caution when prescribed with other medications.
This thesis has also brought light to the potential future use of zebrafish as a high
throughput screening tool for gastrointestinal toxicity. Further progress in this area
would be greatly facilitated by the generation of robust and reproducible genetic models
of zebrafish intestinal toxicity that can be readily induced in a short time-frame, allowing

opportunities to define critical events that can be therapeutically targeted.
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Gastrointestinal toxicities of first and second-

generation small molecule human epidermal growth
factor receptor tyrosine kinase inhibitors in
advanced nonsmall cell lung cancer

Ysabelia ZA. Van Sebille®, Rachel J. Gibson®, Hannah R. Wardill®,

and Joanne M. Bowen"

Lung cancer remains the leading cause of cancer-
related death worldwide, with nonsmall cell lung
cancer (NSCLC) representing 85% of all lung cancer
diagnoses [1,2]. Platinum-based chemotherapy Is
recommended as standard first-line treatment,
however, the objective response rate is modest
and recurrence eventually occurs for most patients
[3]. The landscape of NSCLC therapeutics has
changed over the past decade in response to discov-
ery that many tumours overexpress the human
epidermal growth factor receptor (HER) family. This
has resulted in the introduction of small molecule
HER tyrosine kinase inhibitors (TKls) for the treat-
ment of NSCLC [4]. Many new HER TKIs have since
emerged, moving from single HER targets (primarily
HER1), such as gefitinib and erlotinib to pan-HER
targets such as dacomitinib and afatinib. Addition-
ally, these small molecule therapeutics have moved
from first to second-generation agents; now resist-
ant to the acquired mutations of the first-generation
class of drugs, such as the T790 mutation. It
was originally anticipated with the advent of
these targeted therapies that patients would experi-
ence less toxicity than traditional cytotoxic
therapies. Although undoubtedly these new agents
have improved therapy significantly, they also have
downsides, namely, causing unexpected adverse
event profiles. This editorial will focus on the pre-
dominant HER TKi-related side-effect, namely diar-
rhoea, addressing the change in the gastrointestinal
toxicity profiles seen from the single HER-targeted
drugs to the second-generation pan HER-targeted
drugs using gefitinib and dacomitinib as examples.

HUMAN EPIDERMAL GROWTH FACTOR
RECEPTOR TYROSINE KINASE
INHIBITORS

TKIs were first described in 1988, and specifically
inhibited the HER1 [5]. The activity of the HER

www.supportiveandpalliativecare.com

receptors is dictated by the expression of their
ligands, which can be classified into three groups:
those binding specifically to HER1; those exhibiting
dual specificity binding to HERI and HER4; and
neuregulins subclassified upon their capacity to
bind HER3 and HER4 or only HER4 [6,7]. Currently,
no ligand has been identified to be specific for HER2,
however, It is understood that this receptor
forms heterodimers with the other HER receptors,
Upon ligand binding to the HER receptor, hetero-
dimerization or homodimerization of receptors
occurs, leading to a cascade of signalling pathways
[8]. Among the pathways activated are ERK,
and PI3K/AKkt. Pathway activation leads to
changes in protein functions and activation of
gene transcription [8-10]. Briefly, these complex
signalling pathways result in interactions with
apoptotic signalling, cell proliferation, differen-
tiation, migration, and survival, which can promote
tumourigenesis [9,11].

For oral agents administered daily, toxidties of any
grade are extremely Important as they can deter-
mine compliance. Despite this, adverse events
remain largely ignored, with the emphasis placed
on efficacy. Diarrhoea is a severe, dose-limiting, and
the most common adverse event of small molecule
HER TKI treatment [12]. HER TKI-induced diarrhoea
can become evident as early as 2-3 days after
initiation of treatment, and given the dally and
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Table 1. Diarthoea groding scale

Increase of less than four Increase of four 1o six stools over Increcse of af least seven sools  Lifeth ing conseq ; Death
socls over boseli baseline; i.v. fluids <24h over bowline; inconlinence; Lv,  urgent; inkervenion
indicated

fids >24h; hospralization
indicated; limits octivities of
daily living

continuous manner of HER TKI treatment, can
persist for substantial periods of time, significantly
impacting on patients’ quality of life, resulting in
poor compliance and therapy interruption [13]. The
severity of diarrhoea Is most commonly graded
using the National Cancer [nstitute’s Common Ter-
minology Criterta for Adverse Events (Table 1).
Grade 3 (severe) diarrhoea can result in fluid and
electrolyte loss, which then can lead to dehydration,
electrolyte imbalances, and renal insufficiency.
Additionally, alterations in gastrointestinal transit
and digestion can lead to nutritional deficiencies
that can negatively impact the quality of life of
patients. Furthermore, given that therapy with
HER TKis tends to continue for more than
10 months, grade 1-2 toxicities should be con-
sidered equally important, and appropriate manage-
ment of diarrhoea is essential.

The underlying mechanism(s) of HER TKl-induced
diarthoea remain poorly understood. Despite a
similar clinical manifestation to traditional chemo-
therapy treatment-induced diarrhoea, toxicities
associated with targeted therapies are hypothesized
to have different pathogenic mechanisms [14)
Preclinical studies using targeted therapies have
shown diarrhoea is not correlative with intestinal
mucosal damage [15], suggestive of pathogenic
mechanisms that differs to traditional cytotoxic
cancer treatments. Galning significant momentum
is the hypothesis that HER TKI-induced diarrhoea
is a result of excess chloride secretion based on
the established role of HERs in regulating ion
conductance channels in the colon [16]. Currently,
treatment for cancer therapy-induced diarrhoea
is limited; coupled with increasing cancer preva-
lence, it Is clear that the need for a fuller under-
standing of the mechanism(s), and subsequently
therapeutic targets will not abate. Ultimately, such
an understanding should eventually point to safer,
more targeted and more effective therapies for
cancer sufferers.

17514258 Copyright © 2016 Wohers Kluwer Health, Inc. All rights reserved.

Gefitinib (Iressa; AstraZeneca, London, UK, http//
www.astrazeneca.com) was the first oral HER TKI
approved in the United States. Gefitinib reversibly
binds to the ATP-binding pocket of the tyrosine
kinase domain of HER1 subsequently inhibiting
kinase-dependent signal transduction [17-19]. Gefi-
tinib has demonstrated benefit in terms of response
rate and time to progression in adults with meta-
static NSCLC who have activating HER1 mutations
[20-22]. However, results from multiple clinical
trials have demonstrated that between 25 and
55% of patients, receiving gefitinib monotherapy,
develop diarrhoea (Table 2).

SECOND-GENERATION HUMAN
EPIDERMAL GROWTH FACTOR RECEPTOR
TYROSINE KINASE INHIBITOR:
DACOMITINIB

Resistance to reversible HER1 TKIs such as gefitinib
has increased, leading to the development of novel
target-based therapies such as dacomitinib for the
treatment of NSCLC harbouring exon 19 deletions
or exon 21 (L858R) mutations [35~37]. Convention-
al HER TKIs such as gefitinib are reversible: they
competitively bind to the HER1 tyrosine kinase
domain [38). However, the simultaneous activation
of different HER family members through dynamic
hetero and homodimerization can compromise the
therapeutic efficacy by inhibition of a single recep-
tor [39]. Dacomitinib (PF- 00299804, Pfizer) was
developed to irreversibly (covalently) bind to the
ATP domain of each of the three kinase-active mem-
bers of the HER family (HER1, HER2, and HER4)
effectively Inactivating them [40]. Subsequently,
signal transduction pathways implicated in the
proliferation and survival of cancer cells are blocked
[41]. Dacomitinib has shown significant therapeutic
efficacy in NSCLC, specifically to tumours that have
not previously responded to conventional single
receptor inhibitors, and also against tumours with
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Thatcher et al., 2005 [23)

NSQLC Phase 8 [n~ 1688

Sun et al, 2012 [24] NSCLC Phase M (o= 135)
Cufer et of., 2006 [25] NSCLC Phase 8 [n = 140)
Lee et al, 2010 [27] NSCIC Phase M [n=161)
Mok e ol,, 2009 (28] NSCIC Phasa B [a= 1217)
Maoemondo o of,, 2010 [29] NSCLC Phose B [a=161)
Gos ot ol., 2009 [30] NSCIC Phase § [4=201)
Morire of o, 2010 [31] NSCIC Phose ¥ o= 128)
Mitwudomi et al, 2010 [32] 'NSCIC Phase 8 (n=117)
Zhang et ol,, 2012 [33] NSCIC Phase B |n=298)
Crieé o ol., 2008 [34] 'NSCLC Phase § [n=196)

27 3
265 0
265 29
259 1.2
s 3
342 09
51 3
28 5
s4 BR
25 0

NEQIC, nommoll call hng concer.

mutations developed for acquired resistance of
targeted therapies [37-39]. Dacomitinib is currently
in phase Il clinical trials, and the most commonly
reported adverse event among all trials has been
diarrhoea, commonly resulting in dose reductions
and patient withdrawal from clinical trials
[38,39,42-44] (Table 3),

Over the past decade, therapies for advanced NSCLC
have significantly changed with the development of
small molecule TKIs moving from single to pan-HER
targets. The median percentage of patients develop-
ing diarrhoea from gefitinib is 27.5%, with a median
of 2.5% developing grade 3 or higher diarrhoea;
compared to a median of 74% of patientsdeveloping
diarrhoea from dacomitinib, with a median of 12%
developing grade 3 or higher. Using gefitinib
and dacomitinib as examples, it is clear that

second-generation, pan-HER TKIs induce diarrhoea
in a higher proportion of patients, and to a worse
degree than first-generation single-HER TKIs. The
HER family of receptors are mainly expressed on
cells of epithelial origin, induding those of the
gastrointestinal tract, and Inhibitors of the HER
pathway are therefore associated with gastrointesti-
nal side-effects, with diarrhoea constituting the
most frequent. Perhaps, the increased incidence
and worse diarrhoea seen with pan-HER TKIs vs,
single-HER TKIs suggests that other members of
the HER family, and not only HER1 are important
In the mechanism(s) of HER TKI-Induced dlarrhoea,
Although understanding of the role of HER1 in
growth and repair of the gastrointestinal tract
(GIT) is well understood, little is known of the role
of other HER receptors in GIT homeostasis.
Dacomitinib is a novel HER family blocker that
has demonstrated anticancer activity in Phase [l and
1l studies in NSCLC patients whose tumours

Table 3. Clinical trials of dacomitinib

Janne ef o, 2011 [45] NSCLC Phase 1 [n = 121]

Reckomp etal, 2014 [44] NSCLC Phase § [n = 664)
Abdul Razok et of., 2013 [42) NSCLC Phase & [n = 69)
Tokohashi et of., 2012 [39] NSCLC Phase | fa = 13]
RuizGarcia et al,, 2013 [47] INSCIC Phase | [ 14)
Ramalingom e o, 2014[48) NSCIC Phase B |n=878)
Jonoe of of, 2016 [49] NSCIC Phose | [1=70)

Elks ot ol, 2014 [50]

NSCQLC Phase ¥ [ =720}

66.7 11
848 121
84.1 159
731 118
92 0
14 0
72 12
74 16
78 13

NSQIC, nommall cell kg concer.
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harbour HER mutations. Gefitinib is currently the
standard of care for these patients as first-line treat-
ment. Following positive clinical trial data, dacomi-
tinib may replace gefitinib as the first-line choice
of treatment for epidermal growth factor receptor
(EGFR) mutation-positive advanced NSCLC patients.
Glven the aforementioned concems assoclated with
dacomitinib-induced diarrhoea, education on the
frequency of HER TKl-associated diarrhoea, as well
as early diagnosis, timely management and reassess-
ment and close patient follow-up, will help to
prevent adverse event aggravation, dose reductions,
or therapy discontinuation, thus encouraging
patient compliance and allowing patients to obtain
the maximum therapeutic benefit from this novel

agent.
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Introduction

minimisation, and/or prediction of cancer therapy-induced diar-
rhoea may significantly reduce health system costs over the total
course of cancer treatment,

kinase inhibitors (TKls)

Small molecule Exb8 ptor ty
are used for the treatment of a vartety of cancers that overexpress

ErbB . These cancers include but are not limited to breast,

In clinical oncology practice diarrh is a very c and
severe side effect of cancer tre dioth
chemotherapy, and targeted thuaples 1k lehoea occurs in
between S0% and 100% of pati ding on their tr P
regimen (23] Itis a ebmmg nﬂ lly life th

toxicity as fluid and electrolyte loss asotiaed with persistent
and jor severe diarrhoea can result in electrolyte imbalances, renal
insufficiency, malnutrition, and extreme dehydration, all of which
can lead to cardiovascular compromise and death (4. Furthermore,
these often necessitate dose reductions and treatment breaks,
compromising clinical outcomes [ 56| The need for prevention of
cancer therapy-induced diarrhoea is critical. Identification of the
pathogenesis may lead to a more accurate management to help
reduce severe complications that may be irreversible | 78]

Cancer therapy-induced diarrhoea is also associated with con-
siderable economic costs with recent reports suggesting that addi-
tonal costs of up to $25,000 (USD) per chemotherapy cycle are
incurred [9], These costs are attributed to patients with cancer
therapy-induced diarthoeas having an increased risk of infection,
Increased hospital stays and increased resource utilisation for sup-
portive care measures |[10.11]. Consequently. prevention,

* Cormpending suther #; School of Medicdl Sciences, Usiveruty of Adelaide,
North Terrace, Adelaide S005, Australia Tel: +61 R KNI 3I7RY.
Eomail address: ysabella vansetalle® aded e 2duan (YZA. Van Sebille).

g ot oegy 10,108 6 ctav 2015 04011
W05~ 7372/ 2005 Elsevier Lad, All rights reserved.

non-small cdl lung cancer (NSCLC) and head and neck cancers,
Small molecule ErbB TKis act by competitively binding to the intra-
cellular ATP domain of the tyrosine kinase, effectively inhibiting

lation of the receptor and therefore downstream sig-
nalling [12,13]. To date, the mechanism(s) of acdon of ErbB
TKl-induced darrhoea has yet to be ducidated, This is in contrast
to diarrhoea induced by traditional chemotherapy agents including
fluropyrimidines, topotecans, platinum analogues, folate inhibitors
and  taxanes |2]. Recent research has  suggested that
chemotherapy-induced diarrhoea is a result of severe intestinal
damage caused by mucositis, Mucositis is a multi-factorial process
whereby acute damage to the intestinal mucosa (including,
Increased apoptosis, villus atrophy, crype hypoplasia and dilation,
loss of epithelium, excessive mucous secretion, necrasis and
inflammation ) causes an imbalance between absorption and secre-
tion, ultimately resulting in an anatomic derangement diarrhoea
phenotype |2.14.15] Numerous preclinical and dlinical studies
have documented the pathobiology of chemotherapy-induced
diarrhoea and have reported thae it is largely based on indirect beo-
logical signalling. rather than direct tissue damage [ 16-21] The
mechanisms of chemotherapy-induced diarrhoea are becoming
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better characterised, this is not the case for TKI-induced diarrhoea;
this critical review will outline potential mechanisms of ErbB
TXi

duced diarrh

¥

ErbB receptors

Many tumours including but not Bmited to breast, NSOLC, squa-
mous cell cancers of the head and neck, have been identified as
overexpressing ErbB receptors. This has meant that many targeted
therapees have been developed to act on the ErbB family of recep-
tors [ 22]. The ErbB family (interchangeably known as HER/ECFR), is
comprised of four membrane receptor tyrosine kinases: ErbBl1
(HER1 or EGFR) ErbB2 (HER2), Erb83 (HER3), and ErbB4 (HER4)
[23]. The activity of the ExbB receptors is dictated by the expres-
sion of thesr ligands |24), which can be dassified into three groups:
Group (1) those binding specifically to ErbB1; Group (2) ligands
which exhibit dual specificity binding to both ErbB1 and ErbB4;
and Group (3) neuregulins, which can be further sub-classified
based upon their abdity to bind only Erb84 or both Erb#3 and
ErbB4 (Table 1) [25). To date, no ligand has been identified as being
specific for ErbH2, although this receptor does form heterodimers
with the other ExbB receptors.

When ligands bind to the extracellular domain of the ErbB
receptors, receptor dimerisation and phosphorylation of ntracellu-
lar tyrosine kinase domains occur, This leads to activation of a cas-
cade of signalling pathways including the mitogen activated
protein  kinases/extraceflular  sgnal  regulated  kimases
(MAPK/ERK), and phosphatidyfinositol-3-kinase (PI3K/AkY) path-
ways [26]. Once activated, these pathways lead to changes in both
protein functions and activation of gene transcription |26-28],
leading to interactions with apoptotic signalling, cell proliferation,
differentiation, migration and survival. These can all promote
tumourigenesis [ 27 29],

In addition to being expressed on cancer cells, ErbB receptors
are also found on healthy cells throughout the body. of specific
interest to this review are the receptors expressed in the gastroin-
testinal tract. Specifically, they are abundantly expressed on the
basolateral membranes of healthy intestinal epithelial cells and
are crucial for essential normal functions and development in the
gut (3031 For example, ErbB receptors activated on Intestinal
epithelial cells cause a cascade of complex signalling pathways
resulting in maintenance of mucasal integrity via induction of
mucus and prostaglandin synthesis promotion of enterocyte
migration, prevention of intestinal epithelial cell apopeosis,
decreasing bacterial translocation and preservation of gut barrier
function after injury |12,13].

The first anti-cancer agents targeting ErbB receptors were
developed in the 19805 This led to the development of the first
generation of two overarching subtypes of ErbB receptor inhibi-
tors: monoclonal antibodies. and small molecule tyrosine kinase
inhibitoes [34-37). Monoclonal antibodies are directed against
the extracellular domain of ErbB receptors, whereas small mole-
cule TXIs act directly on cytoplasmic domains of Erb8 TKI activity.
The overexpression of ErbB receptors in many solid tumours is

Table 1

EB recepaes and their ligands.
Receptor Ligands
BBl EGF, Aseg TCF2
ErbB) and b Bt HIEGF and Ereg
ErbEd and BBB4 Neg!l and Neg2
b Mg and Negd

“

comelated with advanced stages and often a worse prognosis of
the cancer | 38], In many different cancer cell types, the ErbB path-
way becomes hyper-activated by a range of mechanisms, including
overproduction of ligands, overproduction of recepeors, or consti-
tutive activation of receptors |31 ). This hyper-activity and hence
key role of the ErbB network has made it an attractive target for
therapies. After an initial response however, patients being treated
with first generation Erb8 TKIs often develop secondary mutations
such as T790M, MET or HER2 amplifications, resulting in acquired
resistance [39), Ultimately, this limits the effectiveness of these
first generation agents over time. Pan-ErbB TKls are now consid-
ered second-generation and are resistant to acquired mutations
As a result, these TKIs are now commonly used. However, they
are associated with clinical toxiaties and which are important to
recognise and manage.

ErbB TKIs and diarrhoea

Toxicities are ¢ in pati iving first g

ErbB TKis, including but not limited to erotinib, gefitinib, and lap-
atinib. In particular, up to 69% of patients experience diarrhoea
[12]. Large randomised trials have shown that erlotmib and lapa-
tinib induce diarrhoea in 40-60% of patients, with approximately
10% of these presenting with grade 3-4 symptoms (National
Cancer Institute Common Toexicity Criteria) [40.41], One of the
most frequent toxicity assoclated with second-generation
pan-Erb8 TKis is also diarrhoea. Recent clinical data suggests that
all grades of diarrhoea are more frequently seen with pan-ErbB
TKls than first generation ErbB TKIs (e.g dacomitinib vs. erolitinib)
Up to 96X of patients receiving second generation pan-ErbB TKI's
develop diarrhoea, and perhaps more importantly, the incidence
of grade 3 (severe) dlarrhoea Is significantly higher |42 ). Further
exacerbating this diarrhoea is that many TXIs are given daily for
months at a time, and side effects are therefore often chronic,
unlike the acute manifestations typically seen following traditional
chemotherapy regimens,

Do ErbB TKIs induce diarrhoea via a distinctly different
mechanism than chemotherapy-induced diarrhoea?

One common hypothesis for the mechanism of action of diar-
rhoea following TXI treatment is thought to be due to nhibition
of ErbB signalling within intestinal epithelia, leading to direct
mucosal atrophy and damage [43-45], Research suggested that
this diarrhoea was associated with reduced growth, characterised
by reduced growth and healing of the intestinal epithelium leading
to mucosal atrophy due to the stimulatory effect of ErbB pathway
on enterocyte proliferation |46, nutrient and electrolyte transport
|47], brush border enzyme expression [43] and epithelial restitu-
tion being impeded [49]. Increased frequency of diarthoea in
patients using oral compounds (e.g small molecule TKI's) com-
pared to monoclonal antibodies supports this theory. This direct
mucosal damage hypothesis mimics chemotherapy-induced diar-
rhoea, bought about by the manifestation of mucositis (Fig 1)

A mare recent by pothesis suggests that despite a similar clinical
manifestation as is seen i traditional chemotherapy induced diar-
rhoea, Erb8 TXI-induced diarrhoea is due to a distinctly different
pathological mechanism [22 50], This followed the recent develop
ment of a preclinical model to study the gastrointestinal toxicity
associated with Erb8 inhibitors [ 51], Using lapatinib, an oral small
molecule ErbB1 and ErbB2 TKI for 7-28 days, this brge (n = 128)
study showed no significant pathology in the intestines of rats,

BCF: Ipidermal Growth Factor. Areg: TCF: tramb prowth
factor: Bic: Betacellolie: HEECF. Heparin binding ECFlike gowh Gaor, Ereg
Epiregulin: Neg: Newreguling,

despite rats displaying a dose-dependent diarrhoea profile consis-
tent with that observed clinically |51]. No sgnificant changes were
noted in intestinal weights and no significant histopathology was
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(A)

Normal Fluid Transport
Wil (Kl Fazrusion Zone)

|(8)

Fluld Transport with Blunted Villl

Wius (0ol Extrusion Zoned

Ag 1. (A)In 3 oormal vilus fluld sassport is tightly controlled and there is a net

of fuid. (B) In chematherapy Induced gut toxicity, the vilhes i bluated and there

e ared for abworption of Guid. The manifestation of chemother apy-ind uced dierhoea is largely driven by small intestingl cunges () Small molecule B8 ] induced
ey hoea is Bely due 10 secretory mechuniuns within the colea. The tight centeal of chloride secretion i lod, resulting i an accumudation of Suid in the kunen.

noted in the jejunum or colon, Indicating that no significant
pathalogy in the intestines occurred as a result of lapatinib treat-
ment [S11 In fact, it was found that jejunum crypts were signifi-
cantly longer, and contained increased mitotic cells in rats
treated with lapatinid [52]. This is in stark contrast to what is
noted In mucositis models of rats treated with chemotherapeutic
agents such as irinotecan causing severe intestinal damage and
atroplyy [ 14,53 ). This is therefore highly suggestive that the mech-
anism of Erb# TKl-induced diarrhoea is profoundly different from
chemotherapy-induced diarrhoea. Further investiganon found that
serum biochemistry levels of chloride were decreased in rats rea-
ted with high dose lapatinib, correlating with diarrhoea incidence,
suggesting that chloride loss via the intestinal lumen may be
involved in the manifestation of small molecule ErbB TKI induced
diarrhoes [52 ], However, this was inconclusive. Furthermore, stud-
Ies using another kinase inhibitor, flavopindol. showed no intesti-
mal damage, despite clinical manifestation of diarrhoea [5455)
Additional investigation showed trearment with flavopiridol
directly stimulated chloride ion across of human
colonocytes in modified Ussing chambers [56].

Paradoxically, a study by Hoda et al. (2010) showed in a
chemotherapy model of gut toxicity, that chloride secretion was
Increased in rats reated with methotrexate |57 | While the sever-
ity and incidence of diarrhoea was not reported, it was suggested
by the suthors that increased chloride secretion may be part of
the mechanism responsible for chemotherapy induced diarrhoea
However, given the limited evidence of this in the wider literature,
it requires further investigation.

Other research has also established that ErbB recepeors have a
limited role in the development of mucositis induced diarrhoea
|58| Transgenic mice that mmanu EGF (a lgand for Erb81)
in the small intestine, sh d in weight recov-
ery, mucosal architecture, apoplosls 0( proliferation compared to
controls following fluorouracil, a chemotherapeutic known to

Imtwennxmmnw;mswasakomemnmumawm

ECF F ing fiu cil, These findings are highly
snmuve that the Erb8 family of receptors does not play & signif-
icant role in the development of mucositis associated diarrhoea.
Given that ErbB TKIs target these receptors, it is likely that their
physiological function is critically involved in the development of
the associated diarrhoea This supports the indication that ErbB
TKIs  induce diarrhoea wvia a  distinat  mechanism o
chemoatherapy-induced diarrhoea. Together, this suggests that
the pathogenic mechanisms of ErbB TKl-induced diarrhoea are
not necessanly the same as for other cancer treatments, and there
remains a vast gap in the knowledge regarding the biological
mechanisms responsible.

Chiloride secretion and diarthoea

Chloride secretion occurs throughout the length of the gastroin-
testinal tract and is critical for normal physiological functioning of
the gut [59). The chioride secretory mechanism has several trans-
membrane ransport pathways. In the colon, chloride is taken into
the cell via the basolateral membrane through the sodium potas-
sium chloride co-transporter in an dectro-newtral manner. This
process is driven largely by the sodium potassium ATPase pump
[59], Potassium channels are also located on the basolateral mem-
branes, and allow for potassium recycling and prevention of cellu-
Lar depolarisation. This preserves the electrical driving force for
chloride secretion from the apical membrane of the cell. Chloride
then accumulates in the lumen via the cAMP dependent cystic
fibrosis transmembrane conductance regulator (CFTR) chloride
channels, and the calclum activated chloride channels (CaCC).
The presence of chloride in the lumen provides the electrochemical
driving force for paracellular movement of sodium. The resulting
accumulation of sodium chloride in the lumen provides the
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asmotic gradient for water to flow to the lumen [59] The normal
chloride secretory process is outlined in Fig. 2 The secretion of

tyrphostin AS1 and herbimycin A are not associated with an
increase in epithelial chloride secretion [66]. This is contradictory
to the i d chloride secretion seen following tyrosine kinase

chloride ions is important in controlling fAuid flow across
epithelial surfaces, including the intestine, helping to keep it moist.

