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ABSTRACT

Cancer is often a debilitating disease associated with the uncontrolled growth of cells
within an organism. We have made significant strides over the past few decades in treating many
cancers, unfortunately, many of these treatments have unfavourald¥&feaie. Cisplatin is a
revolutionary drug in cancer treatment that contributes to an approximately 809&dive
survival rate in pediatric patients, but its use is limited by several adverse side effects,
particularly ototoxicity. Cisplatiinduced otadxicity (CIO) is permanent, bilateral,
sensorineural hearing loss found in up to 90% of patients treated with cisplatin. There are
currently very few treatments to mitigate CIO, and only one is approved by the FDA. Our
collaborators in the Bhavsar Lab haeeently determined a novel pathway through which
cisplatin contributes to the generation of CIO and have demonstrated its potential as a therapeutic

target.

Toll-like receptor 4 is the first discovered innate immune pattern recognition receptor. It is

crucial in signalling to the body when to initiate an inflammatory response following a gram
negative bacterial infection. The function of TLR4 in mammals i$ eheracterized, but its

function in other species, particularly fish, is still under debate. A major problem with
understanding its function arises in the confusion behind its origins. Not all living things bind to

the same TLR4 ligand, and in many casesare still unsure of what it binds to entirely. TLR4

was recently determined to bind to nickel and other heavy metals to induce a proinflammatory
response and mediate an allergic response. Furthermore, it has recently been shown to bind to the
platinumcontaining drug cisplatin directly, mediating the generation of CIO. Due to the unique
binding mechanism of these metals to TLR4, we believe it would be possible to selectively

inhibit cisplatin binding while maintaining the regular immune function of TLR#s novel



mechanism would distinguish it from several CIO therapies, demonstrating its promise for

treating CIO.

Zebrafish make a great animal model for disease and share greater than 80% ofeletease
genes with humans. Their small size, optical transparency, and high throughput nature also
provide an advantage over other model systems. Zebrafish are knoesséspthree TLR4
paralogs, Tlrdba, Tlr4al, and TIr4bb, but like many fish, their function and origins remain
controversial. However, their utility in research related to CIO is still particularly valuable due to
the presence of hair cell clusters on tkiegor of their bodies called neuromasts. These hair

cells are homologous to the hair cells within the inner ear of mammals. Their position and
similarity make them an excellent model for CIO and particularly suited for novel therapeutic

drug discovery.

This thesis aims to tease apart some of the uncertainties in the evolutionary history of TLR4
while advancing our understanding ofaidivities in zebrafish. | also aim to utilize zebrafish as

an effective model of CIO to screen novel selective therapeutics. To achieve these objectives, we
created larval genetic mutants of Tlr4, allowing us to test its interaction with specific ligands

Vivo. By creating a heterologous cell system using zebrafish TIr4, we extended these findings in
vitro. Finally, by creating a novel vibratidrased behavioural assay, we demonstrated the end

point effects of a novel therapeutic capable of selectivélipiting TIr4 to mitigate CIO. The

research presented in this thesis establishes the foundation for future investigations that aim to
selectively inhibit TLR4 in order to reduce CIO while identifying potential ligands for a

presently orphaned receptor.
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Chapter 1. INTRODUCTION

Chemotherapeutics are a mainstay therapy in cancer treatment; however, due to their toxicity,
treatment often leads to unwanted adverseedigets. This chapter will begin by briefly
describing some of the most common chemotherapeutics used in cancer treatment, followed by
the challenges associated with using one of the most common anticancer drugs, cisplatin. | will
then describe how zebrslfi can be utilized as an excellent model in cancer therapy and their role
in drug discovery. Following the acute observation thaflita receptor 4 can be utilized as a
therapeutic target for cisplatinduced ototoxicity, | will describe why it is aguisible target in

zebrafish for testing novel drugs to reduce this undesirable side effect.

1.1 Chemotherapeutics in cancer treatment

Cancer is the second leading cause of death worldwittenearly 10 million deaths in 2020
(Behranvand et al., 202%yorld Health Organization: Cance023) This disease is broadly
defined by the uncontrolled growth of mutated cells within an organism with the possibility of
spreading to other tissues. Cancer can arise from an interaction between four major factors:
genetics, physical carcinogens (ex: UV liglthemical carcinogens (ex: alcohol), and biological
carcinogens (ex: viruses). Cells are considered cancerous when mutations in their DNA lead to
the inability to regulate their replication and divisig€CS), 2023) There are many different
forms of cancer arising from a variety of different mutations, cell types, and environments.
Unfortunately, this makes it nearly impossible to develop a universal treatment for all cancer
types, however major strides have been made in the past few decades in treating this insidious
disease.
Currently, there are nine major types of cancer treatment, including chemotherapy, hormone

therapy, hyperthermia, immunotherapy, photodynamic therapy, radiation therapy, stem cell



transplants, surgery, and targeted thei@stional Cancer Institut2023) Chemotherapy
remains one of the primary cancer treatment methods due to its systemic application and
effectiveness against metastasized cancers. Chemotherapy involves the use of drugs to stop or
kill cancer cells. These drugs affect the rampant dividatgire of cancer cells by interacting
with the DNA and can be further classified based on their specific mechanism of action
(Bukowski, Kciuk, & Kontek, 2020)In the upcoming subsections, | will introduce one of the
first and most used categories of chemotherapeutics, alkylating é§eftsl. (NIH), 2023)

This type of chemotherapeutic will be reviewed to understand the mechanism behind these
drugs, the underlying cause of their toxicity, and why cisplatin and other platontaining
antineoplastics are unique in this category. Decades of researchtieaveted to improve upon
cisplatin but have been somewhat unsuccessful in producing desired results. The history of
alkylating agents will give context to the challenges behind drug discovery and the long and
arduous process that has led to the curretd efaanticancer therapy. Furthermore, | will
describe the evolution of platinum drugs and why cisplatin remains an effective choice in

treating solid malignancies

1.1.1 Alkylating agents

The first antitumour agent discovered was a Didikylating agent called sulphur mustard,
which was discovered on accident by Dr. Cornelius Packard Rhoads after the Second World War
(DeVita & Chu, 2008; Ralhan & Kaur, 200Alkylating agents have continued to evolve over
the past seven decades, and today, they continue to be some of the most common and effective
anticancer drugs. Traditionally, DNA alkylation is the attachment of an alkyl group to a DNA
base, butrecently, he ter m fAal kyl ating agentso has been

covalently attaches to the DNBordin et al., 2013)For example, due to their DNA binding



capability, platinumcontaining antineoplastics are often grouped in with other alkylating agents,
although they do nailkylate DNA bases. This report will refer to alkylating agents in this
manner, as many chemotherapeutics act on the DNA without the addition of alkyl groups.
Alkylating agents are commonly used in combination with other chemotherapeutics and alone
for treating hematological and solid malignandieshmann & Wennerberg, 2021; Ralhan &
Kaur, 2007) Alkylating agents exact their effects by attacking nucleophilic sites on DNA,
covalently linking the drug to DNA, and preventing replication or transcription, causing
mispairing and mutations, or fragmenting the DNA after DNA repair enzymg#®iaib,
Montaudon, & Pourquier, 2014pue to their electrophilic nature and mechanism of action, they
can exact their effects at all phases in the cell cycle, but proliferating cells are more sensitive,
particularly during DNA duplication. Since alkylating agents are highly effective, they a

affect highly proliferative nowcancer cells. Therefore, searching for selective compounds

capable of specifically targeting cancer cells would benefit therapeutic regimens.

Alkylating agents are either monofunctional or bifunctional, depending on their ability to
react with one or two DNA stran@Ralhan & Kaur, 2007)Monofunctional alkylating agents
prevent the action of essential processing enzymes from accessing the DNA, while bifunctional
agents create either intstrand (between two opposite strands) and/or-sttiand (within the
same strand) crodmks. Alkylating agents will covalently bond to nucleophilic nitrogen,
oxygen, and phosphate atoms within the DNA, particularly thatdih of guanine. Some other
common sites for alkylation include the Ndnd N3atoms of adenine, the N8om of cytosine,
and the @-atom of guanin¢Puyo, Montaudon, & Pourquier, 2019ther less common targets
include the phosphate backbone, some proteins and some other nitrogen and oxygen atoms

within DNA bases. Classical alkylating agents primarily target the major groove of DNA, but



more recent derivatives were made to target the minor groove of(Bbiyo, Montaudon, &

Pourquier, 2014)

Classical alkylating agents can be further divided into five different categories based on their
structure and mechanism acti@hiorceaPaquim & OliveiraBrett, 2023; Kashifa Fathima et
al., 2022; Lehmann & Wennerberg, 2021; More et al., 204@ogen mustards, the original
class of anticancer agents, are both monofunctional and bifunctional organic compounds marked
by a nitrogen bound to two haloalkyl grougsghley et al., 2022; Povirk & Shuker, 1994)
Depending on the specific mustard, they form covalent bonds with either the DNA backbone or
DNA bases. Another group of nitrogbased alkylating agents, nitrosoureas, are unique in
comparison to many alkylating agents due to their ability to crosddbd-brain barrier, making
them valuable chemotherapeutics in treating certain brain tur(i¢airsa & Christmann, 2019)
They covalently bond to DNA by degrading into strong electrophiles under basic conditions.
Alkyl alkane sulfonates are a smaller class of alkylating agents, with busulfan being the most
representative drug in this categdBate & Tew, 2011)Busulfan is a bifunctional, sulfonylated
alkylating agent activated by the generation of carbonium ions capable of producing DNA cross
links as well as prote#DNA crosslinks. Ethylenimines (aziridines) are characterized by
aziridine cycles, a straingdreemembered ring structu(&iddik, 2002) Their mechanism of
action is the same as nitrogen mustards, except the aziridine cycles are not charged, making them
less reactive compared to the haloalkyl groups. Lastly, triazenes are monofunctional alkylating
agents with three adjacent nitrogen ataakded triazenyl group@archesi et al., 2007 hey
mainly act on cells through the methylation of the&®m in guanine, with two alkylating

agents, temozolomide and dacarbazine, currently used in a clinical setting.



1.1.2 Platinum(ll) antineoplastics

Platinumcontaining antineoplastics are a special class of drug often grouped in with
alkylating agents, although they do not alkylate the DNA. They are considered alkylating agents
because they act in a similar manner by binding and causinganttaner-strand DNA cross
links (Figure 1.1 Parveen, 2022)he first platinum derivative used in cancer treatment was
cisplatin (cisdiaminodichloroplatinum) discovered by Michele Pyrone in 1844. However, the
initial discovery of this compound was not intended for cancer therapy. As for many great
scientific dizoveries, it was not until Barnett Rosenberg (1962) accidentally determined that
platinum compounds produced by electrolysis inhibited bacterial cell division that the potential
of metals as antineoplastic agents was consid&esenberg, Van Camp, & Krigas, 196)
was later confirmed that pyrones chloride (now known as cisplatin) was the most potent agent,

capable of recapitulating the finding of inhibiting bacterial cell division in its presence.

Following the approval of cisplatin for cancer treatment by the FDA in 1978, the search for
other platinum complexes led to determining the struedotivity relationship required for
platinum compounds to have antineoplastic activity. The struetttidgty relationships resolved
that the compounds should be neutral in charge, have a gijaneg geometry, contain two cis
amine ligands, and two cis anionic ligar{@$eare & Hoeschele, 197.3)his initiated an
extensive search for platinum compounds that fulfilled these rules and led to the discovery of
carboplatin (cisdiammine(1,icyclobutanedicarboxylato)platinum) and oxaliplatin (R,R
cyclohexanel,2-diamineoxalatoplatinum). The second geation of platinum
chemotherapeutics, carboplatin, was approved for usage after testing by the National Cancer
Institute by the FDA in 1989 and soon after, the third generation, oxaliplatin, was granted

approval in 200Zlvanova, 2022)Fast forward to today, eight platintmased anticancer agents



are approved for clinical use, with three approved for usage worldwide (Figui&ldsaadi,
Pisani, & Wheate, 2022Pue to its ability to effectively enter cells, highly reactive nature, and
efficacy in producing DNA damage, cisplatin remains the chemotherapeutic of choice in the
treatment of germ cell tumours, bladder cancer, and head and neck ¢8oher et al., 2020;

Szikriszt et al., 2020; Tsvetkova & Ivanova, 2022)

1.2 The chemotherapeutic Cisplatin

The discovery of cisplatin was a monumental innovation within cancer therapy and gained
substantial recognition based on its ability to treat multiple solid malignancies, including
testicular, ovarian, bladder, lung, cervical, head and neck cancéR@teani, 2022)The
anticancer activity of cisplatin is primarily attributed to its ability to cilogs DNA, although
other mechanisms such as oxidative stress, disruption of calcium homeostasis, and dysregulation
of intracellular and extracellular proteins contribiatét's cytotoxicity(Dasari & Bernard
Tchounwou, 2014; Makovec, 201®)nfortunately, the usage of cisplatin is limited due to the
development of resistance and toxic side effects. Resistance to cisplatin arises from a multitude
of factors, including: reduced intracellular accumulation, inactivation by antioxidants, edreas
DNA repair, and alteration of proteins that contribute to inducing apogiisidik, 2003)
Similarly, many factors contribute to the increased risk of cisplatin toxicity, which presents in
many forms. These forms include, but are not limited to, nephrotoxicity, myelosuppression,
neurotoxicity, gastrointestinal toxicity, and ototoxicity (Tablg)Aldossary, 2019; Barabas et
al.,, 2008; Qietal.,2019) This section wil|l briefly review
andcurrent ototoxicity therapies with an overall emphasis on ototoxicity. This review will
establish why we urgently need an effective therapy against cispidtined ototoxicity and

why current solutions fall short in this endeavour



1.2.1 Usage of cisplatin and cellular mechanism of action

Understanding cisplatin's subsequent effects depends on comprehending how it is
administered and develops into an active anticancer agent. Since the discovery of the first
platinum anticancer agent, cisplatin, roughly half of all patients who receive tferagy are
treated with a platinum dru@rmstrongGordon et al., 2018 Cisplatin is normally a yellow
orange crystalline powder reconstituted in sterile water and administered through slow
intravenous infusiofFood and Drug Administration, 201%Jisplatin dosage varies depending
on the cancer type being treated, but in general, range fredf@@0@g/m2 once a day, every3
weeks(Ghosh, 2019)All platinum-based antineoplastics are considered prodrugs because they
require the replacement of their chloride or carboxylate constituents with water to become active.
This process is called aquation and is the-datermining step in forming DNA addts
(Ahmad, 2017)Once cisplatin is in the bloodstream, the high concentration of chloride ions
(~100mM) prevents cisplatin from immediately undergoing aqué@oret al., 2019)It is only
once it enters the cells that the reduced concentration of chloride ieB2rf*M) facilitates
aguation. A large portion (>90%) of the cisplatin within the blood is also bound to plasma
proteins resulting in its inactivation and excretion gy kidneygMakovec, 2019; J. Wang et al.,

2021) Only ~10% of cisplatin is free to be taken up into cells

Cisplatin that enters cells is taken up through two main mechanisms: passive diffusion and
active membrane transport. Passive diffusion is the primary mechanism of cisplatin uptake into
cells and is facilitated by its neutral charge and small size, alipfeifree passage through the
nonpolar interior of the lipid bilaydEljack et al., 2014)Passive diffusion into cells is
proportional to the extracellular concentration of cisplatin until ~3fiMdkovec, 2019)Active

transporters such as copper transport protein 1 (CTR1) and organic cation transporter 1 and 2



(OCT1; OCT2) are reported to be involved in cisplatin uptake into thé+uekt al., 2017;
McSweeney et al., 2021; Pabla et al., 20@HR1 is a ubiquitously expressed transport protein
with higher expression within epithelial cells and connective ti@sue et al., 2006)Organic

cation and anion transporters are mainly expressed within the kidneys and/or ttenibzey

Kanai, & Endou, 2006; Cha et al., 2001; Hagenbuch & Meier, 2003; Wu et al., T9@9¢xact
mechanism behind cisplatin uptake by these transporters has yet to be demonstrated, and their
involvement in its uptake is still poorly understood within the literature. Moreover, organic anion
transporter 1 and 3 (OAT1; OAT3) have been impéidan cisplatin transport, toxicity, and
resistance, but further study is required to elucidate their exadMoweeney et al., 2021;

Nieskens et al., 2018Yorld Health Organization: Cance2023)

Once within the cell, cisplatin forms two types of aquated derivatives: cis
[PtCI(NH3)2(OH2)]+ (monoaquated), and-¢Rt(NH3)2(OH2)2]2+, which locks the majority of
cisplatin within the cell due to their positive cha(g#jack et al., 2014)These derivatives are
highly electrophilic and will readily react with sulfhydryl groups on proteins and nitrogen donor
groups on nucleic acids. Only a small portion of the cisplatin (~1%) reaches the nuclear DNA,
while the rest reacts with other biomalges in the more immediate vicinity, such as
cellular/membrane proteins and RN)Au, Megyesi, & Price, 2008)The binding of cisplatin to
purine bases results in irt@nd intraDNA crosslinks (adducts) (Figure 1.1). Cisplatin reacts
most readily with the N7 position of guanine forming-hRastrand d(GpG) crodeks that
make up to 90% of the adducts fomevhile other bases are less preferg@leosh, 2019)

These crostinks lead to the bending and unwinding of the DNA that can be recognized by high
mobility group box 1 (HMGBL1), forming a ternary complex. This complex prevents replication,

leading to cell cycle arrest and apoptdgiklossary, 2019; Ghosh, 201E)NA damage is also



recognized by other nuclear proteins, which leads to the activation of DNA repair machinery
such as nucleotide excision repair (NER) and mismatch repair (MMR) that, if unsuccessful in
repairing the DNA, leads to apopto§iOHNSTONE, PARK, & LIPPARD, 2014; Qi et al.,

2019) Other signal transduction pathways are also activated in response to DNA damage, such
as the p53 pathway, which also mediates cisplatin induced apgjasien, Kumar, &

Tchounwou, 2019; Dasari & Bernard Tchounwou, 2014)

The formation of reactive oxygen species (ROS) that leads to oxidative stress is also a
common mechanism implicated in the cytotoxicity of cisplatiBr o z o vi c-Ristevn&b r i ov i |
Osmak, 2010)The formation of hydroxyl radicals and superoxide by cisplatin depends on the
concentration of cisplatin and exposure tif@nosh, 2019)During DNA damage, superoxide
anions, a reactive oxygen species (ROS), are produced, leading to apdfpassida, Tanaka, &
Takahama, 1994 Another mechanism of ROS generation by cisplatin occurs through its
interactions with thiol groups within proteins. These interactions occasionally form thiyl radicals
that interact with molecular oxygen, leading to the formation of FBea & Bisselberg,

2011) Cisplatin also indirectly increases ROS by binding to free radical scavengers such as
glutathione (GSH), reducing number of unbound scavengers available. ROS leads to apoptosis
through both intrinsic and extrinsic pathways that include activation dby-gasligand,
mitochondrial damage, lipid peroxidation, alteration of signal transduction pathways, calcium

dysregulation and further DNA damaffdorea & Busselberg, 2011; Romani, 2022)

In summary, the primary mechanisms of cisplatin are believed to be through the formation of
DNA adducts and ROS generation. Although substantial research has been directed towards
understanding these mechanisms, critical gaps in knowledge of their oeigias. In

particular, some mechanisms have been proposed for the direct generation of ROS as described



above and in section 1.2.5, but other signals responsible for initiating this increase have yet to be
fully explored. In the following sections and chapters, | will justify why identifying alternative

routes of ROS generation can lead to fruitful discagefor improving cisplatin usage

1.2.2 Cisplatinresistance

The development of resistance to cisplatin treatment remains one of the significant
limitations for its treatment of solid tumours. Resistance to cisplatin is likely developed through
an interaction between decreased drug accumulation, drug metabolibiidnhDNA damage
repair, and inhibiting pr@apoptotic signallingJin et al., 2018)The many mechanisms behind
cisplatin resistance are still under investigation, and those reported have been extensively
reviewed elsewher@mable, 2016; Baird & Gray, 2023; Chen & Chang, 2019; Cocetta,
Ragazzi, & Montopoli, 2020; Galluzzi et al., 2012; Galluzzi et al., 2014; Yue, Han, & Zhao,
2023) Herein, we will review a portion of the resistance mechanispted to contribute to

cisplatin resistance.