There are two key mechanisms whereby chloride secretion is
initiated. (1) a cAMP-dependent pathway; which elicits a delayed
and prolonged response and (2) a calcium lon-dependent pathway;
which elicits a rapid and transient response [0}, The transient nat-
ure of the calcium lon-dependent response, even in the face of sus-
tained increases in intracellular caldum suggests calclum
dependent agonists g an inhibitory signal. This inhibitory
signal then serves to limit the extent of the chioride secretory
response [61), Under normal homoeostasis, this process is tightly
regulated. However, any homoeostatic breakdown can bead to var-
tous complications, such as diarrhoea where secretion is exagger-
ated [62].

ErbB receptors are expressed on the basolateral
membrane of intestinal epithelial cells and are critical regulators
of intestinal ion transport via mukiple downstream pathways
|28). The intricate pachways that result from binding and dimerisa-
tion lead to negative regulation of both chloride secretion and
sodium absorption | 28], ErbB have been shown to exert
both an inhibitory effect on chloride secretion (Fig 3) |26).
Binding of EGF to ErbB1 leads to homodimerisation and
heterodimerisation with ErbB2 exerting an inhibitory effect on
chloride secretion signalling via PI3K/Akt and PKC pathways: these
distinct pathways inhibit the basoliteral potassium channels
(Fig. 3) |63,64].

Based on the negative regulatory roles ErbB receptors play in
chloride secretion, it is reasonable to suggest that when receptors
are inhibited from phosphocylating (as is the case with TKis), they
are no longer able o negatively regulate chloride secretion. This
resulls in excessive movement of chloride into the lumen, provid-
ing the driving force for paracellular movement of sodium and sub-
sequently water leading to a uv!tory dunhou plmwtype. This
hypothesis s supported by rch with ge i
that acts a an ErbB1 TKI, wuthm;shawnmmmmm-
tory effect of EGF on chloride secretion [62.65), In contrast how-
ever, some TKIs induding erbstatin analogue, tyrphastin A23,

e

b _
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inhibition with other agents [66]. This may be explained due to
the differing mechanisms of action of each drug, and strongly sug-
gests that different TKIs may need to be considered independently.

TK!I and chemotherapy concomitant therapy

Concomitant chemotherapy and TKls has increased due to a
greater therapeutic effectiveness [13]. However, this has meant
toxicities increase. A meta-analysis including 3918 patients from
six trials of erlotinib, gefitinib, and vandetanib found that the addi-
tion of an ErbB1 inhibitor to a vaniety of different chemotherapeu-
tics significantly increased the severity of diarrhoea [67)
Furthermore, concomitant lapatinib with capecitabine increased
diarrhoea from 30% (when capecitabine is given alone) to 65% in
combination. Likewise the addition of lapatinib with paclitaxel
increased diarrhoea incidence from 28% to 48% [63]. These combi-
nation therapies not only result in more severe diarrhoea but also
complicate identifying and teating the causes and underlying
mechanisms, whkhmikdytohtmdnbaonal I.hdazandu
the mechanisms is imp as &t g all al
on the concomitant chemotherapy. vdthontconddeﬂn;dlem
may lead to the wrong intervention |68]. Diarrhoea is not alway
the same and a distinction needs to be made between secretory
and anatomic derangement diarthoea in these cases. Diarrhoea
seen in patients undergoing concomitant TKl/chemotherapy treat-
ment may be due to either the direct mechanisms caused by the
agents themselves, or amplification of injury mechanisms In com-
bination [50]. There are known shared metabolic and drug efflux
pathways of various TKIs and chemotherapeutic agents, which
may explain the more severe diarrhoea associated with concomi-
tant therapy. For example, concomitant tretment can
down-regulate CYP3A4 and UGT1AL, increasing exposure to both
TKI and chemotherapewtic agents sharing common metabolic
pathways which may increase toxicity [ 70.7 1), Additionally, both
TKls and chemotherapeutics are substrates for drug efflux trans-
porters of the ATP binding cassette family. This means that they

caju

{--...-.....‘--,

3372 AR

Basolateral

ate; CFTR, cystic fibross g

Fig. 2. Chlonde secretory meechanism in nonmal intestinal
CaC, calciom & chlcxide chesne; ATP, adessine triphosph
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Basolateral

Fig. 3. Negative regulation of dhlonde secretion by Erbll receptors.

may impede drug dearance of the other drug. subsequently drug
accumulation can result with potentially increased toxicity | 72],

‘While the use of concomitant treatment no doubt contributes to
the tnmty profile, pments prescribed Erb8 TKIs monotherapy
complications. Given the
tkua different medmlsms of action, this supports a hypothesis
suggesting that ErbB TKIs trigger deregulation of chioride channels,
driving water into the lumen, resulting in a secretory diarthoea
phenotype. as opposed to the mucositis driven anatomical
derangement diarrhoea phenotype typically seen in chemotherapy
induced diarrhoea. Given the reduced quality of life associated
with diarrhoea is further exacerbated in concomitant treatment,
ﬁmb« research is crudal

ogenctic have sh a link between
‘no-lncuced diarrhoea and allelic variants of ABCG2, 2 polymorphic
dﬁmmnwtrmm(dsohwnahunanurmm
gene BCRP), highly expressed in the i A func-

anticipation of diarrhoea development |12], Patients should also
avoid foods that exacerbate symp such as greasy, spicy and
fried Items; and foods thar are difficult to digest Increasing fluid
intake to 21/per day is ded to avoid dehydration; some
fluids should comtain sugar or salt to avoid lqpnmemh and
hypokalemia caused by electrolyte loss assoclated with diarrhoea
12}

Pharmacologic management of ErbB TKl-induced diarrhoea is
largely limited to loperamide, with the dose based on the grade
of diarrhoea experienced by the patient [12] Loperamide, a syn-
thetic oral opioid drug, works by 2 number of different mecha-
nisms of action that decrease peristalsis and fluid secretion,
resulting in longer gastrointestinal transit time and increased
absorption of fluids and electralytes from the gastrointestinal tract
|74 Alternatives to loperamide are also available for managing
mamwtmawm::m differ by geo-
grap and the diarrhoea severity. Some of these include

tonal single-nucleotide polymorphism (SNP) in the ABCG2 gene
was assoclated with diarrhoea in patents treated with gefitinib,
an ErbB1 small molecule TKI | 73], This suggests that patients with
reduced ABCG2 activity due to a common genetic variation are at
increased risk for substrate drug-induced diarrhoea with implica-
tions for optimising treatment with small molecule ErbB TKIs
However, further research is required before meaningful conclu-
sions can be made.

Current treatment approaches for TKi-induced diarrhoea

Currently, management of TKl-induced diarrhoea is very similar
o management of chemotherapy-induced diarrhoea and includes
panent education and both non-pharmacologic and pharmacologic
management strategies. This ignores the probability of a differing
mechanism of diarrhoea development.

Patient education includes advice on dietary changes for the
management of ErbB TKl-induced diarrhoea, based on dietary
changes recommended for chemotherapy induced-diarrhoea
These dietary modifications include incorporating bananas, rice,
apple sauce and toast (BRAT diet), as well as increasing water con-
sumption and avoiding foods/drinks that contain lactose/caffeine;
however, these dictary changes are not recommended in

diphenoxylate-atropine and codeine, either of which can be used
with loperamide [12]. Dose reductions are not recommended for
grade 1 diarrhoea, At grade 2. if the patient does not respoad to
loperamide after 48 h, it is recommended the ErbB TKI is temporar-
ily discontinued until the diarrhoea returns to grade 1, at which
time the ErbB TKI is resumed, often at a lower dose [12) Itis rec-
ommended that the ErbB TKI should be permanently discontinued
if darrhoea does not reach grade 1 within 14days despite best
supportive care and withholding of the ErbB TK1 | 12], Patients pre-
senting with grade 3-4 diarrhoea should be admitted to hospital
for the administration of Intravenous flulds and electrolyte
replacement,

FPotential reatment approaches for TKI-mduced diarrhoea

If the hypothesis of increased chioride secretion being responsi-
ble for TKl-induced diarrhoea is correct, there may be more effec-
tive treatment strategies. If TKl-induced diarrhoea & induced by
increased chloride secretion, the two major apical channels for
chloride secretion in enterocytes, CFTR and CaCC present as
promising targets. Ideally, these treatment approaches would have
minimal systemic absorption, and act on the external pore of the
chiloride channels, to limit systemic effects. While this is appealing
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In terms of reducing systemic absorpeion, and therefore potendal
drug interactions and toxicities, concermns have been rassed in
regards to the potential barrier of the inhibitor reaching the deep
intestinal crypts given the comvective washowe force
observed during secretory diarthoeas | 75). CFTR inhibitors include
CFTRinh-172, which binds to the cytoplasmic side of the channel
and stabalises the channel closed state | 761, and the glycine hydra-
zides, which target the extracellular CFTR surface in the chamnel
pore |75) CaCC mhibitors are less common and include
CalCin-A01, 2 red wine extract that has been shown © prevent
watery diarrhoea in a3 mouse model of rotavirus [77 ] Recently, cro-
felemer, a natural product extract, was appeoved for the treatment
of diarrhoea induced by antiretroviral medication for HIV patients,
Crofelemer is extracted from the stem bark latex of the croton lech-
leri tree. It has been shown to dose-dependently reduce ingestinal
fluid secretion in cell culture and mouse models | 78.79] It has
been used for many years in Peru and Ecuador to treat diarrhoea,
and has been Investigated for the treatment of traveller's diar-
rhoea. infectious diarrhoea and diarrhoea predominant irritable
bowel syndrome | 78,79]. While the precise mechanism of crofele-
mer is unclear, it is known that the antisecretory activity of crofele-
mer is due to its dual inhibitory action on the two principle €1
channeds in the apical membrane of intestinal epithelial cells,
CFTR and CaCC |80 As crofdemer effectively inhibits both of the
principle C1 channels, it is an attractive agent to reduce secretory
diarrhoea. Clinical studies have demonstrated that crofelemer is a
safe and tolerable drug, with no adverse effects being reported
|81-83}

Conclusion

With the increasing incidence of makgnancy, coupled with the
advent of more aggressive treatment modalities, ErbB TKI induced
diarrhoea remains a significant clinical burden and a fuller under-
standing of the basic biological mechanisms is therefore required.
The pathogenesis of ErbB TKI induced diarrhoea remains unknown,
and understanding this is ukimately integral to developing inter-
ventions, leading to safer and more optimised cancer treatment,
The negative regulation of chloride secretion by ErbB receptors
being disrupted by tyrosine kinase inhibition provides a strong
rationale for a secretory diarrhoea phenotype hypothesis,

Considering the increased utilisation and therapeutic efficacy of

ErbB TXIs, further research to gain the ability to prevent diarrhoea
is urgently warranted |84).
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Dacomitinib-induced diarrhoea is associated with altered

gastrointestinal permeability and disruption in ileal

histology in rats

Ysabella ZA. Van Sebille &', Rachel . Gibson'?, Hannah R. Wardill', Kate R. Secombe’, Imogen A. Ball',
Dorothy M.K. Keefe', John W. Rnnie® and joanne M. Bowen'

"Canter Tmatment Todcties Group, Adelaide Medical School, L of Adelade, Adelaide, Australi

*Division of Health Sci [ y of South Australa, Adelide, Ausxal

YSA Pathology, Resesrch Divison, Adelside, Austalin

Dacomitinib—an imreversible pan-ErbB tyrosine kinase inhibitor (TKI)—causes diarthoea in 75% of patients. Dacomitinib-
induced diarthoea has not previously been investigated and the mechanisms remain poorly understood. The present study
aimed to develop an in-vitro and in-vivo model of dacomitin®-induced diamhoea to investigate underlylng mechanisms, T84
colls wore treatod with 1-4 uM dacomitinib and resistance and viabllity were measured using transepithelial olectrical
resistance (TEER) and XTT assays. Rats were treated with 7.5 mg/kg dacomitinib daily vio oral gavage for 7 or 21 days
(n=6/group). Weights, and diarthoea incidence were recorded daily. Rats were administered ATC-dextran 2 hr before cull,
and serum levels of FITC-dextran were measured and serum biochemistry ansfysis was conducted. Detailed histopathological
analysis was conducted throughout the gastrointestinal tract. Gastrointestinal expression of ErbB1, EbB2 and ErbB4 was ana-
lysed using RT-PCR, The ileum and the colon were analysed using multiplex for expression of various cytokines. T84 cells
treated with dacomitinid showed no alteration in TEER or cedl viabllity. Rats treated with dacomitinib developed severe diar
rthoea, and had significantly lower weight gain. Further, dacomitinid trestment led to severe histopathological injury localised
to the ileum. This damage colncided with Increased levels of MCPI in the ileum, and preferential expression of EibB1 In this
region compared to all other regions, This study showed dacomitinib induces severe ileal damage accompanied by increased
MCP1 expression, and gastroiatestinal permeability in rats. The histological changes were most pronounced in the llewm,
which was also the region with the highest relative expression of ErbB1.

Dacomitinib (PF-00299804) is an orally administered. highly functions including mal of grity via
selective ir ible small-molecule pan-ErbB mpakym mducnnnofmmd taglandi nynlhtsi.ty- i
sine kinase inhibitor (TKI) under develop for t of We prevention of intestinal epithelial cell
of recurrent or metastatic non-small cell lung cancer apoptosis, deaeung bacterial mmhcmon and preservation
(N‘QCDC)L It ocu by covalently binding to the intracellular  of gut barrier function after injury.”

i domain of cach of the three kinase- Dacomitinib is currently in Phase I clinical teials for
active memb:n of the ErbB family (ErbBl, ErbB2 and NSCLC and has shown significant therapeutic effects, specifi-
ErbBA). This effectively inhibits mhoryhm of the recep-  cally to tumours which have not previously responded to
tors and therefore downstream signaling® In addition ©  pnventional single receptor inhbitors.® Furthermore, daco
"“"‘8 expressed on cancer cells, the ErbB family are also  pyisinih has shown to be effective against tumours with muta-

dantly expressed an the basolateral membrane of healthy 500, developed for acquired resi of targeted therapies”
Wmmlaund epahelal cells, and are crucial for essential o0 Iy reported ady event g all trials
has been dimrrhoea, with up to 78% of patients developing
some degree of diarthoea” Severe diarthoea commonly
resubts in dose reductions and patient withdrawal from clini-
Gramt sponste: Phacr (U " cal triak.* Of particular cEnical impartance is dacomitinib is
DO 10.1002/4c. 30699 delivered in 2 continuous manner over many months; there-
History: Received 13 Dec 2016; Accepted 23 Feb 2017 Online 17 fore, to optimise dacomitinib therapy, adequate management

Key words: dacomitinib, muocositis, diarrhoea, TXI, Eb8
Additiomal Supperting Information may be found in the online
version of this article,
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or prevention of chronic diarrhoea is essential 1o minimise
the impact on the patient's quality of life, increase safety and
the ability to complete the course of therapy. Currently man-
agement for daconﬁnnlb-hhad diarrhoea follows that used
in © chemotherapy (daily k de), however
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What's new?

Dacomitinib can hunt down and kill tumor cells that resist othes chemotherapy drugs. But the same receptor family that daco-
mitinib seizes in tumor cells—the Erb8 family—also adorn healthy gastrointestinal epithelial cells, causing most patients to
suMer from dacomitinib-induced diarrhea. These authors sought to understand the mechanism behind this, in hopes of man-
aging It In rats, they observed that dacomitinid caused severe injury to the lleum, which Is the region with the highest Eb81
expression, and gastrointestinal permeabilty, Inflammation by monocyte infiltration also seems likely to contribute to the

damage, since they observed increased MCP-1 in the fleum.

the mechanisms underlying this diarrhoea are kkely differ-
ent” Recent Phase [1 research has mvestigated both antbiotic
and probiotic prophylactic for dacomitinib-induced
diarrhoea, with no change in &arrhnu reported. ™ 1t is

was used as the positive control as it is recognised for its
cytotoxicity.” Triton X-100 was used as the positive control
for TEER measurements as it is known to permeabilise T84
cels" All experiments were performed in triplicste and
d twice.

hypothesised that the develop ritinib-induced
diarrhoea dffers fram I chemotherapy-induced

P by transwell inserts support a polarised T84 pheno-

diarrhocas and does not result due to direct cytotoxicity bat
rather occurs through alternative mechanisms™'' As such,
traditional dlarrhoea mamagement may be not targeting the
underlying changes for optimal g L Therefore, this
ﬂl.dy ‘lﬁl’!(ll., ‘i-yinmiuviwmodel.md
then aimed 1o develop an in vivo rat model of dacomitinib-
induced diarrhoes, characterising the changes that dacomiti-
nib causes through the gastrointestinal tract,

Material and Methods

Chemicals

Dacomitinib (PF-00299804) was kindly provided by Pfizer
Pharmaceuticals. Fotdlinnwaprinmsdmmnbwa
suspended in 0.5% (w/w) hydroxypropyl-methylcellulose to a

type with functional tight junctions; TEER is a measare to
assess the integrity of this monolayer’” Once cells had
reached 1,000 Qiem’, indicating monclayer formation, cells
were exposed to varying doses of dacomitinib for 24 or 48
hr. Transepithelial electrical resistance (TEER) was measured
using an EVOM2 epithelial volt-ohm-meter with chopstick
clectrodes, STX2 (Workl Precision Instruments, Sarasota, FL)
and ares adjusted for analysis using the following formulx

TEER monolayer (W/cm’) = [raw TEER (W)
- TEER blank (W)/area of membrane (1.12 am?)).

XTT asays were conducted on cells exposed w 1-4 pM

final concentration of 2 m;/ml For all in vitro experiments
dacomitinib was suspended in DMSO. SN38 and TX100 were
used a5 positive controls in vitro, both suspended in DMSO.
Exposure of DMSO to cells did not exceed 0.01%.

In vitro model

The model utilised T84 cells (passage 5-15) derived from 2
human colorectal carcinoma (Culture Collections, Porton
Down, UK). Cells were authenticated by Culture Collections
by DNA profiling and were wsed within 6 months of receipt
Cells were maintained at 37°C in 5% C0,/95% air in Dulbec
w’'s Modified Eagle Medium (DMEM)/Ham's F-12 Nutrient
Mixture containing 15 mM HEPES, L-glutamine and 10%
foetal bovine serum (FBS) and were routinely screened for
mycoplasma infection, Cells were seeded ot a density of
100000 cellsicm® on 1,12 em®, 0.4 pm pore polyester trans-
well inserts (Coming Life Sciences, MA) or at 10,000 cells in
96 well microtiter flat-bottom plates (Becton Dickinson) for
transepithelial electrical e (TEER) and

d itinib in total media for 24 hr. Following 24 hr expo-
sure, media and dacomitinib were removed and replaced
with 100 pl fresh media and 50 pl of XTT solution; com-
posed of 5 ml XTT labelling reagent and 100 jd of dectron
coupling reagent (Roche cell proliferation kit, Germany). The
microtitre plate was incubated again for 6 hr at 37°C in 5%
COL/95% air. Absorbance was read at 490 nm using Bio Tek
Synergy' ™ Mx Microplate Reader (Bio Tek, Vermont) and
Gen5 version 2.00.18 software to assess the cleavage of tetra-
rolium salt XTT in the presence of an dectron-coupling
reagent, p luble fo salt, only occurring in
vishle cells.

Fact
Kl

In vivo model and ethics

The study was approved by the Animal Ethics Committee of
The University of Adelide, and complied with the National
Health and Medical Research Coundil (Australia) Code of
Practice for Animal Care in Rescarch and Training (2014).
Rats were group housed in ventilated cages with three to six

cell proliferation (XTT) assays (Roche, Australia) respectively.
Dacomitinib was diluted to a series of concentrations (1.4
uM) and exposed to cells via the apical side for 24-48 hr. An
equivalent dilution of DMSO was used as vrhidr control
treatment. SN-38 (5 uM), an inhibitor of ase 1,

L8
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imals per cage and were on a4 12 hr light/dark cyde. Food
and water were provided ad libitum,

Experimental design
All exp were conducted on male Albino Wistar rats
(initial age 6 weeks) obtained from The University of
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Adelaide Laboratory Animal Service (SA. Australia), Rats
were treated with dacomitinib at a dose of 7.5 mg/kg admin
istered daily for 7 or 21 days, via oral gavage using a soft
plastic feeding tube. This treatment schedule mimics the clin-
ical ol administration over many weeks and allows assess-
ment of acute damage (7 days) and prolonged damage (21
days). Control animals received dady gavage with dacomiti-
nib vehicle (0.5% [wiw] hydroxypropyl-methylelulose). Rats
were randoenly assigned to trestment groups and culled at 7
and 21 days (n = 6/group). Rats were anacsthetised using iso-
flurane inhalation, and were culled va cardiac exsanguination
and cervical dislocation.

Clinical assessment of gastrointestinal toxicity

All rats were monitored two times daily for the presence of
diarrhoca. Two independent assessors quantified diarrhoea
wsing a validated grading system where 0 =no diarhoea,
1= mild diarrhoea with soft stools and perianal staining
2= moderate diarrhoea with loose stook and perianal stain-
ing of fur, 3= severe diarrhoes with watery stools = mucous
and fur staining incorporating hind legs." Rats were weighed
daily to track weight loss/gain. Rats were culled if they dis-
played > 15% weight Joss or significant distress and deteriora
tion, in compliance with animal ethical requirements. One
animal was removed from the study due to > 15% weight
loss from the dacomitinib group. This animal was not includ-
ed in any further analysis.

Tissue preparation

At necropsy, the entire gastromtestinal tract from pyloric
sphincter 10 rectum was dissected and flushed with saline 10
remove intestinal contents. Samples of jejunum, ileum and
colon were collected and either (i) fixed in 10% formalin for
embedding in paraffin, (i) had the mucosal surface scraped
and stored in RNA-later at ~20°C for molecular analyses, or
(iii) had the mucosal surface scraped and snap frozen in lig-
wid nitrogen and stored In —80°C for immunological analy-
sis, Other organs were collected as routine and fixed in
formalin and embed in paraffin. All histopathological analysis
was conducted on 5 pm sections tissue cut on a rotary
microtome and mounted onto glass Superfros® microscope
dides (Menzel Gliser, Btum-:hwdg, Germany). Slides were
scanned using a NanoZ ™ (H: Ph

Japan) and assessed with NanoZoomer Digital Puhology

fiware view.2 (Histalim, Montpellier, France).

Blood biochemistry
Blood samples were collected by cardiac puncture. Serum was
separated by centrifugation at 3,000g for 5 min before being
analysed by the Department of Clinical Pathology, SA Pathol-
ogy, Addaide, South Awstralia A multiple blood analysis
(MBA-20) was conducted.

Dacomitinib-induced diarrhoea

Gastrointestinal histopathological anatysis

Haematoxylin and cosin (H&E) staining was performed and
a well described total tissue injury score was generated based
on the occurrences of cight histological criteria in the jeju-
num and deum, and six criteria in the colon.'*'® These crite-
ria were villous fusion and villous atrophy (jejunum and
fleum only), disruption of brush boeder and surface entero-
cytes, arypt Jossfarchitectural disruption, disruption of crypts
cells, infiltration of polymorphonudear cells and lympho
cytes, dilation of lymphatic’s and cpillaries and cedema.
Each parameter was scored as present = 1, or absent =0, in a
blinded fashion.

Goblet cell analysis

Alcian Blue (1% Alcian Blue 8GX (CI 74240) in 3% ghdial
acetic/Periodic acid Schiff staining was performed on jeju-
num, ileum and colon. Sections were oxidised in 1% periodic
acid before washing then treated in Schiff's reagent. Goblet
cells and cavitated cefls in crypts and villi that were deemed
to be >80% complete were counted, and a total of at kast 15
villicrypts per section analysed Data presented as average
per crypt or vilous. All analysis was done in a blinded
fashion.

Immunohistoche mistry

1 histochemical

lysis was performed for apoptosis
(caspase 3; Abcam, Vic, Australia; #2ab4051), and proliferation
(Ki67; Abcam, Vic, Australia #3b16667). Changes in these
par are validated markers for altered tissue kinetics in
previous models of cancer therapy Induced-gastrointestina
toxicities,”” ™ Immunohistochemical mdym was pﬂfonmd
using Dako reagents oa an chine (A

Plus™, Dako, Denmuark) following standard protocols sup-
plied by the manufacturer. Briefly, sections were
deparaffinised in histolene and rehydrated through graded
ethanol before undergoing heat mediated antigen ieval
using an EDTA/Tris buffer (037 g/l EDTA, 121 g/L Tris;
pH 90). Retrieval buffer was prebeated to 65°C using the
Dako PT LINK (pre-trestment module). Shdes were
immersed in the buffer and the temperature mised to 97°C
for 20 mn.AﬁarmmugloGS’C.:Mamnuma\dmd
placed in the Dako A inerPlus and d following
manufactures guidelines, Negative ¢ & had the primary
antibody omitted Caspase 3 and Ki67 were quantified by
counting the number of positively stained cells for 15 crypts.
Data presented as average positively stained cells per crype.
All analysis was dooe in a blinded fashion.

Real time PR

To asses the expression of ErbBI, ErbB2 and ErbB4 receptons
along the gastrointestinal tract, total RNA was isolated from
ducdenal, jejunal, ileal and colonic mucosal scrapings. Purifi-
cation of mRNA was dane using the Nuckospin mRNA
purification RNA 1 kit (Macherey-Nagdl) following the

Int. ). Cancer: 140, 2820-2829 (2017) © 2017 ACC
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manufacturer’s protocol. RNA (1 ug) was reverse transcribed
using IScriptTM ¢DNA synthesis ki (Bio-Rad) according to
the manufacturer’s protocol. cDNA was quantified and dilut-
ed 10 a working concentration of 100 ng/ul Primers for
genes of interest were ether designed using web-based prim-
er design program Primer 3, version 4 (http://bloinfo.utee/
peimer3-04.0/), or in the case of ErbB4 purchased from Bio-
Rad (Gladesville, Australia). Genes of interest were ErbBil
(Forward: 5-COCACAGCAAGCCTTCTTCA; Reverse R:
5“CACGGCAGCTCOCATTTCTA), ErbB2 (Forward 5'-
GCTCCTOCTTGAGTTGAGTGT; Reverse: 5-TAGCCTTG-
GAATGAGTGCGT) and ExbB4 (PrimePCR™ SYBR® Green
Assay: ErbB4, rat), EbB1 and ErbB2 were denatured at 95°C
for 10 sec, annealed at 52°C for 15 sec, and extended at 72°C
for 20 sec (40-45 cycles). ErbB4 was following manufactures
Green (Quantitect, Qiagen) in a Rotor-Gene Q (Qugen). All
reactions were completed in triplicate, with two housekeeping
noemaliser primers, UBC (Forward: 5 -TCGTACCTTTCTCA
CCACAGTATCTAG; Reverse: 5"GAAAACTAAGACACCT
COCCATCA) and B2M (Forward: 5" TGACOGTGATCTTT
CTGGTG:  Reverse:  5-ATCTGAGGTGGGTGGAACTG).
Amplification was followed by a melt curve analysis 1o con-
firm product specificity. Refative gene expression was deter-
mined by delta Ct method ™

Tissue cytokine quantification

Proinflammatory cytokine expression was assessed using
30 mg of Heal and colonic mucosal scraping samples. Mucosa
samples were homogenised at room temperature using the
QIAGEN Tissuelyser LT (Qiagen) for 5 min at 50 Hz in 500
pL. of the Radioi ipitation Assay (RIPA) buffer
(150 mmolL NaQ, 10% IGEPAL CA-630, 05% sodium
deaxycholate, 0.1% SDS and 50 mmol/L Tris, pH 8.0; Sigma
Aldrich; #04693116001). Homogenates were centrifuged at
11.000g for 15 min at 4°C and the supernatant isolated, al

823

gavage. Blood was collected via cardiac puncture at necropsy
into serum-gel clotting activator tubes and protected from
light. Samples were centrifuged at 3,000g for 5 min and
serum isolated. Serum samples were diluted 1:3 with 1 X PBS
and quantified using the Bio Tek Synergy™ Mx Microplate
Reader (Bio Tek, Vermont) and GenS version 2.00.18 soft-
ware relative to a standard curve (mnge 0.0001-10 pg/ml).

Statistical analysis

Data were compared using Prism version 7.0 (anh!’n@
Software, San Diego). A D'Ag Pearson

was used to assess normality, Whmmrmdnywumn
firmed, a two-way analysis of varlance (ANOVA) with appro-
priate post hoc testing was performed to identify statistical
significance between groups. In other cases, a Kruskal-Wallis
test with Dunn’s multiple comparisons test and Bonferroni
correction was performed. For diarrhoes dats, @ Chi® test was
used,

Results

Dacomitinib does not cause direct cytotoxicity to T84
epithelial cells

T84 monolayers exhibited comparable TEER between con-
trols and monolayers treated with dacomitinib (1-4 pM),
with no significant differences detected (p > 0.05). TEER
readings for cells treated with all doses of dacomitinib were
significantly higher than SN38, the positive control (p < 0.05;
Fig la). Cells treated with varying doses of dacomitinib (1-4
M) had no alterations in cell viability, as measured by XTT
absorbance, with no significant differences seen between con-
trols (Fig 1&). Compared to the positive control (SN38), cells
treated with dacomitinib had significantly increased viability
(p < 005; Fig, 1b). Combined, these results demonstrate that
dacomitinib does not cause direct cytotoxicity to T84 cells

Dacomitinib causes reproducible, severe diarrhoea

quoted, and stored at ~80°C. Total i
wuqnmnﬁcdwhgthcherwwl’roﬁdnh-yl(it
(ThermoFisher Scientific; #23225). A working concentration
of 1 mg/ml was wsed for cytokine analysis. Levels of 7 differ-
ent cytokines, including intedeukin-1f (IL-1B), interlewkin-6
(TL-6), interbeukin-17 (T1-17), wumour necrosis factor alpha
(TNFa), monocyte chemoattractant peotein-l  (MCP-1),
interlevkin4 (IL4) and interleukin 10 (IL-10), were mea-
sured in individuml ileal and colonic tes using
Luminex xMAP technology (Milliplex Rat Cytokine Kit,
Merck Millipore; *RECYTMAG-65 K) as per the manufac-
tarer’s instructions, Each 96 well plate incladed a 6-point
standlard curve and two quality controls provided by Merck
Millipore.

FATC-dextran assay

Two hours prior to culling, rats received a 600 mgkg dose
(120 mg/ml) of 4 kDa fluocescein isothiocyanate (FITC) dex-
tran (Sigma-Aldrich, NSW, Australia, Cat? FDM4) wvia oml

Int. |. Cancer: 140, 2820-2829 (2017) © 2017 UICC

Rats treated with vehicle contral did not develop diarrhoea at
any time point (data not shown), Dacomitinib treatment
induced diarthoea in 100% of rats (Fig. 2a), companble to
the incidence seen in clinical trials® Mild diarrhoea devel-
oped in 2 small number of animals from as early s Day 2 of
treatment, with severe diarrhoea manifesting as early as Day
3. Diarrhoea incidence peaked from Day 7 onward. The aver-
age number of days with diarthoea was 14 days. Rats treated
with dacomitinid had significantly worse diarrhoea than con-
trol rats (p < 0.0001).

Growth rates of dacomitinib treated rats were significantly
lower than control mts from Day 10 (p < 0.0001; Fig. 2b). At
Day 21, the control group had gained 46.38 = 2.459% body
weight compared to Day 1, and the dacomitinib group had
gained 1899 = 5.602% body weight compared to Day 1.
Dacomitinib alters blochemistry and histology

In rats treated with &mti.nis. serum biochemistry revealed
mildly dlevated alani sf (ALT) which, in the
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Data presented as mean * SEM. Data analysed using two- muaOVA (&) Absoance of XTT assay did not decrease following 24 hr of
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Figure 2. (2) Rats treated with vehicle control did not develop diarrhoea. 100% of rats treated with 7.5 mg/kg dacomitinib developed diar-
thoea. DNsrrhosa data are expressed as a percentage of total smimals (per day) with a particular grade of disrthoea. (b) Rats trested with
7.5 mg/kg dacomitinib had significantly lower weight gain than controls from Day 10 onwasd (o < 0.0001). Dats displayed as 3 percentage
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of weight change fom baseline (Day 1). A Knuskal-Walls with post hoc testing was perfo

shsence of histological changes In the liver, suggested
increased permeability of hepatocyte cell membranes with
leakage of this cytosolic enzyme into the blood (Supporting
Information Table 1), There was also a modest increase in
blood urea nitrogen (BUN) and creatinine, particulardy at 21
days, indicating mild renal dysfunction (Supporting Informa-
tion Table 1). A mild hypoalbuminsemia was probably attrib-
wtable t© a bination of malabsorp due to villous
atrophy, protein-losing enteropathy associated with severe
diarrhoea, and renal proteinuria. All other MBA-20 analytes
were within the normal range (Supporting Information Table
1). Kidneys of all rats, except one, treated with dacomitnib
for 21 days showed acute papillary necrosis with severe coag-
ulation necrosis of medullary tubules and collecting duct epi-
thelium, either complete or with intraluminal, desquamated,
necrotic epithelial cells and few, usually degenerating, lining
cpthelial cells with marked interstitial congestion, One rat
treated with dacomitinib for 21 days showed mild hydro-
nephrosis, with dilation of renal pelvis and patchy distension
of tubules and collecting ducts. Rats treated with dacomitinib
for 7 days exhibited mild glmdopudty with thickening of
the glomerular b anes.

d to identify statistical significance.

Dacomitinid causes significant ileal damage
Rats treated with dacomitinib had significant ileal mjury
compared to controls at both time points {(p <0.0001), This
was predominantly characterised by severe villus atrophy
with stunting and fusion of villi, which was also attended by
enterocyte metaplasia 10 & low columnar or cuboidal pheno-
qpeandnuldcurw-myapmd\heh-lpmlfm
tive compartment of crypts In the congested lami
there was an Increased inflammatoey Infiltrate oomprh«l of
macrophages, plasma cells and neutrophils and
dilation of lacteaks (villous Iymphatics) (Fig. 3). There were
no significant differences in tissue injury at any time point in
the jejunum and colon (data not shown). Across both treat-
ment groups no significant differences for both total number
of goblet cells or percentage cavitated goblet cells in the jegu-
num, ileum or colon as sssessed via AB-PAS staining were
seen (data not shown).

Dacomitinib did mot alter gastrointestinal apoptosis or
proliferation

To assess gastroinsestingl epithelial apopeosis, the number of
caspase-3 positively stained crypt cells were counted and

. ). Cancer: 140, 2820-2829 (2017) © 2017 WICC
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Figure 3, Histological mwsmnwmwmhlmm rans treated with dacomitinib at both Day 7 (o <0.0001) and Day

21 (p <0.0001). Hi | injury was o
534 10 & low columnar or cuboidal ephelium (ind

rised by villus atrophy/bk

and fusion (indicated by black stars), enterocyte metapls-

d by black arows), and increased mw composent in the Lamina popria

(indicated by black coss). Therewamykvihnr_hn'eh‘
mean + SD, [Color figure can be viewed at wieyonlineldrary,com]

means caloulated. Gastrointestinal apoptosis was not changed
following dacomitinib treatment in the crypts of the jejunum
at Day 7 (dacomitinib 011 = 0.053 vs. control 0.04 £ 0.02) or
Day 21 (dacomitinid 0242 0.05 . coatral 010 X 0,03)
Gastrointestinal apoptosis was not changed following dacomi-
tinib treatment in the crypts of the ileum at Day 7 (dacomiti
nib 0032002 vs. control 003:001) or Day 21

Int. | Cancer: 140, 28202829 (2017) © 2017 UKKC

logical injury in the je

of colon. Tisswe injury score presented as

(dacomitinib 0.03 = 0.01 v control 0.02 = 0.02). Gastrointes-
tinal apoptosis was not changed following dacomitinib treat-
ment in the crypts of the colon at Day 7 (dacomitinib
1.27 £ 037 w. contral 1.20 2 027) or Day 21 (dacomitinib
0942017 v control 082 0.18). To assess proliferation
within crypts, the number of Ki-67 positively stained cells
were counted and mesns clculated. Gastrointestinal
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Dacométinib-induced dlarrhoea

Figare &. ErbB1 expression & significantly higher in the ileurm compared to other areas of the gastrointestinal tract (p = 0.0334), Redative
mRNA expression of ErbB receplors 1o UBC and B2M. Data presented as min-max Data anstysed using one-way ANOVA,
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of the lleum and colon. MCP-1 was significantly Increased in the lleum of rats treated with

dacomitinid (p = 0001) compared to controls. Data presented as mean with SD (pg/mi). Multiple t-tests were performed %o Identify statisti-
cal sigrificance. MCP-1 expression was ncreased In the mucosa of the lleum in animals treated with dacomitinib compared to cantrol

(p = 0.001).

profiferation was not changed dacomitinib treat-
ment in the caypts of the jejunum at Day 7 (dacomitinib
21.72 2 053 vy. control 2107 = 0.07) or Day 21 (dacomitinib
1882 = 131 w5, coatral 22,70 * 0,68). Gastrointestinal prolif

was not changed following dacomitinib treatment in
the crypts of the lleum at Day 7 (dacomitinib 3371 £ 3.60 v,
coatrol 38.81 + 2.63) or Day 21 (dacomitinib 39.02 + 1.66 vs.
coatrol 4057 1.84). G d proliferation was not
changed following dacomitinib treatment in the crypts of the
colon at Day 7 (dacomitinib 12852087 vs. control
14.56 = 3.74) or Day 21 (dacomitinib 11.91 = 2.30 vs. control
1622 = 1.88),

ERBb1 receptor is highly expressed in the ileum

The mRNA expression of ErbBl was significantly higher in
the fleun compared to the other reglons of the gastrointesti-
nal tract in untreated control rats (p = 0.0336; Fig, 4). The
expression of ErbB2 and ErbB4 was unchanged throughout
the gastrointestinal tract (p> 0.05), Treatment with dacomiti-
nib did not change the expression of the ErbB receptons
(p>0.05) (data not shown).

levels of t

Dacomitinib treatment i
chemoattractant protein-1 (MCP-1) in the ileum

There were significant incresses in the expression of MCP-1
in the lleum of mats treated with dacomitinib compared to

controls (p = 0.001). No changes were seen in the colon. Rats
treated with dacomitinib showed no statistically significant
change in IL-1B, IL-6, IL-17, TNFe, IL-4 and IL-10 expres-
sion i the deum or colon when compared to vehide contrals
(Fig. 5).

Dacomitin® caused increased nﬂnhtn&lal permeability

Serum FITC-d levels were ek d in rats d with
dacomitinib compared to vehicle &, (p = 0.0018; Fig 6).
Discussion

Dacomitinib is an emerging small molecule TKI for the treat-

ment of NSCLC, with clinical trhkahomngdmrhou a5 an
adverse event in over 78% of patients” The mech of
EbB TKlinduced diarrhoea are unclear with conflicting
hypotheses p d in the Bt * The p t study
found dacomitind does not cause direct cytotoxicity to T84
epithelial cells, supporting the study hypothesis, and previow
literature suggesting that ErbB TK1 induced-diarrhoea is not
due to direct cell death. ™ However, this may be explained
because of the colorectal arigin of T84 cells, as in rats daco-
mitinib causes diarrthoea that appears sssockated with histo-
pathological alterations in the deum and intestinal barrier
disruption, This is the first time gastraintestinal morphome-
try and function bave been characterised following dacomiti-
nib, demonstrating  dacomitinib  cawses  histopathological

Int. |. Cancer: 140, 2820-2829 (2017) © 2017 LICC
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Rigure 6, Serum ATCdextran levels were significantly inceased in
rats treated with dacomitinib (p = 0.0018) indicating intestinal bar-
rier dysfuncon. Data presented as mean with SO, Data analysed
ugng one-way ANOVA.

damage confined to the ileum in rats. In murine models of
ErbB TKl-induced gastrointesting side effects, there has pre-
viowsly been evidence of histological changes characterised by
villous atrophy. 1247
TKI's have previcusdy been associated with diarrhoea, and
this has been kirgely hypothesised to be of a secretory pheno-
type' In a previous rat model of lapatind-induced dia-
throea, blood biochemistry showed a sgnificant decrease in
serum chloride. This decrease coincided with dinrrhoea in
rats treated with high-dose hpatinib, suggesting a possible
secretory  diarthoea phenotype™ However, in the current
study we saw no changes in serum chloride suggesting negli-
ghle secretory processes. Although not the primary focus of
the study, the findings from blood biochemistry indicate rats
uedcd with &mmninbludmlﬁum cluuplnmdb»
y. with supplementary histological sup
ponmglhn'l‘lmrﬁndinpuedq;mml' e of

23827

with villous atrophy, confined to the duodenum only." How-
ever, Rasmussen ef al. (2010) suggested that inhibition of the
ErbB receptors with erlotinib causes direct mucosal atrophy
and damage, which, similar 10 this study, was most pro-
nounced in the deum of mice™ This study showed largely
negative results, with marginal changes noted in the jejunum
or colon, However, significant histopathological changes were
nated in the ileum, characterised by significant villus atrophy.
Unlike lr-!muml chemotherapy-induced  diarrhoes, villus
ho and blunting was localised to the ileum, with ter-
minally dﬁenmud mmocylet being the most affected.
There were only mild compensatory changes in the decp
ampropimwawwmlmdm-uhwdpuacl
hyperphasia or This supports the hyp
gesting an dlunllvc mechanism may be responsible fcr d\c
changes seen following dacomitinib treatment.
While small intestinal damage has previously been attrib.
uh!lnpatetupmuol‘lheundnwbddnqlom
pared to the colon,™ this is not a plausi-
bie explanation in the current study, as the jejunum showed
minimal histopathological damage. The differential expres-
sion or ErbB receptors through regions of the gastrointestinal
tract has not been previously characterised. Data from the
present study uullala ErbB1 is preferentially awened m
lht deum compared 1w other regions of the gastrot
tract. It is therefore possible that the hlghdoyuofhklogm
thology observed in the ileum may be knked to the high
expression of ErbBl. Unlike first generation ErbB TKIs that
are susceptible 1o mutations that affect binding affinity, sec-
ond generation ErbB TKIs (such as dacomitinib) are irrevers-
ibe and resistant to mutations, they have therefore
demaonstrated a higher binding affinity.™ This may account
for the more severe ileal damage seen in our model, and the
associsted diarrhoea
Elevated MCP-1 was evident in the ileum, suggesting an
lnﬂ-umnory response characterised, in part, by monocyte

dacomitinib being caly minimal ** As such, the renal pathol-
ogy seen In this model is likdy to be a species-specific
response to high dose dacomitingd. The increased level of liv-
er enzymes seen in the p study is stent with eleva-
tions noted clinically,™ and are unsurprising given that
dacomitinib is larpely metabolised by the liver through oxida-
tive and conjugative metabalism.*®

Traditonal chemotherapeutic agents are known to cause
severe gastrointestingl cytotoicity, resulting in histological
damage manifesting & anatomic derangement diarrhoes, 7
However, throughout the lierature there are coaflicting find-
ings regarding the histopathological changes in the gastroin-
testinal tract associated with ErbB TKl-induced diarrhoea”
For example, a recent study by Bowen e al. (2012) showed
lapatinib-induced diarrhoea was not associated with gastroin-
testinal histopathological changes, typically associated with
anatomic derangement diarthoea’* Hare ef al. (2007) showed
treatment with gefitninib in a murine model was associated

Int. L Cancer: 140, 2820-2829 (2017) © 2017 UKC

Bl which may muﬂnte to the ileal tissue injury.
This is of particula a infl tion has been
associsted with the induction of Teaky' gut™ Mucosal
enterocyte barrier disruption has been associated with a num.
ber of gastrointestinal pathologies characterised by diar-
rhoca™ It has been suggested that altered intestina
permeabiity worsens clinlcal outcomes, as it allows for trans-
location of endotoxin and bacteria™ Additionally, it has
been propased that breakd of the intestinal mucosal bar-
rier mnllium to diarrhoea through leak-flux mechanisms
allowing passive movement of water into the lumen*! Our
findings partially support this with increased serum FITC-
dextran seen following dacomitinib treatment. The increased
gastraintestinal permeability noted in this study is most likely
indicative of tight junction disruption, the main regulators of
paraceBulsr permeability. Tight junctions join the apical mar-
gins of adjascent enterocytes and, while permesble to small
mokcules and water, form a barrier to transepithelial macro-
mokcular movement; the basolateral aspect of enterocytes is
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the site of Na-K-dependent ATPase that drives the sodium
pamp. Further studies are required to examine the impact of
dacomitinib on specific tight janction proteins. Although bar-
rier dysfunction is emerging as a key driver of chemotherapy
induced diarrhoea, this is the first study to implicate barrier
dysfunction In the development of TKI induced diarrhoea,
and will form the basis of further investigation.

Conclusions

In summary, this stody has shown that dacomitinib induces
model. The high expression of ErbB1 in the deum was also
accompanied by the localised damage seen only in this
reglon. This & the first study to provide a detaded interroga-
tion of the intestinal change iated with dacomitinib
treatment and advances our understanding of diarthoea pro-
cesses induced by not only this agent, but assists in further

Dacomitinib-induced diarrhoea

characterising the poorly understood mechanisms of ErbB
TKI-induced diarrhoea.
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Dacomitinib-induced diarrhea: Targeting chloride secretion
with crofelemer

Ysabellia Z.A, Van Sebille (2, Rachel |. Gibson®, Hannah R Wardill', imogen A, Ball', Dorothy M.K. Keefe' and
Joanne M. Bowen*

Disciphne of Physiobigy, Adelaide Medical School, Univerdty of Adelsde, Autrala
“Division of Ifealh Sciences, University of Sosth Austala

Dacomitinib, an ireversible small-molecule pan-Erb8 TKI, has a high Incidence of diarrhea, which has been suggested to be
duee to chloride secretory mechantsms. Based on this hypothesis, crofelemer, an antisecretory agent may be an effective inter-
vention, T84 monolayers were treated with 1 M dacomitinib and 10 M crofelemer, and mounted into Ussing chambers for
electrogenic ion analysis. Crofelemer attenuated increases in chlodde secretion in cells treated with dacomitinib. Abino Wistar
rats (n = &48) were treated with 7.5 mg/kg dacomitinib and/or 25 mg/ky crofelemer vio oral gavage for 21 days. Crofelemer
significantly worsened dacomitinib-induced diarrhea (p = 0,0003), and did ot attenuate weight loss (o <0.0001). Sections of
the ileum and colon were mounted into Ussing chambers, and secretory processes analyzed. This indicated that crofelemer
lost its anti-secretory action In the presence of dacomitinib in this model. Mass spectrometry revealed that crofelemer did not
change serum concentration of dacomitinib. Serum ATC dextran levels indicated that crofelemer was unable to attenuate
dacomitinib-induced barrier dysfunction. Tight junction proteins were visualized with immunofluorescence. Qualitative analysis
showed dacomitinib induced proteotysis of 20-1 and occludin, and Internalization of clawdin-1, which was not attenwated by
crofelemer. Detailed histopathological analysis showed that crofelemer was unable to atteauate dacomitinid-induced ileal
damage. Crofelemer worsened dacomitinib-Induced diarhea, suggesting that antisecretory drug thesapy may be Ineffective

In this setting.

Dacomitinib (PF-00299804) is an orally administered, irre-
versible small- molecule pan-ErbB receptor tyrosine kinase
inhibitor (TKI) under development for the treatment of
recurrent or metastatic non-small cell kung cancer (NSCLC).'
D-mmhmib aﬂs by covalently binding to the intracellular
domain of each of the three kinase-
active mﬂnbal nl' the ErbB family (ErbBl, ErbB2 and
ErbB4). This effectively inbibits phosphorylation of the recep-
tor and therefore inhibits d signaling® The most
commonly reported adverse event associsted with dacoeniti-
nib therapy has been diarrhea, with an Incidence of around
73%.” Akthough less common, severe diarrhea can resalt in
dose reductions (28%), treatment Interruptions (12%) and
treatment discontinmtion (8%) from clinical trials* Of par-
ticular dlinical impoctance, dacomitinid is delivered in a
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continuous manner over many months, meaning diarrhea is
often prolonged, and as such, impacts significantly on quality
of life. Currently the treatment for TKl-induced diarrhen is
loperamide or octreotide, however very few studies have
looked at antidiarrheal agents in a targeted approach.™"

Research in our laboratory has recently indicated that
ErbB TKIs induce diarrhea doe to chloride secretory mecha-
nisms.” ErbB receptors are abundantly expressed on the baso-
Interal membrane of bealthy intestinal epithelial cells, and are
crucial for normal functions and development of the gut. Of
particular importance to this study, ErbB receptors in healthy
settings are negative regulators of chloride secretion, ™" This
study therefore hypothesized that inhibition of these recep-
tors through the action of dscomitinib would result in & loss
of the negative regulation of chloride, thus resulting in a
secretory diarthea phenotype.

Crofdemer is an antisecretory antidiarrheal proanthocya-
nidin oligomer extracted from Croton lechleri. It is approved
by the US Federal Drug Administration for the treatment of
disrrhea induced by i iral  medication for HIV
patients and has been proposed as an mtervention for
pmumb-nduotd diarrhea.'” Crofddemer Inhibits the two

channels for chloride secretion in enterocytes,
wim pcru-l inhibition of the cAMP —dependent cystic fibro-
sis tansmembrane conductance regulator (CFTR) and com-
plete inhibition of the calcium activated chioride channel
(CaCC)." Chinical studies have demonstrated that crofelemer
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What's new?