Epigenetic and genetic modification by cisplatin initiates many complex changes in
protein expression that contribute to its resistance. Epigenetics is defined as modifications to
DNA that induce a change in gene regulation without affecting its primguesee
(MedlinePlus, 2023)In the realm of epigenetics, cisplatin treatment has been reported to induce
the modification of the methylation patterns within genes, interfere with chromosomal
remodelling proteins, modify histone acetylation and methylation, alter the expression of
epigenetic reader proteins, microRNAs, long noncoding RNAs, and increase the population of
cancer stem cells, which have all been linked to its resis(@adel & Gray, 2023) These

changes often result in protein expression or a lack thereof, that is directly involved in reducing
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cisplatin uptake, increasing cisplatin removal, reducing DNA damage, increasing DNA repair,

and more.

An increase in drug efflux is a common feature observed within drug resistance.
Decreasing the cumulative cisplatin within the cells decreases its ability to interact with DNA
and proteins, promoting cancer cell survival. Unfortunately, searching foptraes directly
involved in cisplatin efflux has been largely unsuccegShen et al., 2012 urrently, two
copper transporters (ATP7A and ATP7B) have been shown to bind and remove cisplatin,
reducing its active intracellular concentrati@afaei et al., 2008; TadiBuoninsegni et al.,

2014) Multiple other proteins involved in the secretion of cisplatin have been implicated in its
resistance, but these studies fail to explain how these proteins are infRdvetia et al., 2010;
Shen et al., 2012A study by Beretta et al. demonstrated that the expression of the efflux
proteins multidrug resistance protein 1 and 4 (MRP1; MRP4) increased in cisptastant

cells, but only when the glycosylation of thekt®&mini were modified2010) Furthermore,

Shen et al. observed a Zdd increase in cisplatin resistance in cells transfected with

TMEM205, which is believed to act as a secrefielated proteirf2012)

While little evidence has shown MRPs direct involvement in the efflux of cisplatin, they
mediate the removal of its conjugates in an Aldpendent mannéishikawa & Ali-Osman,
1993) Aquated cisplatin has a high affinity for cystenmh proteins such as GSH and
metallothionein proteins, which are known to be excreted from cells by MRP2 and OATS,
decreasing intracellular cisplatin concentratiGhable, 2016; Makovec, 2019ther
transporirelated mechanisms responsible for reduced cisplatin accumulation can be attributed to
its reduced uptakd&.reatment with cisplatin has been shown to trigger the degradation of CTR1,

which plays an important role in cisplatin uptake, as described above (Sectio(Hbl24r)
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Manorek, & Howell, 2006)Reduced CTRL1 leads to decreased cisplatin uptake, therefore

facilitating resistance and cell survival.

Increasing DNA repair is another mechanism of cisplatin resistance. The NER system is
responsible for removing the majority of cisplatin adducts by removing a section of nucleotides,
followed by their resynthesis using the nondamaged DNA s{f@itiét & Scharer, 2006)The
overexpression of NER reduces cell sensitivity to cisplatin, while defects in this system increase
sensitivity to cisplatifM. Duan et al., 2020Preventing apoptotic signalling from DNA lesions
by circumventing unrepaired DNA damage is common with resistant cancer cells and can be
largely attributed to Y and B family polymerases in a process called translesion syiRbebis
et al., 2018) These polymerases lack the ability to proofread and have a broad catalytic site that
allows them to pass over DNA lesions. Increased expression of these polymerases is often found
in cisplatinresistant cell§Zhou et al., 2013)Furthermore, their propensity towards inaccurate
DNA repair can further facilitate the acquisition of cisplatsistant phenotypgRocha et al.,

2018) Other DNA repair mechanisms, such as the MMR system, can detect cisplatin DNA
lesions, but not repair the(@alluzzi et al., 2014)Reduced expression and mutations leading to
dysfunction in this system, such as MSH2, MSH6 and MLH1, are often associated with
resistance to cisplatin as wélebi et al., 1996)Homologous recombination (HR) machinery

helps repair doubtstranded breaks generated by cisplatin lesions and is often mutated within
cancer cells, promoting cisplatin sensitii@hen & Chang, 2019; Smith et al., 2010)splatin
resistance is often conferred by mutations that allow for the restored function of proteins such as

BARCAL1/2 in the HR repair syste(®hen et al., 2012)

Alterations in preapoptotic signal transducers and their related pathways also lead to

cisplatin resistance. Pathways commonly affected by cisplatin treatment that confer resistance
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are the p53 pathway and MAPK pathways, which, when mutated, reduce cisplatin efficacy in
cancer patient@Branch et al., 2000Mutating the p53 pathway likely confers cisplatin

resistance by increasing tolerance of cisplatin adducts, thereby increasing translesion synthesis
and gene mutageneglsn & Howell, 2006) Dysfunction in the MAPK pathways facilitates
resistance through many mechanisms and has been extensively reviewed by Brozovic and
Osmak(2007) Prcapoptotic proteins involved in cisplatin resistance are BGamily

members, €Jun Nterminal kinase 1 (JNK1), mitogeactivated proteins kinase 14 (MAPK14),

and caspasd&alluzzi et al., 2012)Furthermore, it is worth noting that heat shock proteins and
upregulation in autophagy show contributions to cisplatin resis{&weet al., 2008; Ren et al.,

2010; Yamamoto et al., 2001)

These acquired resistance mechanisms are particularly detrimental to cancer treatment
because of cancer cells' rapid, uncontrolled growth. They can be rapidly passed on during tumour
growth, creating an even larger group of resistant cells prone to fditfieon (Xuan, Haiyun,

& Xiaozhuo, 2019)Side effects often arise in response to the toxicity of cisplatin to non
cancerous cells, and these cells often inhibit division following cellular damage, which may even
lead to cell deatfEekhout & De Veylder, 2019 herefore, cells that acquire resistance may not
successfully prolong their usage due to the lack of effectively transferring them forward to
daughter cells. With that in mind, studying these resistance mechanisms may be beneficial in
understanding podse methods to reduce cisplatin toxicity in rcamcerous cells, therefore
reducing unwanted side effects. However, the key to mitigating side effects likely lies in
reducing the upstream toxicity to neancerous cells while maintaining the anticancecagly

of cisplatin
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1.2.3 Side effects of cisplatin

Treatment with cisplatin has been linked to various toxicities, including gastrointestinal
(GI) toxicity, myelosuppression, gonadotoxicity, nephrotoxicity, cardiotoxicity, hepatotoxicity,
neurotoxicity, ocular toxicity, and ototoxiciffRomani, 2022)Due to the systemic treatment and
nonspecific modality of cisplatin, all organs will likely be affected. Unfortunately, the
mechanisms behind many of these side effects remain poorly understood, but significant
advances have been made over the pastiémades. Table 1.1 summarizes the most common
clinical side effects of cisplatin and current therapies that have been approved and are either

being used in clinical settings or examined for their therapeutic effecet al., 2019)

Nephrotoxicity is one of the major debmiting toxicities of cisplatin and arises due to
the kidneysd6 paramount role in cisplatin excr
cisplatin is complex and involves a wide range of processes depicteddryola®t aland Qi et
al. (Casanova et al., 2021; Qi et al., 202dney damage from cisplatin presents primarily as
tubular damage, which reduces the glomerular filtration rate. The accumulation of cisplatin
within the kidneys is often elevated far more than in other organs and is likely related to
transporteimediatel uptake of cisplatin. OCTs and CTR1 are primarily expressed within the
kidneys and were shown to be directly implicated in cisplatin nephrotoxicity by increasing
cisplatin uptakéCiarimboli et al., 2005; Gorboulev et al., 199Vorld HealthOrganization:
Cancer 2023) Cisplatin predominantly damages the proximal and distal tubule cells in the
kidneys, leading to cell deaf{asanova et al., 202I)he cytotoxic mechanism of cisplatin in
kidney cells is through a combination of its regular cytotoxic mechanisms: oxidative stress, DNA
damage, inflammation, and the activation of-ppmptotic pathwayfi et al., 2019)Oxidative

stress likely plays a significant role in nephrotoxicity as the proliferation of tubular epithelial
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cells is low under normal conditioff€asanova et al., 2021; Vogetseder et al., 2008; Yuan et al.,
2015) Furthermore, the metabolism of cisplatin conjugates within the kidney during cisplatin
excretion may generate potent nephrotoxins, leading to tubular cell(@a&thal., 2019)Some
studies have shown that cisplatin can disrupt the ionic homeostasis within tubular cells, which is

essential for the proper excretion of waste and water concentrations ifLajiereet al., 2005)

One of cisplatinbés most common side effect
rapid proliferation of epithelial cells within the gastrointestinal t(&tahid, Farooqui, & Khan,
2018) Nausea and vomiting are reported to occur in roughi80R6 of patients, often resulting
in dose reductions, delays in treatment, or its termination. Gl toxicity can be observed directly in
the small intestine by examining the damage to villi and mittroaine by cisplatin, which will
atrophy even at lower dosag&hahid, Farooqui, & Khan, 2018 ince microvilli are
responsible for increasing the surface area needed to absorb nutrients properly, this would
explain the side effects of cisplatin treatment, such as weight loss and anorexia. However,
nausea, vomiting, and diarrhea can be attribtdedrelease of serotonin induced by cisplatin in
the Gl tractCubeddu, 2009; Minami et al., 2003he serotonin binds to serotonin receptors on
the vagal nerve to initiate a vomiting refl@inami et al., 2003)The mechanisms behind
cisplatin intestinal cell damage are believed to occur through a combination of ROS generation,
DNA damage, prapoptotic signalling and inflammation within the ¢8hahid, Farooqui, &

Khan, 2018)

Neurotoxicity is one of the most severe ddgpendent cisplatin toxicities, often
resulting in the cessation of treatment. Most often, cisplatinced neuropathy presents as
peripheral sensory neuropathy, where the central nervous system eitherathgoatsally or

loses connection to the peripheral nervous sy¢hér o. N. D. a. S. (NIH), 2023; Avan et al.,
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2015) Due to the ability of cisplatin to remain within the body years after administration,

neuropathy often progresses after treatment is discont{Rgedani, 2022)DNA damage and

mitochondrial damage are believed to be the two main mechanisms underlying eisplated
neuropathy(Qi et al., 2019)Cisplatin accumulates within dorsal root ganglia (DRG), which

requires a high level of transcription to support their large size and distant connections, which

makes them particularly susceptible to DNA damage and apofpYasist al., 2015)Moreover,

cisplatin is known to directly affect the mitochondrial DNA of DRGs, leading to a reduction in

ATP production and degeneration of axonal transfigiret al., 2019) The most common early

symptoms of peripheral neuropathy are numbness, tingling in fingers and toes, and ankle jerks
(Avanetal.,2015) I n the more extreme cases, neuropath

are electric shockke sensations that arise after neck flexjiomani, 2022)

A side effect closely related to neurotoxicity is ototoxicity. Cisptatoluced ototoxicity
(CIO) is a permanent, often bilateral sensorineural hearing loss, most often in tfiedigincy
range (40068000 Hz), butan progress towards lower frequencies in the ordinary conversation
range(Chattaraj et al., 2023Yhe development of CIO is reported to be anywhere in the range of
10-90% of patients and has been observed to occur even after a single dosage of cisplatin
(Chirtes & Albu, 2014; Custer, 2022; Knight, Kraemer, & Neuwelt, 2005; McDonald, Mattson,
& Hill, 2017; VORUZ et al., 2022)This demonstrates the importance of early detection and
proper management to prevent | ifelong detri me
cisplatin is eliminated within days to weeks after injection. However, it remains in the cochlea
for morths to years after treatment in both mice and humans, which may explain its ability to
induce ototoxicity long after treatment er{@seglio et al., 2017)Unfortunately, the clinical

assessment and intervention of ototoxicity are rather poor due to a lack of standardized criteria
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and poor adherence to monitoring protod@lhattaraj et al., 2023; Santucci et al., 2021)
Children are at the greatest risk of developing CIO, with the incidence being2aigher in
pediatric patients compared to adiiBhosh, 2019)Although CIO can impact patient quality of
life at any age, the consequences of CIO in children are severe. They can impair language
development, psychosocial development, and learning difficKieight, Kraemer, & Neuwelt,
2005) Therefore, it is critical to develop pharmacological prevention and mitigation strategies
for the development of CIO to improve patient outcomes from cancer treatment with cisplatin.

More details on CIO follow in subsequent sections

1.2.4 Factors associated with increased risk of CIO
Mul ti ple factors have been identified to I
mentioned above, young age is one of the major factors contributing to increased risk of CIO,
along with cumulative dosage, old age, diet, poor renal function, meaniant, noise
exposure, gender, and genefiCsllejo et al., 2015; Tserga et al., 2019hderstanding these
risk factors and their underlying contributions to CIO will allow for a more tailored approach to
cancer treatment to reduce the likelihood or progression of side effects. The exact reason as to
why age may play a role in susceptityilior CIO is unknown. However, in young children, it
may pertain to the fact that the auditory system continues to develop during early childhood and

may be more susceptible to damage during developfikmijer et al., 2022)

Cumulative dosage and therapeutic regimen are considered the largest contributing factor
to CIO susceptibility. In a retrospective study done using patient data from the St. Louis
Chil drends Hospital, higher dosdasggebaveggaer tr eat
significant effect on the development of CIO, while the schedule of dosing (number of cycles,

total number of doses) had little eff¢Camet et al., 2021 Another study found that CIO began
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to emerge at dosages above 60mg/m2, which is well within the dosage range for most
malignanciegRademaket.akhai et al., 2006)Yanay et al. found that cumulative dosage and

male gender have independent effects in children, and in contrast to Camet et al., they also found
that patients receiving a single high dosage (100 or 120mg/m2) were at greater risk of
developing CIO than thosetnts that received multiple lower dosages (20 mg/m2 for 5 days)
(2012) This difference may be due to the types of cancers being treated, the age of patients,

cohort size, etc.

Yaneey et al. also found that gender played a significant role in susceptibility, which can
be supported by an in vitro study by Huang et al., who determined that cells derived from male
patients were more suscepti bl eerivedbcells,ibig@ailyat i nds
in one cell line examine(®007; 2012) However, another in vivo study by KirKim et al.
contradicted these two studiesé findings, whi
Wistar albino rat$2015) They found the hearing of female rates after a single dose of 16mg/kg
was significantly worse compared to male rats, however, their sample size was relatively low,
with only 7 rats examined in each group. Gender may play a role in CIO susceptibility for
various reasons, including drug absorption, drug distribution, metabolism, drug
elimination/excretion, hormones, efSoldin & Mattison, 2009)However, its overall

contribution is still unclear.

Another factor that has gained substantial interest for contributing to CIO susceptibility is
a persondés genetics. Several polymorphic gene
susceptibility, including those in glutathiofetransferases (GSTPGSTM1, GSTM3),
mitochondrial genes, excision repair crassnplementing group 2 (ERCC2), xeroderma

pigmentosum complementary group C (XPC), thiopuriimeedhyltransferase (TPMT), catechol
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O-methyltransferase (COMT), lowensity lipoprotein receptaelated protein 2 (LRP2)

(megalin), acylphophatase(ACYP2), superoxide dismutase 2 (SOD2), AdiRding cassette C
subfamily member 3 (ABCC3), CTR1, and nuclear factor erythroiléted facto2 (NFE2}

like 2 (NFE2L2)(Callejo et al., 2015; Hagleitner et al., 2015; Rybak et al., 2009; Tserga et al.,
2019) The mechanisms behind their contribution to CIO can be found in Tserga et. al., and
references thereif2019) However, it is worth noting that one LRP2 polymorphism (rs4668123)
was only found to significantly affect CIO when combining multiple studies, demonstrating the

importance of sample size when performing studies for genetic associations to. disease

1.2.5 Mechanisms of CIO

The molecular mechanisms behind CIO are still being investigated, but it is generally
accepted that cisplatin must enter the cochlea to induce its cytotoxic effects. Thabioodh
barrier (BLB) presents as the first obstacle for cisplatin to endéantier ear, as its regular
function is to protect the cochlea from toxins and regulate the passage of fluids and nutrients
(Juhn, Rybak, & Prado, 1981; Nyberg et al., 20¥8ixhin the cochlea, cisplatin primarily
affects the outer hair cells, cells within the stria vascularis (SV), the organ of Corti, and the spiral
ganglion(Sheth et al., 2017Yhe SV is one of the vascular tissues of the BLB and the first site
of inner ear cytotoxicity from cisplatin administration (Figure (X3)Wang et al., 2023)The
SV is principally comprised of two epithelial layers, the basal/intermediate cells and the marginal
cells(Liu et al., 2016) The marginal cells express one of the major transporters responsible for
cisplatin uptake, CTR1, leading to cisplatin accumulation within the SV and increased
permeability of the BLEX. Wang etal.,,2023) SV damage i mpairs the en
regulation, which is required for normal auditory funct{dnLi et al., 2023) Other routes of

cisplatin entry are undoubtedbyesent within the cochlea but have yet to be determined.
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Once cisplatin is taken into the SV, it enters the endolymph, where it can enter the
cochlear hair cells via passive diffusion, cation transporters, transient receptor potential (TRP)
channels, and mechamtectrical transduction (MET) channél. Li et al., 2023) The
mechanisms behind how cisplatin transitions into the endolymph are unknown and require
further study. Since the hair cells of the inner ear are senescent, apoptosis from cisplatin DNA
adducts that induce cell cycle arrest is unlikely. However, dismum gene transcription from
DNA adducts and/or gene mutations may still play a role, as well aBNé&ndamaging
mechanisms such as ROS generation, inflammation, mitochondrial dysfunction, and activation of

pro-apoptotic pathwayfevarajan et al., 2002)

Currently, it is accepted that an increase in ROS is one of, if not the main cause of CIO
(Tang et al., 2021)The different signals believed to initiate ROS generation within cochlear
cells include DNA damage, an increase in inflammation and inflammatory signalling,
overproduction of oxidases, depletion of antioxidant systems, and dysfunction of the
mitochondrisand ER(Babolmorad et al., 2021; X. Wang et al., 20Z3)e antioxidant system in
the cochlea includes catalase, superoxide dismutase, reduced glutathione, and glutathione
peroxidas€Ravi, Somani, & Rybak, 1995pne major source of ROS generation within the
cochlea is NADH oxidase 3 (NOX3), which is highly expressed in the organ of Corti and spiral
ganglion(Karasawa & Steyger, 2019)I0X3 is an oxidant that can be oaativated by
cisplatin, leading to the generation of ROS. As mentioned in section 1.2.1, ROS can increase
directly from cisplatininduced DNA damage and depletion in antioxidant scavengers such as
GSH. The overactivateNOX3 in cochlear cells produces an excess of ROS that can overwhelm

endogenous antioxidant systems leaving ROS to induce apato¥i&ang et al., 2023)
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However, NOX3 is likely only partially responsible for ROS generation but offers a valuable

therapeutic target to help mitigate cell damage.

Inflammation is also considered a significant mechanism of CIO due to the prolonged
and exacerbated accumulation of proinflammatory factors and increased ROS generation. Both
damageassociated molecular patterns (DAMPSs) and cisplatin directly contribthe to
inflammation of the cochle@. Wang et al., 2023)loll-like receptors (TLRs) are innate
immune signalling molecules, and their functions are discussed in more detail within section 1.4.
Toll-like receptor 4 (TLR4) is the most waltudied proinflammatory initiator for its
involvement in CIO. After cispltin damages the cell, TLRs are activated by DAMPs, resulting
in the release of inflammatory cytokines, including tumour necrosis fatgha (TNFU ) |
interleukinl-b  €11bD) , -&(Bethzadi, GarciiPerdomo, & Karpinski, 2021 Concerning
CIO, these cytokines induce inflammation and promote ROS genef@imy et al., 2020)
Moreover, cisplatin has also been shown to bind to TLR4 directly, inducing its activation and
leading to proinflammatory cytokine release and subsequent ROS gen@atimimorad et al.,

2021; Domingo et al., 2023)

Increases in ROS also upregulates the expression transient receptor potential vanilloid 1
(TRPV1) channel, which regulates calcium ion influx and can act as a channel through which
cisplatin enters cochlear cells, increasing @XOWang et al., 2023)TRPV1 channels are
highly expressed within the basal turndés oute
oxidative stress produced by inflammation and NOX3. This leads to increased cisplatin
accumulation as well as increased cytosolic calcium, Hotthizh induce apoptosis in cochlear

cells(Mukherjea et al., 2008)-urthermore, the increase in ROS is linked to activation of the
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transcription factor signal transducer and activator of transcription 1 (STAT1), which promotes

inflammation and activation of p53 leading to cell dg&thmitt, Rubel, & Nathanson, 2009)

Dysfunction of the mitochondria also contributes to ROS generation and CIO.
Mitochondrial function to produce energy for the cell and requires tightly regulated ionic
gradients. The reactions leading to energy production occur within the inner mitochondria
membrane along the mitochondrial respiratory chain. These complexes perform multiple redox
reactions that lead to ATP generation and the conversion of oxygen to water. It is unsurprising
that the mitochondria contribute to ROS generation in the presécclatin(Marullo et al.,

2013) Cisplatin damages the mitochondria by activatingBfamily members, leading to
mitochondrial permeability transition and release of cytochrome C, activating caspases and
apoptosigDevarajan et al., 2002Cisplatin also binds directly to mitochondrial DNA, inhibiting
replication and transcription of genes, leading to the accumulation of misfolded proteins and cell

death(Wisnovsky et al., 2013)

Understanding the mechanisms currently known to lead to CIO allows for the
investigation into therapies based on rational drug design for treating this debilitating condition.
Although the mechanisms behind CIO have yet to be &lllgidated, continued research in this
area would uncover new mechanisms and validate new targets for the therapy of ClIO. Moreover,
understanding how cisplatin induces CIO can improve the design for the next generation of

platinum therapeutics and lesséeit impact to cells of the inner ear.

1.2.6 Current therapies and management for CIO

Recently, sodium thiosulfate (STS), also known as Pedmark®, was approved by the FDA
on September 20th, 2022 as an approved treatment to mitiga{gRCI®), 2022) The drug was
approved following two clinical randomized controlled trials, SIOPEL6 (NCT006521320 and
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COG ACCL0431 (NCT00716976). SIOPELS involved 114 patients younger than 18 treated with
six cycles of cisplatin and various dosages of STS (10g/m2, 15g/m2, 2(g&/iroek et al.,

2018) They found that those treated with cisplatin and 20g/m2 STS had a 48% lower incidence
of hearing loss and a 6% greater survival rate after three years. Cisplatin was delivered
intravenously over 6 hours at 80mg/m2 for two preoperative and two postepesaties, while

STS was delivered intravenously over 15 minutes six hours after cisplatin infusion. COG
ACCLO0431 involved 135 pediatric patients being treated with cisplatin with cumulative doses of
at least 200mg/m2 or greaf¢FDA), 2022; Freyer et al., 201 W atients treated with STS and
cisplatin showed 14% lower incidence of hearing loss compared to cisplatin only controls.
Patients receiving STS were dosed at 16g/m2 six hours after cisplatin treatment. Systemically
administered STS can complex with cigplaand be excreted by the kidneys, reducing free
cisplatin that may cause undesirable effé€eng et al., 2021)0n top of its improved removal

of cisplatin, STS further mitigates CIO by acting as a free radical scavenger, reducing ROS, and
preventing its many prapoptotic effects. Multiple prelinical in vitro and in vivo studies, as

well as other clinical studs, have supported the efficacy of STS in reducing CIO, however due
to its mechanism of action, there -tudoura possib
effects(Dickey et al., 2005; Duinkerken et al., 2021; Leitao & Blakley, 2003doon et al.,

2000; Neuwelt et al., 1996; Wang et al., 20@8xurrent solution to this problem is trans

tympanic delivery, which would localize its effects on the inne [2ainkerken et al., 2021)
Developing a therapy that does not directly interact with cisplatin, but mitigates its side effects

could further improve treatment of CIO alongside STS.

Other antioxidants have been examined for their therapeutic efficacy in reducing CIO.

These include, but are not limited to;adetylcysteine (NAC), amifostine, lipoic acid,
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glutathione ester, melatonin, methylthiobenzoic acid (MTBA), andr-methionine, trolox,
dexamethasone, resveratrol, ginkgo biloba extract, diethyldithiocarbamate, methylthiobenzoate,
caffeic acid, thiourea, ebselen, and salyci(&&toni & Astolfi, 2020) Like STS, NAC is a thiel
containing compound that acts as a potent antioxidant and can bind to cisplatin to facilitate its
excretion. A randomized nonblinded clinical trial by Yoo et al. evaluated the efficacy of 2% L
NAC and found improved CIO by 18% iwo patients, but was overall ineffecti{2014) This
inconsistent data has been observed with the use of other antioxidants, which has led to their
delay in further application for the treatment of GFdeyer et al., 2020; Ha et al., 2020ther
promising treatment options are phenolic compounds such as curcumin and ferulic acid, which
increase the activation of antioxidant pathways and can downregulate the activity of apoptotic

pathwaygFetoni & Astolfi, 2020)

Due to the limited treatment options for CIO, further innovations are paramount to
improving the quality of life for patients following cisplatin treatment. Two national associations
provide ototoxicity surveillance guidelines: The American SpeeanguageHearing
Association (ASHA) and The American Academy of Audiology (AAA). The ASHA
recommends preeatment baseline monitoring, interval monitoring during treatment, and post
treatment monitoring at the end of treatment, three months, and stksmstisplatin therapy
(Konrad-Martin et al., 2005)The AAA also recommends pteeatment baseline monitoring and
3-month postreatment monitoring but also proposes annual monitoring in those that have
undergone or are currently undergoing head and neck radiation as this is a factor for increased
risk of CIO ("American Academy of Audiology Position Statement and Clinical Practice
Guidelines: Ototoxicity Monitoring," 2009Audiological testing to examine cochlear injury

includes basic audiological assessment, otoacoustic emission measurement, extended high
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frequency (EHF) pure tone audiometry, speech and impedance audiometry, auditory brainstem
response test, and distortion product otoacoustic emissions (DPOAES) (€siimgs & Albu,

2014) These tests evaluate the ability of a patient to hear, especially in the high frequeBcies (4
kHz) often affected by CIO. DPOAESs are particularly important in testing for CIO as it is more
sensitive than EHF testing, depending on the integrity of kedg themselves, and does not rely

on patient response, which could be compromised or complicated, especially in children, during

and after their treatme(€hirtes & Albu, 2014)

In summary, cancer treatment is often considered a dewlgled sword in that it helps or
can even cure a lifthreatening disease but can also leave you with lifelong conditions impacting
your everyday life. While there are attempts to reduce theseff@desemany have been
unsuccessful due to a variety of challenges. One challenge arises in the availability of
appropriate platforms that are accessible yet faithfully represent the in vivo complexity for
dissecting the mechanisms behind CIO. Furthernmasy of these platforms fall short in their
ability to empirically test innovative anr@1O approaches. As such, in the following section, we

consider a role for zebrafish larvae in assisting with filling this gap

1.3Zebrafish as a model of cancer and CIO
1.3.1 Zebrafish as a model organism

The use of zebrafish as an animal model has grown considerably in past decades and has
been used to study human nervous system diseases, cardiovascular and metabolic diseases,
mental disorders, cancer and m@@oi et al., 2021; Philip et al., 2017; Tonon & Grassi, 2023;
K. Wang et al., 2023)The utility of in vivo models compared to cell cultures stems first and
foremost from the benefit of examining the physiological functions and systemic interactions that

give rise to a response within an organ{®arré Sinoussi & Montagutelli, 2015; Murphy, 1991;
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World Health Organization: CanceR023) For example, pepsin secretion requires inputs from

the nervous system and other hormones such as secretin, gastrin, and cholecystokphiy

1991) Using whole organisms also allows for a broader range of disease phenotypes to manifest
during experimentatio(MacRae & Peterson, 2018}ell culture can facilitate the formation of
hypotheses, specific interactions at a cellular level, and postulation of models, but whole
organisms are needed to demonstrate their application. The use of zebrafish as an animal model
for disease and nov#ierapeutics was proposed in 1981 by Streisinger et al., who examined the
production of genetic homozygotes in zebrafish emb(y881) Later in 2001, the zebrafish
genomesequencing project established a complete genome sequence for zebrafish, which led to
the finding that greater than 80% of diseesdated genes in humans can be related to at least one
zebrafish orthologHowe et al., 2013)The sequencing and mapping of the zebrafish genome

greatly facilitated its transition into the spotlight as an animal model.

Several innate characteristics of the zebrafish are advantageous over rodents and other
models when studying vertebrate diseqsésd e f egha et al ., 2022; Has o
Kwiatkowska et al., 2022; Raby et al., 2020; Tonon & Grassi, 202y have large clutch
sizes (>100 embryos) that develop outside the body quickly, which allows for high throughput
assays and large studies to be performed in a relatively short (fhitig et al., 2017)

Compared to murine models, which often only have sidgjé sample sizes, the large number

of zebrafish larvae also facilitates simultaneous testing of multiple hypotheses, or empirical
testing of interventions, at once. Multiple different technologres$ assays have been developed
to facilitate larval phenotyping and observation to optimize the utilization of their high numbers
(d'Alencon et al., 2010; Lessman, 2011; McCarroll et al., 2016; Miscevic, Rotstein, & Wen,

2012; Pulak, 2016; G. Wang et al., 2015; Yew et al., 204@) only can they produce mass
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number of embryos at once, but their larvae are also small (~4 mm in length) and robust, which
helps reduce housing and maintenance costs compared to other models. Furthermore, the small
size of the animals means they will often require less reagent estargt allowing for the
conservation of materials with greater statistical output. Moreover, the transparent larvae make it
possible to visualize and document processes happening within the bodytimegavhich is

more difficult in rodents. Togethdhese advantages demonstrate the added value zebrafish
provide as an animal model that complements what can be traditionally achieved within cell

culture and more established models such as rodents.

As with every model, there are limitations and drawbacks to zebrafish, many of which
parallel its advantages. The ability to examine interactions between a whole system is an
advantage but can also make it difficult to isolate and identify underlyingsafiaa observed
effect. Furthermore, the small size of zebrafish can make it challenging to collect and analyze
tissue. Zebrafish are also aquatic poikilotherms, and their environment can both complicate and
facilitate drug administration and functionalays. Their inability to consistently regulate body
temperature can also be a challenge during xenotransplantation due to compromising the cells
from humans, which require roughly 37°C temperatures to su{Baiuso, Nagaraju, &

Hurlstone, 2015)Furthermore, relatively few antibodies are available for immunohistochemical
studies compared to other animal models. Lastly, their time to sexual maturity is around three
months, which is similar to rodents, and provides no additional benefit to tamgen of

knockouts and transgeni@astone et al., 2017; Philip et al., 2017)

1.3.2 Zebrafish in cancer research
As described above, there are multiple advantages to using zebrafish as a model for

vertebrate disease and recently, zebrafish contributions to cancer research have grown rapidly.
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Over 50 models of human cancer have been established in zebrafish that closely resemble their
human counterpar{€asey & Stewart, 20205ome of these cancers include leukemia,

melanoma, pancreatic cancer, liver cancer, testicular cancer, glioma, thyroid cancer,
neuroblastoma, and sarcol#estone et al., 2017; Casey & Stewart, 2020; White, Rose, & Zon,
2013; Yen, White, & Stemple, 2014)ue to the high degree of protein and signalling

conservation within zebrafish, these cancer models have helped us identify pathways that
underlie their growth, metastasis and treatment resgdiese White, & Stemple, 2014More
importantly, a plethora of new therapies and drugs have been identified that mitigate disease
phenotypes and have been moved into clinical tfiadgrado et al., 2018 ebrafish have also

been paramount in understanding the molecular actions of these drugs and appropriate dosages.
Some of these drugs include ProHema for the treatment of hematological malignancies,
Rosuvastatin as an antiangiogenesis drug, leflunoroidad¢lanoma, amitriptyline and

paroxetine for the treatment of hepatocellular carcinoma, and rapamycin, disulfiram, and
tanshinone for treatment of melanofthatrado et al., 2018Detailed reviews on specific cancer
models generated in zebrafish can be found elsewAstene et al., 2017; McConnell, Noonan,

& Zon, 2021; Yen, White, & Stemple, 2014erein a brief outline of techniques used to

generate cancer models are discussed.

In cancer research, zebrafish provide a unique advantage over rodent models because of
their reduced cost and time for assessing novel therapies, genetic and drug screening scalability,
and optical transparency for monitoring and in vivo imad@gsey & Stewart, 2020However,
rodents remain a widely implemented-gtmical model due to their physiological similarity to
humans, accurate drug delivery, dosing and metab¢sanghal et al., 20235everal strategies

have been used to generate zebrafish cancer models, primarily engineering mutant lines,
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generating transgenic lines and xenotransplantéitietnado et al., 2018fForward genetic

screens using carcinogens and retroviruses in zebrafish are often used to identify new genes
responsible for generating cancers and their mechanism of é€toamtkowska et al., 2022;

Raby et al., 2020N-ethyFN-nitrosourea (ENU) is a commonly used reagent to induce point
mutations in Drosophila, mice, and zebrafi€runwald & Streisinger, 1992; Mullins et al.,

1994; Russell et al., 1979; Zimmering & Thompson, 19BMU is a highly potent mutagen that
induces mutations in prand posimeiotic cells, making it useful for screening the effects of
new mutationgTrevarrow, 2011)Following the generation of tumours, molecular techniques
such as oligonucleotide microarrays and in situ hybridization are used to determine gene
expression profiles, allowing for the identification of mutations that give rise to these
malignancies antheir similarities to human tumour expression prof{lésudijs et al., 2005;

Lam et al., 2006; Sonawane et al., 200%verse genetic screens through targeting induced
local lesions in genomes (TILLING) is another commonly used technique to generate zebrafish
cancer models that are known to be linked to specific gdheSallum et al., 2000)This

approach can generate mutations in almost any allele within zebrafish and produce specific
malignancies for further studyVienholds et al., 2002)

While classic reverse genetic approaches are highly useful, and TILLING holds some
promise, other forward genetic manipulation techniques have since been developed. Gene editing
technologies such as zifiager nucleases (ZFNs), transcription activdibe effector nucleases
(TALENS), were innovative but are now supplanted mainly by clustered regularly interspaced
short palindromic repeats (CRISPR). These have improved our ability to precisely modify and
study genes, especially those involved in canceergdion, progression, and prevention. These

site-specific endonucleases generally work by providing a protein-{iriger, TALE, Cas9,
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respectively) with instructions (either through its structure (ZFN and TALEN) or an exogenous
sequence (CRISPR)) that allows them to recognize a portion of the genome to induce single or
doublestranded breaks leading to mutations during the repair pr@l@agsGersbach, & Barbas,
2013) On the other hand, transgenic zebrafish models allow for the expression of genes
throughout or within specific tissues of the zebrafish to determine their gfRatty et al.,

2020) Using a tissuspecific promoters, different oncogenes suchigg Akt2, mitfa ptfla,

and more have been expressed to give rise to models of acute lymphoid leukemia, different types
of sarcomas, melanoma, pancreatic cancer, liver cancer, brain tumours, etc. within their
respective tissug8orga et al., 2019; Gutierrez et al., 2011; Patton et al., 2005; Yang et al.,

2004) Moreover, combining the optical advantages of the zebrafish and transgenics facilitates
the use of fluorescent proteins that allow for the visualization of cells, processes, and subcellular
structures involved in canc@Bamble et al., 2021)