Prophylactic crofelemer treatment of dacomitinid-induced diarrthea

DacomRinib, an irreversible inhibitor of the ErbB receptor tyrosine kinase, induces diarrhea in about three-quarters of
patients, potentially leading to treatment discontinuation. Diarrhea is suspected to result from effects on chloride secretory
mechanisms, The present preclinical study investigated the possidility of using crofelemer, an antisecretory antidiamheal
agent with inhibitory effects on chloride channels, as a prophylactic in patieats taking dacomitinib. in cells, crofelemer
reduced dacomitinib-induced elevations in chloride secretion. Rats treated with dacomitinib and crofelemer combined, how-
ever, experienced severe diarhea more often than dacomitinib-only treated animals. The findings suggest that crofelemer may

have contraindications in dacomitinib-treated patients.

is a safe and tolerable drug with no adverse effects being
reported.' ™ Crofdemer is also appealing because it is too
large and polarized to be systemically absorbed, Hmiting any
systemic effects Including drug interactions and toxicities.”
Therefore, this study investigated the effect of dacomitinib
and crofddemer on chloride secretion in vitro, and then trans-
lated the study to a predinical rat model of dacomitinib-
induced diarrhea

Material and Methods
Chemicals
Dacomitinib (PF.00299804) was kindly provided by Pfizer.
Dacomitinib is soluble in dimethyl sdfoxide (DMSO) at
19 mg/ml. Aliquots of&a)mhulb in DMSO (Sigma Aldn:h)
were added to Ringer’s (composition in
NaCl 1154; KO 5 MgCl, 1.2; NaH,PO, 06 NaHCO, 25;
CaCl, 12 and glucose 10) 1o create a 50 pM concentration.
Appropriate volumes were added to Ussing chambers w
reach a final concentration of 1 pM with previous stodies
dtmutin! doses above this result in off target or nonspe-
cific effects.”” Secretory effects below 1 pM are therefore
mtuidylobedubmcq«lﬁcc&dofhdmm its
] 2 m Crofek (Salix Ph c ~ale)
md.llmdwlhDMSOloZI nghnl(lo mM) and was
diluted in ringer soluti dmini a 10 pM. This
doxhuprm:lyh«nibmbmhbilmm&m
vated chloride secretion in T84 cells,” Exposure of DMSO to
cells did not excead 0.01%. The same concentration of DMSO

and 10% fetal bovine serum (FBS) supplemented with 1%
penicillin/gentamicin + fungizooe and were grown in sterile,
multiwell tissue culture plates under identical growth condi-
tions, The T84 cell line retained its original morphology and
growth characteristics over the range of passages used. Cells
were seeded at a density of 100000 cellsiom’ on 112 am’,
04 pm pore polyester transwell inserts (Coming Life Scien-
ces, MA). Cell culture media in both the apical and basolat-
eral chambers was changed every 48 hr. Transcpithelial
electrical resistance (TEER) was moaitored daily using an
EVOM2 epithelial vok-ohm-meter with chopstick electrodes
(Warld Precsion Instruments, Sarasota, FL) for | week dur-
ing the growth pmod and area aduued fior m!ym using
the following & TEER layer (Qem®) = [raw
TEER (Q2) - TEER Blank (Q))/area of membeane (cm”).

In vitro electrophysiological studies using Ussing

chambers

To test whether dacomitinih Increased Intestindl epithelial
cell CI' secretion, short-circuit current (I,) was measured in
T84 cells in symmetrical physiological solutions in Ussing
chambers. Once ad i was reached (determined
by TEER of > 1000 n em’)," T84 monolayers were then
placed onto 1.12 cm® sperture sliders (Physiologic Instru.
ments; P2302) and mounted into Ussing chambers and con-
tinsously bathed In an oxygenated, glucose-fortified Ringer's
solution at 37°C. Cells were voltage clamped 1o zero potential
dlﬂ:ma by the application of shoet-clrcuit current (1) and

was used as a vehicle coatrol For all in viw exp
dacomitinib was suspended in 05% (w/w) hydroxypropyl-
methykellalose (Signa Aldrich) in sterile distilled water to a
firal concentration of 2 mgiml Crofelemer was suspended to
a final concentration of 5 mg/ml in sterik distilied water,

in vitro model

Cell preparation and maintenance. This study utsed T84
cells {passage 5-15) derived from a human colorectal carc
noma (Culture Collections, Porton Down, UK), Cells were
certified mycoplasma-free and authenticated by Culture
Collections by DNA profiling and used within 6 months of
receipt. Cells were maintained at 37°C in 5% COy/95% air in
Dulbecco’s Modified Eagle Medivm (DMEM)VHam's F-12

blished. Cells were allowed to equilibrate for 20
min and before dacomitinib and crofelemer were adminis-
tered. Dacomitinib was administered st a range of time
points, with 15 min showing peak Intestinal secretion, this
time point was used for all further analyses. Both dacomitinib
and crofe were administered in the Ussing chamber to
the apical side. Crofelemer was added first, followed by daco-
mitinib after 10 min. Once cells had been exposed to daco-
mitinib for 15 min, the basedine 7, (pA/cm’) was determined
as the mean over a 5-min period (5 values) immeditely
prior to administration of gogues. Cells were pre-
treated via the apical chamber with amiloride (20 pmol/L), to
inhibit the apical epithelial sodium channel before being
treated with carbachol (Ca** agonist; 100 pmolil) applied to

Nutrent Mixture containing 15 mM HEPES, 1-glutami

the basokateral chamber, The [ response was then measured

int. |. Cancer: 00, 00-00 (2017) © 2017 WCC
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and determined as the change in I, followi ist admin

istration (ApA/em’), representing nurmdncd chlorid: secre-
ton using Acquire and Anafyre software 23 (Physiologic
Instruments),

In vivo model
Ethics. The study was approved by the Animal Ethics Com-

Tasue was then immediately pliced
orto 0.5 cm’ ap sdiders (Physiologic Instruments; P2305),
mounted into Ussing chambers (Physiologic Instruments
#EM.CSYS8) and comtinuously bathed in an oxygenated,
ghicose-fortified ringer solution at 37°C for ekectmphysological
analysis. The epithelum was voltage damped 10 2ero potential
dﬁmuhyd:qplulnnofdwnmh current (L) and

mittee of The Universty of Adelaide (approval b

M215-13), and complied with the National Health and Meds-
cal Research Council (Australia) Code of Practice for Animal
Care In Research and Training (2014). All experiments were
conducted in male Albino Wistar rats (initial age ~6 weeks)
obtained from The University of Adelide Laby y Animal
Service (SA, Australia). Rats were group housed in ventilated

blished Throughout the experiment, the epithdium
was continoously shon-cirasted by the automatic voltage
clamp device with correction for solation resstance. In | min
intervals, a woltage step of =2 mV (U) was applied 1o the
tisue and the change in short-circuit current (1) measured.
Tissue was allowed to equilibrate for 20 min and baseline I
(Wm’)wmwuthmnmlf»mhm(s
values) Enmediately prior to administration of se

cages with three to six animals per cage. They were housed
in approved conditions on & 12-hr ight'dark cycle. Food and
water were provided ad libitum.

Experimental design, Rats were treated with crofelemer
(25 mg/ky) and dacomitinib (7.5 mg/kg) administered daily

Tissue was pretreated via the apical chamber with amiloride
(20 pmol/LL to inhibit the apical epithelial sodium channel
before being treated with carbachol (Ca®" agoaist; 100 pmol/l)

jed 10 the basolateral chamber. The I resp was then

for 21 days, both via oral gavage wsing a soft plastic feeding
tube. Contral animals received daily gavage with dacamitinib
vehicle [0.5% (wiw) hydroxypropyl- methylcellulose] and cro-
fdemer vehicke (sterile distilled water), The dose volume for
oral gavage was ~5 mi/kg Rats were randoenly assgned to
treatment groups and Idlkd at 21 days (n = 6/group). Rats
ot ot A “" . .M were
lilkd via cardiac exsanguination and cervical didocation.

inhakati

Clinical assessment of gastrointestinal toxicity

All rats were monitored twice daily for the presence of dar-
rthea for the duration of the study. Diarrhea was quantified
by two independent assessors wsing a well-established grading
system where 0= no diarrhea, 1 = mild diarrhea with soft
stools and perianal staining, 2 = moderate diarrhea with loose
stools and perianal staining of fur, 3 = severe diarrhea with
watery stook = mucous and fur staining Incorporating hind
begs."” Rats were weighed daily to track weight lass/gain. Rats
were killed if they displayed > 15% weight Joss from baseline
or significant di and dinical deterioration, in pli
ance with animal ethical requirements.

Tissue preparation

At necropsy, the entire gastrointestinal tract from pyloric sphinc
ter to rectum was dssected and flushed with saline to remove
mtestinal contents. Both the small and large intestines were
waghed immediutely after son. Samples of jg deum
and colon were collected and (9 fixed in 10% formalin for
embedding in prdhot(u’)mphnad R'ngu’s-:ininn
with 10 uM i ethacin foe Ussing ch i

iIn vivo electrophysiological studies using Ussing chambers
Distal colon and dleun tissae was cut loagitudirally along the
mmudmmﬂm&hmmmﬁhdﬁm
and removed ander microdi pes in a Ringer's/

Int, L. Cancer: 00, 00-00 (2017) © 2017 UKC

d and determined s the change in /.. following agonist
administration (ApA/cn®), representing stimulated chloride
secretion using Acquire and Analyze software 2.3 (Physiologic
Instruments),

Serum drug analysis
Determination of serum dacoenitinib concentration (range 3-
10000 ng/mL) by liquid chromatography/mass spectrometry
(LC/MS/MS) was conducted at the Pharmaceutical Science
Sector Laboratory, School of Pharmacy and Medical Sciences,
Univmly of South Australia under GLP conditions. Blood
were collected di and serum sepa-
rned Dacomitinib and the tmen-l standard was extracted
from serum using a protein precipitation dean up, before sep-
anation by HPLC on a Phenomenex Luma C18 reverse phase
column, Elutes were monitored by an AP 3000 MS/MS detec-
tor operated in positive MRN mode. Samples with dacomitinib
concentrations above the linear mnge were diluted 1:10 with
blank rat seram.

FITC-dextran assay

Two hours prior to culling, rats recetved 4 600 mg/kg dose
(120 mg/mL) of 4 kDa fluorescein iscthiocyanate (FITC)-dex-
tran (Sigma-Aldrich, NSW, Australia, Catx FD4) via oral
gavage. Blood was collected via cardiac puncture at pecropsy
into serum-gel clotting activator tubes and protected from
light. Samples were centrifuged at 3,000 for 5 min and
serum (solated, Serum samples were diluted 1:3 with 1 %
phosphate baffer solution (PBS) and quantified using the Bio
Tek Synergy™ Mx Microplate Reader (Bio Tek, Vermont)
and Gen5 version 200.18 software relative to a standard
curve (range 0.0001-10 pg/mL).

Histopathologial analysis
Hematoxylin and ecsin (H&E) stalning was performed on 5
pm sections of jejunum, ileum and colon cut on a rotary
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microtome and mounted onto gass Superfrost® microscope
slides (Menzel-Glitser, Braunschwetg, Germany), Slides were
scanned using a NanoZoomer ™ (Hamamatsu Ph

Prophylactic crofelemer treatment of dacomitinib-induced diarrhes

65°C. sdes were pliced In the Dako AutostainerPlus, and
returned to room temperature with the buffer applied, Tasue
was blocked wsing 10% | horse serum in | X PBS The

Japan) and assessed with NanoZoomer Digital Pahology
software view.2 (Histalim, Montpelber, France). The occur-
rences of eight histological criteria in the jjunum and ileum
were examined to generate 2 total tissue injury score.” These
criteria were Mllous fasion, villows atrophy, disruption of
beush border and surface enterocytes, crypt loss/architectural
disruption, disruption of crypts cells, infiltration of pofymar-
phonuckear cells and lymphocytes, dilation of lymphatics and
cpillaries and edema. In the colon, the latter six criteria
were examined. Fach parameter was scored as present =1, or
absent = 0, in a blinded fashion.

mmnamm

T T
(caspase 3; Abcam, Vig Austnl: OMSI) and ptd&nlion
(Ki67; Abcam, Vic, Australa #abl6667. I h

primary antibodies were applied for T he using 5% normal hoese
serum a5 & dilvent. A fluorescently labded secondary antibody
(donkey anti-rabbit or mouse IgG [H + L] secondary antibody,
Alexa Fluor 568 conjugate, Invitrogen: #A10042) was apphed at
08 pg'ml. for a further 1 hr, using 1 % PBS + 1% BSA (Sigma-
Aldrich; #A2058) and 2% FBS (Sigma-Aldrich; ¢F2442) a5 a
diluent. Slides were washed using | X PES; counterstained using
I pg'mL & 6-dumidino-2-phenylidole (DAPL; Life Sciences;
#D1306) and cover slipped using an aqueous mounting mediam
(Fluorshield, Sigma-Aldnidh; #F6152). Negative comtrols had the
primary antibody omitted. Slides were visulized using the SP5
Spectral Scanning Confocal Microscope (Leica). Four areas from
each tissue were imaged (40X magnification) providing a range
of areas for both qualitative and quantitative analysis. Immuno-
fluorescence was assesed qualitatively for staining distribution in
a blinded fashion. Quuntitative analyss was conducted using

analysts was performed using Dako reagents on an automated
machine (Amdmﬂu"‘ Dako, Denmark) following stan

Image] software. Briefly, channels were separated and RGB
mm»suwwmw

dard p ! { by the dfact Bridly,

mdtwrrd‘mkdhhudmemdnhydmdmmynpdcd
cthanol before undergoing heat mediated antigen retrieval using
an EDTA/Tris buffer (037 g/L EDTA, 121 g/l Trig pH 9.0).
Retrieval buffer was prebested to 65°C wsing the Dako PT
LINK (pre-trestment module). Slides were immersed in the
buffer and the temperature mised to 97°C for 20 min. After
returning to 65°C, slides were removed and placed in the Dako
AutostainerPlus and stained following the manufacture’s guide-
lines. Ne’lmmoklhdd\tprbnwyanbodym
Caspase 3 and Ki67 were guantified by ting the

formed using the MaxEntropy algorithm, chosen based on quai-
tathve assessment of its ability to identify tight mnctiors and
exdude nonspecific staining ™ EpitheBum only was selectad,
and total stained area was cakulated and expressed as a percent-
age of the total area selected.

Statistical analysis

Data were compared using Prism version 70(anhl’u@
Software, San Diego). A D" Pearson ib

was used to assess normality. Wlmunomnmymeon

of positively stained cells for 15 crypts. Duta presented as aver-
age positivdy stained cells per crypt. All analysis was done in a
blinded fashion

Tight junction analysis

Immunofluorescence was carried out on 5 pm sections of
leum and colon, cut on a rotary microtome and mounted
onloFlLXlHCmmpe-Ma(F!aPﬁnDamn
System, Duker #K8020). 1 fh was
performed for key tight junction proteins: chudlnl (Abum
AbL5098; 2 pg/ml; 1:100; Alexa Fluor anfi-rabbit 568 nm),
ZO-1 (Invitrogen 61-7300; 25 pg/ml; 1:100; Alexa Fluor
antl-rabbit 568 am) and ocdudin (Invitrogen 33-1500; 5 pg/ml;
1100; Alexa Ruor anti-rabbit 5688 nm). [Immunofluorescence
was performed using Dako reagents on an automated machine
(AusostainerPhes, Dukor #AS480) following standard protocals
suppiiead by the manufacturer. Beefly, sections were deparaf-
finzed in histokne and rehydrated through graded ethanol
before undergoing heat-medited antigen retrieval using an
EDTA-NaOH buffer (037 g/L EDTA, pH 8.0). Retrieval buffer
was prebeated 10 65°C wsing Dako PT LINK (pretreatment
maodule; Dakog #PT101) Skides were immersed in the baffer and
the temperature raised to 97°C for 20 min. After returning to

firmed, # two-way analysis of varlance (ANOVA) with appro-
priate post hoc testing was performed to identify statistical
significance between groups. In other cases, a Kruskal-Wallis
test with Dunn's multiple comparisons test and Bonferroni
correction was performed. Diarrhea was assessed using a 7
test. A p values of < 005 was considered significant.

Results

Crofelemer inhibits dacomitinib-induced chloride secretion
in vitro

To test the hypothess of dacomitinib Inducing diarrhea via a
secretory mechanism, short -circuit current (1) was measured
to assess intestinal cell (7 secretion in T84 colonic cells in
symmetrical physiological solutions. Previous studies have
shown that I Is reflective of changes in transepithelial chlo-
ride secretion in T84 cells™ " Figure lu shows baseline I,
after cells have been exposed to dacomitinid and/or crofe-
lemer, but with no agonist administration. Baseline [ signifi-
cantly increased following dacomitinib treatment (p < 0.0001;
Fig la) and crofelemer inhibited this dacomitinib-induced
increase in [ (p<0.0001; Fig 1a). Administration of CaCC
agonist—carbachol—increased L. in  cells treated with
dacomitinib (Fig 1b). Crofelemer inhibited this increase
(p < 0.0001; Fig. 15).

nt. ). Cancer: 00, 00-00 (2017) © 2017 UICC
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Figure 1. Baseline short-cixult curent (1) and change in [, following CaCC agonist carbachol, TBS monolayers were mounted into Ussing
chambers and treated with dacomitinid (1 pM) and crofelemer (10 uM) vz the apical chamber, (o) Increased baseline I, was seen in cells
treated with dacomitin® (p < 0.0001), which was attenuated with cofelemer (p <0.0001), (b} Increased delta [, was also seen in cells

treated with dacomitind following the administration of camachol, a CaCC agonlst, Sis was also attenuated with crofelemer (p <0.0001),

Data presented as mean = SEM. A one-way ANOVA with Tukey post-hoc was performed to identify statisscal significance (p <0,05).
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Figure 2. Diarhea profiles shown for rats treated with vehide controls (g), dacomidnib (8, cofelemer control (d and dacomitind/crofe

lemer combined (d), Rats treated with vehicle control did not d

with dacomRinibycrofek combinat
D d as p ge of total
icance (p <0.05).

Crofelemer is Ineffective at reducing dacomitinib-induced
diarrhea

Following the results seen in vifro, which showed dacoenitinib
increased chlaride secretion and crofekemer inhibited it, treat-
ment was then transhited into an animal model Our previ-
ous publication presents data of coatrol and dacomitinib
alone treated rats’® Rats treated with wehicle control did not
develop diarrhes at any time point™ Diarrhes (grade 1-3)
occurred in 100% of dacomitinib alone rats, which is compa
rable to the incidence seen in clinical trisls™ Two rats
treated with crofelemer alone developed mild grade | diar
rhex on the 3rd and 11th treatment day, likely due to stress
(Fig. 2a). Digrrhea developed in 100% of rats treated with
da itini fel bi (Fig. 2b). Approximately
50% of rats treated with combination crofelemer and d i
tinib had severe diarrhea (grade 3: severe diarrhea as watery
stools = mucous with fur staining mcorporating hind legs).
Approximately 30% of rats treated with dacomitinib alone
had severe diarthea™ Rats treated with dacomitinib/

W,

p diarrhes (2). One hundred percent of rats veated with 7.5 mg/kg
dacomitinib (&) and dacomitinib/crofelemer combined (7.5 and 25 mg/kg. mspectvely) () d

Rats treated

d any grade of diarth

had significantly worse disrrves than rats treated with dacomitinib alone (o = 0.0003). Dats
& pes day with & particulsr grade of diarrhea. A Chi' test was performed to identify statistical signif-

crofelemer combination had significantly worse diarthea than
rats treated with dacomitinib alone (p = 0.0003).

Weight loss

In the crofelemer/d inib b group, two animals
were killed due > 15% weight loss. These animals were not
included in downstream analysis. Rats treated with crofedemer/
dacomitinib combination had significantly less weight gain than
controls fram Day 10 to 21 (p< 0.0001; Fg. 3). At Day 21, the
control group had on average gained 46.38 = 2459%,” the cro-
felemer group gained 39.27 * 8298%, the dacomitinib group
gained 18.99 = 5.602%.™ and the crofelemer/dacomitinid com-
bination group gained 1336 * 6.846% body weight compared
with Day | of treatment.

Crofelemer did not inhibit chioride secretion in the
presence of dacomitinid in this model
Samples of colon and ileum from each animal in the study

Int. | Cancer; 00, 00-00 (2017) © 2017 UKC
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were recorded to assess baseline
dﬁuenoti n tmutpiththl short clrouit carrent (1), Base-
line I, in the fkeum was significantly higher in rats treated

= Croiurmer i Bl
o Corwerw st Cacomtnt

N chorgn Yom taseine

T2 3435 ¢C7T 000N THNWUBICITIONDN
vy of Wostart

Figure 3. Weight over the 21-day time course. Dala presented as &
percentage of weight change from baseline (Day 1). A Kruskal-
Wallis with pass hoc teting was performed to identify statistical
significance, Rats treated with dacomitinib (7.5 mg/kg) and daco-
mitinib/ crofelemer combination (7.5 and 25 mg/kg, respectively)
had significantly less weight gain than the controls fom Day 10~
21 (p <0.0001),

Prophylactic crofelemer treatment of dacomitinib-induced diarrthea

with combination crofddemer and dacomitinib compared with
controls (p =0.0408; Fig. 4a). Baseline I, in the coloa was
significantly higher h rm treated with combination crofe-
lemer and d i d with crofek alone
(p = 0.0122; Fig 4b). Carbachol was administered 10 elevate
levels of intracellular calcum to assess the role of the
cakium-activated chloride channels, and indirectly, basolat-
eral potassium channels, No differences were noted between
groups in ileum samples following carbachol administration
(Fig. 4¢). The response to carbachol in colon samples of rats
treated with combination crofelemer and dacomitinib was
significandy higher compared with controls, crofedemer alone
and dacoenitinib alone (p < 0.0001; Fig 4d).

Crofelemer does not increase serum absorption of
dacomitinib

To assess if crofelemer was increasing the serum absorption
of dacomitinib circulating dacomitinib levels were analyzed
by mass spec y in serum samples collected at death,
after 21 days of treatment. The average blood concentration
of dacomitinib in rats treated with dacomitinib alone was

2582 %5176 and 2608 T 36.63 ng/mL in rats treated with

d itinib and crofel bination (p>0,05; Support
ing Information Figure S1).
3 Conol
feko 0 Crofolomar
W Dacomni
e 27 Crotalamar and
1 Dacoeniinid

c d
= - S
ru; 01 %
m, R 2 w /
gff =1 . 7. i 17m

Fgure A. Baseline short circuit current (L) of the distal lleum and colon, Segments of the distal colon m! lleum were dissected, opened

lorgiudinally and had the mm -uub layers removed, belore being mounted into Ussing chamb d b
(7.5 and 25 mg/kg, mlmcompmwcommhhmllmmhp 0.0408)

fats treated with dac Inib Inath

e I, was seen in

and compared with dacomitinid alone (7, 5 mg/kg) in the colon (b: p = 0.0122), Following e administration of caldum agonist—carta.
chol—the colon of rats treated with dacomiinib/crofelemer combination had a significantly increased response compared with al other
trestment groaps (d: p < 0.0001). No sign¥ficant changes were noted in the Reum (d). Data presented as mean = SEM. A one-way ANOVA

with Tukey post-hoc was p o Identfy

kal significance § < 0.0%).
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Figere 5. Serum & kDa ATC-dextran was administored as a
600 mg/kg dose, vio oml gavage, 2 hr prior 10 kil time point. Data
expressed a5 mean = SEM and were analyzed wsing a one-way
ANOVA. Both treatment arms Invobing dacomitinib had signifi-
cantly elevated levels of serum ATC.dextran, indicating gastrointes
tinal barrier dysfunction. Dacomitin® alone had significantly
clevated levels of seum FITC dextran compared to controls
[ -o.oom and cmklale' llone (p = 0.0047%. This was not

d with ¢ {dacomitinid
which had significantly elevated levels of serum FITC dextran com-
pared with controls (p < 0.0001) and crofelemer slone
(o = 0.0002).

Dacomitinid induces gastrointestinal permeability

with dacomitinib and d. itinitvcrofel bination,
particularly in the ileum (Figs. 6r and 61), with complete loss
of membranows staining specficity in some areas, and o a
lesser extent in the colon (Figs, 6v and 6x). There were no
apparent differences noted between the two dacomitinib
treatment arms. To complement the observation of marpho-
logical changes in tight juncti ins, quantitative analy-
ss was conducted on epuhdmn only, to assess mean
percentage area stained. Vehicle control had a mean percent-
age arca staining of 5,23% for chudin-1, 4.27% for Z0-1 and
1.00% for ocdludin. Crofelemer alone had a mean percentage
ares staining of 68% for daudin-1, 2.5% for ZO-1 and 0.93%
foe occludin, Dacomitinib alone had a mean percentage arca
staining of 4.23% for cdaudin-1, 353% for ZO-1 and 1 87%
for ocdudin. Dacomitinib and crofelemer had a mean per-
centage area staining of 2.8% for caludin-1, 323% for 20-1
and 1.45% for occludin, No significant differences were noted
between groups (data not shown).

Crofelemer does not attenuate dacomitinib-indeced
histopathological injury

FITC dextran was administered orally to gastrok
tinal permeability. Serum FITC dextran levels were signifi-
cantly eevated in rats of ecither treatment arm mvalving
dacomitinib.** Rats treated with dacomitinib alone had signif-
icantly elevated levels of serum FITC dextran compared with
controls (p=0.0018)," and crofdemer alone (p = 0.0043).
This was not attenuated with combination crofelemer/daco-
mitinib treatment, which had significantly clevated levels of
serum FITC dextran compared to controls (p< 0.0001) and
crofelemer alone (p = 0.0002; Fig. 5).

Cytoplasmic redistribution of tight junction proteins con-
trbutes to dacomitinib-induced barrier dysfunction.

To ewl if d inb alters p bility through
tight junction disruption we investigated tight jmcbon pro-
teins in the intestine. Qualitative analysis of €S-

Rats d with dacomitinib™® or dacomitinibicrofelemer
combination had significant tissue injury in the deum com-
pared with cootrols (p <0.0001; Fig. 7). This was predomi-
nmllfchuttaindbymﬂhswnphynhmulnglnd
fusion of villi, which was also ded by enterocyt

s-loalwodmnuotﬂbmdalphmype-dmldm
pensatory expansion of the basal proliferative compartment of
amhdumwdhmupnymﬂlﬂ!mmlxm
infh y infiltrate i ymphocytes, macro-
phages, plasma cells and nulvophﬂs:nd jon of lacteals
(villous Bymphatics). There were no significant differences in
tissue injury in the jejunum and colon between any groups
(data not shown). Dacomitind did not cause increased apo-
ptosis or profiferation in the gastrointestina tract compared

cence for tight junction proteins showed membranous
staining for all tight junction proteins in vehicle controls, and
crofelemer alone controls (Figs. 6acegik, 6m, 6o, 6, 65, 6u
and 6w). Im fl staining for ZO-1 showed
focal areas of proteolysis in the ileum (Figs 6b and 6d) and
colon (Figs. 6f and 6h) of rats treated with dacomitinib and
dacomitinib/crofedemer combined. These focal areas of pro-
tein disruption were pntduty cvuau in areas of qnhd-l
injury, often occurring aloagsid ically I tight
junction staining (indicated by mm). Smilat changes in
occludin expression were also seen in the lleum (Figs. 6/ and
6l) and colon (Figs. 6n and 6p), with focal aress of proteoly-
sis corresponding with frank epithelial damage in rats treated
with dacomitinib and dacomitmib/crofelemer combination.
Claudin-| staining presented with sharp apical intensities and
membranows staining down the apicolateral border of the
enterocyte in wehicle and crofelemer alone controls in both
the ileum (Fig. 69 and 65) and colon (Figs 6w and 6w).
Marked caludin-1 internalzation was evident in rats treated

int. . Cancer: 00, 00-00 (2017) © 2017 UICC

with Is™ When Dacomitinb and crofekmer were given
in combination, there was no difference seen in apoptosis or
proliferation between any group (data not shown).

Discussion

Whils d itinib—a d-ge small malecale
pan-HER TKI— mmhhtmmdm&
its" most commaonly reported adverse event is diarrhea, which
significantly impacts on clinical outcomes.” Currently, no
antidisrrheal medication used for the treatment of TXKI-
induced diarrhea offers 2 targeted approach due to the lack
of understanding of the underlying mechanisms, HER TKI-
induced diarrhes has recently been hypothesized 10 be caused
by ErbB down-regulation, where blockade lkeads to excess
chloride secretion and thus secretory diarrbea’ Therefore,
this study fint hm!i’wd this hypothesis in an in vitro
model. We d rated that d itinib caused increased
chloride secretion across polarized epithelia, and that crofe-
lemer, an antisecretory antidiarrheal agent, was sble to atten-
uate this incresse, Given this positive finding we then aimed
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Rgure 6. Representative images of chhudin-1, occludin and 2041 immue olon of vehide: aofelemer daco

ofluorescence in the Reum and

mit o omitini/ crofelemer combinati vated rats, Vehick treated, and crofelemer alone treated rats showed phenotypically
norm with & slaining intensithes (2, . e, 0. A A , U and wi. Rats yeated with dacomitinib a»d daco
mit ation showed no differences, with both displays cal areas of 20-1 and ocdudin disuption, paricasdary in
areas of epitheSal injury (b, L and p, arrows). Rats treated with dacomitin® and dacomitinib/crofelemer combination displayed

Claadin.1 internakzation, fou g ¢, v and x, avows). Sections of iloum and colon

aly normal pnctions (r, X

longside amas of phe

were stained with & peimary antibody for dauding, occhudi 1 wsing an AlesaFluoe anticabbit 568, Blue counter

g and 70-1 and visua

ws nudel. Orginal magnification 20, [Codor figure can be

staining (DAP{, 405 nm lewed at wileyonline library.com)
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Figure 7. Histopathological parameters in HEE stained fleum. Them were significant inceeases in tissue injury scores (a) In rats teated with
dacomitinib aone (c; p < 0.0001), and dacomitinid/crofelemer combinasion (d; p < 0,0001) compamd to both vehicle conrol (not shown)
and crofelemer control (b). Villus atrophy and stunting is evident in aXl villl In image ¢ and d. Fusion of Wl &s indicated by brackets. Enter-

opte laga & indicated by arrows. Comp o

P of aypts is indicated by cosses. Increased inflammatory infiltrate is indh

cated by arow heads. Scale bars indicate 250 pM. Oildnal magnification 40x. [Color figure can be viewed at wileyonlinelibeary.com]

0 determine if crofelemer was an effective prophylactic for
dacomitinib-induced diarrhea in a rat moddl.

Despite the results seen in vitro, rats treated with dacomiti-
nib/crofelemer combination had significantly worse diarrhea
than rats treated with dacomitinid alone™ Previous investigs-
tions of the antk sy mechanism of crofed have dem-
onstrated weak and partial inhibition of CFTR, and complete
inhibition of CaCC" Electrophysiclogical aralysis in this
study condacted on T84 cells supported this, with crofek

crypts. However, conveaive drug washout does not explain
why crofelemer was not oaly ineffective, but also significantly

Chloride channd blockers have previously been suggested
for the investigation of TKI-induced diarrhes,” including
CFTRinh- 172, which binds to the cytoplasmic side of the
CFTR channel and stabilizes the channel chosed state™; gly-
cine hydrazides, which target the extracellular CFTR surface
in the channed pore™; and CaCCya-AD), a red wine extract

inhibiting chlorid jon &t baseling, a8 wdl as following
CaCC agonist administration. However, the elearophysiologi-
cal analysis in the in vivo arm of this study demonstrated that
the inhibitory effect of crofelemer on chloride secretion is lost
when given in combination with dacomitinib over 21 days.
This is the first time crofekemer has been used In a preclinical
study of this dunation, therefore the lack of effect seen in
Ussing experiments in vivo may be due to the timing of the ex
moapcmummuhfafmdxlnhcddm;

that has been shown to prevent watery diarrhea in a mouse
model of rotavirus™ Crofelemer was selected as an interven-
tion in this study because (/) it was reported as a safe and
tolerable drug with no adverse events and was approved for
dlinical use, (i) its dual inhibitory action on the two principle
CI” channcls in the apical membrane of Intestinal epithelial
cells, and (ifi) its lack of systemic absorption due to its size
and polarity,"’ suggesting that it would not interact with
dacomitinib systemically. Given the worsened effects seen in

felemer was unable to attenuate dacomitinid-nduced disrrhea
This may be explained by aive drug washout, a concern
for drugs with an extracellular target in intestinal crypts, such
as crofedemer™ Convective washout reduces the efficacy of
enterocyte surface targeted CI7 channed inhibitors, which can
be of concern in diarrhea, due 1o the potential of washout
forces impeding the inhibitor to reach the deep intestinal

Int. | Cancer: 00, 00-00 (2017) & 2017 UKC

the p study, this might suggest that crofcdemer can be
systemically absorbed i administered in conjunction with
drugs that cause barrier disruption and small intestinal dam-
age such as dacomitinib. Serum mass spectrometry did not
indicate that crofelemer altered the absorption of dacomitiniy
when looking at serum nadir levels only. A more detalled
pharmacokinetic study would be required to assess if the
combination drug protocol altered maximum concentrations or
time to peak. There are currently no reported wntraindcations
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for crofelemer and this Is the fiest study to show that crofe-
lamer may worsen diarrhea in certain stwations. The results
from this study suggest that crofelemer should be investigated
for contramdications before being used in combination with
other drugs.

Although the in vitro dectrophysiclogical analysis indi-
cated that dacomitinid induced excess chloride secretion, the
ex viw electrophysiological analysis did not suggest that
dacomitinib cawses excess chloride secretion in intestinal tis-
sue following 21 days of treatment. This may be doe to not
only the timing of the Ussing experiments as previously men-
toned, but additionally, the in vivo model was a chronic dos-
ing schedale, whereas Ussing experiments In the in vitro
model were conducted after only one treatment, 15 min after
exposure. The disadvantage of cell line work should also be
considered. T84 monolayer cdl lines lack other mucosal cell
interactions, and of particular imp in this study, the
impact that mflammation has on tight junctions Clinical
studies have also indicated that peratinib, a pan-HER ErbB
TKI has a fecal osmotic gap that is consistent with the values
for secretory diarrhea™ Previous work investigating lapatinib,
an ErbB1 and ErbB2 TKI, suggested that Garrhea was associ-
ated with chloride secretion, indicated by decreased serum
chloride levels, which the authors proposed may be due to
loss of chloride via the intestinal lumen.' However, this was
the only measure of secretory mechanisms and is therefore
inconclusive. Another kinase inhibitor, flavopiridol, has been
reported to stimulate chloride secretion across monolayers of
human calonocytes in modified Ussing chambers™ Never-
theless, given this was conducted in vitro the results need to
be translated to an in vivo model for more in-depth under-
standing This &s especially Important considering the differ-
ing results of the in vifro and in viw arms of the present
study. Despite the growing support in the literature for the
hypothesis of TKI-induced diarrbea being due to excess chlo-
ride secretion, this is the first study to assess secretory diar-
thea ex vivo using Ussing chamber analysis. The results of
this study do not support the hypothesis that diarrhea second
o TKI trestment & due to excess chlorde secretion. The

Prophwlactic crofelemer treatment of dacomitinib-induced diarrhea

This is the first study 1o compare functional in viw per-
meabdlity, and morphological assessment of tight junction
proteins in the setting of dacomitinib-induced gut toxicity.
Our previous research has indicated that dacomitinid induces
severe {leal damage and barrier dysfunction.® This study fur-
ther characterized this bamier dysfunction; showing increases
in barrier permesbility to 4 kDa FITC-dextran, and clear
changes to tight junction proteins, Tight junctions are critical
in mamtining gastrointestinal heakh and homeostasis.
Dcspilc this, lhry are highly plastic structures vulnerable to

i d and -transhitional modification by a vari-
aty "y of pathological cues."™* Tight junction disruption has
been Identified following treatment with & number of chemo-
therapeutic agents, both prechinically™™® and clinically.™ **
To date, many studies have shown architectural abnormali-
ties, and functional alteration, of key tight junction proteins
such as claudin-1, ZO-1 and occludin. As such, the cumrent
study focused on these three proteins, despite the
other proteins present within the junctional complex. Given
the complexity of tight ]unaion ﬁlydobgy. further lmﬂp
tion could be directed behavior of |
adhesion molecule-A, fallowing d.:omm‘b given its invalve-
ment in inflammatory settings."” Despite increased research
in this area, assessment of barrer function and in particular
tight junction analysis has never been conducted in TKI
models. The present study identified derangement of claudin-
1, 20-1 and ocdudin, characterized by severe cytoplasmic
redstrbution and disassembly of the tight junction unit.
However, quantitative analysis showed no significant differ-
ences in percentage area stained. This method of quantifica-
tion may not have sufficient power to detect the subtle
changes that occur upon protein translocation, thus explain-
ing the disparity between guaktative and guantitative analy-
ses.  Intermalisation of tight junction proteins is wel
recognized to contribute to poor barrier function, and loss of
tight junction apposition.™* In the current study, cytoplas-
mic redistribution of claudin-1 was seen in the ileum, where
pakhmowﬂ\obﬁ:aldum'wdmmnﬂom the

potential flaw in the hypothesis (EGFR in normal settings are
negative regulators of chloride secretion, and so when inhib-
ited there is a loss of negative regulation, and thus increased
chloride secretion), & that the hypothesis does not consider
that the tissue may be inflamed, and hence behave differently.
The assumption that inflamed tissue would behave in a simi-
lar manner o normal tissue i a fundamental caveat of the
hypothesis, This is highlighted by McCole ef al. who showed
in 2 model of DSS-induced colitis, that EGF beh ina

mech g this tight Janction dysfunct i
wkduﬂnu?mmmhhswuutm
junction dysfunction can be proinflammatory cytokine medi-
ated "™ **" Given the increased inflammatory infiltrate noted
in the lamina propria of the fleum in this study, this might
suggest that this may be a contributive factor to tight junc-
tion dysfunction in this study. While the mechanisms remain
unclear, intestina barrier dysfunction second 0 cancer treat-
ment is becoming more evident in both preclinial™ and

contradictory way in inflamed tissue (e, enhances chioride
secretion instead of inhibiting it).”” Therefore, future research
could administer dacomitind and crofel to healthy gas-
trointestinal tisue in Ussing chambers, instead of using ex
vivo treated tissue, in order to dissect whether the influmma-
tory changes in the present model overshadow the effects of
the drugs themselves.

ical models™ Clinically, this is highly important as bar-
rier dysfunction permits LPS trandocation,” systemic toxic-
ity,” bactertal transh and colonkzation In mesenteric
lymph nodes and the spleen, increasing the risk of infection,
graft-versus-host disease®” and sepsis** Intestinal barrier dys-
function has also been suggested to exacerbate direct gastro-
intestinal damage from the cancer therapy, worsening quality
of life and clinical outcomes for patients.™ It is therefore

InL. ). Cancer: 00, 00-00 (2017) © 2017 WCC
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¥ that the mechanisms that kead to barrier dysfunc.
tion second to cancer treatment are further ivestigated, so
that therapeutic targets may be identified and interventions

developed 1o prevent local toxicity transitioning to systemi

1

suggesting that antisecretory drug therapy may be ineffective
in this setting. This is the first study to provide a detadled
interrogation of the barrier changes associated with dacomiti-
nib Tight junction disruption is a hallmark trait of

toxicity, to reduce associated risks

Conclusion

In summary, this study showed that crofelemer was unable
0 dacomitinib-induced diarrhes, and in fact, wors-
ened it in the current model. Despite the growing suppont for
secretory diarrhea as the mechanism of TKLinduced diar-
thea, this study provided little suppoet for this hypothesis,

many pathological states. A wealth of research now impli-
cates poor tight junction integrity following treatment with
various chemotherapeutic agents; however, this i the first
study to implicate these changes in a TKI model. This study
A our A i”d‘!_“ P Fe ) 4
ot only this agent, but assists in further characterizing
the poorly understood mechanisms of EbB TKI.induced
diarrhea.
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Appendix 2: Pfizer Report

Parts of this thesis were funded by an unrestricted investigator initiated grant with Pfizer
pharmaceuticals. I developed the report and presented the results to Pfizer’s head office

in Sydney, Australia. The report is presented here.

TITLE PAGE
Division: UOA - Physiology Compound: Dacomitinib
(PF-00299804)

Information Type: Part 1, In vivo, Total No. of Pages 110
repeat dose
Part 2, In vitro
interrogation study

Title: Prevention of dacomitinib-induced diarrhoea by targeting chloride

secretion — Final report

Author: Ysabella Van Sebille

26/11/15
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STATEMENT BY STUDY DIRECTOR

The current study was conducted in the School of Medical Sciences, The University of Adelaide,
South Australia. Whilst all experiments were conducted with the utmost rigor, this laboratory is
not GLP certified. With the exception of the blood serum analysis, which was carried out at the
IMVS under GLP conditions, all data presented is derived from work not conducted in a GLP
laboratory.

Rat experiments were designated in WR (Wistar rat) and were approved by the Animal Ethics
Committee of the University of Adelaide and complied with the National Health and Medical
Research Council (Australia) Code of Practice for Animal Care in Research and Training (2014).
Analyses performed in the School of Medical Sciences, The University of Adelaide were

according to the principles of good laboratory practice, following standard operating procedures.
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SUMMARY

Study Findings

PART 1

Ethics approved the use of Albino Wistar rats to investigate the mechanisms of dacomitinib-
induced diarrhoea and prevention with crofelemer. 34 rats were used in 4 dose-finding pilot
studies, 48 rats were used in the main study, 24 rats were used in a follow-up repeat study.

Dose-finding pilot study 1 (n = 8)

Dacomitinib was administered at 7.5 mg/kg/day via oral gavage at 12 pm daily and induced mild
to severe diarrhoea without mortality and was deemed appropriate for all further investigations.
Crofelemer was administered at 10 mg/kg via oral gavage at 9 am daily. Crofelemer given with
control (methyl-cellulose buffer) was safe and showed no clinical signs in rats. When combined
with dacomitinib, crofelemer reduced the number of days with diarrhoea compared to
dacomitinib alone from 19 to 12. While this dose of crofelemer did decrease the total number of
days with diarrhoea, this decrease was not significant.

Dose-finding pilot study 2 (n = 8)

Dacomitinib was administered at 7.5 mg/kg/day via oral gavage at 12 pm daily and induced mild
to severe diarrhoea without mortality and was deemed appropriate for all further investigations.
Crofelemer was administered at 50 mg/kg via oral gavage at 9 am daily. Crofelemer given with
control (methyl-cellulose buffer) was safe and showed no clinical signs in rats. When combined
with dacomitinib, crofelemer increased the number of days with diarrhoea compared to
dacomitinib alone from 9 to 13. As this dose of crofelemer increased the total number of days
with diarrhoea, it was not deemed appropriate.

Dose-finding pilot study 3-4 (n = 16)
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Dacomitinib was administered at 7.5 mg/kg/day via oral gavage at 12 pm daily and induced mild
to severe diarrhoea without mortality and was deemed appropriate for all further investigations.
(3) Crofelemer was administered at 25 mg/kg via oral gavage at 9 am daily. Crofelemer given
with vehicle control (methyl-cellulose buffer) was safe and showed no clinical signs in rats. One
rat treated with 25 mg/kg in combination with dacomitinib was removed from the study early
due to excessive weight loss (> 15 %). When combined with dacomitinib, crofelemer reduced the
number of days with diarrhoea from 19 to 9 and the severity from grade 3 to grade 1, compared
to dacomitinib alone.

(4) To assess the best treatment schedule, 25 mg/kg crofelemer was given at 4 pm via oral
gavage from the onset of diarrhoea. Crofelemer given in this treatment schedule reduced the total
number of days with diarrhoea from 12 to 11. This treatment schedule did not significantly
reduce the total number of days with diarrhoea and was not deemed appropriate.

Combination of dacomitinib and crofelemer at 25 mg/kg in the treatment schedule of daily at 9
am (3) was most effective, decreasing the number of days with diarrhoea from 19 to 9. Previous
research in mice has shown that 30 mg/kg crofelemer is effective at reducing cholera toxin-
induced water accumulation in the intestines. As such, it seems feasible that 25 mg/kg
crofelemer in our pilot study reduced diarrhoea by preventing water accumulation in the
intestines following dacomitinib treatment. This dose and treatment schedule was continued for
the main study.

Main study (n = 48)

Rats were randomly allocated to receive either vehicle controls (water + methyl-cellulose buffer)
(n = 12), water + dacomitinib (n = 12), 25 mg/kg crofelemer + methylcellulose buffer (n = 12),
or 25 mg/kg crofelemer + dacomitinib (n = 12). All animals completed the study and were Killed

at either 7 days of treatment (n = 24) or 21 days of treatment (n = 24). There were no significant
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differences in the overall incidence (83 % vs. 92 %) or number of days (14 vs. 15) with any
grade diarrhoea between groups treated with dacomitinib alone or crofelemer + dacomitinib,
respectively. The incidence of severe grade 3 diarrhoea was 50 % and 67 % in dacomitinib alone
and crofelemer + dacomitinib groups, respectively.

Animals treated with dacomitinib gained less weight than control animals. Small intestine,
stomach, spleen and liver weights were significantly decreased in rats treated with dacomitinib
alone compared to water control at 21 days.

In serum biochemistry, anion gap, urea, cholesterol, ALT and LD was significantly increased at
day 21 in the groups treated with dacomitinib compared to the water control group. In contrast,
albumin was decreased.

Follow up study (n=24)

To further investigate intestinal changes induced by dacomitinib and crofelemer an additional rat
study (n = 24) was conducted to assess small intestinal functional changes in Ussing chambers
and barrier integrity with FITC dextran. Rats were dosed identically to the previous main study
and were Killed at 21 days of treatment. A number of rats treated with crofelemer + dacomitinib
(n = 2) and water + dacomitinib (n = 2) were removed from the study early due to excessive
weight loss (> 15 %) and ethical constraints. Diarrhoea and weight loss trends were consistent
with the main study. Ussing camber analysis showed no differences in the ileum. Colon samples
were used to increase the n from the main study, results were consistent with the main study.
FITC dextran analysis showed that serum concentrations were increased in dacomitinib alone
and crofelemer/dacomitinib combination rats.

PART 2

T84 cell culture study
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Cell culture was conducted on T84 monolayers grown on polyester Transwell® systems,
mounted into Ussing chambers. Dacomitinib (1 uM ) and crofelemer (10 uM) were administered
via apical routes. Exposure time of T84 monolayers to dacomitinib included 5, 20, 60, and 90
minutes (administration in Ussing chambers), and 3, 6, 24 and 48 hours (administration in
Transwell). Dacomitinib administration caused significantly increased baseline chloride
secretion following 5 and 20 minutes of exposure, therefore, crofelemer was only assessed at
these times. Results showed that dacomitinib induces chloride secretion, and this was inhibited
when crofelemer was administered, primarily via the calcium stimulated chloride channel. All

experiments were repeated eight times.
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PART 1

IN VIVO STUDY Compound: Dacomitinib

(PF-00299804)

Information Type: Repeat Dose Study

Title: Part 1: Prevention of dacomitinib-induced diarrhoea by targeting chloride

secretion — In vivo study
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Table 1. Repeat dose study - pilot

Test Article: Dacomitinib and crofelemer

Species/ Route Duration Doses Number of  Noteworthy Findings Report No.
Strain (Vehicle/Formulation) of (mg/kg) Animals/Se (Study No.)
Dosing X
Rat/ p.o. dacomitinib 21days 0,75 24 male Pfl
Albino (0.5% HPMC) g.d. (12
Wistar p.o. crofelemer pm)
(Harlan) (sterile distilled water) 0, 10, 25,
50
g.d. (9
am)

Key: p.o. per oral (oral gavage to stomach), g.d. once daily dose (with time indicated in brackets)

Table 1 (Continued).

Report Title: Progress report and results

Test Article: Dacomitinib and crofelemer

Report No.: 1

Study No.: Pfl

Duration of Dosing: 21 days

Duration of Recovery: 0 days

Location: UoA animal holding facility
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Species/Strain: Rat /albino Wistar

Route/Frequency: Oral gavage, once daily

Necropsy Dates: 16/6/14, 17/6/14, 29/07/14

Weight Range on Day 0 (9):

Male: 186 — 268

Test Material: Dacomitinib, crofelemer

Batch Number: 0015

Dosing Period Dates:
First Dose: 26/05/14

Final Dose: 28/07/14

Initial Weight (g): 219.4 +25.2

Vehicle: 0.5% HPMC in sterile distilled water

Study in Compliance With GLP:

N/A

Dose Frequency: Once daily

Testing Facility: UoA - Physiology

Data Collected: Clinical observations, body weight, organ weight, necropsy findings, daily diarrhoea.

Daily Dose dacomitinib (mg/kg) 0 0 0 0 7.5 7.5 7.5 7.5
Daily Dose crofelemer (mg/kg) 0 10 25 50 0 10 25 50
Numbers of Animals: 6 2 2 2 6 2 2 2

Noteworthy Findings:

No treatment-related adverse events. One rat with chronic renal changes required

removal

Number of Unscheduled Deaths:
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Clinical Observations: Restraint stress caused urination and defecation during gavage process as expected. Dacomitinib caused

persistent diarrhoea without mortality. Crofelemer treatment caused no clinical changes.

Table 1 (Continued).

Report Title: Pf1 repeat dose study pilot

Clinical Observations

Daily Dose dacomitinib (D), crofelemer (C) mg/kg 0D, 0D, 0D, 0D, 7.5D, 7.5D, 7.5D, 7.5D,
0C 10C 25C 50C 0C 10C 25C 50C
Incidence
Number of Animals: 6 2 2 2 6 2 2 2
Any loose feces G1 - 3 (and severe diarrhoea G3 only) 2 (0) 1(0) 2 (0) 2 (0) 6 (2) 2(1) 2 (0) 2 (1)
Weight loss (at any time) 0 0 0 0 4 0 1 0
Distended Abdomen 0 0 0 0 0 0 0 0
Decreased activity/Lethargic 0 0 0 0 2 1 1 1
Piloerection 2 2 2 2 4 2 2 2
Hunched posture 0 0 0 0 0 0 0 0
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Red discoloration (discharge, material, staining) of fur 6 2 2 2 6 2 2 2
(around eyes, snout, forelimbs, mouth, penis)
Swollen extremities (i.e. face, paws) 0 0 0 0 0 0 0 0
Gaunt (stomach sucked in and animal appearing to be in |0 0 0 0 0 0 0 0
pain)
Cold 0 0 0 0 0 0 0 0
Hot 0 0 0 0 0 0 0 0
Feet peeling 0 0 0 0 0 0 0 0
Dribbling from mouth 0 0 0 0 0 0 0 0
Touch sensitive 0 0 0 0 0 0 0 0
Eye issues (inflamed and/or blindness) 0 0 0 0 0 0 0 0
Body Weight (g): Mean
Day 0 232 193 220 220 220 221 213 227
Day 21 341 330 350 260 265 280 274
28
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Table 1 (Continued).

Report Title: Pf1 repeat dose study pilot

Daily Dose dacomitinib (D), crofelemer (C) | 0D, 0D, 0D, 0D, 7.5D, 75D, |7.5D, |7.5D,

mg/kg 0C 10C 25C 50C 0C 10C 25C 50C

Organ Weights Mean

Spleen Absolute (g) 0.68 0.75 0.59 0.55 0.48 0.51 0.48 0.72
Relative (%) 0.2 0.21 0.18 0.17 0.19 0.19 0.19 0.26

Liver Absolute (g) 13.25 13.25 14.15 14.63 9.69 10.16 9.2 11.31
Relative (%) 3.84 3.98 4.05 4.46 .13.89 3.82 4.12

42
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Kidney Absolute (g) 2.53 2.66 2.78 2.44 2.49 2.58 2.61 3.0
Relative (%) 0.74 0.8 0.79 0.74 0.91 1.0 1.1 1.1
Stomach Absolute (g) 1.82 1.46 1.88 1.83 1.32 1.07 1.62 1.49
Relative (%) 0.53 0.43 0.54 0.56 0.6 0.42 0.55 0.54
Small Intestine Absolute (g) 9.36 10.59 9.86 9.76 7.65 9.53 7.55 9.45
Relative (%) 2.72 3.20 2.83 2.89 2.74 3.66 3.07 3.55
Large Intestine Absolute (g) 1.76 241 1.89 1.96 1.77 1.87 1.92 1.94
Relative (%) 0.51 0.72 0.74 0.6 0.69 0.72 0.74 0.72
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Table 1 (Continued).