Another advantageous model of human cancers gaining substantial notoriety in zebrafish is
xenograft transplantation. Xenograft transplantation is the process of taking living cells from one
species and implanting them into an organism of another sge¢leds s on & Ba.rt Tn Dk,
Xenotransplantation in other animal models, such as rodents, is limited by the number of animals
that can be grafted, the rejection of grafted cells by an immune response, and the inability to
view the tumour and its cells in vitro. Zebrafish do notyfdlévelop an adaptive immune
response until roughly 28 days pdsitilization (dpf), allowing for the xenotransplantation of
human cells without immune rejection, suppressive drugs, or immunocompromised animal
models(Lam et al., 2004)This makes zebrafish embryos and larvae the preferred age for
xenotransplantation, with two dpf embryos being the most commonly used tim@pamble et

al., 2021) Due to their fast development, larvae already have brains, hearts, and livers. The use
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of xenografts in zebrafish is especially beneficial when examining therapeutics and processes
such as angiogenesis, tumour cell extravasation, migration, and metastasis due to the ability to
visualize these processes in vil@trado et al., 2018; Nicoli et al., 200Dnfortunately,
zebrafish larvae grow and flourish in 28°C, but human cells are only stable within a narrow
range surrounding 37°(@Gamble et al., 2021However, zebrafish can survive in temperatures
ranging between 32°C and 36°C and others have reporid8°8as a compromise for both the
cells and the zebrafish hd&arriuso, Nagaraju, & Hurlstone, 2015; Singhal et al., 2023)
Another advantage in zebrafish comes from their small size, as only a population of 100 donor
cells or less is often required for transplantation, while much greater cell masses are required in
rodent model§Gamble et al., 2021 his also comes with the disadvantage that small cell
populations can increase heterogeneity between xenotransplant models. In light of these
advantages, the major utility of zebrafish xenografts comes from their ability to evaluate anti
tumour therapieand the impact of other drugs-administered alongside them. The xenograft
transplantation models of human cancers in zebrafish and their drawbacks have been discussed
previously in more detail elsewhgi®arriuso, Nagaraju, & Hurlstone, 2015; Cabe3az et
al ., 2020; Hasan & BartTnDk, 2019)
1.3.3 Drug discovery in zebrafish

One of the most prominent applications of the models described above is in discovering
novel therapeutics for disease. Zebrafish can readily identify compounds that mitigate or cure
disease phenotypes, characterize the compounds used, and observe mmaklolelitefits or
issues with drug application. Letrado et al. reported that up until 2018, there were 355 instances
of zebrafish being used for drug discovery in cancer thg2iy8) Compared to screening

drugs in cell culture based on their action on a specific target, phenotypic drug screening in
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zebrafish is beneficial because it does not require a known target to be validated to determine its
effects(MacRae & Peterson, 2015; Rennekamp & Peterson, 20&) can observe effects
generated through multiple molecular targets simultaneously. For example, the effects of
ezetimibe were known before NiemaRitk CZklike protein 1 (NPC1L1) was discovered as its
molecular target, and the antiarrhythmic agent danione was found to exert its effects on
multiple structures at once long after its discoW&hader, 2004; Kodama, Kamiya, & Toyama,
1997) Zebrafish also provide early insight into the toxicity of novel drugs, which is often not
performed until late into preclinical testing in rodent modklacRae & Peterson, 2015lhis

allows drugs to be removed from further testing earlier in development, conserving time, effort,
and money. Zebrafish are often used to examine novel classes of compounds, but because of
their ability to demonstrate multiple effects at once, thexeledso been used to discover new

uses and targets for existing compounds. For example, cyclooxygenase (COX) inhibitors that
were already clinically approved as nonsteroidalgfiiimmatory drugs, were identified as
potential therapeutics for leukemiadrtransgenic acute myeloid leukemia zebrafish model

through a high throughput drug scré&teh et al., 2009)

One hurdle to overcome when testing drugs on zebrafish is determining the mechanism of
action after observing phenotypic effects. For example, direct binding partners are often more
easily identified within cell culture. This shortcoming carokercome by comparing the
structure of the novel compound with otlegll-establishedompounds, examining its binding
activity through affinity purification, looking for compounds that produce similar phenotypes,
assessing expression differences withariodel, computational analyses, protein microarrays,

and morgRennekamp & Peterson, 2015; Tamplin et al., 2012; Ziegler et al.,.2013)
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Screening of compounds in zebrafish is most often performed through bath application of
the drugs. Bath application implies that the compounds are administered to the media within
which the zebrafish are immersed. They can then absorb compbumagh their skin and by
swallowing(Zhang et al., 2015However, this can be complicated depending on the
characteristics of the drug, especially if it has a low solubility, permeability to the zebrafish, or is
insoluble in water. These issues can be overcome by first dissolving the compound of interest in
avehicle, such as DMF (Dimethylformamide) or DMSO (Dimethyl sulfoxide), which can then
be added to the media at a known concentration. Another option is through direct administration
of the drug, but this reduces the hitjinoughput nature of the model aisdnuch more invasive,

possibly interfering with experimental outcon{&snkel et al., 2010)

1.3.4 The zebrafish acoustidateralis system and CIO

CIO primarily affects the inner ear hair cells within mammals. Zebrafish do not contain a
cochlear structure; however, they do contain
hair cells of mammals. This subsection will describe why their acotlstieralis system

provides an excellent model for studying CIO and related therapies.

Like all fish, zebrafish likely use their auditory system to learn about their environment,
protect against threats, and communicate with one an@®bpper & Sisneros, 2022; Poulsen et
al., 2021) The acoustictateralis system of zebrafish is functioning by five dpf and refers to
their inner ear and lateral line systé@handiwad et al., 2018; Han et al., 2020; Lara et al., 2022;
Moorman, 2001)Unlike mammals, zebrafish do not possess a cochlea within their inner ear,
however, they have an accessory hearing structure called the Weberian ossicle that transmits
vibrations from their swim bladder to the inner @aadich & SchulzMirbach, 2016; Moorman,

2001) It is important to note, however, that the Weberian ossicle is not developed in zebrafish
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larvae, although they are reported to process auditory information as well agldidg$set al.,

2003; Inoue, Tanimoto, & Oda, 2013) addition to their Weberian ossicle, the zebrafish inner
ear is composed of three semicircular canals, the saccule/saccule otolith, lagena/lagena otolith,
sinus impar, utricle/utricle otolith, macula lagenae, macula sacculi, and macula utriculi
(Baxendale & Whitfield, 2016; Ladich & SchuMirbach, 2016; Popper & Sisneros, 202Phe
otoliths begin to form around 18 hours post fertilization (hpf) and utricular and saccular otoliths

are fully formed by 36 hpfMoorman, 2001)

The inner ear can be divided into upper and lower sections, with the upper inner ear
comprising the vestibular system and consisting of the semicircular canals and the utricle
(Ladich & SchulzMirbach, 2016) The lower inner ear consists of the saccule and lagena. The
maculae are embedded within their respective otolith and comprise sensory hair cells. Like other
fish, the vestibular system is used to help determine body position and motion by changes in
acceeration, while the saccule and lagena are the main auditory qigans, Tanimoto, &

Oda, 2013; Ladich & Schullirbach, 2016) Adult zebrafish can detect frequencies up to 4000

Hz, which is mainly mediated by their Weberian osgPleulsen et al., 2021)arvae, on the

other hand, are reported to respond behaviourally to frequencies from 50Hz to 1200Hz and

similar to goldfish, they have been shown to respond maximally with frequencies between 100
400Hz(Bang et al., 2002; Bhandiwad et al., 2018; Lu & DeSmidt, 2013; Zeddies & Fay, 2005)
These studies use a wide range of methods to
microphonic potentials with direct stimulation to the inner(Bang et al., 2002)measuring the

acoustic evoked startle resporiBhandiwad et al., 2018; Lu & DeSmidt, 2018)easurement of

the auditory brainstem respor($tggs et al., 2003)and examining neuronal activation using

calcium imagingPoulsen et al., 2021; Privat et al., 2019; Vanwalleghem, Heap, & Scott, 2017)
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The lateral line is reported to be most sensitive to lower frequencies between 50 and 450 Hz,
with a loss in auditory responsiveness occurring with a reduction in hai{Belig et al., 2002;
Lara et al., 2022; Privat et al., 2019his begins to demonstrate the potential of zebrafish larvae

for modelling hearing loss due to hair cell damage.

The zebrafish lateral line is used to detect changes in water movement, allowing them to
orient themselves in currents, detect obstacles, prey, predators, and ea@@adtimalbi,
Scianna, & Preziosi, 2020; Thomas et al., 20T8g lateral line is comprised of superficial
clusters of mechanosensory hair cells called neuromasts, which are deposited around the head in
the anterior lateral line (aLL) system and the body in the posterior lateral line (pLL) system
(Ghysen & DamblyChaudiere, 2004; Hardy et al., 202The development of the pLL begins
around 20 hpf, with the formation of a placode of ~100 cells called the primordium, which is
posterior to the otic vesicle of the inner €aolombi, Scianna, & Preziosi, 2020; Dalle Nogare
& Chitnis, 2017; Gompel et al., 200Zhe primordium migrates using signals from chemokine
stromatderived factor 1 (SDF1) down the body of the larvae and depe8itseGromast
progenitors (proneuromasts) in stereotypical posit{@wombi, Scianna, & Preziosi, 2020;
Ghysen & DamblyChaudiére, 2004; Valentin, Haas, & Gilmour, 200/)e deposition and
development of proneuromasts continues until around 48 hpf, by which time they have
differentiated into support cells and hair cells to form mature neurof@stsmbi, Scianna, &
Preziosi, 2020; Gompel et al., 200f).L. neuromasts are connected to the hindbrain via
peripheral bipolar neurons that merge into a cluster called the pLL ganglion behind the ear
(Alexandre & Ghysen, 19997 he lateral line becomes fully functional by five dpf and continues

to develop throughout adulthood (Domarecka et al., 2020; Ma & Raible, 2009; Thomas et al.,
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2015).Due to the highly regulated developmental process of the lateral line, the positions and

structure of neuromasts between different larvae are conggoeedpel et al., 2001)

Neuromastarecomprisel of a ring of support cells surrounded by a central cluster of 8
20 hair cells at five dpfMa & Raible, 2009)While there are differences, the hair cells within
neuromasts share functional and morphological similarities to the inner ear hair cells of
mammalgChiu et al., 2008; Domarecka et al., 2Q2Z8milarities are even found at the genetic
level, with many genes implicated in mechanotransduction, hair cell integrity, synapse
transmission, and survival, sharing a close counterpart in mar(ietdson, 2005)Neuromast
hair cells contain stereocilia and kinocilia organized into rows that increase in height towards one
end(Nicolson, 2005) The hair cells in neuromasts are organized into two groups, with their cilia
bundles mirroring one another, which allows them to respond to stimuli from opposite directions
(Hardy et al., 2021; Thomas et al., 20IB)e cilia are surrounded by a gelatinous cupula that
deforms during movement, activating hair céNscolson, 2005)Along with the high degree of
similarity to mammals, the superficial position of the lateral line neuromasts are accessible to
drug treatment, making them an ideal model for studying mechanisms of hair cell death from

ototoxic insult.

Zebrafish larvae are a common model used to investigate ototoxicity and compounds
capable of protecting agains{idomarecka et al., 2020fluorescent microscopy involving the
lateral line is a welkstablished method for examining ototoxidiBaxendale &Vhitfield,

2016; Lee et al., 2022; Ou, Raible, & Rubel, 2007; Wertman et al., 20283 such as FM43,
DASPEI (2(4-(Dimethylamino)styryhN-ethylpyridinium iodide), and Y@RO1 are all
commonly employed for these purpo$Baxendale & Whitfield, 2016; Owens et al., 2008)

Stains are added to the media and absorbed by the hair cells after cisplatin treatment through bath
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application. Since the compounds mentioned above are vital dyes, this method allows for the
selective examination of living hair cells and support cells within neuromasts, as they are the
only exposed structures available for labell{Baxendale & Whitfield, 2016)DASPEI is a
mitochondrial stain capable of depicting cellular survival based on mitochondria function and
density(Wong et al., 2023)Since cisplatin induces neuromast hair cell death in a dose
dependent manner, DASPEI fluorescence can be used to assess hair cell viability based on

fluorescent intensityHarris et al., 2003; Ton & Parng, 2005)

Another method that complements morphological analyses for examining ototoxicity is
using behavioural assays. Due to the requirement of functional hair cells in certain behaviours,
ototoxic compounds have been shown to impair the startle response aadig{Botck et al.,

2012; Niihori et al., 2015; Todd et al., 201The startle response is an autonomous reflex
evoked during exposure to sudden aversive external stimuli and is present within larvae by five
dpf, aligning with the maturation of the lateral line neurom@tek et al., 2012)Behavioural
analysis provides information on the ability of hair cells to function after exposure to ototoxic
substances and compounds purposed as otoprotectants. Furthermore, with advancements in
technology available, high throughput behaviour assaysraerging in zebrafish movement
tracking, allowingfor the screening of thousands of chemicals and their effeaty et al.,

2002; Han et al., 2020; Tantry, Harini, & Santhakumar, 2022)

While the lateral line provides unique advantages to examining ototoxic compounds, it also
has several limitations. First, it does not adequately model cisplatin's barriers to entering and
inducing its toxic effects on hair cells. Second, many structunesply affected by cisplatin,
such as the SV, are absent in zebrafish. This prevents any information on the effects of drugs on

these structures from being observed. Third, zebrafish share only 70% homology with the human
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genome and thus may lack or express proteins not found in their mammalian counterparts.
Additionally, zebrafish can regenerate hair cells and associated structures, which does not occur
in terminally differentiated mammalian hair celi$ardy et al., 2021)it is worth noting that it

takes up to 24 hours for the functional regeneration of hair cells after damage. Therefore, a
mammalian system may not be faithfully represented by zebrafish and would require

complementing studies in mammalian models to confindings

1.4The innate immune system and tollike receptor 4

1.4.1 The innate immune system

Innate immunity is the first system to evolve as a line of defense against invading
pathogens and foreign particlgs & Wu, 2021) It plays a crucial role in generating an
inflammatory response to eliminate pathogens while priming and activating the adaptive immune
system(Kaur & Secord, 2019)The skin acts as a physical barrier between the environment and
the host, protecting it fromnanypossible threats, along with mucosal tissue, low stomach pH,
saliva, and other secretio(Riera Romo, Pérellartinez, & Castillo Ferrer, 2016; Turvey &
Broide, 2010)If a pathogen can enter the host, it will be greeted with a barrage of circulating
innate immune proteind urvey & Broide, 201Q)These include complement proteins, LPS
binding protein (LBP), pentraxins, antimicrobial peptides, and collectins. These proteins help
initiate immune responses and clearance of pathqdemngey & Broide, 201Q)The other major
component of innate immunity is through a cellular defence system and includes monocytes,
neutrophils, macrophages, dendritic cells, natural killer cells, mast cells, eosinophils, and
basophilLi & Wu, 2021) These cells mainly use three strategies in the recognition of foreign
invaders: recognition of DAMPs, recognition of cells lacking expression ofdpesific

molecules, and recognition of pathoggssociated molecular patterns (PAMB&ur & Secord,
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2019) PAMPs are essential in a microorganism function, are often found in multiple different
pathogens, and have unique characteristics from the host that enables a distinction between host

and invasive microbg&indel & Kubes, 2020)

PAMP recognition is achieved by displaying germdareoded receptors on their surface
called pattern recognition receptors (PR@subaker et al., 2015PRRs are categorized into
five classes based on domain homology: Allk2 receptors (ALRS), @ype lectin receptors
(CLRs), retinoic acidnducible genel-like receptors (RLRs), and nucleotide oligomerization
domainlike receptors (NLRs), tolike receptors (TLRs). NLRs are composed of a nucleatide
binding domain, a leucingch repeat domain, and antBrminal effector domain. They are
responsible for recognizing intracellular PAMPs such as diaminopimelic acid, sSRNA, muramyl
dipeptide(Li & Wu, 2021) RLRs are also intracellular receptors mainly responsible for the
recognition of viral nucleic acidfkehwinkel & Gack, 2020)They are classified through the
central DexD/H helicase domain that acts as both an ATPase and helicase. The last intracellular
class of PRRs are ALRSs, which can recognize intracellular DNA through themr@hal HIN-
200 domain and initiate inflammaserformation through their fterminal domair{Man, Karki,
& Kanneganti, 2016)CLRs are phagocytic transmembrane and secretory receptors that
recognize carbohydrate PAMPs through their carbohydrate recognition d@aanbuza &
Brown, 2015) Finally, TLRs are transmembrane signalling proteins that function to bind a wide
range of PAMPs depending on their location and stru¢kaeai & Akira, 2010) TLRs will be
discussed in more detail in later sections. The activation of PRRs leads to both transcriptional
and cellular processes, including the release of proinflammatory cytokines and interferons,

phagocytosis, autophagy, apoptosis, and cytokineegsing(Li & Wu, 2021)
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1.4.2 Fish vs. amniote innate immune system

The innate immune system is well conserved across vertebrate groups due to the
importance of the innate immune system and its components for initiating defences against
pathogengRiera Romo, Péreklartinez, & Castillo Ferrer, 2016frish rely heavily on their
innate immune system mainly due to their adaptive immune response being less efficient than
mammalgKordon, Karsi, & Pinchuk, 2018Yhe physical barriers of fish and other vertebrates
maintain the function of protecting from environmental factors and can express many shared
antimicrobial peptidegRakers et al., 2013WUnlike many amniotes, fish epithelial cells excrete
mucus containing antimicrobial substances to act as a sealant and protect them from pathogens in
their aquatic environment. The mucus that fish excrete on their skin contains conserved innate
immune preeins, with some teleost fish expressing homologs of pentraxins, lectins, lysozymes,
antibacterial peptides, and immunoglobulin@tibe et al., 2011; Vasta, Ahmed, & Odom,
2004) Lin et al. examined the acute phase response within zebrafish, finding many similarities to
mammals as well as some fish specific acute phase proteins such as BQT2Several
complement proteins have also been described in teleost fish, such as C5a, an important
chemokine in macrophage and neutrophil recruitment, and C3, which promotes phagocytosis of

bacteria during infectio(Dalmo & Bggwald, 2022; Uribe et al., 2011)

Regarding innate immune cells, fish produce macrophages, naturalikéleells,
neutrophils, eosinophils, basophils, monocytes, and dendritic cells (DCs). In terms of innate
immune PRRs, they also express multiple TLRs, CLRs, RLRs and [{@tR&g, 2021; Dalmo
& Bggwald, 2022; Li et al., 2017; Mokhtar et al., 2023; Sahoo, 2020; Subi & Shabanamol, 2022;
L. Zhang et al., 2018ALRs are the one class of PRR not conserved within fish, and their

absence suggests that fish have another mechanism for coping with pathogenic intracellular
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DNA (Li et al., 2017) However, it is worth noting that Boudinot et al. have reported the

presence of two HIN200 domain containing genes in coelacéBislinot et al., 2014)Teleost

fish have two natural killer (NK) cell homologs, nrepecific cytotoxic cells and NHke cells,

but these cell types are highly variable in their morphology and acti{ilielshtar et al., 2023;
Yoshida et al., 1995Macrophages are well documented within zebrafish and other teleosts, and
play a crucial role in adaptive immune cell activation and phagocytosis of foreign substances
(Dalmo & Bggwald, 2022)Moreover, macrophages express TLRs on their surfaces and are an
essential source of chemokines, ROS and proinflammatory cytokines such as INBntLIL-

6, which are used to activate immune respo(&emngo Dugue & Descoteaux, 2018DCs also
express TLRs and mainly function in activatindyinphocytes as APQ¥ordon, Karsi, &

Pinchuk, 2018)DCs have been characterized in several teleost fish, including zeljfdéisbi

et al., 2022; Luge/illarino et al., 2010) Granulocytes, including neutrophils, basophils, and
eosinophils, play essential roles in inflammation. Depending on the pathogen, in zebrafish these
cells degranulate and excrete histamines, chemokines, proteases, and ROS at infection sites to
activate issueresident immune cells and recruit leukocytes that further increase inflammation

(CamposSanchez & Esteban, 2021)

1.4.3 Vertebratetoll-like receptors

As mentioned in previous sections, the transparency, genetic similarity to humans, high
throughput nature, the plethora of molecular tools available, and the ability to independently
study innate and adaptive immunity all contribute to the use of zebaafigh excellent model
for studying innatemmunity (Gomes & Mostowy, 2020; Martinedavarro et al., 2020;
Rosowski, 2020; van der Sar et al., 2004)e innate immune system in zebrafish is active as

early as 28 hours pe#rtilization, expressing macrophage cells capable of distinguishing
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between self and foreign bodies, performing phagocytic behaviour, and mounting immune
responses to bacterial infectiafréerbomel, Thisse, & Thisse, 1999; Rosowski, 2020)

Following macrophages, neutrophils are expressed by two daykepditation, representing

the two largest immune cell populations within larval zebrglighGuyader et al., 2008;

Renshaw & Trede, 2012pther innate and adaptive immune components such as NK cells, DCs,
eosinophils, the complement system, cytokines;lita@l receptors (TLRsS), nucleotid@nding
oligomerization (NODJike receptors (NLRs), Tell receptors (TCRs), lymphocytes,
immunoglolulins, major histocompatibility complexes and more have been identified in
zebrafish(Renshaw & Trede, 2012; Rosowski, 2020; van der Sar et al.,.2804) mammals,

the first immune cells to arrive at the site of infection or tissue damage are neutrophils, which are
attracted by an increase in hydrogen peroxide created by dual offitirs@ezNavarro et al.,

2020; Renshaw & Trede, 2012)ther molecules released during injury can activate PRRs, such

as TLRs and NLRs.