Report Title: Pf1 repeat dose study pilot

Daily Dose dacomitinib (D), crofelemer (C) 0D, 0D, 0D, 0D, 7.5D, 7.5D, 7.5D, 7.5D,
mg/kg 0C 10C 25C 50C 0C 10C 25C 50C
Necropsy Findings Incidence
No. of Rats Examined: 6 2 2 2 6 2 2 2
Inflamed  Peritoneal Cavity 0 0 0 0 0 0 0 0
Small Intestine 0 0 0 0 1 0 0 1
Large Intestine 0 0 0 0 1 0 0 1
Mesenteric Lymph Nodes 0 0 0 0 1 0 0 0
Peritoneal cavity Fluid  Pink/Red 0 0 0 0 0 0 0 0
Clear/Opaque 0 0 0 0 0 0 0 0
Discoloured Spleen 0 0 0 0 0 0 0 0
Liver 0 0 0 0 1 0 0 0
Kidney 0 0 0 0 0 0 0 0
Lesions Small Intestine 0 0 0 0 0 0 0 1
Large Intestine 0 0 0 0 0 1 0 0
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Caecum

Stomach

Bedding in

Bloated

Liver

Swollen

Intestines

Blocked

Perforated

Telescoped

Adhered to themselves

Watery Contents

Yellow contents (includes stomach)

Undigested Contents

Intestines

Vascularised

Thin Wall of

Caecum

Blood in

Colon

Gaseous/Distended
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Table 1 (Continued)

Report title: Pfl repeat dose

Percentage of rats per day with diarrhoea study pilot

(any)

Daily Dose (D and C) mg/kg 0D, 0D, 0D, oD, 7.5D, 7.5D, 7.5D, 7.5D,
0C 10C 25C 50C 0C 10C 25C 50C
%

Day 1 0 0 0 0 0 0 0 0

2 33 0 0 0 0 0 0 0

3 0 0 0 0 33 0 0 0

4 0 0 0 0 33 0 50 100

5 0 50 0 0 83 50 50 100

6 0 0 0 0 50 100 100 100

7 0 0 0 0 33 100 50 50

8 0 0 0 0 83 100 100 0

206



9 0 0 0 50 100 50 0
10 0 0 0 67 100 50 50
11 0 0 0 100 50 50 100
12 0 0 0 83 0 100 100
13 0 100 0 83 0 0 100
14 0 0 100 83 0 0 100
15 0 0 0 83 0 0 100
16 0 0 50 83 100 0 100
17 0 0 0 83 100 0 50
18 17 0 0 50 100 0 100
19 0 0 50 100 100 0 0
20 0 0 0 83 100 0 0
21 0 0 0 100 100 0 0

Table 2 Report Title: Pf1 main experiment

Test Article: Dacomitinib and crofelemer



Species/ Route Duratio Doses Number of Noteworthy Findings Report No.
Strain (Vehicle/Formulation)  nof (mg/kg) Animals/S (Study No.)
Dosing ex

Rat/ p.0. dacomitinib in 7 days 0,75 48 males PF1 main
Albino vehicle 21days q.d. (12
Wistar (0.5% HPMC) noon)
(Harlan) p.o. crofelemer in 0,25

vehicle (sterile distilled g.d. (9 am)

water)

Key: p.o. per oral (oral gavage to stomach), g.d. once daily dose (with time indicated in brackets)

Table 2 (Continued).

Report Title: Progress report and results

Test Article: Dacomitinib and crofelemer

Report No.: 1

Duration of Dosing: 21 days

Location: UoA animal holding facility
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Study No.: Pfl main Duration of Recovery: 0 days

Species/Strain: Rat /albino Wistar  Route/Frequency: Oral gavage/Once daily Necropsy Dates: 22/09/14, 23/09/14,

24/09/14, 9/10/14, 10/10/14

Weight Range on Day 0 (g): Test Material: Dacomitinib, crofelemer Dosing Period Dates:
Male: 147 — 245 Batch Number: 0015 First Dose: 15/09/14

Final Dose: 09/10/14

Initial Weight (g): 194.6 + 30.4 Vehicle: 0.5% HPMC in sterile distilled water ~ Testing Facility: UoA - Physiology

Study in Compliance With GLP:  Dose Frequency: once daily

N/A

Data Collected: Clinical observations, body weight, clinical biochemistry, organ weights, necropsy findings, daily diarrhoea.

Daily Dose dacomitinib (mg/kg) 0 0 7.5 7.5
Daily Dose crofelemer (mg/kg) 0 25 0 25
Numbers of Animals:

Day 7 6 6 6 6
Day 21 6 6 6 6
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Noteworthy Findings: No treatment-related adverse events

Number of Unscheduled Deaths: 0 0 0 0

Clinical Observations: Restraint stress caused urination and defecation as expected. Dacomitinib caused persistent diarrhoea.

Crofelemer did not reduce diarrhoea in rats.

Table 2 (Continued). Report Title: Pf1 main study
Clinical Observations
Daily Dose dacomitinib (D), crofelemer 0D, 0C 0D, 25C 7.5D, 0C 7.5D, 25C
(C) mg/kg

Incidence
Number of Animals: 12 12 12 12
Any loose faeces G1-3 (and severe diarrhoea | 4 (0) 2 (0) 10 (6) 11 (8)
G3 only)
Weight loss (at any time) 0 0 4 3
Distended Abdomen 0 0 0 0
Decreased activity/Lethargic 0 0 2 1
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Piloerection 2 9 10 12

Hunched posture 0 0 4 6

Red discoloration (discharge, material, 9 10 9 10
staining) of fur (around eyes, snout,

forelimbs, mouth, penis)

Swollen extremities (i.e. face, paws) 0 0 0 0

Gaunt (stomach sucked in and animal 0 0 0 0

appearing to be in pain)

Cold 0 0 0 0
Hot 0 0 0 0
Feet peeling 0 0 0 0
Dribbling from mouth 0 0 0 0
Touch sensitive 0 0 0 0
Eye issues (inflamed and/or blindness) 0 0 0 0
Body Weight (g): Mean

Day 0 196.8 191.2 192.1 198.3
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Day 7

237.8

235.1

220.3

222.3

Day 21

341.2

331.8

258.2

265.8
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Table 2 (Continued).

Report Title: Pf1 main study

Daily Dose dacomitinib (D), crofelemer 0D, 0C 0D, 25C 7.5D, 0C 7.5D, 25C
(C) ma/kg
Organ Weights?: Mean
Spleen - Day 7Absolute (g) 0.54 0.57 0.49 0.51

- Day 21 Absolute (g) 0.68 0.68 0.51* 0.54*
Liver - Day 7Absolute (g) 9.33 10.06 8.71 9.71

- Day 21 Absolute (g) 13.25 13.36 9.48* 10.21*
Kidney - Day 7Absolute (g) 1.87 1.84 1.84 1.84

- Day 21 Absolute (g) 2.54 2.37 2.6 2.42
Stomach - Day 7Absolute (g) 1.47 1.65 1.42 1.4

- Day 21 Absolute (g) 1.82 1.97 1.32* 1.6
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Small Intestine- Day 7 Absolute (g) [8.33 9.18 7.03 7.02
- Day 21 Absolute (g) 9.36 9.99 7.35* 8.38
Large Intestine- Day 7 Absolute (g) 1.63 1.71 1.44 1.57
- Day21 Absolute (g) 1.76 1.9 1.83 1.66

different from water control group (Two-Way ANOVA with Tukey post-hoc test, p<0.05)

*Indicates

significantly
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Table 2 (Continued).

Report Title: Pf1 main study

Daily Dose dacomitinib (D), crofelemer (C) 0D, 0C 0D, 25C 7.5D, 0C 7.5D, 25C
mg/kg
Pathology findings Incidence
No. of Rats Examined: 12 12 12 12
Inflamed ~ Peritoneal Cavity 0 0 0 0
Small Intestine 0 0 0 0
Large Intestine 0 0 1 0
Mesenteric Lymph Nodes 0 0 0 0
Infected Mesenteric Lymph Nodes 0 0 0 0
Intestines/Surrounds 0 0 0 0
Peritoneal cavity Fluid Pink/Red 0 0 0 0
Clear/Opaque 0 0 0 0
Discoloured Spleen 0 0 0 0
Liver 0 0 0 0
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Kidney

Lesions

Small Intestine

Large Intestine

Caecum

Kidney

Stomach

Bedding in

Bloated

Thickened wall

Liver

Swollen

Intestines

Blocked

Perforated

Telescoped

Adhered to themselves

Watery Contents

Yellow contents (includes stomach)

Undigested contents
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Caecum Blood in 0 3 5
Intestines  Vascularised 0 0 0
Thin Wall of 0 0 0
Colon Gaseous/Distended 5 7 8
Table 2 (Continued). Report Title: Pfl main study
Daily Dose (mg/kg/day) oD, 0D, 75D, 7.5D, | Daily Dose (mg/kg/day) oD, oD, 75D, | 7.5D,
0C 25C 0C 25C 0C 25C 0C 25C
Blood Biochemistry: Mean Mean
Sodium (mmol/L) Day?7 1375 |138.8 | 1385 | 139 Anion Gap (mmol/L) 14.8 17.0 145 17.0
Day 21 1395 | 1405 | 140.0 | 1405 |Day7 14.5 18.0 19.25* | 19.2*
Day 21
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Potassium (mmol/L) Day 7 7.88 6.92 7.98 6.72 Glucose (mmol/L) 8.82 8.57 8.55 8.22
Day 21 6.22 6.45 6.73 6.82 Day 7 10.27 | 7.78 7.12 6.55
Day 21
Chloride (mmol/L) Day7 99.3 100.2 |102.0 |101.2 | Urea (mmol/L) 6.77 7.30 5.83 5.94
Day 21 100.0 |99.7 99.3 99.8 Day 7 6.63 7.15 12.28* | 9.417*
Day
21
Bicarb (mmol/L) Day 7 31.2 28.7 29.3 27.6 Creatinine (umol/L) 9.17 13.7 12.2 19.0
Day 21 30.3 29.2 27.5 28.5 Day 7 141 26.8 39.3* | 29.2
Day
21
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Cholesterol (mmol/L)Day 7 2.48 2.35 2.08 1.92 Albumin (g/L) 11.8 12.5 10.5 11.0
Day 21 1.72 1.98 2.35* | 217 Day 7 13.0 12.7 10.7* | 10.5*
Day
21
Urate (mmol/L) Day 7 0.14 0.14 0.13 0.16 Globulin (g/L) 36.5 38.2 35.3 38.8
Day 21 0.07 0.13 0.09 0.15 Day 7 39.7 41.8 43.7 42.5
Day
21
Phosphate (mmol/L) Day 7 2.89 3.15 3.14 3.03 Protein (g/L) 48.3 50.7 45.8 49.8
Day 21 2.60 2.85 2.74 2.80 Day 7 52.7 54.5 54.3 53.0
Day
21
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Total Calcium (mmol/L) 2.62 2.58 2.51 2.49 Tot. Bilirubin (mmol/L) 1 1 1 1
Day 7 2.56 2.56 2.42 2.47 Day 7 1 1 1 1
Day 21 Day
21
ALP (U/L) Day7 395.8 |399.5 |268.7* | 286.6% | AST (U/L) 107.8 | 1353 |148.7 |210.8
Day 21 226.3 |252.3 |2058 |221.7 |Day7 136.7 | 206.3 | 217.5 |228.0
Day 21
ALT (U/L) Day7 77.0 82.2 90.0 101.2 | LD (U/L) 680.2 | 1281.7 | 1268.8 | 1740.5
Day 21 64.0 717 77.8 112.0* | Day 7 1111.3 | 2459.8 | 2449.3 | 2895.2
*
Day 21

*Indicates significantly different from water control group (Two-Way ANOVA with Tukey post-hoc test, p < 0.05)
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Table 2 (Continued)

Percentage of rats per day with diarrhoea (any)

Report Title Pf1 main study

Daily Dose dacomitinib (D) & crofelemer (C) 0D, 0C 0D, 25C 7.5D, 0C 7.5D,
mg/kg 25C
Day %

1 8.3 0 0 0

2 0 0 8.3 25
3 0 8.3 0 41.7
4 0 0 16.7 41.7
5 0 0 50 91.7
6 0 8.3 66.7 83.3
7 0 0 75 91.7
8 0 0 66.7 83.3
9 0 0 50 100
10 0 0 66.7 83.3
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11 0 16.7 100 83.3
12 0 0 83.3 83.3
13 0 0 66.7 66.7
14 0 0 83.3 66.7
15 0 0 66.7 50

16 16.7 0 83.3 66.7
17 0 0 83.3 50

18 0 0 100 66.7
19 0 0 83.3 66.7
20 0 0 83.3 66.7
21 0 0 100 83.3
Average no. days with diarrhoea (only 21 day kill 0.17 0.33 14.2 15.0

group incl.)
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Table 2 (Continued) Report Title: Pfl main study

Gastrointestinal permeability: Fluorescein isothocyanate

dextran

Male
Daily Dose 0D, 0C 0D, 25C 7.5D, 0C 7.5D, 25C
(mg/kg/day)

Group Mean

Serum FITC-Dextran
(ng/ml)
Day 21 0.1458 0.1337 0.5866 0.6557*

*Indicates significantly different from control group (One-Way ANOVA with Tukey post-hoc

test, p < 0.05)
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Table 2 (Continued)

Report Title: Pfl main study

Small intestinal and colonic electrogenic ion transport

Male
Daily Dose 0D, 0C 0D, 25C 7.5D, 0C 7.5D, 25C
(mg/kg/day)

Group Mean

Baseline Isc colon
(nA/cm?)
Day 7 89.52 34.64 51.89 160.6*
Day 21 100.8 47.15 83.40 147.1*
Baseline Isc lleum
(nA/cm?)
Day 21 41.33 59.55 18.66 133.4
Baseline conductance
colon (mS/cm?)
Day 7 28.99 15.87 23.67 19.03
Day 21 33.28 23.26 28.82 51.91*
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Baseline conductance
ileum (mS/cm?)

Day 21

Baseline voltage
colon (mV/cm?)
Day 7

Day 21

Baseline voltage
ileum (MV/Cm?)

Day 21

Baseline resistance
colon (Rv/cm?)
Day 7

Day 21

Baseline resistance
ileum (Ri/cm?)

Day 21

27.60

0.005086

0.001982

0.3800

39.13

391.7

78.10

34.65

-0.01950

0.001549

-0.001755

114.2

47.5

28.78

42.56

-0.01589

-0.06716

0.7647

45.87

126.8

63.63

93.45*

-0.0004768

0.2284

0.02333

52.88

35.45

14.17
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Alsc following
forskolin colon
Day 7 137.2 184.8 109.0 105.0

Day 21 90.05 107.44 94.68 181.3**

Alsc following
forskolin ileum 65.03 117.6 156.0 200.9
Day 21
116.6 32.45 110.7
Alsc following 36.95 41.25 49.15 140.4**
carbachol colon 50.08

Day 7 73.11 59.81
Day 21 86.34**

20.89

Alsc following
carbachol ileum

Day 21

*Indicates significantly different from crofelemer/buffer control group (Two-Way ANOVA with
Tukey post-hoc test, p < 0.05)
** Indicates significantly different from water/buffer control group (Two-Way ANOVA with

Tukey post-hoc test, p < 0.05)
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Table 2 (Continued) Report Title: Pfl main study

Small intestinal and colonic mucous cells

Male
Daily Dose 0D, 0C 0D, 25C 7.5D, 0C 7.5D, 25C
(mg/kg/day)

Group Mean

Jejunum mucous cells
(mean/crypt)
Day 7 20.32 17.31 14.17 14.51
Day 21 20.66 19.00 13.42 15.30
Colon mucous cells
(mean/crypt)
Day 7 380.5 318.0 348.3 338.5
Day 21 312.2 332.8 366.2 353.7
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Table 2 (Continued)

Report Title: Pfl main study

Small intestinal and colonic morphometry

Male
Daily Dose 0D, 0C 0D, 25C 7.5D, 0C 7.5D, 25C
(mg/kg/day)

Group Mean

Jejunum villus height
(0 526.9 481.1 357.5* 263.8*
Day 7 470.6 547.1 286.2* 405.2
Day 21
Jejunum crypt depth
(p) 145.4 129.8 138 113.1*
Day 7 128.6 124.6 106.7 118
Day 21
Colon crypt depth (p)
Day 7 197.6 211.2 191 185.3
Day 21 210.5 196.5 205.2 236.1
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H&E scores jejunum
Day 7 0.0 1.33 15 0.83

Day 21 0.83 1.33 1.67 0.67

H&E scores colon
Day 7 0.5 0.17 04 0.5

Day 21 1.33 1.5 2 0.83

* Indicates significantly different from water/buffer control group (Two-Way ANOVA

with Tukey post-hoc test, p < 0.05)
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Table 2 (Continued)

Report Title: Pfl main study

Small intestinal and colonic inflammation (MPO and IL-1p)

Male
Daily Dose 0D, 0C 0D, 25C 7.5D, 0C 7.5D, 25C
(mg/kg/day)

Group Mean

Jejunum MPO cell
count (mean/Imm?)
Day 7 17.85 26.43 13.32 42.45*
Day 21 19.87 25.7 28.57 25.94
Colon MPO cell count
(mean/1mm?)
Day 7 2.061 4.817 11.27 9.90
Day 21 7.162 5.940 10.58 14.25
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Jejunum IL-1 B

staining intensity

Day 7 3.333 5.000 5.667 5.333
Day 21 4.667 5.833 6.167 5.333
Colon IL-1 g staining

intensity

Day 7 4.333 3.833 3.833 3.000
Day 21 3.333 4.833 5.167 5.167

* Indicates significantly different from water/buffer control group (Two-Way ANOVA with

Tukey post-hoc test, p < 0.05)
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Table 2 (Continued)

Report Title: Pfl

Small intestinal and colonic apoptosis and proliferation

Male
Daily Dose 0D, 0C 0D, 25C 7.5D, 0C 7.5D, 25C
(mg/kg/day)

Group Mean

Jejunum apoptotic
cell count
(mean/crypt)

0.04 0.04 0.11 0.078
Day 7 0.1 0.1556 0.2444 0.2111
Day 21
Colon apoptotic cell
count (mean/crypt)
Day 7 1.2 0.61 1.278 1.1
Day 21 0.8222 0.9600 0.9444 1.333
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Jejunum proliferative
cell count
(mean/crypt)

20.5 21.89 20.14 21.62
Day 7 22.7 19.67 18.82 18.31

Day 21

Colon proliferative
cell count
(mean/crypt)

14.31 17.49 13.12 16.78
Day 7 16.22 15.27 11.91 14.56

Day 21

End of Results
DETAILS OF TEST FACILITY, PERSONNEL, AND ARCHIVING

Sponsor Pfizer

Test Facility School of Medical Sciences
The University of Adelaide

Frome Rd, Adelaide, South Australia, 5000 Australia
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Data, left over samples, and reports will be stored in the School of Medical Sciences, The

University of Adelaide.

INTRODUCTION

PF-00299804 (Dacomitinib) is an irreversible pan-HER tyrosine kinase inhibitor that is currently
in clinical trials for the treatment of non-small cell lung cancer and head and neck squamous cell
cancer. The most common adverse event reported is diarrhoea, although the underlying cause of
this side effect is currently unknown. Despite promising response data, the frequency of
diarrhoea is higher compared to treatment with 1% generation HER inhibitors and is a dose
limiting toxicity impeding optimal treatment. All doses and concentrations are expressed in
terms of the parent compound, which for the purpose of this report is referred to as
DACOMITINIB.

Crofelemer is produced from the plant, Croton lechleri (active component oligomeric
proanthocyanidin), and inhibits both cAMP cystic fibrosis (CFTR) and calcium activated (CaCC)
chloride channels. If inhibition of HER signaling results in increased mucosal chloride secretion,
this agent may be effective at reducing dacomitinib-induced diarrhoea. Crofelemer is currently
in clinical trials for treatment of secretory diarrhoea of multiple different etiologies and has
recently been FDA approved for the treatment of diarrhoea in HIV/AIDS patients on anti-
retroviral therapy. It is not systemically absorbed, only acting locally on the gastrointestinal tract
to modify water balance without affecting motility. As such, this agent is potentially an effective

management approach to dacomitinib-induced diarrhoea.

Obijective
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The objective of the study was to determine the gastrointestinal changes induced by dacomitinib
and assess the efficacy of chloride secretion inhibition with crofelemer in a 21 day oral
administration study in rats.

Rationale for Selection of Dose

Dacomitinib and crofelemer doses were selected based on experiments conducted in our
laboratory.

Dacomitinib was administered at 7.5 mg/kg via daily oral gavage, which induced mild to severe
diarrhoea without mortality and was deemed appropriate for all investigations. Crofelemer was
given daily via oral gavage at 10, 25 and 50 mg/kg doses and were compared in different
treatment schedules to determine the optimal dose. Combination of dacomitinib at 7.5 mg/kg and
crofelemer at 25 mg/kg was most effective, decreasing the number of days with diarrhoea from
19 to 9. Previous research in mice has shown that 30 mg/kg crofelemer is effective at reducing
cholera toxin-induced water accumulation in the intestines. As such, it seemed feasible that 25
mg/kg crofelemer in our pilot study reduced diarrhoea by preventing water accumulation in the
intestines following dacomitinib treatment. This dose and treatment schedule was considered to
best reflect the clinical setting and so was chosen for subsequent experiments.

Rationale for Selection of Species and Route of Administration

The rat was selected because it is a standard rodent species recognised by international
regulatory agencies for use in safety evaluation studies. The Crl:WI(Han) rat was chosen
because of the knowledge of this strain’s general pathology and response to HER TKI’s. Male
rats were used in this study to be consistent with previous experiments that have shown that male
Wistar rats effectively metabolise HER TKI’s.

The oral route was selected for dacomitinib and crofelemer because this is the intended route of

administration to humans. For dacomitinib, this route of administration has been used
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extensively in preclinical studies, and the pharmalogical response is well documented. For
crofelemer, previous studies in rats have also preferred this route of administration.

This study did not replicate any known previous work.

Regulatory Guidelines

N/A

MATERIALS AND METHODS

Test Article and Dose Preparation

PF-00299804 (Dacomitinib) was supplied by Pfizer and was stored at room temperature (18°C)
and protected from light.

Dacomitinib at concentration of 2 mg/mL (as active moiety) in methylcellulose buffer vehicle
was prepared daily and used immediately. The vehicle was prepared weekly and stored at
refrigerated temperature (4°C) protected from light. Crofelemer was in tablet form and stored at
room temperature protected from light in a sterile container. Crofelemer was ground and diluted
with sterile distilled water to 5 mg/ml immediately before use.

Fluorescein isothocyanate dextran (FITC) 2-5 kDa made at a solution of 120 mg/ml was
administered via oral gavage at a dose of 600 mg/kg, 2 hours prior to Kill to assess gut barrier
permeability.

The compounds, vehicle components, suppliers, and batch numbers used are as follows.

Material Batch Number Supplier
hydroxypropylmethylcellulo |067K0012 Sigma
se

Crofelemer (Fulyzaq) 3106372 Salix
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Dacomitinib Pfizer

Fluorescein isothocyanate  |BCBNG601N

(FITC) dextran Sigma

Animals and Maintenance
Male Crl:WI(Han) rats were obtained from The University of Adelaide, Waite Campus breeding
facility, and randomly allocated to study groups. The rats were housed in groups of 2 to 6 (of the
same treatment arm) in individually ventilated cages with paper litter. Following randomisation,
rats were acclimatised to local housing conditions for a minimum of 7 days prior to the first day
of dosing. On Day 1 of treatment, the rats were approximately 6 - 8 weeks old and weighed on
average 193 g to 233 g.
Standard pellet rodent chow and filtered water were available ad libitum. If rats were considered
to be experiencing treatment-related toxicity (e.g., diarrhoea, weight loss, stress marks) they
were allowed soaked chow in addition, or in severe cases (n = 1) were gavaged lectade oral
rehydration therapy (Jurox) (glycine, citric acid, potassium phosphate monobasic, potassium
citrate, sodium chloride, glucose). Available information on the diet used and results from
periodic analysis of the water in this facility does not indicate the presence of any substance at a
concentration likely to influence the outcome of the study.
The environmental controls were set to maintain temperature within the range 19 to 23 °C and
relative humidity within the range 45 % to 70 %; with a 12 - hour light and 12 - hour dark cycle.
A general check including availability of food and water and environmental conditions was
performed up to thrice daily. Clinical record sheets were filled in during each check. The clinical

sheets requested information on piloerection, reluctance to move, reduced food/water intake,
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diarrhoea and weight loss. Each category was scored from 0 to 3 (0 = none, 1 =mild, 2 =
moderate, 3 = severe). Scores of 12 or above required the rat to be checked 4 times daily and
veterinary advice was sought regarding the removal of the rat from the study.

STUDY DESIGN

For each experiment, all rats were randomly allocated to group by randomize.org. Rats were
identified by a unique animal number written with an indelible marker on the tail.

During the 21 day treatment period, rats received daily oral doses of dacomitinib or vehicle at a
constant dose volume of approximately 5 mL/kg at 9 am. Individual dose volumes were adjusted
daily according to body weight. The first day of dosing was designated Day 0, days in the pre-
treatment period were assigned negative numbers. The final dose was given on the day before
scheduled necropsy, or in the case of the additional study on the same day as necropsy. The
terminal necropsy was conducted on Days 7 and 21.

Deviations from dose regimen:

The following table summarises study group assignment and dose information.

Table of study outline

Dose
Group Dose Concentration
Number (mg/kg/day) (mg/mL) Number/Sex

Pfl

239



1 — Water vehicle 1ml NA
control
12M
2 — Methylcellulose | 1 ml NA
Buffer vehicle
control
1 — Water vehicle 1ml NA
control 12M
2 — Dacomitinib 7.5 2
1 — Crofelemer 25 5
12M
2 — Methylcellulose | 1 ml NA
Buffer vehicle
control
1 — Crofelemer 25 5
12M
2 — Dacomitinib 7.5 2

MEASUREMENTS AND OBSERVATIONS
Mortality
A viability check was performed near the start and end of each working day. If rats appeared

excessively toxic, checks increased to thrice daily. A necropsy was performed on any animals
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that were killed early during the treatment period, but these animals were not included in final
analysis.

Clinical Observations

A check of the condition and behaviour of all animals was made daily throughout the treatment
period. During the treatment period, all animals were examined and clinical signs recorded twice
daily. Detailed clinical examinations were performed prior to initiation of dosing, during days 0 -
21 and on the day of necropsy.

Where identical findings (including no abnormalities detected) were recorded for an animal more
than once on the same day, only one instance of the finding has been reported.

Mild diarrhoea was defined as soft stools (G1), moderate diarrhoea as loose stools with perianal
staining of fur (G2), and severe diarrhoea as watery stools +/- mucous with fur staining
incorporating hind legs (G3).

Body Weight

The animals were weighed at 9 am once daily during the treatment period and on the day of
necropsy.

Food Consumption

Animals were allowed ad libitum access to standard rat chow and water. Food consumption was
not recorded.

Clinical Pathology

Blood was collected at scheduled necropsy by cardiac puncture under deep isoflurane
anaesthesia. Serum was separated and biochemical analysis performed at an external facility

(Institute of Medical and Veterinary Science, The Royal Adelaide Hospital).

Clinical Chemistry
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Samples for clinical chemistry were collected into serum tubes without anticoagulant. The

following parameters were measured from serum samples.

Alanine aminotransferase Urea

Aspartate aminotransferase Creatinine

Alkaline Phosphatase Phosphate

Lactate dehydrogenase Bicarbonate

Total bilirubin Sodium

Glucose Potassium

Total protein Gamma-glutamyl transpeptidase
Globulin Anion Gap

Fluorescein isothocyanate dextran

Fluorescein isothocyanate dextran (FITC) 2-5 kDa made at a solution of 120 mg/ml was
administered via oral gavage at a dose of 600 mg/kg, 2 hours prior to kill. Levels of FITC were
determined using fluorescent reading conducted on serum samples collected at necropsy to
assess gut barrier permeability.

Terminal Procedures

After 7 and 21 days of treatment animals were killed by exsanguination under deep isoflurane
anaesthesia followed by cervical dislocation. 5 mL of blood without anticoagulant for serum

together with tissue samples from the digestive tract were obtained from all animals.
Organ Weights

The following organs were weighed:

Small intestine Liver
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Large intestine

Spleen

Stomach (empty)

Kidney

Tissues Fixed and Examined

Following a detailed external and internal examination, the tissues highlighted below were taken

from each animal and preserved in either: 10% neutral buffered formalin (NBF), snap frozen in

liquid nitrogen (SF), frozen in RNA later (RNA) (Sigma Aldrich), or placed in Ringers with

indomethacin (R) (composition in mmol L—1: NaC1 115.4; KCI 5; MgCI2 1.2; NaH2PO4 0.6;

NaHCO3 25; CaCl2 1.2 and glucose 10).

Tissues Tissues
Tissues Fixed Examined Tissues Fixed Examined
Adrenals X Pituitary X
Animal identification Preputial/clitoral gland X
Aorta (thoracic) X Prostate X
Brain X Rectum X
CAECUM NBF Salivary gland - X
Cervix X mandibular X

NBF,R,SF,
COLON sublingual X

RNA
DUODENUM NBF, SF, RNA | parotid X
Epididymides X Sciatic nerve X
Eyes/Optic nerves X Seminal vesicles X
Femur (Femoro-tibial joint) X Skeletal muscle (hindlimb) X
Harderian glands X SKIN NBF
HEART NBF Spinal column - X
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Tissues Tissues
Tissues Fixed Examined Tissues Fixed Examined
NBF, R, SF,
ILEUM spinal cord (cervical) X
RNA
[Injection site(s) X spinal cord (thoracic) X
JEJUNUM NBF, SF, RNA | spinal cord (lumbar) X
KIDNEYS NBF SPLEEN NBF
Larynx X Sternum with bone marrow X
LIVER [and gallbladder] NBF STOMACH NBF
LUNG NBF Testes X
Lymph node - X Thymus/Thymic area X
mandibular X Thyroid X
TISSUES SHOWING
mesenteric X X
MACROSCOPIC
Mammary gland (inguinal) X OBSERVATIONS NBF
Nasal cavities and nasopharynx (with | X TONGUE NBF
skull) X Trachea X
OESOPHAGUS NBF URINARY BLADDER NBF
ORAL MUCOSA NBF Uterus X
Pancreas X Vagina X
Parathyroids X Tibial long bone

Samples of the jejunum and colon tissues fixed in NBF were processed to paraffin wax,

sectioned, stained with haematoxylin and eosin, alcian blue periodic acid Schiff (AB-PAS) or

immunohistochemistry and examined microscopically for all animals killed at the end of the

dosing period.
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Specialized immunohistochemical staining (caspase-3, Ki-67, MPO, IL-1p) were applied to
additional sections of the jejunum and colon using a DAKO reagents on an automated machine
(AutostainerPlus Dako, Denmark) following standard procedures supplied by the manufacturer
(Flex Plus detection system, Dako, Denmark).

All slides were scanned using a NanoZoomer and analysed with NanoZoomer Digital Pathology
Software version 2.3.14. All assessments were done in a blinded fashion.

Colon and Ileum pieces were placed in Ringers solution with indomethacin (R), and immediately
had the muscularis layer stripped via microdissection while remaining in R and being gassed
with carbogen (95 % 02 — 5 % CO2) to maintain tissue integrity. It is important to remove the
muscularis layer in Ussing chamber experiments to ensure that results can be solely attributed to
mucosal chloride secretion.

Gastrointestinal Electrogenic lon Transport

Once muscularis was removed, samples were mounted in Ussing chambers. The tissue samples
were bathed with 4 ml of carbogen-gassed R solution (no indomethacin) on each side. Each
reservoir was gassed with 95 % 02 - 5 % CO2 and kept at constant temperature of 37 °C.
Electrogenic ion transport was monitored continuously as short-circuit current (Isc) by using an
automated multichannel voltage/current clamp apparatus (VCC MCB8) (Physiologic Instruments)
linked through Acquire Analyze 2.3 computer program. Baseline readings were recorded to
assess baseline differences in electrophysiological function. Forskolin was administered at a
concentration of 10uM to the basolateral chamber to elevate levels of cAMP to activate CFTR
chloride channels. Carbachol was administered at a concentration of 100 uM to the basolateral

chamber to elevate levels of calcium to activate the Calcium activated chloride channels.

Material Batch Number Supplier

Indomethacin BCBKO0293V Sigma
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Forskolin SLB3902Vv Sigma

Carbachol BCBG1471V Sigma

Computer Systems

The computer systems that were used on this study to acquire and quantify data include:
Windows (Word, Excel), Prism version 6, NanoZoomer Digital Pathology, DAKO autostainer
software, Acquire and Analyse (Physiologic Instruments), Gen 5.

Analysis of Data

Numeric data for body weights, body weight changes, organ weights, and clinical pathology are
expressed as the arithmetic mean for each group. The test article groups were compared with the
control groups.

The assumptions of equality of variance for each group and normally distributed data were tested
using Tukey’s test after performing the 2 way analysis of variance (ANOVA) for body weights,
organ weights, clinical biochemistry, histopathology, goblet cells, Ki-67, caspase-3, IL-1p,
MPO, Isc, and FITC. Chi squared test was performed for diarrhoea scores.

The numerical data presented in this report were generated by different computer systems.
When performing calculations, these systems may round numbers differently or may not report

values to the same number of significant digits. Because of these differences, means or standard
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deviations in tables and appendices may differ slightly, and recalculation of derived values from
individual data presented in this report will, in some instances, yield minor variation.
RESULTS

Noteworthy findings are described in this section. No specific mention is made of minor
differences between treated and control groups if considered not related to test article
administration.

Clinical Observations

Clinical observations were conducted twice daily during the treatment period.

The most commonly recorded clinical observations throughout the experiments were loose
faeces. Diarrhoea severity ranged from mild (grade 1) to severe (grade 3). Diarrhoea (gradel -
3) occurred in 100 % of water and dacomitinib and crofelemer and dacomitinib treated rats.
Approximately 50 % of rats treated with combination crofelemer and dacomitinib had severe
diarrhoea (grade 3: severe diarrhoea as watery stools +/- mucous with fur staining incorporating
hind legs). Approximately 30 % of rats treated with dacomitinib only had severe diarrhoea.
Combination of crofelemer and dacomitinib caused significantly (p = 0.0003) worse diarrhoea
than dacomitinib alone.

The second most common clinical observations were piloerection and red discolouration of the
fur around the nose and eyes. These signs indicate stress in the animal and were most common

in the combination groups.
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Although rare (n = 2), other clinical observations included skin toxicity (pictured below),
characterised by hair loss, and red inflamed skin. Animals displaying skin toxicity were treated
with crofelemer and dacomitinib. This clinical observation preceded removal of the rats from the

study due to excessive weight loss. All other clinical observations were rare.
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Body Weight
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The third most common clinical observation was weight loss. From day 10 — 21 rats treated with
crofelemer and dacomitinib had significantly less weight gained compared to controls (p <
0.0340). From day 13 — 21 rats treated with dacomitinib alone had significantly less weight
gained compared to controls (p < 0.00167). A number of rats treated with crofelemer and
dacomitinib (n = 4) and rats treated with dacomitinib alone (n = 1) were removed from the study

due to excessive weight loss of > 15 %, due to ethical guidelines.

604
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Crofelemer and Buffer ; e
-=- Water and Dacomitinib
-»— Crofelemer and Dacomitinib

40

20-

% change from baseline

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Day of treatment

Clinical Chemistry
All serum biochemistry and liver enzyme results are shown in the summary section, table 2.
Serum biochemistry and liver enzyme analysis showed mixed results. Liver enzymes were
increased in rats treated with dacomitinib. ALP was significantly increased in rats treated with
crofelemer and dacomitinib and dacomitinib alone compared to water and buffer control rats
after 7 days of treatment. ALT was significantly increased after 21 days of treatment in rats

treated with crofelemer and dacomitinib compared to water and buffer control rats.
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Urea, creatinine and albumin levels were significantly different at 21 days post treatment in rats
treated with crofelemer and dacomitinib and dacomitinib alone compared to control rats treated
with water and buffer. The anion gap was increased at 21 days post treatment in rats treated with
crofelemer and dacomitinib and dacomitinib alone compared to control rats treated with water
and buffer. LD was significantly increased in rats treated with crofelemer and dacomitinib
compared to control rats treated with water and buffer at 21 days.

Organ Weights

All data for organ weights is shown in summary section, table 2.

Stomach, small intestine, large intestine, kidneys, liver and spleen were weighed and compared
as total weight.

No differences were noted in large intestine and kidney weights. Spleen weights were
significantly less in rats treated with dacomitinib alone (p = 0.0018) and combination crofelemer
and dacomitinib (p = 0.0091) compared to water and buffer treated control rats. Liver weights
were significantly less in rats treated with dacomitinib alone (p < 0.0001) and combination
crofelemer and dacomitinib (p < 0.0001) compared to water and buffer treated control rats. Small
intestine weights were significantly less in rats treated with dacomitinib alone (p = 0.0017) and
combination crofelemer and dacomitinib (p = 0.0134) compared to water and buffer treated
control rats. Stomach weights were significantly less in rats treated with dacomitinib alone (p =
0.0089) compared to water and buffer treated control rats.

Terminal Necropsy

Groups of rats were killed at 7 days and 21 days of treatment. Macroscopic pathology was more
frequently observed in rats treated with dacomitinib alone or combination crofelemer and
dacomitinib. The most common pathology was distended, bloated caecum and large intestines.

Inflamed, vascular intestines were also observed in a number of rats.
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Gastrointestinal Permeability

Fluorescein isothocyanate dextran (FITC) 2-5 kDa made at a solution of 120 mg/ml was
administered via oral gavage at a dose of 600 mg/kg, 2 hours prior to kill. Levels of FITC were
determined using fluorescent reading conducted on serum samples collected at necropsy to
assess gut barrier permeability. Rats treated with combination crofelemer and dacomitinib had
significantly increased serum levels of FITC dextran compared to water and buffer treated

control rats (p = 0.0202) and crofelemer and buffer treated rats (p = 0.0172).
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Gastrointestinal Electrogenic lon Transport
Samples of colon and ileum were mounted in Ussing chambers to record gastrointestinal
electrogenic ion transport as short circuit current (Isc). Baseline readings were recorded to assess
baseline differences in electrophysiological function. Baseline Isc in the colon was significantly
higher in rats treated with combination crofelemer and dacomitinib compared to dacomitinib
alone (p = 0.0445), and crofelemer alone (p = 0.0145) at 7 days, and at 21 days compared to
crofelemer alone (p = 0.0078). Baseline conductance in the colon was significantly higher in rats
treated with combination crofelemer and dacomitinib compared to crofelemer alone at 21 days (p

=0.0409). Samples of ileum from rats treated with combination crofelemer and dacomitinib had
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significantly increased baseline conductance compared to water and buffer control rats (p =
0.0030), crofelemer alone rats (p = 0.0077) and dacomitinib alone rats (p = 0.0282) at 21 days.
No significant differences were noted in baseline voltage or resistance in ileum or colon samples.
Forskolin was administered at a concentration of 10uM to the basolateral chamber to elevate
levels of cAMP to activate CFTR chloride channels. No differences were noted between groups
in ileum samples following forskolin administration. The colon samples of rats treated with
combination crofelemer and dacomitinib for 21 days had significantly increased Isc following
forskolin administration compared to water and buffer control rats (p = 0.0087) and dacomitinib
alone rats (p = 0.0201).

Carbachol was administered at a concentration of 100uM to the basolateral chamber to elevate
levels of calcium to activate the Calcium activated chloride channels. No differences were noted
between groups in ileum samples following carbachol administration. The colon samples of rats
treated with combination crofelemer and dacomitinib for 21 days had significantly increased Isc
following carbachol administration compared to water and buffer control rats (p = 0.0020),
crofelemer alone rats (p = 0.0006), and dacomitinib alone rats (p = 0.0022).

Microscopic Observations

Histopathological analysis included investigation of colon and jejunum paraffin fixed samples.
Specific stains included: haematoxylin and eosin (H&E) to asses anatomical derangement, alcian
blue periodic acid Schiff (AB-PAS) to asses mucin changes, immunohistochemistry with a
variety of antibodies to asses apoptosis (Caspase-3), proliferation (Ki-67), and inflammation
(MPO and IL-1p).

The jejunum and colon were assessed for changes in morphometry in H&E stained sections.
Specifically, villus height and crypt depth were measured and a validated injury score was used

to assess damage. Briefly, this score includes evaluation of brush border and surface enterocyte

253



disruption, crypt loss and architectural disruption, disruption of crypt cells, infiltration of
polymorphonuclear cells and lymphocytes, dilation of lymphatics and capillaries, oedema, villus
fusion and villus atrophy. There was no significant difference in crypt depth between groups in
the colon or jejunum at 21 days. At 7 days, rats treated with combination crofelemer and
dacomitinib had significantly decreased jejunum crypts compared to water and buffer control rats
(p = 0.00185). Villus height was significantly decreased at 7 days in rats treated with dacomitinib
alone (p = 0.0009) and combination crofelemer and dacomitinib (p < 0.0001) compared to water
and buffer controls. At 21 days dacomitinib alone (p = 0.0003) and combination crofelemer and
dacomitinib (p = 0.0065) had significantly decreased villus heights compared to controls. There
was no difference in injury scores between groups in the colon or jejunum at either time point.
Changes in mucin secretion was analysed using AB-PAS stained sections of the colon and
jejunum. The number of positively stained cells were counted. No significant differences were
noted in either the colon or the jejunum at either time point.

Apoptosis was analysed using caspase-3 stained sections of the colon and the jejunum. The
number of positively stained cells were counted. No significant differences were noted in either
the colon or the jejunum at either time point.

Proliferation was analysed using Ki-67 stained sections of the colon and the jejunum. The
number of positively stained cells were counted. No significant differences were noted in either
the colon or the jejunum at either time point.

Inflammation was assessed using MPO and IL-1 stained sections of the colon and the jejunum.
MPO is a marker of granulocytes; the number of positively stained cells were counted in the
colon and the jejunum. There were no significant differences in the number of MPO positively
stained cells between groups in colon samples at either time point. In jejunum samples, the

number of MPO positively stained cells was significantly increased in rats treated with
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combination crofelemer and dacomitinib compared to water and buffer control rats at 7 days (p =
0.0259). There were no significant differences in the number of 1l-1 B positively stained cells
between groups in jejunum or colon samples at either time point.

DISCUSSION

The purpose of these experiments was to develop a rat model of dacomitinib-induced diarrhoea
that could be interrogated for mechanisms of diarrhoea and be used to assess chloride channel
inhibition as an intervention. This study was conducted over two phases; the first phase aimed to
determine the optimal dose of dacomitinib and crofelemer administration, the second phase
aimed to determine the effect of concurrent crofelemer on dacomitinib-induced diarrhoea.
Crofelemer administered alone did not induce diarrhoea and was safe and well tolerated.

We were successful in designing a model that reflects the clinical picture by inducing moderate
diarrhoea in all rats when treated with 7.5 mg/kg dacomitinib. At a dose of 7.5 mg/kg,
dacomitinib induced diarrhoea in a pattern whereby diarrhoea had a slow onset, increasing in
frequency and severity as the study progressed. A similar pattern was noted in rats treated with
combination crofelemer and dacomitinib. Diarrhoea that occurred in the first 3 days of the
experiment was possibly due to restraint stress as dacomitinib-induced diarrhoea occurred more
predominantly from day 5 of treatment. During this experiment, diarrhoea in the combination
crofelemer and dacomitinib treated rats occurred at an increased frequency and severity than all
other groups. Inhibition of chloride channels with crofelemer did not effectively treat diarrhoea.
Body weight of rats is a frequently used measure of health. Rats treated with dacomitinib alone
or combination crofelemer and dacomitinib had significantly less weight gain from baseline
indicating that rats in these groups had increased toxicity. Combination crofelemer and
dacomitinib rats had significantly lower body weights than controls from day 10 onwards,

whereas dacomitinib alone rats did not have significantly lower body weights until day 13. This
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suggests that crofelemer induced dacomitinib induced-toxicity earlier than when dacomitinib is
administered alone.

Liver enzymes were increased in rats treated with dacomitinib. ALP and ALT was significantly
increased in rats treated with dacomitinib alone and combination crofelemer and dacomitinib rats
compared to control rats. This suggests that dacomitinib causes liver dysfunction, further
supported, as liver weights were significantly lighter in rats from these groups. Urea, creatinine
and albumin levels were significantly different at 21 days post treatment in rats treated with
dacomitinib alone and combination crofelemer and dacomitinib rats compared to control rats,
suggesting that dacomitinib causes renal dysfunction. The anion gap was increased at 21 days
post treatment in rats treated with dacomitinib alone and combination crofelemer and
dacomitinib rats compared to control rats, this may suggest renal dysfunction, or could be a
result from the severe diarrhoea. LD was significantly increased in rats treated with crofelemer
and dacomitinib compared to control rats suggesting tissue injury. No differences were noted in
serum chloride concentrations.

FITC dextran is a fluorescent-labelled sugar that is administered via oral gavage 2 hours prior to
blood collection to assess gastrointestinal barrier permeability. Levels of FITC were determined
using fluorescent reading conducted on serum samples collected at necropsy. Rats treated with
combination crofelemer and dacomitinib had significantly increased serum levels of FITC
dextran compared to water and buffer treated control rats. This indicates that rats treated with
combination crofelemer and dacomitinib had decreased barrier function. This is further
confirmed in Ussing chamber experiments, where ileum and colon samples from rats treated with
crofelemer and dacomitinib showed increased baseline conductance, suggesting that rats from

this group had increased gastrointestinal permeability. This is consistent with gastrointestinal
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toxicity induced by traditional chemotherapy. Further investigations are needed to determine the
cause of the increased permeability.

Ussing chamber experiments were conducted on distal portions of the colon and the ileum to
investigate ex vivo the electrogenic transport of the gastrointestinal mucosa. Short circuit current
(Isc) is a measure of chloride secretion across the epithelium. In these experiments, baseline Isc
was decreased in rats treated with crofelemer alone, indicating that when given in isolation,
crofelemer is effective at inhibiting chloride secretion. However, when given in combination
with dacomitinib, this effect is lost as Isc is increased. Forskolin and carbachol were
administered to assess CFTR and CaCC chloride channels. Colon samples of rats treated with
combination crofelemer and dacomitinib had significantly increased Isc following both forskolin
and carbachol administration, suggesting that this treatment increases chloride secretion via the
both chloride channels. Results from Ussing chamber experiments do not indicate that
dacomitinib-induced diarrhoea is due to secretory mechanisms, as dacomitinib alone treated rats
did not have an increase in baseline Isc, or in reaction to forskolin or carbachol administration.
This explains why crofelemer is not effective at inhibiting dacomitinib-induced diarrhoea, but
does not address why crofelemer worsens dacomitinib-induced diarrhoea.

This study found mixed results in tissue pathology. Histopathological analysis did not suggest an
increased mucin secretion or an inflammatory component to be responsible for the clinical
measures of gastrointestinal toxicity noted. All rats treated with dacomitinib (alone, or in
combination with crofelemer) had decreased villus height, suggesting dacomitinib induces
atrophy of the small intestine. This is further supported as rats in these groups had significantly
lighter small intestine weights. Contrary to the study hypothesis, and the currently available
literature, these results imply that dacomitinib may cause small intestinal atrophy. Decreased

surface area of the small intestine caused by said atrophy can lead to diarrhoea due to an inability
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to control solute absorption and secretion. These characteristics are consistent with traditional
chemotherapy-induced gut toxicity, and inconsistent with previously published preclinical
studies of oral small molecule TKIs. Nevertheless, no differences were noted in apoptosis,
proliferation or injury scores, which is inconsistent with typical small intestinal atrophy/damage
caused by traditional chemotherapy.

The mechanisms underlying development of diarrhoea in this model require more investigation.
The results from this study are inconclusive as to whether the mechanism of dacomitinib-induced
diarrhoea is due to small intestinal atrophy, or chloride secretion. Theoretical causes may include
that unabsorbed dacomitinib acts as an irritant within the small and large intestine, causing
activation of neural and immune signals that lead to increased motility as a reflex for removal of
the stimulus. Further studies are needed to determine changes in expression and function of
membrane channels, which control solute and water movement along the length of the tract in

response to dacomitinib.

CONCLUSION

In conclusion, the findings from this study support the Albino Wistar rat as an appropriate choice
to model dacomitinib-induced diarrhoea. We have shown that combining crofelemer with
dacomitinib causes worse diarrhoea compared to either alone, indicating that it is unlikely that
dacomitinib induces diarrhoea due to secretory mechanisms. Further research is required to

understand the mechanisms of dacomitinib-induced diarrhoea to best target interventions.
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PART 2

IN VITRO STUDY Compound: Dacomitinib

(PF-00299804)

Information Type: In Vitro

interrogation

Title: Part 2: Investigating the effect of dacomitinib on chloride secretion in

colonic epithelial cells— In vitro study
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Table 1 Report Title: Part 2 in vitro study

Baseline Short circuit current (Isc)

Dose dacomitinib 0D, 0C 0D, 10C 1D, 0C 1D, 10C
(D) & crofelemer

(©) M

Baseline Isc Group mean

(nA/em?)

5 minutes 7.481 9.387** 36.08* 6.707**
20 minutes 30.54* 9.175**
60 minutes 6.851

90 minutes 5.383

3 hours 3.354

6 hours 11.04

24 hours 9.948

48 hours 15.31

* Indicates significantly different from DMSO control group (One-Way ANOVA, p < 0.0001)

** Indicates significantly different from dacomitinib group (One-Way ANOVA, p < 0.0001)

Table 2 Report Title: Part 2 in vitro study

Baseline Resistance
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Dose dacomitinib 0D, 0C 0D, 10C 1D, 0C 1D, 10C
(D) & crofelemer

(©)mM

Baseline Resistance | Group mean

(Ohms/cm?)

5 minutes 554.4 956.5 717.1%* 1659*
20 minutes 604.7** 1130*
60 minutes 911.7

90 minutes 430.5

3 hours 591.9

6 hours 559.7

24 hours 757.1

48 hours 708.2

* Indicates significantly different from DMSO control group (One-Way ANOVA, p < 0.0003)
** Indicates significantly different from crofelemer/dacomitinib group (One-Way ANOVA, p

<0.0001)

Table 3 Report Title: Part 2 in vitro study

Baseline Conductance
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Dose dacomitinib 0D, 0C 0D, 10C 1D, 0C 1D, 10C
(D) & crofelemer

(© M

Baseline Group mean

Conductance

(mS/cm?)