Like many other organisms, zebrafish innate immune cells use PRRs for detection of
pathogen associated molecular patterns (PAMPSs). Specifically, TLRs recognize PAMPs, which
are components shared between pathogens, but not host cells. This allows fdeaehigh
evolutionary conservation in TLRs, as changes in the specificity of these receptors may be
disadvantageou£arlos G.P. Voogdt, 2016JLRs are ancient PRRs that arose >700 million
years ago, originally containing only a transmembrane domain with a cytosolic Toll/IL
receptor (TIR) domaifBehzadi, Garci&®erdomo, & Karpinski, 2021YLRs are widely
expressed throughout an organism but play a significant role in antigen presenting cells (APCs)
such as macrophages, dendritic cells, and B (fbach et al., 2013; van der Vaart, Spaink, &

Meijer, 2012) In a recent study by Liu et al., vertebrate TLRs were grouped into eight
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subfamilies based on their sequence homology and ligand recodfitidos G.P. Voogdt,

2016; Liu et al., 2020; Quiniou, Boudinot, & Bengtén, 2013; Wang et al., 20hé)function

and presence of all TLRs is not ubiquitous between vertebrates, but in general, the TLR1 family
consists of TLR1, 2, 6, 10, 14, 18, 25 and 27 and recognizes lipids and lipoproteins. The TLR3
family recognizes doubistranded RNA (dsRNA), wta the TLR4 and TLR5 family recognize

LPS and bacterial flagellin, respectively. The TLR7 family consists of TRRd recognizes
nucleic acid motifs in sSRNA and Cpgdntaining DNA. The TLR11 family consists of TLR11,

12, 19 and 20, with TLR11 and 12 ogmizing profilin(Koblansky et al., 2013TLR19

recognizes dsRNALiao & Su, 2021)and TLR20 lacks a known ligand. Like the TLR3 and

TLR7 subfamilies, the TLR13 subfamily consisting of TLR13, 21, 22 and 23 also recognizes
nucleic acid motifs such as Cps&ntaining DNA, dsRNA, and ssRNAiao & Su, 2021)

TLR15 subfamily is only found in avian and reptile genomes and was found to be activated in a
unique fashion where microbial proteases cleave the ectod¢beifoete et al., 2011; Liu et

al., 2020; Wang et al., 2016)

The number of TLRs an organism encodes varies, with humans and mice encoding 10 and 13
TLRs, respectivelyFitzgerald & Kagan, 2020Prosophilaeencode nine toll receptors, birds
encode 10 TLRs, reptiles encode 13 TLRs, amphibians encode 14 TLRs, and the purple sea
urchin encodes 222 TLRK. L. Wang et al., 2021)The reason for such a range in TLRs
encoded by an organism unknown, but it is speculated to be due to a variety of factors, for
example the evolution of an adaptive immune system, the environmental pathogens an organism
encounters, evolutionary pressyrasd gene duplication everfarlos G.P. Voogdt, 2016;
Glasauer & Neuhauss, 2014; Hughes & Piontkivska, 2008; Ishii et al., 2007; K. L. Wang et al.,

2021) Zebrafish encode 20 TIr homologs, including T 1TIr7-9, and TIr1822 (H. Chen et al.,
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2021) Zebrafish TIr3, TIr5, and TIr79 are orthologs to mammalian TLRs, having similar
functions and structures. Others, such as TA28represent fiskpecific TLRs and appear to

have little to no connection with the mammalian gen@@@hzadi, Garciderdomo, &

Karpinski, 2021; K. L. Wang et al., 202However, some TLR genes, such as Tlr4, have high
sequence similarity to their mammalian counterpart, hence their name and grouping with other
TLR4s, but their function is still under scrutiny within the literat{ire@es et al., 2021; Sepulcre

et al., 2009; Sullivan et al., 2009)

Zebrafish TIr4, 5, 8, and 20 have duplicate genes, which is likely due to fish undergoing
whole genome and tandem duplication evéBlasauer & Neuhauss, 2014hese duplications
can allow for the emergence of new or divided functions between the new genes through
mutation. This process is called neofunctionalization andwuttionalization respectively and
is believed to be the case for a variety of molacstiaictures such as trypsin/chymotrypsin
(Baptista et al., 1998myoglobin/hemoglobiliStorz, Opazo, & Hoffmann, 201,3nd
immunoglobulingGlasauer & Neuhauss, 2014; Hsu et al., 2006; Ohno, 19Fi6)exact origins
and functions of the duplicates of tir4 in zebrafish, termed tlr4ba, tir4al, and tir4bb, are currently
uncertain. A study by Sullivan et al. proposed that a tIr4 precursor was present in an ancient
common ancestor, but both humans aslorafish evolved their own current tir4 genes through a
series of gene loss and gain, making them paralogous to one d260®r However, a recent
study by Loes et al. suggests that the gain of tlr4 occurred prior to the divergencéiroiedy
and lobefinned fishes, meaning it would be orthologous to mammaliarf2z21) A tandem
duplication event then led to the emergence of tirdba and tlr4bb, and finally a specdéc
duplication of tlr4ba in zebrafish led to the emergence of a third ohnolog, tir4al. The unknown

function of these homologs further confounds thegio, as both of studies have conflicting
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results regarding their relation to LPS signall{bges et al., 2021; Sullivan et al., 2009his is

not surprising as duplications result in a lack of selective pressure for maintaining both genes,
and due to the convoluted evolution of TIr4 in fish, this likely resulted in functional divergence
from their original ancestral gene product. Fartimquiry into their function will help shed light

on TLR4's puzzling origin and relation to human TLR4

Zebrafish TIr4 expression appears to vary depending on the homolog. On the other hand,
humans express TLR4 in their peripheral blood lymphocytes, adipocytes, brain, endothelium,
heart, intestines, kidneys, liver, lungs, ovaries, pancreas, placenta,gresteen, testis, and
thymus(Vaure & Liu, 2014) Zebrafish appear to express TIr4ba in their blood, intestines, testis,
skin, brain, liver, and heart, while Tlr4bb is expressed only within the blood, skin, and heart
(Jault, Pichon, & Chluba, 2004)ittle information can be found on where Tlr4al is expressed
however, it was found to be upregulated in response to infection by Aeromonas salmonicida
(Cornet et al., 2020)nterestingly, these genes are all found within the same cluster on
chromosome 13 but are expressed in different areas of the BedyChapter)2Examining gene
expression control could provide insight into their specific functions and why some tissues
express certain homologs, while others do not. Fortunately, for the purpose of this project, both
Tirdba and TIr4bb appear to be expressed witénskin, and it was recently found that Tlrdba
is expressed within zebrafish hair cells using RNA sequeriBiada et al., 2018)This supports

using the lateral line as a model for CIO and examining therapies associated with TLR4

1.4.4 Toll-like receptor structure
TLRs are class 1 transmembrane receptors, meaning they usually toraimain
structural domains: the ectodomain, also known as the leticineepeat (LRR) repeat motif, an

alpha helix transmembrane domain, and an intracellular cytoplasmic TIR domain (Figure 1.4)
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(Gay & Gangloff, 2007; Nie et al., 2018))his threedomain structure for TLRs first appears in

the phylum Cnidaria, demonstrating its conservation throughout evo(@artos G.P. Voogdt,
2016; Liu et al., 2020)The ectodomain is located either outside the cell or within endosomes
and acts to recognize and bind various ligands specific to the TLR. In mammals,-Z|-R ]

5,-6 and-10 are localized to the plasma membrane, while TER38, and-9 are foundvithin
intracellular vesicle§Sameer & Nissar, 2021The ectodomain of TLRs contains approximately
16-29 LRRs that determine its structure and specifi@iytos, Segal, & Davies, 2011; Quiniou,
Boudinot, & Bengtén, 2013Yhe LRR amino acid sequence has hydrophobic residues spaced in
specific inter vhaellsi,c eptrasnedaltfniga concavenhodkt shape that
is conserved as far back as jawless verteb(btas et al., 2008; Kim et al., 2007; Matsushima et
al., 2007; Quiniou, Boudinot, & Bengtén, 2018he LRRs provide specificity to the TLR by the
number, length, and sequence of LRRs as well as the amousinield glycosylation within

the ectodomain. The LRR repeats can be divided into two categories: a variable segment (VS)
and a highly conservesbgment (HCS[Matsushima et al., 200.7)LR4 contains 22 LRRs and

has approximately 5{glycosylation site¢Botos, Segal, & Davies, 2011; Ohto et al., 2012)
vertebrates, the ends of the LRRs are often capped by a LieRriMi (LRRNT) and LRR €

termini (LRRCT), which protect the hydrophobic core of the ectodofiBehzadi, Garcia

Perdomo, & Karpinski, 2021; Kang & Lee, 2011; Manavalan, Basith, & Choi, 2011; Matsushima
et al., 2007)Dimerization of cell surface TLRs is dependent on the interaction between
juxtamembrane sequences within their ectodomains of adjacent(BeRzadi, Garcia

Perdomo, & Karpinski, 2021Yhe binding of a ligand allows for a conformational change that

makes these motifs available for binding. Furthermore, endosomal TLRs require cleavage by
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cathepsins (B, S, L, H, K) and asparaginyl endopeptidase before having the ability to dimerize

after ligand bindindBehzadi, Garcid®erdomo, & Karpinski, 2021; Fitzgerald & Kagan, 2020)

The structure and function of the transmembrane domain (TMD) of TLR molecules are
relatively understudied compared to the eetad TIR domains. The TM domain of human TLRs
i s a hy dhelxprd oontairs bath a TM region and an intercellular linégion (ICL)
(Mineev et al., 2017)The TMD interacts with the membrane interior through Hmidtein
interactions and is likely implicated in the localization of the TLR within the cell, its movement
within the membrane, and its activatigfornilov et al., 2023; Mineev et al., 2017; Reuven,

Fink, & Shai, 2014)There is a high level of amino acid conservation within the ICL of human

TLRs, hinting at their crucial functional role within the cell.

The TIR domain is present on many proteins and is well conserved in animals, plants,
and bacteria, demonstrating their long and conserved function in protein sig(Bilneg-Smith
& DineshKumar, 2007; Ve, Williams, & Kobe, 2015)he TLR TIR domain is composed of
five parallelbets heet s surrounded by five alpha helixe
(Behzadi, Garciderdomo, & Karpinski, 2021; Ve, Williams, & Kobe, 201%hese box motifs
are involved in structural stability and binding, and previous studies have established a greater
than 50% sequence similarity in the TIR domains of TONRs Williams, & Kobe, 2015)After
TLR dimerization, the TIR domain recruits and binds various adaptor proteins, often through
their own TIR domains. The adaptor proteins then interact with intracellular kinases to induce
cellular responses and/or trigger the release of antimi¢nodpdides, cytokines, chemokines,
and ROSLuo et al., 202Q)The endoplasmic reticulum synthesizes TLRs and is responsible for

assigning their specificity through glycosylation. Their folding and transportation within the cell
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are provided by chaperones including, but not limited to GP96, PRAT4A, and Unc93B1

(Behzadi, Garciderdomo, & Karpinski, 2021; Fitzgerald & Kagan, 2020)

Six TLR adaptor proteins interact through their TIR domains: myeloid differentiation
primary response gene 88 (MyD88), Toll/interleukidomaincontaining adaptor protein
(TIRAP/MAL), TIRdomainc ont ai ni ng adaptor protrelated i nducir
adaptor mol ecul e ( TRA Mnotificanthinisgtpmtein (BARM)JBedh nd ar m
adaptor for phosphoinoditidekdnase (BCAP), and one TLR adaptor that interacts through TIR
non-TIR interactions: SLP65/76 and Gskeracting membrane proteiSCIMP) (Behzadli,
GarciaPerdomo, & Karpinski, 2021; Luo et al., 2020; O'Neill & Bowie, 2007; Ve, Williams, &
Kobe, 2015) These adaptors can be split into two categories: MyD88, TIRAP, TRIF, and TRAM
constitute canonical adaptor proteins that are imperative in signal induction, while SARM,
BCAP and SCIMP comprise the regulatory adaptors responsible for modulating TLRsesspon
(Luo et al., 202Q)0Other TLR regulatory proteins indirectly modulate TLR responses, such as
Cb5a anaphylatoxin chemotactic receptor 1 (C5aR1), which was reported to synergize with TLR4,
increasing proinflammatory signalling in mifldernandez et al., 2017; Shi et al., 20220 the
other hand, lowdensity lipoprotein 1 (LRP1) is activated by TLR4 signalling to reduce
inflammatory responses from macrophaflas et al., 2018)All TLRs use MyD88 except
TLR3, however TLRs expressed on the plasma membrane most often signal through MyD88 and
TIRAP adaptor proteins, while endosomal TLRs use TRIF and TRAM et al., 2020; Ve,
Williams, & Kobe, 2015)However, some TLR proteins, such as TLR4, can be internalized upon

ligand binding, utilizing plasma membrane and endosomal targeted adapimet al., 202Q)
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1.4.5 The Toltlike receptor 4 signalling pathway

The discovery of TLRs stems from the Toll receptor first discovered in Drosophila, which
was originally found to contribute to the fly
later studied for its involvement in sensing of fungal infectidesnaitre et al., 1996;
Medzhitov, Prestofdurlburt, & Janeway, 1997Yoday, TLRs are primarily known to respond
to PAMPs, providing the basis for an innate immune response by release of antimicrobial
peptides, proinflammatory cytokines and chemokines that promote proliferation, differentiation,
and migration of other immme cells(Carlos G.P. Voogdt, 2016pn top of PAMPs, TLRs can
also be activated by other types of molecular patterns, including endogenous DAMPSs, microbial
associated molecular patterns (MAMPSs), and xenobadsociated molecular patterns (XAMPS)
(Behzadi, Garciderdomo, & Karpinski, 2021 hese ligands often indicate cell damage from

injury, nontpathogenic molecules, and threatening foreign bodies such as drugs and toxins.

TLR4 was the first identified member of the TLR family and is found both on the cell surface
and within endolysosomes. TLR4 is unique for many reasons, but critically, it is the only known
TLR to activate two separate signalling pathways responsible $ty hfferent activities
(Rostamizadeh et al., 2022 is the only TLR capable of secreting interferon 1 {ENand
only one of two TLRs to use the TRAM adaptor protein. In mammals, TLR4's primary ligand is
lipopolysaccharide (LPS), which allows for a prompt response to infection byrggative
bactera (Gauthier, Rotjan, & Kagan, 2022; Lu, Yeh, & Ohashi, 2008)ring TLR4 signalling
with LPS, the granmegative cell wall is fragmented into LPS monomers by-bP8ing protein
(LBP). This soluble protein facilitates the association of LPS to either soluble or a membrane
anchored form of cluster differentiation (@D14). CD14 then transfers an LPS monomer to the

TLR4/MD-2 heteroduplex, leading to homodimerization between a second TLR2/MES
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complex through the lipid A motif within LPS. The dimerization of the TIR domains recruits the

adaptor proteins: TIRAP or TRAM.

In humans, TLR4_PS signalling occurs through two pathways: myeloid differentiation
primary response 88 (MyD8&ependent and MyD8®Bdependent (TRIF) pathway (Figure 1.5).
In the early phases of TLR4 activation, the MyBi&pendent pathway is activated BHRAP
interacting with TLR4 via its own TIR domain at the cell membr@euthier, Rotjan, & Kagan,
2022; Kagan, Magupalli, & Wu, 2014; Kawai & Akira, 200This recruits a supramolecular
organizing centre (SMOC) called the myddosome, which is composed of six MyD88, four
interleukinel receptofassociated kinase 4 (IRAK4), and four IRAK2 death domains (DD)
(Fitzgerald & Kagan, 2020; Kusiak & Brady, 202R)yddosome formation contributes directly
to the signal intensity and is dependent on the binding of TIRAP to TL&% et al., 2023)
Myddosome formation begins with an oligomer of MyD88 recruited throughtigsr@inal TIR
domain to TIRARKagan, Magupalli, & Wu, 2014; Liri,o0, & Wu, 2010) MyD88 then binds to
IRAK4 via its DD, followed by IRAK1 and IRAKZKawasaki & Kawai, 2014; Kusiak & Brady,
2022) Activation of the myddosome through interaction with TIRAP and the DDs of IRAK4
leads to phosphorylation of IRAK1 and IRAK2 by IRAK4. Tumour necrosis factor reeeptor
associated factor 6 (TRAF6) then binds to this complex, allowing the IRAK kinaseswmdtbng
TRAF6 to dissociate from the myddosofkaisiak & Brady, 2022)TRAF6, an E3 ubiquitin
ligase polyubiquitinates itself and recruits a complex consisting of transforming growthffactor
associated kinask (TAK1) and TAK1 binding proteins 1, 2, and 3 (TABL TRAF6, along
with other ubiquitinconjugating enzymes, palbiquitinates TAB2 and TAB3, which activates
TAK1l(Kawasaki & Kawai, 2014) TAK1l phosphoryl ates the | KK coc

| KKb, and | KKo) aastivated prdtein &isaset(MA®K) pethtvégitggenald
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& Kagan, 2020; Kawai & Akira, 2007; Kawasaki & Kawai, 2014; Kusiak & Brady, 20P2¢

| KK compl ex phosphoryl ates |l ad proteins attac
proteasomé¢Kawai & Akira, 2007; Kusiak & Brady, 2022; Zhang et al., 2021)is unmasks

the nuclear |l ocalization signal on NFad, allo
transcription of proinflammatory genes. Simultaneously, the T-Aktivated MAPK pathway
phosphorylates activating proteln(AP-1), allowing for trankcation to the nucleus and

transcription of inflammatory genes (Kawasaki & Kawai, 2014). Proinflammatory mediators
released from iNFeldude dt ARour necrosi-6 factor |
cyclooxygenase 2, and)Ilt-ypPpei $1 &l soteefeasvsad {u
activation, an antinflammatory cytokine that limits the overproduction of inflammatory

cytokines.