5 minutes 2.204 1.158 1.540 0.6220*
20 minutes 1.663 0.8856*
60 minutes 1.136

90 minutes 2.375

3 hours 2.024

6 hours 1.839

24 hours 1.509

48 hours 1.763

* Indicates significantly different from DMSO control group (One-Way ANOVA, p < 0.005)

Table 4 Report Title: Part 2 in vitro study

A Isc after forskolin

Dose dacomitinib
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(D) & crofelemer 0D, 0C 0D, 10C 1D, 0C 1D, 10C
(©) M

A Isc after forskolin | Group mean

(nA/em?)

5 minutes 16.70 14.45 2.164* 14.68
20 minutes 4.551* 3.471*
60 minutes 16.28

90 minutes 14.02

3 hours 23.59

6 hours 7.481

24 hours 19.95

48 hours 12.28

* Indicates significantly different from DMSO control group (One-Way ANOVA, p < 0.05)

Table 5

Report Title: Part 2 in vitro study

A Isc after carbachol

Dose dacomitinib oD, 0C 0D, 10C 1D, 0C 1D, 10C
(D) & crofelemer

(© M

A Isc after Group mean

carbachol (nA/cm?)
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5 minutes 107 28.60* 96.58*** 16.81*,**
20 minutes 145.1%** 12.50%*,**
60 minutes 97.36***
90 minutes 132.5%**
3 hours 141 .6***
6 hours 90.67***
24 hours 139 2***
48 hours 107.6***

* Indicates significantly different from DMSO control group (One-Way ANOVA, p < 0.0001)
** Indicates significantly different from dacomitinib group (One-Way ANOVA, p <0.0001)

*** Indicates significantly different from crofelemer group (One-Way ANOVA, p <0.05)

Table 6 Report Title: Part 2 in vitro study

Baseline Isc in presence of tetraethylammonium chloride pre-

treatment
Dose dacomitinib (D) pM oD, 0T 0D, 1T 1D, 0T 1D, 1T
& Tetraethylammonium
(T)y mM
Baseline Isc (nA/cm?) Group mean
5 minutes 7.481* ** 19.20* *** 36.08** *** 27.25%* ***
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20 minutes 18.67%* *** 30.54*** 5.066*, **

* Indicates significantly different from dacomitinib group (One-Way ANOVA, p < 0.0001)
** Indicates significantly different from tetraethylammonium group (One-Way ANOVA, p
<0.005)

*** Indicates significantly different from DMSO control group (One-Way ANOVA, p <0.005)

Table 7 Report Title: Part 2 in vitro study
Baseline resistance in presence of tetraethylammonium chloride

pre-treatment

Dose dacomitinib (D) pM 0D, 0T 0D, 1T 1D, 0T 1D, 1T

& Tetraethylammonium

(T)y mM

Baseline Resistance Group mean

(Ohms/cm?)

5 minutes 555.4* 759.2 717.1 636.6
20 minutes 682.2* 604.7* 1179

* Indicates significantly different from dacomitinib + tetraethylammonium 20 minute group

(One-Way ANOVA, p < 0.005)

Table 8 Report Title: Part 2 in vitro study
Baseline conductance in presence of tetraethylammonium

chloride pre-treatment
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Dose dacomitinib (D) pM
& Tetraethylammonium

(T) mM

0D, 0T 0D, 1T

1D, 0T

1D, 1T

Baseline Conductance

(mS/cm?)

Group mean

5 minutes

2.204 1.360

1.540

1.653

20 minutes

1.666

1.663*

1.177

* Indicates significantly different from DMSO vehicle control group (One-Way ANOVA, p <

0.05)

Table 9

Report Title: Part 2 in vitro study

chloride pre-treatment

A Isc after forskolin in the presence of tetraethylammonium

Dose dacomitinib (D) pM
& Tetraethylammonium

(T)y mM

0D, 0T 0D, 1T

1D, 0T

1D, 1T

A Isc after forskolin

(pA/cm?)

Group mean

5 minutes

16.70 5.08*

6.133*

9.258

20 minutes

8.618*

4.551*

13.06**
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* Indicates significantly different from DMSO vehicle control group (One-Way ANOVA, p <
0.005)

** Indicates significantly different from dacomitinib group (One-Way ANOVA, p < 0.001)

Table 10 Report Title: Part 2 in vitro study
A Isc after carbachol in the presence of tetraethylammonium

chloride pre-treatment

Dose dacomitinib (D) pM oD, 0T 0D, 1T 1D, 0T 1D, 1T
& Tetraethylammonium
(T)y mM
A Isc after carbachol Group mean
(npA/cm?)
5 minutes 107 90.51 96.58 112.2
20 minutes 118 145.1 125
Table 11 Report Title: Part 2 in vitro study
Baseline Isc in the presence of tetraethylammonium chloride post-
treatment
Dose dacomitinib (D) pM oD, 0T 0D, 1T 1D, 0T 1D, 1T
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& Tetraethylammonium

(T) mM

Baseline Isc (nA/cm?) Group mean

5 minutes 7.481%** 19.20 36.08 4.174% **
20 minutes 18.67** 30.54 5.968*,**

* Indicates significantly different from DMSO + Tetraethylammonium group (One-Way

ANOVA, p < 0.005)

** Indicates significantly different from dacomitinib group (One-Way ANOVA, p < 0.001)

Table 12

Report Title: Part 2 in vitro study
Baseline Resistance in the presence of tetraethylammonium

chloride post-treatment

Dose dacomitinib (D) pM
& Tetraethylammonium

(T)y mM

0D, 0T 0D, 1T 1D, 0T 1D, 1T

Baseline Resistance

(Ohms/cm?)

Group mean

5 minutes

554.4* 759.2 717.1* 1211

20 minutes

682.2* 604.7* 1125

* Indicates significantly different from dacomitinib group (One-Way ANOVA, p < 0.003)
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Table 13 Report Title: Part 2 in vitro study

Baseline conductance in the presence of tetraethylammonium

chloride post-treatment
Dose dacomitinib (D) pM 0D, 0T oD, 1T 1D, 0T 1D, 1T
& Tetraethylammonium
(T) mM
Baseline Conductance Group mean
(mS/cm?)
5 minutes 2.204 1.360 1.540 0.8957*
20 minutes 1.666 1.663 0.9492*

* Indicates significantly different from DMSO group (One-Way ANOVA, p < 0.0005)

Table 14 Report Title: Part 2 in vitro study

A Isc after forskolin in the presence of tetraethylammonium

chloride post-treatment
Dose dacomitinib (D) pM 0D, 0T 0D, 1T 1D, 0T 1D, 1T
& Tetraethylammonium
(T)y mM
A Isc after forskolin Group mean
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(nA/cm?)

5 minutes 16.70 5.080%*,** 6.133*,** 16.42

20 minutes 8.618* 4.551* 6.544*

* Indicates significantly different from DMSO vehicle control group (One-Way ANOVA, p <
0.003)
** Indicates significantly different from dacomitinib + tetraethylammonium group (One-Way

ANOVA, p < 0.002)

Table 15 Report Title: Part 2 in vitro study

A Isc after carbachol in the presence of tetraethylammonium

chloride post-treatment
Dose dacomitinib (D) pM 0D, 0T 0D, 1T 1D, 0T 1D, 1T
& Tetraethylammonium
(T)y mM
A Isc after carbachol Group mean
(pA/cm?)
5 minutes 107 90.51 96.58 139.7
20 minutes 118 145.1 93.74*
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* Indicates significantly different from dacomitinib group (One-Way ANOVA, p < 0.05)

END OF RESULTS
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INTRODUCTION

Part 1 of this report indicated that the most common adverse event of dacomitinib treatment in rats is
diarrhoea. Despite promising response data, the underlying cause of this side effect was not evident in the
preclinical (PART 1) component of this study. Therefore, PART 2 was conducted in vitro to further
investigate the potential role of chloride secretion on dacomitinib-induced diarrhoea. All doses and
concentrations are expressed in terms of the parent compound, which for the purpose of this report is
referred to as DACOMITINIB.

Crofelemer is produced from the plant, Croton lechleri (active component oligomeric proanthocyanidin),
and inhibits both cAMP cystic fibrosis (CFTR) and calcium activated (CaCC) chloride channels. It was
hypothesized that If inhibition of HER signaling results in increased intestinal chloride secretion, this
agent may be effective at reducing dacomitinib-induced diarrhoea, however PART 1 of this study

indicated that crofelemer is not effective at attenuating dacomitinib-induced diarrhoea.
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Objective

The objective of the study was to interrogate and correlate changes induced by dacomitinib in
PART 1 inan in vitro model.

Rationale for Selection of Dose

Dacomitinib and crofelemer doses were selected based on previous literature.

Dacomitinib was administered at 1 uM in both Ussing chambers (5, 20, 60, 90 minutes) and in
Transwells (3, 6, 24, 48 hours) via apical routes to mimic the clinical oral administration. It has
previously been described that doses above 1 uM of dacomitinib are where off-targeting or non-
specific effects manifest, based on enzymatic analysis (Ather, 2013). Effects at or below 1 uM
are therefore more likely to be due to the specific effect of dacomitinib on the HER receptors.
Crofelemer was administered at 10 uM in Ussing chambers (5 and 20 minutes) via apical routes
to mimic the clinical oral administration. Crofelemer was only administered at 5 and 20 minute
time points, as these times were where most dacomitinib induced chloride secretion was
observed. The dose of crofelemer was based on previous research that has shown that 10 uM
crofelemer is effective at inhibiting chloride secretion in T84 cells (Tradtrantip, 2014).

Ather F, Hamidi H, Fejzo MS, Letrent S, Finn RS, et al. (2013) Dacomitinib, an Irreversible Pan-
ErbB Inhibitor Significantly Abrogates Growth in Head and Neck Cancer Models That Exhibit
Low Response to Cetuximab. PLoS ONE 8(2).

Tradtrantrip L, Namkung W, Verkman AS. (2010) Crofelemer, an Antisecretory Antidiarrhoeal
Proanthocyanidin Oligomer Extracted from Croton lechleri, Targets Two Distinct Intestinal
Chloride Channels. Mol Pharmacol 77(1).

Rationale for Selection of Cells for in vitro Experiments
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T84 cells are a representative cell line of colonic epithelium. This cell line has previously been
shown to reliably replicate the chloride secretory mechanisms of the intact intestine permitting a
detailed examination of intracellular mechanisms intrinsic to the epithelium that regulates the

secretory diarrhoea mechanism.

MATERIALS AND METHODS

Test Article and Dose Preparation

PF-00299804 (Dacomitinib) was supplied by Pfizer and was stored at room temperature (18°C)
and protected from light. Dacomitinib is soluble in dimethyl sulfoxide (DMSO) at 19 mg/ml;
2.4734 uL aliquots of dacomitinib in DMSO were added to 2 ml of appropriate vehicle (Ringers
for Ussing treatment, Media for Transwell treatment), to create a 50 uM concentration.
Appropriate volumes were added to either Transwells (3, 6, 24 and 48 hour treatments) or Ussing
chambers (5, 20, 60 and 90 minutes) to reach a final concentration of 1 uM. The vehicles were
prepared daily. Exposure of DMSO to cells did not exceed 0.01%. The same concentration of
DMSO was used as a vehicle control.

Crofelemer was in tablet form and stored at room temperature protected from light in a sterile
container. Crofelemer was ground and diluted with DMSO to 21 mg/ml (10 mM) immediately
before use, 5 pL of this was added to 5 ml of Ringers in Ussing chambers to reach a desired
concentration of 10 uM.

The compounds, vehicle components, suppliers, and batch numbers used are as follows.

Material Batch Number Supplier

Dulbecco’s Modified Eagle’s |RNBD6086 Sigma

Medium F-12 Ham (D8437)
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Normocin NOL-37-04 Invitrogen

Penicillin/Gentamicin/Fungiz |AF-28 IMV'S Media Production

one Unit

Foetal Bovine Serum (FBS) (12768 Bovogen

L-glutamine GLUT-65 IMV'S Media Production
Unit

Dimethyl Sulfoxide (DMSQO) |SHBD9856V Sigma

Snapwell polyester 10915014 Corning Costar

Transwells

Crofelemer (Fulyzaq) 3106372 Salix

Dacomitinib PF-00299804 Pfizer

Cell Preparation and Maintenance
Cryopreserved T84 cells (passage 5-15) derived from a human colorectal carcinoma were
obtained from Culture Collections (Porton Down, UK; 88021101). The T84 cell line retained its
original morphology and growth characteristics over the range of passages used.
Cells were thawed in a 37°C water bath and maintained in a 75 cm2 or 150 cm2 sterile cell
culture flask (Corning Life Sciences, MA, USA) at 37°C with 5 % CO2. T84 cell culture media
was Dulbecco’s Modified Eagle Medium/Ham’s F-12 Nutrient Mixture containing 15 mM
HEPES, L-glutamine and sodium bicarbonate, supplemented with 1 %
penicillin/gentamicin+fungizone, 10 % foetal bovine serum and 1 mM I-glutamine (complete
DMEM). Experimental cell cultures were grown in sterile, multi-well tissue culture plates under
identical growth conditions. Cell lines were routinely passaged when culture monolayers reached
approximately 80 % confluence at subculture ratios between 1:3 and 1:6 in fresh growth

medium. Cells were detached by aspirating growth medium, washing with 1X phosphate
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buffered saline (PBS; pH 7.4) and incubating with 3 ml of trypsin-EDTA for 10 min at 37°C.
The reaction was then quenched by the addition of growth medium. Cells were centrifuged at
300 g for 5 min, supernatant removed and cells resuspended in fresh, complete DMEM. Cell
counts were conducted using an automated cell counter (BioRad, NSA, Australia) and were
seeded into 1.12 cm?, 0.4 mm pore polyester Transwell inserts (Corning Life Sciences, MA,
USA; CLS3801). T84 cells were seeded at a density of 100,000 cells/cm?. Cell culture media in
both the apical and basolateral chambers was changed every 48 hours. Transepithelial electrical
resistance (TEER) was measured daily using am EVOM2 epithelial volt-ohm-meter with
chopstick electrodes (World Precision Instruments, Sarasota, FL, USA) for 1 week during the
growth period and area adjusted for analysis using the following formula; TEER monolayer
(W/lcm2) = [raw TEER (W) — TEER blank (W)]/area of membrane (cm2). All experiments were
repeated eight times.

STUDY DESIGN

lon channel analysis: To test whether dacomitinib increased intestinal epithelial cell CI-
secretion, short-circuit current (Isc) was measured in T84 cells in symmetrical physiological
solutions in Ussing chambers. T84 monolayers were grown on polyester Transwell membranes
and once adequate resistance was reached (determined by TEER of > 1000 Q [0 cm), were then
treated with 1 uM dacomitinib, DMSO (negative control) and mounted into Ussing chambers.
Exposure time of T84 monolayers to dacomitinib included 5, 20, 60, and 90 minutes
(administration in Ussing chambers), and 3, 6, 24 and 48 hours (administration in Transwell).
Inserts were mounted into sliders and bathed in Ringers solution (R) (composition in mmol/L:
NaCl 115.4; KCI1 5; MgCl2 1.2; NaH2PO4 0.6; NaHCOs3 25; CaCl2 1.2 and glucose 10)
continuously gassed with carbogen. Short circuit current and resistance were measured

throughout the experiment set up using Acquire and Analyse software (Physiologic Instruments).
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Peak activity of dacomitinib-induced chloride secretion was assessed, and crofelemer was
administered at these times points.

The following table summarises study design.
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Exposure time

Administered

Administered

Administered

Administered

to dacomitinib | Forskolin Carbachol Tetraeyhtlammonium | Crofelemer
or DMSO (+Forskolin) (+Forskolin)
control (+Carbachol) (+Carbachol)
5 minutes n=8 n=8 n=8 (pre-treatment n=8
tetraethylammonium)
n=8 (post-treatment
tetraethylammonium)
20 minutes n=8 n=8 n=8 (pre-treatment n=8
tetraethylammonium)
n=8 (post-treatment
tetraethylammonium)
60 minutes n=8 n=8 Time course Time course
discontinued discontinued
90 minutes n=8 n=8 Time course Time course
discontinued discontinued
3 hours n=8 n=8 Time course Time course
discontinued discontinued
6 hours n=8 n=8 Time course Time course
discontinued discontinued
24 hours n=8 n=8 Time course Time course

discontinued

discontinued
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48 hours n=8 n=8 Time course Time course

discontinued discontinued

MEASUREMENTS AND OBSERVATIONS

Monolayer Integrity

A viability check was performed prior to monolayer treatment and mounting in Ussing chambers
to assess the integrity of the monolayer. If monolayers had a TEER of < 1000 Q [ cm they were
excluded from the study, as reliable results could not be assured.

Epithelial Electrogenic lon Transport

T84 monolayers on Transwells were bathed with 5 ml of carbogen-gassed ringers solution on
each side. Each reservoir was gassed with 95 % O2 - 5 % CO2 and kept at constant temperature
of 37°C. Electrogenic ion transport was monitored continuously as short-circuit current (Isc) by
using an automated multichannel voltage/current clamp apparatus (VCC MCS8) (Physiologic
Instruments) linked through Acquire Analyze 2.3 computer program. Baseline readings were
recorded to assess baseline differences in electrophysiological function. Amiloride was
administered at a concentration of 20 uM to the apical chamber to inhibit the epithelial sodium
channel (ENaC). This priming step was conducted in all experiments to inhibit sodium
reabsorption, so that all results can be solely attributed to the movement of ions in a luminal
direction. Forskolin was administered at a concentration of 10 uM to the basolateral chamber to
elevate levels of CAMP to activate CFTR chloride channels. Carbachol was administered at a
concentration of 100 uM to the basolateral chamber to elevate levels of calcium to activate the
CaCC. Tetraethylammonium was administered at a concentration of 1 mM to the basolateral

chamber to inhibit basolateral potassium channels.
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Material Batch Number Supplier
Amiloride BCBC4358V Sigma
Tetraethylammonium BCBF2894V Sigma
Forskolin SLB3902V Sigma
Carbachol BCBG1471V Sigma

Computer Systems

The computer systems that were used on this study to acquire and quantify data include:

Windows (Word, Excel), Prism version 6, Acquire and Analyse 2.3 (Physiologic

Instruments).

Analysis of Data

Numeric data for delta short circuit current, baseline resistance, conductance, short

circuit current, and voltage are expressed as the arithmetic mean for each group. The test

article groups were compared with the DMSO control groups. All baseline readings are

an average of each monolayer over 5 minutes. All data has been area adjusted (1.12 cm?)

The assumptions of equality of variance for each group and normally distributed data

were tested using Tukey’s test after performing the 1-way analysis of variance

(ANOVA).

RESULTS
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Noteworthy findings are described in this section. No specific mention is made of minor
differences between groups if considered not related to test article administration.
Determining optimal time point to investigate dacomitinib-induced chloride secretion
All measurements were taken using Acquire and Analyse linked to Physiological
systems Ussing chambers.

To test whether dacomitinib induced intestinal chloride secretion, short circuit current
(Isc) was measured in T84 cell monolayers in symmetrical physiological solutions.
Analysis began with T84 monolayers treated with dacomitinib only, to determine the
optimal time point to further investigate precise mechanisms. Dacomitinib was exposed
to T84 monolayers at 5, 20, 60 and 90 minutes, and 3, 6, 24 and 48 hours. Baseline
chloride secretion was significantly increased (p < 0.0001) compared to controls in cells
that had 5 and 20 minutes exposure time to dacomitinib. Baseline resistance and
conductance were also measured, however the results of this are not considered

noteworthy. All further experiments were conducted at 5 and 20 minute time points.
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B DMSO Vehicle Control
BB 1uM Dacomitinib

Baseline |sc {pN{:mE}

* Indicates significantly different from DMSO vehicle control (One-Way ANOVA, p <
0.0001)
Investigating dacomitinib-induced chloride secretion via the CFTR and CaCC chloride

channels
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To test the effect of dacomitinib on the CFTR chloride channel, delta values of short
circuit current were measured following the administration of cCAMP agonist forskolin.
Exposure to dacomitinib did not increase chloride secretion specifically via the CFTR
chloride channel, as there was a significantly decreased response to CFTR chloride

channel activation with administration of forskolin compared to controls (p < 0.05).
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*Indicates significantly different from DMSO vehicle control (One-Way ANOVA, p <
0.05)

To test the effect of dacomitinib on the calcium activated chloride channel, delta values
of short circuit current were measured following the administration of calcium agonist

carbachol. Exposure to dacomitinib did not increase chloride secretion specifically via

the CaCC, as there was no significant difference in response to CaCC activation with

administration of carbachol compared to controls (p > 0.05).
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Investigating the effect of dacomitinib-induced chloride secretion via the potassium
channel

Given the role of the HER receptors on inhibiting the basolateral potassium channel,
tetraethylammonium was administered to inhibit this channel. Treatment included both
pre and post exposure to dacomitinib, with no significant differences noted in treatment
schedule. The presence of tetraethylammonium did not change the effect of dacomitinib
on short circuit current described in sections 14.1, and 14.2.

Investigating the effect of crofelemer on inhibiting dacomitinib-induced chloride
secretion

To assess if crofelemer was effective at inhibiting dacomitinib-induced intestinal
chloride secretion, baseline short circuit current was assessed at key time points.
Baseline short circuit current indicated that crofelemer significantly attenuated
dacomitinib-induced intestinal chloride secretion (p < 0.0001) supporting the study

hypothesis.
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*Indicates significance (One-Way ANOVA, p < 0.00001)

To assess if the decrease in baseline short circuit current induced by crofelemer was due
to CFTR chloride channels, the cAMP agonist forskolin was applied to activate the
CFTR chloride channels, and the delta Isc recorded. Results indicated that crofelemer
does not decrease chloride secretion via the CFTR chloride channel. At the 5 minute
time point, the inhibitory action of crofelemer on dacomitinib induced chloride secretion
was lost, and was significantly higher (p = 0.0023). Crofelemer administered alone did

not change (p > 0.05) chloride secretion via the CFTR chloride channel.

25 _* B ODMS0 Vehicle Control
B 1uM Dacomitinib
Crofelemer

B 1uM Dacomitinib
+ 10uM Crofelemer

Alsc (uiicm?) after Forskolin
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*Indicates significance (One-Way ANOVA, p < 0.00001)

To assess if the decrease in baseline short circuit current induced by crofelemer was due
to CaCC, the calcium agonist carbachol was applied to activate the calcium activated
chloride channels, and the delta Isc recorded. Crofelemer exposed cells had a decreased
response to carbachol compared to controls (p < 0.0001). These results indicate that
crofelemer works primarily via the CaCC, consistent with the literature. Response to
carbachol was significantly decreased in cells exposed to dacomitinib/crofelemer
combination compared to dacomitinib alone at both time points (p < 0.0001), suggesting

that changes seen in baseline short circuit current are due to inhibition of CaCC and not

CFTR.
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*Indicates significance (One-Way ANOVA, p < 0.00001)

DISCUSSION

The purpose of these experiments was to investigate the mechanisms of dacomitinib-
induced diarrhoea by investigating intestinal chloride secretion. The first component of
the in vitro arm (PART 2) of this study aimed to determine the optimal time to
investigate dacomitinib-induced intestinal chloride secretion, the second component
aimed to investigate the mechanisms of chloride secretion, and the effect of inhibiting

chloride secretion with crofelemer.
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We were successful in determining the optimal time to investigate dacomitinib-induced
chloride secretion. After 5 and 20 minutes of exposure to dacomitinib, T84 monolayers
had significantly increased chloride secretion. This effect was lost at exposure times
exceeding 20 minutes. Therefore, only these time points were continued for all other
investigations. The results of this study indicate that dacomitinib increases intestinal
chloride secretion. However, this is inconsistent with the in vivo (PART 1) aspect of the
study. This may be due to timing, as in vivo secretory analysis occurred a number of
hours after dacomitinib treatment. The in vitro aspect of this study showed that
dacomitinib significantly increased chloride secretion, but not when exposure exceeds 20
minutes. This suggests that the effect of dacomitinib on intestinal chloride secretion is
immediate and transient.

The cellular secretory targets of dacomitinib were further investigated, focusing on the
principal luminal membrane determinants of intestinal fluid secretion by administering
forskolin and carbachol. We found that dacomitinib induced chloride secretion via the
apical membrane calcium-stimulated CI- channels, but not the cCAMP-stimulated CFTR
Cl- channels. In normal physiological conditions, the HER receptors negatively regulate
basolateral K* channels, therefore these channels were inhibited with
tetraethylammonium to assess the role of this ion channel in dacomitinib-induced
intestinal chloride secretion. The baseline effects seen following dacomitinib treatment
did not change when K* channels were inhibited, suggesting that this ion channel is not
involved in dacomitinib-induced chloride secretion.

Crofelemer was administered at key time points, when dacomitinib-induced intestinal
chloride secretion was most increased. When crofelemer was administered to T84
monolayers that had been exposed to dacomitinib, baseline chloride secretion was

significantly reduced. This is consistent with the study hypothesis. However, this result
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was lost when implemented in the in vivo setting, suggesting that the cellular secretory
processes of dacomitinib and crofelemer are not translatable into a fully functioning
physiological setting. The administration of forskolin and carbachol indicated that
crofelemer inhibited chloride secretion predominantly via the CaCC, which is consistent
with previous literature on crofelemer and optimal for dacomitinib-induced intestinal
chloride secretion; given that we determined that this was driven predominantly via the
CaCC.

CONCLUSION

The mechanisms underlying development of diarrhoea in this model require further
investigation. The hypothesis of this study was that dacomitinib-induced diarrhoea is
driven by intestinal chloride secretion; because in normal physiological settings HER
receptors negatively regulate the principal chloride channels, and so when dacomitinib
inhibits these receptors, the negative regulation is lost. The in vitro component of this
study supported this hypothesis, and was able to attenuate the increased chloride
secretion with crofelemer, identifying the CaCC as the primary channel for this.
However, this did not translate in the in vivo component of the study. Nevertheless given

the in vitro findings, this hypothesis should not be discounted.
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