Approximately 1545 minutes after TLR4 activation by LPS at the plasma membrane,
endocytosis of the LPS/TLR4/MR/CD14 complex occurs in a CD14 and NRlependent
manner, terminating the MyD8&ependent signallinfFFigure 1.5[CiesielskaMatyjek, &
Kwiatkowska, 2021; Kagan et al., 2008; Tanimura et al., 2008; Tsukamoto et al., 2018; Zanoni et
al., 2011) TRIFrelated adaptor molecule (TRAM) contains afelkminal myristoylation site
that localizes it to the Golgi membrane and plasma membrane, where it surveys for dimerized
TLR4 (Rowe et al., 2006)0Once the TLR4 complex is endocytosed, TRAM translocates with the
endosome, interacting with the TIR domain of TLR4 via a TIR:TIR domain interaction. TRAM
mainly acts as a bridging protein for the formation of the triffosome, a SMOC signalling
complex like the myddosomg@/erstak et al., 2014 Although the trifisome remains poorly
defined, after TRIF is recruited to TRAM, it interacts with TRAF3. TRAF3 recruits and

phosphorylates TANK i ndi ng ki nase 1 (TBK1) and induci bl
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phosphorylates interferon regulatory factor 3 (IREpwn et al., 2011; Fitzgerald & Kagan,

2020) IRF3 then translocates to the nucleus, leading to the expression of type 1 interferons such
asIFNb( Brown et al ., 2011; Fitzger al.iRAMalsbagan,
binds to TRAF6 via an ferminal TRAF6 binding motif, which may contribute to the optimal
expression of proinflammatory cytokines through both the MyB&8endent and Myd88

independent pathwayKawai & Akira, 2010; Verstak et al., 2014inally, TLR4 is degraded as

the endosome transitions into a lysosome, terminating signé@iegielska, Matyjek, &

Kwiatkowska, 2021)

1.4.6 Ligands of TLR4
1.4.6.1Bacterid ligands

Coordinate with the position of TLR4 on the plasma membrane for environmental
sensing, most TLR4 ligands are found on the outermost layer of an organism, such as the outer
membrane, structural proteins, cell wall, or excreted proqGatg & Gangloff, 2007)As
mentioned previously, TLR4 signals through various ligands ranging from endogenous DAMPs
to xenobiotic molecules. For example, vertebrate TLR4 recognizes bacterial ligands beyond LPS,
including teichuronic acid and mannuronic acid polymers, compooégtampositive and
gramnegative bacterial cell walls, respectiv@ifo etal., 2002; Yang et al., 2001hleat shock
protein 60 (HSP60), is widely expressed in prokaryotes and eukaryotes and regulates a multitude
of cellular eventgY. Duan et al., 2020HSP60 is found on the outer membrane of Chlamydia
spp. during persistent infection and mediates TLR4 activation, resulting in apoptosis within the
reproductive tractDa Costa et al., 2004; Equils et al., 200@ltiple ligands other than LPS
from Pseudomonas aeruginobave also been reported to activate TLR2 and T{Mzlsaac,

Stadnyk, & Lin, 2012)Exoenzyme S (ExoS) and the capsule of P. aeruginosa likely activate
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TLR4 through the MyD8&lependent pathway, while Slir@&P activates TLR4 through the
MyD88-independent MAPK pathwaepelman et al., 2004; Flo et al., 2002; Lagoumintzis et al.,
2008) The ligands mentioned above act as TLR4 agonists, but other bacterial ligands of TLR4
act as antagonists by competing with or inhibiting LPS binding4@ceptor molecules of

TLR4 (Molteni, Bosi, & Rossetti, 2018).ipid A within LPS fromRhodobacter sphaeroides
lipopoligosaccharides (LOS) froBartonella quintanaand CyP lipid A fronOscillatoria
planktothrix FP1 all act as inhibitors of TLR4 signallifigutuzova et al., 2001; Macagno et al.,

2006; MalgorzataMiller et al., 2016)

1.4.6.2Viral ligands

Activation of TLR4 from viruses often leads to immune overactivation and cytokine
storms, where the body can not handle the large number of cytokines produced, furthering
disease severitfNational Cancer Institute2023; Olejnik, Hume, & Muhlberger, 2018)
Different viruses often activate TLR4 through their membrane or cagsiociated proteins. The
membrane F protein from the respiratory syncytial virus (RSV) stimulates TLR4 in a CD14 and
MD-22dependent manner, r esul ti angmatorncytakine releaset i on ¢
(Kurt-Jones et al., 2000; Rallabhandi et al., 20TBE core structural protein lipopeptides in
human hepatitis C virus (HCV) activates both
(Duesberg et al., 2002and the Ebola virus glycoprotein on the capsid binds to the TLR4/MD2
complex increasing release of proinflammatory cytokiheset al., 2017; Okumura et al.,
2010) The glycoprotein G on vesicular stomatitis virus (VSV) also mediates TLR4 activation
through a MyD88ndependent pathway involving TRAM and IRF7, leading to the expression of

type 1 interferongGeorgel et al., 2007)
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Unlike the structural proteins and related glycoproteins on the viruses above, dengue
virus infected cells release the virulence factor-swactural protein 1 (NS1), which activates
TLR4 on endothelial cells, leading to a massive proinflammatory respodd@OS generation
(DominguezAleman et al., 2021)Another protein, Tat, produced by the human
immunodeficiency virus 1 (HIM) activates TLR4 in mononuclear phagocysn Haij et al.,
2015) The phagocytes produce large amounts of proinflammatory cytokines througBNF
induction and Ben Haij et al. proposes multiple mechanisms in this inflammatory environment
facilitates disease progression to AIZ®15) Furthermore, human cytomegalovirus (HCMV)
mediates TLR4/MD2/CD14 activation through the MyE8&pendent and MyD8®dependent
pathways, however, the exact component responsible for this activation is unfiangaoes,

Ferreira, & Ribeiro, 2018; Yew et al., 2012)

Recently, the involvement of TLR4 in severe acute respiratory syndrome coroffavirus
(SARSCoV-2) infection has been examined, showing that TLR4 binds to the S1 spike protein
leading to proinflammatory cytokine release and later, an upregulation in arsgatenverting
enzyme 2 (ACE2) productiadboudounya & Heads, 2021ACEZ2 is a receptor on host cells
used by SARSCoV-2 to initiate viral entry, therefore TLR4 may be involved in increased viral
uptake. Other observations of viruses exploiting TLR4, such as the mouse mammary tumour
virus, uses TLR4 to replicate indels, showing that viral interactions with TLRs are not
always directed towards regular innate immune surveillance and proinflammatory responses
(Jude et al., 2003; Pichlmair & Reis e Sousa, 208a@)vever, due to TLR4's ability to prime the
adaptive immune response to infections, viral ligands are being examined as therapeutic vaccine

adjuvantgSartorius et al., 2021)
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TLR4 is also activated by multiple different eukaryotes, apart from viruses and
prokaryotic organisms like bacteria and cyanobacteria, including fungi, protozoa, nematodes,
cestodes and even plantsliGked mannosyl, a component of the outer cell wathmfungal
pathogerCandida albicansbinds to TLR4 and engages both the MyRipendent and
MyD88-independent pathway leading to the release of TN, llL-1, and CXCL-1/2 (Bojang
et al., 2021; Wang et al., 201%Yang et al. also shows that Sell, a small, secreted cysigine
protein (SCP) released duri@@ndidainfection, acts as a ligand for both TLR4 and TLR2.
Other fungal PAMPs, such as the conidia fragpergillus fumigatuand
glucuronoxylomannans (GXMs) from the capsul€ofptococcus neoformamse also capable
of inducing TLR4 activation or inhibiting the proinflammatory response of T(B¥hzadi,

Behzadi, & Ranjbar, 2016; Chai et al., 2011; Hatinguais, Willment, & Brown, 2020)

1.4.6.3Protozoan ligands
The surface glycoconjugates known as glycosylphosphatidylinositol (GPI) anchors, and
itéds related molecules (lipophosphoglycan (LP
parasitic protozoans, such as Plasmodium falciparum, Toxoplasma gondéndsgma cruzi,
Leishmania major, and Entamoeba histolytica all share a similar structure and play an essential
role in their interaction with the ho@Ropert & Gazzinelli, 2000)GIPLs are free GPI anchors
not linked to a protein or carbohydrate, while LPGs are GPI anchors linked to heavily
phosphorylated glycan repeéBopert & Gazzinelli, 2000)The glycocalyx of T. cruzi heavily
populated by GRanchored muchiike glycoproteins (GRmucins) and GIPLs, with the latter
acting as aligand of TLR4 inducingNFB acti vati on, resulting in p
release and an increase in ROS af(Nerban et al., 2020; Oliveira et al., 2004; Rodrigues,

Oliveira, & Bellio, 2012) Whether GIPLs from T. cruzi induce activationof-dF8 t hr ough t h
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MyD88-dependent or independent pathway is unclear, however, an interesting finding by
Rodrigues et al. suggests eGIPL may interact with TLR4 independently of D12)

Furthermore, GPI in P. falciparum, T. gondii, and E. histolytica act as ligands for both TLR2 and
TLR4, either promoting a protective response or potentially facilitating pathogenesis in the case
of P. falciparum(DebierreGrockiego et al., 2007; Denkers, 2010; Krishnegowda et al., 2005;

MaldonadeBernal et al., 2005; ZaiBidaki et al., 2014)

Additionally, the surface protein trypomastigote surface antigen {T)S¥pressed in T.
cruzi, was also found to mediate TLR4 activation through the Myigfendent pathway
(Amithetal.,2010) 1t 6s crwuci al to nolaetingasaligand,but s was
rather the removal of a sialyl residue, allowing for dimerization and activation. Another protein,
HSP70 in T. gondii, activates TLR4 through both the Myid@pendent and MyD88
independent pathway and is reported to be involved in a diverse set of actions such as maturation

of DCs, anaphylactic onset, and neuroinflammat©neng et al., 2020)

1.4.6.4Helminthligands

Parasitic helminths elicit a type 2 cytokine response that begins with epithelial cells,
which involves many adaptive and innate immune ¢€ligesola et al., 2020Yhis response
recruits multiple mechanisms to promote the removal of the parasite and healing of tissues
damaged during the infection, unlike in a typical type 1 cytokine response that promotes
inflammation in attempts to kill intracellular parasi{Bgrger, 2000; Oyesola et al., 2028)
study by Tawill et al. demonstrated that glycans on excreted proteins are one of the antigens
driving the type 2 cytokine response in parasitic schistosomes and nonparasitic nematodes
(2004) Particularly, the glycoprotein lactd-fucopentaose Il (LNFPIII) found on the eggs of

many helminth parasites, was found to activate DC2s (an APC for T helper 2), through the
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binding of TLR4, leading to the release of type 2 cytok{iMsDonald, 2009; Thomas et al.,

2003; Tundup et al., 2019)ater research found that excret@gcretory (ES) molecules

comprise a large body of immumneodulating products from helminths with varying effects on
TLRA4. The fattyacid-binding protein (Fh15) from Fasciola hepatica acts as an antagonist of
TLR4, preenting macrophages from developing a bias for type 1 cytokines (Lothstein & Gause,

2021).

When there are defence mechanisms evolved against pathogens, there will always be
parasites finding ways to exploit these systems. Acanthocheilonema Viteae «&2$sES
secreted phosphorylcholine glycoprotein) to bind TLR4 and dagualate the levels of
proinflammatory cytokines by inhibiting the maturation of AREmeda et al., 2014The
binding of ES62 to TLR4 on mast cells also reduces degranulation and therefore, inflammation.
Other ES proteins such as Ts soluble products (TsSPs) from Trichuris suis and tegmental coat
antigens of F. hepatica indirectly reduce expression of ThkR4igress TLR4 activation but can
not be considered ligands of this recegtarthstein & Gause, 2021; Maizels, Smits, &

McSorley, 2018)

1.6.4.5Plantligands

The number of compounds in plant extracts associated with antagonism and modulation
of TLR4 to induce ardinflammatory effects is extensiy€outinheWolino et al., 2022;
Kuzmich et al., 2017; Oledzka & Czerwinska, 2028any of these compounds dowegulate
TLR4 expression or inhibit TLR4 signalling by binding terexeptors such as MP or a
downstream signalling molecule such as TRAF6 or IKK proteins. For example, curcumin, a
yellow pigment found in turmeric, and berine, an alkaloid found in Rhizoma coptidis, can

bind to MD-2, preventing the formation of the CD14/MIDTLR4 complex, supressing the
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release of proinflammatory cytokines in the presence of (0P8 et al., 2014; Gradisar et al.,
2007) Iberin, an analogue of the known TLR4 inhibitor sulforaphane, was isolated from cabbage
and other vegetables and prevented the dimerization of TLR4 by binding cysteine residues,
preventing its activatio(Shibata et al., 2014Pn the other hand, some plant proteins act as
defence molecules to prevent their consumption and can promote inflammation. For example,
plant lectins such as Pinellia ternata lectin (PTL), ricin toxin, and mistletoe have been shown to
bind TLR4, leadingdo the activation of innate immune cells and downstream inflammatory
pathwaygDong et al., 2020; J. Li et al., 2023; Park et al., 20IB¢ Yew extract paclitaxel

(taxol) is the most weknown naturally occurring anrtiancer drug and was later found to

promote its effects, in part, by acting as a TLR4 agonist. Activation of TLR4 by taxol increases
the release of antumour cytokines ahpromotes DC and M1 macrophage maturation and

activation, reducing tumour progressipfu et al., 2022)

1.4.6.6Endogenous ligands

Some of the most important TLR4 ligands are endogenous and signal tissue or cell injury
to the immune system, recruiting immune cells for repair and fighting the infection. Endogenous
TLR ligands, also called alarmins, can be released in one of two wWahe: dell is injured and
passively releases cellular components that warn the immune system of injury or ongoing
inflammation, or 2) the cell actively secretes molecules to purposefully attract innate and
adaptive immune cells to a site of infection. TLpldys the most prominent inflammatory and
innate immune cell signalling role for DAMPs, and their significance in autoimmune disease has
been extensively reviewed within the literat(yel, Wang, & Chen, 2010HMGB1 is a DAMP
of critical importance, as it can act as a potent stimulator of TLR4 and plays a critical role in

cancer development and therdjdyang & Zhang, 2020)Concerning TLR4 activation, HMGB1
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must first be released by the cell either through active secretion, apoptosis, or ifééaogis

Zhang, 202Q)HMGBL1 begins within the nucleus in a fully reduced form with three key cysteine
residues (Cys23, Cys4b, Cys106) expressing thiol grogrsg, Wang, & Andersson, 2020)

When two of these cysteine residues (Cys23, Cys45) become oxidated, they bind to one another,
turning HMGBL1 into a potent ligand of TLR4 on macrophages, leading to the release of
cytokines such as TNB, -1Jahd type 1 IFN§Yang et al., 2015)Only in this partially

oxidized state can HMGB1 activate TLR4 in combination with-RIxXue et al., 2021)

1.4.6.7Metal ligands

As will be discussed in more detail in Chapter 2, metals such as nickel (Ni), cobalt (Co),
palladium (Pd) and platinum (Pt) are somewhat newly discovered ligands of(DioR¥ngo et
al., 2023; Rachmawati et al., 2013; Schmidt et al., 20i@kel and cobalt have been observed
to bind directly to the ectodomain of TLR4 through key histidine residues (H431, H456, H458),
allowing for its homodimerization, recruitment of M) and its subsequent activati@blak,
Pohar, & Jerala&2015; Peana et al., 2017; Schmidt & Goebeler, 204/f)ough palladium and
platinum have been observed to induce similar responses, it is currently unknown whether this is
mediated through these same histidifgshmidt & Goebeler, 2015Regardless, the binding
mechani sm for met al s primaryligandiLBSy & MErismohrequined, TL R4 6
and dimerization occurs in its abseriBaghavan et al., 2012his has been a critical
observation in the understanding of mataluced contact hypersensitivities, providing a
mechanism through which these allergic reactions q&ehmidt & Goebeler, 2018Pomingo
et al. have recently demonstrated the platirfhased chemotherapeutic cisplatin, along with
other platinum compounds, are also capable of direct binding of human TLR4, which was

previously demonstrated by Babolmorad et al. to mediate its acti2021; 2023) This
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suggests a novel pathway through which cisplatin induces inflammation and increases ROS
generation, as well asr@vel mechanism for the generation of therapeutics to mitigate

inflammation generated by cisplatin toxicity

1.4.6.8 Summary

The diversity of ligand type and signalling pathways utilized by TLR4 in response to
bacteria, viruses, fungus, drugs, amdlogenous ligands demonstrates TLR4's versatility and
importance in pathogenic ligand recognition and initiation of the innate immune response.
Although TLR4 is known to be activated to help signal infection to the body, many of these
organisms have foundays to exploit TLR4 to further infection, exhibiting some co
evolutionary relationship between the innate immune system and pathogens. Therefore,
determining the conservation in the binding of these ligands between species may provide insight
into the ewlutionary relationships of TLR4 function. For example, bacterial ligands such as LPS
function as a ligand for TLR4 in mammals, likely do not in other species such as fish.
DAMPs, on the other hand, appear to function as TLR4 ligands in mammals (ex. HMGB1) as
well as within invertebrates such as fruit flies (ex. Spati@ et al., 2018)Furthermore, many
of these ligands involve using differentmereptors to induce a response. When considering
evolutionary relationships between TLR4 of different species, it would be prudent to examine
which castimulatory molecules are present andiagd within each species. To determine the
possibility of metals acting on zebrafish TIr4, we examine both structural similarities to human

TLR4 and conservation in e@ceptor molecules.

1.4.7 Inhibition of Toltlike receptor 4
There are three major ways to inhibit the overactivation of TLR4 signalling in the

treatment of disease, including modulating TLR4 expression, inhibiting TLR4 signalling through
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direct binding to TLR4 or the TLR4/M2 complex or inhibiting downstream adaptors and
signalling molecules. Many TLR4 inhibitors have been developed for these purposes and have
been previously reviewed in detéhen, Kao, & Liu, 2018; Kuzmich et al., 2017; Peri &
Piazza, 2012; Romerio & Peri, 2020; Zaffaroni & Peri, 2018; Zhang et al.,.28@&)rding
Clinicaltrials.gov, there are currently 7 TLR4 inhibitors in clinical trials, including Eritoran, NI
0101, ApTOLL, JKB122, EBO5, E5531 and TAK242 (N. L. 0. M.(N. L. 0. M. (NIH), 2023)
Eritoran and TAK242 are among the most wstudied TLR4 inhibitorgKuzmich et al., 2017)
Eritoran is a lipid A analog that binds to MI) but due to its increased size in comparison to
lipid A, it prevents the formation of the TLR4/MB® complex. The hydrophobic binding pocket
of MD-2 is filled up 90% by Eritoran, and no direct interactiothWiLR4 occurgKim et al.,
2007) TAK-242 is a sulfonamide linker that binds intracellularly to the TIR domain of TLR4
through Cys747. This prevents the association of adaptor molecules TIRAP and TRAM,
preventing downstream signalling and transcription of proinflammatory ¢&nemich et al.,
2017) Due to subpar results of TAR42 in clinical trial§Rice et al., 201Qthere has been
recent development of TAR42 derivatives and nitrobenzyl prodrugs that show high efficacy

inhibiting TNFU  a n d(LeR @ 8., 2020; Plunk et al., 2020)

Due to the involvement of inflammation, proinflammatory cytokines, chemokines, and ROS
in many diseases and their progression, there is a high therapeutic potential for inhibiting TLR4.
The disease most associated with inhibiting TLR4 is sepsis, whicly&mSates from
prolonged grannegative bacterial infectior{sleine & Zamyatina, 2023Both Eritoran and
TAK-242 were initially examined for their treatment of sepsis and showed promise, but
unfortunately, both showed no improvement ind2& mortality and failed in phase 3 clinical

trials (Opal et al., 2013; Rice et al., 2018)owever, inhibitors are still being examined in
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treating other diseases, such as influenza and rheumatoid a(8amsrpita et al., 2020; Shirey

et al., 2013)TLR4 also plays a dual role in cancer progression and treatment. Chronic
inflammation through continued TLR4 activation and ROS generation leads to carcinogenesis,
and its inhibition has shown promise in decreasing tumour development and progieksion

Kao, & Liu, 2018; Echizen et al., 201&)n the other hand, due to the high concentration of anti
inflammatory, immune cells in the tumour microenvironment (such as tuassociated
macrophages), activation of TLR4 has shown promise in suppressing tumour progression
(Huang, Xu, & Peng, 2018; Smith et al., 20IB)erefore, when generating therapeutics

affecting TLR4 in the treatment of cancer, it is imperative that regular proinflammatory function

is maintained.

1.50bjectivesand purpose of thesis

The overall objective of this thesis was to examine TIr4 function within zebrafish and its
involvement in ototoxicity after treatment with tblkemotherapeutic cisplatin. In Chapter 2, |
examine the possibility of group 9/10 metals to act as novel ligands of the zebrafish Tir4
homologs Tlrdba, Tlr4al, and TIrdbb. | hypothesize that group IX/X transition metals will
facilitate zfTIr4 activatond adi ng t o NFab induction and a pro
Chapter 3, | examine the efficacy of 14 novel derivatives of 4R in reducing cisplatin
mediated neuromast hair cell death through zebrafish TIr4. | hypothesize that cisplatin can
activate zelafish TIr4 and be selectively inhibited, allowing for regular immune surveillance
and canonical signalling by LPS to remain. Finally, in Chapter 4, | provide a general summary of
thesis findings, future directions, and further discuss these findingsioneio current

literature.
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The purpose of this thesis is to improve our understanding of the innate immune receptor
TLR4, both in its role within CIO and its functions within zebrafish, while providing insight into
its evolutionary beginnings. Zebrafish possess manyeraitantages over other animal models
and are crucial in studying diseases, their related phenotypes, and treatments. To improve their
application to human diseases, critically examining the similarities and differences with their
mammalian counterpartspsudent for determining the relevance of any scientific finding.
Moreover, due to the early divergence of bony fish from other vertebrates in the evolutionary
timeline, conserved protein function and structure as well as their fundamental differences, can

give insight into evolutionarily important processes for survival and fitness.

TLR4 is one example of a highly conserved innate immune receptor within a wide range
of species, however, their function remains a mystery within zebrafish. The first aim was to
determine the possibility of group 9/10 metals to act as ligands of zebrafidhomologs:

Tirdba, TIrdal, and Tlrdbb. This was performed by examining their contribution to cell toxicity
using fluorescent microscopy, as well as their activation when expressed in heterologous cell
culture. Following the pioneering observations lohi@idt et al. (2010) that TLR4 acts as a

direct receptor for nickel, as well as the observation by Babolmorad et al. (2021) that zebrafish
TIrdba and bb knockdown reduced cell toxicity in the presence of cisplatin, we predicted
zebrafish TIr4 homologs wervolved in group 9/10 metal ion sensing, leading to their

activation.

The second aim was to determine if we could use novel inhibitory compounds to target
TIr4 and diminish CIO using zebrafish as a model. Due to their homologous nature to
mammalian inner ear hair cells, zebrafish neuromast hair cells providguee wtiucture for

examining CIO in vivo. | used morphological and behavioural analyses to determine the
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protective effects of TAK242 derivatives during cisplatin treatment. We predict that inhibition
of TLR4 will reduce inflammation and ROS generation within hair cells and their environment,

therefore mitigating cisplatin toxicity
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1.6 Figures and Tables
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Figure 1.1 Cisplatin binds to DNA leading to intra- and inter-strand crosslinks.Cisplatin
preferentially binds to guanine and adenine formingd{pG), 1,2d(GpA), and 1,3
d(GpXpG) cross links as well as intgrand GG crosslinks. Other inteand intrastrand

crosslinks are possible, but not shown h€reatedwith BioRender
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Figure 1.2 Chemical gructures of platinum based anticancer agents in clinical use.
Cisplatin, Carboplatin, and Oxaliplatin are clinically approved worldwide, while the other four

are approved in select Asian countries.
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Figure 1.3 The human ear and structures affected by cisplatinSchematic of the human

auditory system depicting structures affected by cisplatin. Cisplatin enters the inner ear through
an unknown mechanism, boteferentially damages the stria vascularis and hair cells within the
organ of Corti. Red arrows point to structures affected by cisplatin. Figures are not to scale.

Createdwith BioRender.
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Figure 1.4 Diagram of the structure of TLR4. Blue oval structures represent LRRs. Red and
orange oval structures represent the LRRNT and LRRCT respectively. Blue spiral represents the
intermembrane domains, while the green protein attached represents the intracellular TIR

domain.Createdwith BioRender
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Figure 1.5 TLR4 pathway following LPS activation. TLR4 binds to MDB2 (light green) and

an LPS monomeiThis leads to its dimerization and initiates signalling through the MyD88
dependent pathway. This culminates in the transcription of proinflammatory geneskop NF
and AR1. Approximately 145 minutes later, the TLR4 dimer is endocytosed in a CD14
dependat manner. This terminates signalling through the Myd8Bendent pathway and
initiates signalling through the MyD&8&dependent pathway. This pathway contributes to both
proinflammatory cytokine production as well as type 1 interferon production bylsignal

through both TRAF6 and IRF3 respectiveBreatedwith BioRender
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Table 1.1 Summary of cisplatin sideeffects and current therapies.

Side effect Likelihood of Symptomddiagnostic markers Current and developingtherapies Reference
development
Gastrointestinal toxicity o 70-80% of o Nausea o 5-hydroxytryptamine (serotonin) o] (Ghosh, 2019)
patients o Vomiting receptor antagonis{endasetron) o] (Qi et al., 2019)
o Diarrhea o Cerenia 0 (Shahid, Farooqui, &
o Metallic taste o Dexamethasone Khan, 2018)
o Pancreatitis o Lorazepam
o Mucositis o Metoclopramide
o Anorexia o Aprepitant
o Pica o Fosprepitant
o Emesis o Caffeic acid
o Weight loss o Chrysin
o Delayed gastric motility o Glucagonlike peptide2 (GLP-2)
o Mucositis o Ghrelin
o Malabsorption o L-carnitine
o Barrier impairment o AOB
[¢] Glutamine
o Riboflavin
o Folate
o EDTA
[¢] Olanzapine
o Ginger
o Ferulic acid
o Korean ginseng root extract
o Low molecular fucoidan (LMF)
o Flaxseed oil
o Dunnione
[¢] 1 8-Blycyrrhetinic acid (GA)
[¢] Nigella sativa oil
o Thymoquinone
o NSO and TQ
Hepatotoxicity [¢] ~36% of o Elevated serum [¢] Infliximab [o] (Kkeri et a
patients transaminases o Ethyl acetate extract o] (Qietal., 2019)
o Elevated serum alkaline| o Green tea o] (Abd Rashid et al.,
phosphatase [¢] Methanolic extract 2021)
o Elevated lactate o Pine bark extract [¢] (Habib et al., 2021)
dehydrogenase o Sorghum leaf sheath
o Elevated bilirubin o Increased fruit intake
o Elevatedc-glutamyl o Curcumin
transpeptidases o Apocynin
o Abdominal pain o Proanthocyanidin
o Abdominal swelling o Daidzen
o Baicalein
o Hesperidin
o Rutin
o Kolaviron-defatted acetone
extract
[¢] Ginger
o Caffeic acid
o Protocatechuic acid
o Ellagic acid
[¢] Crocin
o Ginseng
o Garlic oil
o] Honey
o Protocatechuic acid
Cardiotoxicity o ~6% of o Electrocardiographic o High doses of selenium and [¢] (Ghosh, 2019)
patients changes vitamine E [¢] (Al-Majed et al., 2006)
o Arrythmias o Reserveratrol o] (Aldossary, 2019)
o Myocardidtis o Apocynin o] (Qietal., 2019)
o Cardiomyopathy o Alphalipoic acid o (Abd Rashid et al.,
o Congestive heart failure| o PropionytL-carnitine 2021)
o High serum actate
dehydrogenase
o High serum creatine
o Pericarditis
o Blood pressure changeq
o Heart attack
o Cardiac failure
o Angina
Myelosuppression o 25-30% of o Fever and infection o Bone marrow transplant o] (Food and Drug
patients o Thrombosis o Growth factor injections Administration, 2019)
o Leukopenia o Blood transfusions [¢] (Qi et al., 2019)
o Neutropenia o Dose modification o] (Barabas et al., 2008)
o Thrombocytopenia o Butorphanol o] (Chuang et al., 2022)
o Cerenia [¢] (Sinha et al., 2015)
o Erythropoietin o (Henry et al., 1995)
o] Quercetin 0 (Masuda et al., 2009)
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o Vetiver oil o] (Sushmitha et al., 2022)
o Maitakeb-glucan
o Methanol extract@. deodara
Nephrotoxicity o 28-36% of o Higher concentrations o Pre, during, and posdreatment o] (Ghosh, 2019)
adult of cisplatin within hydrationusing hypertonic saline o] (Romani, 2022)
patients kidneys than the blood (3-6L per day) o] (Aldossary, 2019)
o Renal failure o Mannitol o] (Qi et al., 2019)
o 70% of o High serum creatinine o Magnesium o] (Casanova et al., 2021)
pediatric o High serum urea o Sodium thiosulfate (STS)
patients o Low glomerular o Amifostine
filtration o Dialysis
o Hypomagnesemia o Cisplatin dose reduction
o Hypokalemia o Plasmapheresis
o Fibrotic nephropathy o Selenium
o Hypoalbuminemia o Vitamine E
o Dimethylthiourea (DMTU)
o Ebselen
o Allopurinol
o Tetrahydrocurcumin
o Copper
o Cimetidine
o Probenecid
o Acivicin
o Diethyldithiocabamate
o N-acetyl cysteine
o IL-10
o siRNA against p53
o MAPK inhibitors
o P21 inhibitors
[¢] CDK2 inhibitors
Neurotoxicity o 36-38% of o Loss of peripheral limb o Treatment discontinuation o] (Food and Drug
patients function o GSH Administration, 2019)
o Paresthesia [¢] BNP7787 [o] (Ghosh, 2019)
o Areflexia [¢] Vitamine E [o] (Romani, 2022)
o Loss of proprioception o ORG 2766 o] (Qietal., 2019)
and vibratory sensation o Ditiocarb sodium o] (Trendowski et al.,
o Mechanical allodynia [¢] Acetylcysteine 2019)
o Ataxic gait [¢] Fosfomucin [o] (Avan et al., 2015)
o Burning sensations o Colestipol
o Pain o Alphalipoic acid
o Hemiparesis [¢] Diethyldithio-carbamate
o Status epilepticus [¢] Nimodipine
o coma o Oxcarbazepine
o Retinioic acid
Ototoxicity o 10-93% of o Tinnitus STS [¢] (Food and Drug
patients o Vertigo WR-1065 Administration, 2019)
with greater o Hearing loss in the high N-acetyl cysteine o] (Ghosh, 2019)
incidence in frequency range (4000 Amifostine [¢] (Qietal., 2019)
children 8000 Hz) D-/L-methionine [¢] (Guthrie & Spankovich,
o Earache Allopurinol 2023)
Ebselen o] (Y. Lietal., 2023)
Glucocorticoids [¢] (Santos, Ferreira, &
Copper sulfate Santos, 2020)
Atorvastatin o] (Fetoni & Astolfi, 2020)
salycilate

O00000D000D00D000DO0OO0DO0DO0O0O0DO0O0DO0OO0ODO0ODO0OO0ODO0ODO0OODOODODOODOODODOODOOO

Noise conditioning
Hyperbaric oxygen therapy
Therapeutic hypothermia
Astaxanthine
Curcumin

Gaseous bl

ROSI

Alphalipoic acid
Epigallocatechir8-gallate
Agmatine

CPI455

Rutin

Eupatilin

RG108

Puerarin
Meclofenamic acid
Trehalose

PRDX1

U0126

NRF2

Polydatin

Estradiol

D4M

Nimodipine
Trolox/vitamine E
Methylthiobenzoic acid
Tiopronin

Glutathione ester
Dexamethasone
Resveratrol
Diethyldithiocarbamate
Caffeic acid
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Chapter 2. Adopting orphan receptors: group IX/X transition metals as

potential ligands of zebrafish TIr4 homologs

Chapter 2 Preface:

This chapter is in the process of being prepared as a manuscript. At the time of writing, this
manuscript is still under revision, and wastten by APDF, with editing contributions from

WTA. Tracy Lee from the Bhavsar lab was responsible for the in vitro cell culture work. Christie

Li generated gRNA sequences as well as PCR primers for crispant validation.
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Abstract

Zebrafish (Danio rerio) have gained substantial popularity as a model organism for
studying the innate immune system. Their physiology, fecundity;chellacterized
development, and similarities to the mammalian immune system help make them an excellent
animal model. Pattern recognition receptors (PRRs) play a key role in detecting and initiating a
response to damaged cells and invading foreign bodies. One of these recepttks fBaéptor
4 (TLR4), is well known for detecting and alerting the hoshwading grarnegative bacteria
through binding to lipopolysaccharide (LPS). However, there has been-stéording mystery
surrounding the function of Tlr4 homol ogs wit
homologs present in zebrafish havew sensitivity to LPS. Other ligands, such as transition
metals, are known to activate TLR4 through a distinct diveading mechanism separate from
LPS. We explored the possibility of transition metals acting as ligands to zebrafish TIr4
homologs, meidting the release of proinflammatory cytokines and leading to cell death. We
demonstrate NiG) CoCh, PtCh, and PtC4 induce hair cell death in a dedependent manner
when applied to zebrafish larvae. When zebrafish TIr4 homologs were transfected into
HEK293T cells, nickel can elicit a release of proinflammatory cytokines, while LPS cannot.
Finally, treating FO zebratsTIr4 crispant mutants treated with group IX/X metal ions
significantly reduced hair cell death without a measurable impact on opfeatssf the fish.
These findings identify metal ions as adopted ligands for the previously orphaned zebrafish Tir4
receptors and will improve zebrafish as an animal model for future studies in innate

immunology
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2.1Introduction

TLRs are evolutionarily ancient proteins with origins dating back to more than 700 MYA
(million years ago) and can be found in various organisms from corals to h(Bednzadi,
GarciaPerdomo, & Karpinski, 2021; Fitzgerald & Kagan, 2020ammalian TLR4 is
multifaceted in its function, involving pathogen recognition, cancer pathology, and autoimmune
diseasd€Heine & Zamyatina, 2022 he besstudied function of TLR4 in humans is its ability
to detect and bind to microbial pathogen associated molecular patterns (PAMPS) such as
| i popolysaccharide (LPS), and viral glycoprot
inflammatory responst® pathogens. The structure of TLR4 is highly conserved between
species, however the study of its implications in innate immunity could be furthered with a better

understanding of its function in emerging model species, such as zebrafish.

Pattern recognition receptors (PRRS) act as the security cameras of the innate immune
system, surveying the host environment for signs of foreign molecules and alarming the host to
damage or foreign bodies. TLR4 is a PRR composed of three domains: #uelxar LRR
domain (also known as the ectodomain), the transmembrane domain, and the intracellular toll/IL
1 receptor (TIR) domaifSahoo, 2020; Sameer & Nissar, 202lNis structure is conserved
between all vertebrate TLRs and directly contributes to their funftiaret al., 2020; Sahoo,

2020) Extracellular TLRs (TLR1, 2, 4, 5, 6, and 10) have ectodomains protruding into the
extracellular space, making them ideally suited for surveying the environment for antigens
present on the surface of organisms and extracellular mol€dialeg et al., 2023)On the other
hand, intracellular TLRs (TLRS3, 7, 8 and 9) have ectodomains facing the inside of intracellular

vesicles, making the detection of intracellular ligands more suited for their location.
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Mammal i an TLR46s primary |ligand, | ipopolys
compound that begins as a major component of the-geayative cell wall in bacteria.
Signalling through TLR4 using LPS requires multiple differentexeptors acting in conder
with one another including: LPS binding protein (LBP), cluster differentiation 14 (CD14), and
myeloid differentiation factor 2 (ME2) (Ryu et al., 2017)Activation of TLR4 leads to
downstream signalling and initiation of proinflammatory and type 1 interfesiated gene
expressionthroughNe B and | RF3, respectively (Figure 2.
signalling components has been demonstratéehpede the proper functioning of TLR4 as a
bacterial sensqCiesielska, Matyjek, & Kwiatkowska, 2021Recently, the homolog for M2
was discovered in zebrafish, prompting Loes e
and signalling within zebrafis{2021) Although they found the zebrafish homolog TIr4ba was
capable of being activated by LPS, -receplos | ow s
in the zebrafish genome suggests that zebrafish TIr4 primarily recognizes other ligands.
Zebrafish MD2 likely contributes to signalling through LPS, but it also plays a role in signalling

through other TLR4 ligands, such as metals.

Metals, such as nickel, that act as ligands of TLR4 were a crucial discovery in
determining the involvement of PRRs in mediating metal contact hypersensitivity, a type of
allergic contact dermatitis (ACOpchmidt et al., 2010ACD is a common inflammatory skin
disease that affects ~20% of the general population and often negatively impacts their quality of
life by interfering with their work and social lif@linaghi et al., 2019; Schram, Warshaw, &
Laumann, 2010; Steele, 2022wo mechanisms are believed to play a role in sensitizing the
immune system to nickéRiedel et al., 2021Y0ne mechanism involves the generation of an

adaptive immune response following first contact with the allergen, while the other mechanism is
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through the activation of innate immune cells via PRRs, specifically the TLR4 patbeay

Graaf et al., 2023; Riedel et al., 2021; Saito et al., 2Q1k@ LPS, metal binding to TLR4 leads

to the production gbroinflammatory cytokines, recruiting immune cells and generating
inflammation resulting in itching, tenderness, swelling, and rashes (Figuf€atshelson,

2010; Saito et al., 2016However, unlike LPS, previous studies have shown that metal binding

to TLR4 is through a distinct -neeeptrgDomirggon t ha't
et al., 2023; Peana et al., 2017; Raghavan et al., ZD8&Y bind directly to the ectodomain of

TLR4, leading to its dimerization through a cluster of conserved histidine re¢ole,

Pohar, & Jerala, 2015; Peana et al., 20l&tead, Oblak et al. determined MDwas only

needed to stabilize the TLR4 complex after dimerization and allows for downstream signalling

through the MyD8&lependent andndependent pathway2015)

Zebrafish are a commonly used model organism for studying human disease and have
gained recognition as an excellent model for immunological procéSseses & Mostowy,
2020; varder Sar et al., 2004They allow for the examination of cellular interaction at a whole
organism level and possess many of the same innate immune components ag@Guomanss
Mostowy, 2020; Novoa & Figueras, 2012Zebrafish possess 20 TLRs and express three TLR4
homologs known as Tlr4ba, Tlr4al, and TIrdbb. Unlike mammalian TLR4, zebrafish TIr4 does
not respond primarily to LPS and lacks thereoeptor CD14, which is required for LR®Iuced
activation in mammal&Sepulcre et al., 2009; Sullivan et al., 20099pwever, their structure
remains the same, with all three homologs coding for an extracellular LRR ectodomain, an
intermembrane domain and a FtRntaining domain (Figure 2.2 & 2(3)aure & Liu, 2014)
Moreover, Loes et al. have recently uncovered the existence of a zebraiBhdnablog that

interacts with Tlr4ba, providing evidence of an ancestral interaction between TIr4 aadd Md
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facilitating the detection of an extracellular ligaf2®21) In chimeric mouse experiments, their
transmembrane and TIR domains have also shown to function similarly to mammals, capable of
eliciting a proinflammatory response after activation (Sullivan et al., 2009). Furthermore, Purcell
et al. showed zebrafismd humans possess many of the same intracellular signalling molecules
such as MyD88, TIRAP, TRIF, TRAF6, IRF3 and IRZD06) The difference in their ligand
specificity appears to lie within the ectodomain, with Tlr4ba, Tlr4al and TIr4dbb showing 35.84,

35.8, and 36.24 % identity to the ectodomain of human TLR4, respectively (Figure 2.3).

The lack of a known primary ligand for zebrafish Tlr4 is puzzling as they appear to have
all the components required for sensing an extracellular ligand, yet their true function is still a
mystery. Zebrafish appear to lack one of the majereceptors neded to bind Tir4 (CD14) and
diverge considerably in the structure of their ectodomain, nevertheless, they encode a putative
homolog for mammalian ME2 and can initiate downstream proinflammatory signalling (Loes et
al., 2021). Our previous studies havewhaebrafish Tlr4 to be involved in cisplatimduced
ototoxicity (Babolmorad et al., 2021). Morpholino knockdown of tirdba and tlr4bb expression
mitigated cell death induced by the platinum (II) based chemotherapetiatin(Babolmorad
et al., 2021)Due to these reasons and metals' unigue TLR4 activation mechanism, we
hypothesize that group IX/X transition metals will initiate zebrafish Tlr4 activation, leading to
NFeb induction and a proinfl am@Gofl PtChyandPtEls ponse
as novel activators and potential novel ligands of zebrafishliKelreceptor 4 (Tlr4). The
findings in this chapter will improve the understanding of Tlr4 function, ultimately improving

the utility of zebrafish as an animal model for future studieésrate immunity and disease
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2.2 Methods
1.2.1 Zebrafish Husbandry and Ethics

Zebrafish were kept at the University of Alberta aquatics facility following a 14:10
light/dark cycle in 28.5°C. They were fed twice daily using either trout chow or $ivap. All
zebrafish were raised, bred, and maintained following the institutional Animal Care and Use
Committee approved protocol AUP00000077 which operates under guidelines set by the

Canadian Council of Animal Care.

2.2.2 Zebrafish breeding and care

Wildtype (AB strain) zebrafish were bred in a 1.57L tanks using a single male and female
or in a 2L tank using a single male and two females. The fish were kept in controlled conditions
at 28.5°C overnight. Embryos were then transferred into petri diskhe®pped with 25mL of
E3 mediacontaining 0.01% methylene bl@¢&/esterfield, 2007)To make the E3 media, a 60X
stock solution of embryo media is prepared using 0.29M NacCl, 0.01M KCI, 0.026M,CaCl
0.001M MgSQAT7H,0. This solution is either diluted down to a 1X solution in Miliwater or
mixed with 0.01% methylene blue solution in a 5.5:1 ratio before being diluted inQliater.
No more than approximately 100 embryos were placed in each petri dish. Embryos were grown

in a 28.5°C incubator and the E3 media was replaced daily.

2.2.3 Metal ion treatment of larval zebrafish

Wildtype (AB strain) zebrafish were grown to eitheiob 6-days post fertilization (dpf)
in E3 embryo mediavith methylene bluand 1015 larvae were placed in each well of awel
plate. The larva was then bath treated with either 0, 2.5, 5, 7.5, 10, or 15uM of nickel (I1)

(Sigma;prod #654507 or cobalt (I1) (Sigmaprod.#255599 chloride hexahydrate or 0, 0.25,
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0.5, 0.75, 1, or 1.5uM of platinum (1) (Sigmarod #0609 or platinum (IV) (Sigmaprod

#206113 chloridediluted in E3 media with methylene blta 20 hours at 28°C.

2.2.4 Neuromast quantification assay

The DASPEI quantification assémas been established by many studies, but thesec
here wasadoptedrom Babolmorad et a{2021; Coffin et al., 2009; Harris et al., 2003; Owens et
al., 2007; Uribe et al., 2018Briefly, all wells within the six well plataverewashed with
embryo media three times before being incubatedn orbital incubator shaker at 130 rpm and
28°Cfor152 0 mi nutes i n media containing 0.01% 2
ethylpyridinium iodide (DASPEI, Sigma Aldrich; cat. #378%-1) to selectively stain live
neuromast hair cellen 6 dpf larvaThe wells were washed twice using embryo media and
groups of larvae were transferred into individual petri dishes where they were anaesthetized
using 4% Tricaines (MS-222). After blindingthe reseecher to treatmentshe neuromasts were
imaged using a Leica M165 FC dissecting microscope equipped with 406¢-Pass
fluorescent filterFive neuromasts along the posterior lateral line were chosen for scoring
consistently throughowxperiments (Figure 2.4kach neuromast was assigned a score ranging
from 0-2 based on fluorescent intensity. A score of 2 represented a bright, easily visible
neuromast, 1.5 for a minor decline in fluorescence, 1 for a moderate neuromast visibility, 0.5 for
a barely vidble neuromast, and 0 for no detectable fluorescence. The five neuromast scores were
summed for a total score out of 10 for each larva, which represented neuromast viability. A
lower score represenitsss healthyweuromasts, while a high score (near 10) represents healthy

neuromasts.
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2.2.5 Guide RNA design and injections

Previous work has shown that the biallelic editing ability of clustered regularly
interspaced short palindromic repeats (CRISP&P technology allows for the generation of FO
Acrispant o knockdowns i n a (Buageregtalt, 20f§6eHoghijimai t h h
et al., 2019; Jao, Wente, & Chen, 2013; Kroll et al., 2021; Shah et al., ZbiHapproach
allows for highthroughput examination of los#-function phenotypes within zebrafish larvae
with reduced number of resources and time. Knockdown of TLR4 homaegsr@tion oflr4
ficrispants ,Jusedduplexes of tranactivating CRISPRRNA (tracrRNA) and CRISPIRRNA
(crRNA) were made to produeesingleguide RNA 6gRNA). The cas9 nuclease binds to the
tracrRNA, and is guided to mutate the target gene through the crRNA. crRNidlbar tirdal,
andtlr4bb were designed using the predesigned usingRRICRISPRCas9 guie RNA
program offered by Integrated DNA Technologies (IDT). The crRNA sequences used can be
found inTable 2.1 The final gRNAs for each gene were made by mixing 100uM of the
tracrRNA and 100uM of the crRNA, heating them to 95°C famiButes and diluting them to
25uM using the nucleadeee duplex buffer (IDT; cat. #105-01-12). All three gRNAs (25uM)
were then combined along with Cas9 protein (25uM) and heated to 37°Cruna@sto make
a ribonuclease complex (25uM, RNP). The injection solutiortatoed RNP (25uM), 1%
dextrantetramethylrhodamine (invitrogen; cat. #D1811MY1 KCI, and RNAsdree water filled
to 10uL. Wildtype (AB) zebrafish embryos at the 1 cell stage were injected with either a mock
solution containing only the C&sprotein (mock injected) or the injection solution containing
gRNAs (irdba/al/bbcrispant). Injected embryos were then incubated at 28.5°C in E3 embryo

media.
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At 1 dpf dead embryos were removed from the petri dish. At 2 dpf embryos were screened for
the injection using a Leica M165 FC dissecting microscope equipped with an mCherry
fluorescent filter. Injected embryos showing red fluorescence were sorted amdtgrodpf at

28.5°C.

2.2.6 Confirming efficacy of tir4 CRISPR via genotyping

A standard genomic DNA extraction was done on all uninjected, moctrdhd/al/bb
injected larva that were scored during cisplatin experiments. The extraction was performed by
submerging whole larva in 15uL 50uM NaOH and boiling them in the thermocycler at 95°C for
15 minutes followed by a cooling period of 4°C forrbinutes 5uL TrissHCl was added to
neutralize the solution and DNA was stored at 4°C. A PCR was performed on genomic DNA
samples using the AlITaY Master Mix Kit (Qiagen; cat. #203146) following the manufactures
protocol. PCR product conceni@n was then quantified using a Nanodrop 2000
spectrophotometer (Thermo Scientific). Primers used for the PCR amplification of each zebrafish
tir4 homolog can be found in Taki®el. Thermocycling conditions were arEnutedenaturing
period at 95°C, then a specific amplification period for five cycles of 94°C for 15 seconds, 64°C
for 15 seconds, and 72°C for 30 seconds, followed by ssfessfic amplificatiorfor 30 cycles
of 94°C for 15 seconds, 54°C for 15 seconds, and 72°C for 30 seconds, and a final extension at
72°C for 10 minutes. Finally, Sangeequencing using the same PCR primer sets was performed
on the amplifiedlr4ba, tir4al, andtlr4bb genes from 1 uninjected, 1 mock injected anl%b

mutant larvae chosen at random.

2.2.7 HEK293T cell transfection and treatment
Human embryonic kidney (HEK) 293T cells (ATCC, catalog (cat) number-8RI6)

were grown in Dulbeccod6s Modified Eagle Mediu
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and penicillinstreptomycin (10@g/mL) at 37C and 5% C@ Cells were seeded in 2«ell

plates (5 x 104 cells/well) for functional assays. 24 hours after seeding, the HEK293T cells were
transfected with an empty vector (ocDNRSHA) or cotransfected with zebrafish Tlr4ba,

TIrdbb (agenerougift from Dr. Victoriano Mulero, Spaitiyepulcre et al., 2009pr a human

TLR4 expression clone (Addgene, cat. #13018) and an empty vector, a mot&exXpiession

clone (OriGene, cat. #MR225297), or human f[0riGene, cat. #RC204686). Transfections

were done following the manuwufeat¢PRolyplugcab s pr ot oc
#CA89129924) with half the indicated amount of DNA. The media in each well was replaced

with fresh media 4 hours pestnsfection. 48 hours pestansfection, media was aspirated, and

the cells were treated with nickel (1l) chloridexahydrate (Sigma, cat. #379840), or LPS

(Invitrogen, cat. #L23351) diluted in fresh media.

2.2.8 Western blot analysis of zebrafish TIr4 expression

Transfected cells wengdaced on ice for20 minuteswashed with icecold PBS, and
returned to iceCellswere lysedusing 0 0 ¢ L of col d Modi fied Oncoge
(MOSLB) (10 mM HEPES at pH 7.4, 50 mM Na Pyrophosphate, 50 mM NaF, 50 mM NacCl, 5
mM EDTA, 5 mM EGTA, 100 uM Ng&/Ogs, 1% Triton X100) containing Roche protease
inhibitor cocktail (Sigma, cat. #11697498001) (kindly provided by the Marchant group, UofA
MMI) was added to each well and then the cells were placed on a rockerd@mifiutes. The
wells were insed with the lysis buffer and the lysates were collect@deichilled
microcentrifuge tubes. The lysates were centrifuged@fer 10 minutes at 6000g and then the
supernatants were collected in new-phdled tubes. Lysates were mixed with 6X Laemmli
buffer at a 1:5 (buffer:lysate) ratio and then the samples were loaded without heating in a 10%

SDSPAGE gel. The gel was run 80volts andthentransferred to a nitrocellulose membrane.
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The membrane was blocked with LiCor Intercept (TBS) Blocking Buffer for 1 hour at room
temperature, then probed with mouse-&iiantibody (1:5000) (Invitrogen, cat. #R96025)
overnight at 4C, and then probed with goat ambuse secondary antibody (1:5000) (LiCor,
IRDye 800CW) for 1 hour at room temperature. The membrane was washed with TBST and

imaged on a LiCor Odyssey.

2.2.9 HEK293T viability and IL8 secretion

IL-8 cytokine secretion was used as a measur
suggestion for this cell line. Supernatants were collected 24 hoursgatstent and then 1B
secretion was quantified using commercial humag ELISA kits (Invitragen, cat. #38086)
according to the m8searétianovasinorralizédto celrvialdiliy oo | . | L
account for cell death hyickel. Cell viability was measured using MTT reagen{4%
dimethylthiazoi2-yl)-2,5-diphenyl tetrazolium bromidé ACROS, cat. #158990010). MTT was
diluted to 1 mg/mL in fresh media and added to the cellstpestment and incubated for 4
hours. Formazan was solubilized in DMSO (dimethyl sulfoxide) (Sigma, cat. #276855) and then

the absorbance was measured at 59@nra SpectraMAX i3x plate reader (Molecular Devices).

2.2.10 Phylogenetic and synteny analysis of zfTIr4
A phylogenetic reconstruction analysis of TLR4 was performed in MEGA11 as described
in Hall et al.(2013; Tamura, Stecher, & Kumar, 202Byiefly, multiple protein sequences from
different vertebrates with-ealues <0.001 were collected from NCBI through a BLASTp of
zebrafish Tirdl in MEGA11. A multiple sequence alignment was performed using MUSCLE
under the default options. To determine the most appropriate model for sequence evolution under
maxi mum | i kelihood (ML) for this data sret, we

estimating the tree. The Neard&tighborinterchange (NNI) algorithm was used to generate
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initial unrooted tree(s) for the heuristic search, which was estimated using the JJT+F +G +I
substitution model with 1000 bootstrap replicatiQhanes, Taylor, & Thornton, 1992l
positions with less than 95% site coverage were eliminated, i.e., fewer than 5% alignment gaps,

missing data, and ambiguous bases were allowed at any position.

Synteny analysis was performed using the Genomicus 93.01 available at:

https://www.genomicus.bio.ens.psl.eu/genomi@8%1/cgibin/search.plThe gene tree was

rooted at the duplication of TIr4 in early vertebrates. All TIr4 sequences are collected from the
Ensembl database, with all lewoverage sequences removed from the tree. Species for

comparison were then selected for analysis.

2.2.11 Statistical analysis

Individual neuromast scores for each larva were added todetpmvide a score for
each individual animal, and this score was used for subsequent anghgsiganneuromast
viability scores and hair cell couftom each groupvere analyzed using otveay ANOVA with
Tukeyds multiple comparisons test. All graphs
GraphPad Prism 9. HEK293T normalized8lsecretion values were analyzed using an RM two

way ANOVA and Tukesogsgestmul ti pl e compar.i

2.3 Results

2.3.1 Nickel, cobalt, and platinum induce hair cell death in larval zebrafish neuremast

Many genes, including TIr4, have multiple copies in zebrafish due to the whole genome
duplication events that occurred within teleosts. Zebrafish contain three Tlr4 hombhmgs
(ZDB-GENE-0402198), tir4al (ZDB-GENE-090507%2), andtlr4bb (ZDB-GENE-0402199).
Our preliminary synteny analysis, with a wider array of species and complete genomes available,

broadly agrees with the analysis performed by Sullivan et al. with respect to the homology
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relationshipg2009)(Figure2.5). Furthermore, our phylogenetic analysis also appears to agree
with the analysis by Loes et al., in respect to the evolutionary relationship based on sequence
similarity (2021) In mammals, nickel is known to induce allergic contact hypersensitivity
reactions through the direct binding and activation of TiJR&ana et al., 2017pther group 10
transition metals, such as platinum, have also been shown to activate mammalian TLR4 through
a similar mechanism as nick@omingo et al., 2023revious findings show TIr4 signalling is

highly conserved between mammals and zebrafish, with the lowest conservation area being
within the extracellular domain (Sullivan et al., 2009; Zhang et al., 2014). This difference, along
with lack of careceptorsis believed to be responsible for the low sensitivity of zfTIr4zebrafish
TIr4 homologs to LPS and instead may indicate they are more suitable for the direct binding of

metal ions.

It has been previously established that a platiiased chemical is toxic to zebrafish
neuromast hair cells in a manner that requires zebraliigrhomologs (Babolmorad et al.,
2021), so we reasoned that hair cell health could be favourable proxy of zebrafish TIr4 mediating
metal toxicity in vivo. Therefore, to determine to the ototoxicity of group 10 transition metals,
we first examined their abili to induce hair cell death within the posterior lateral line (pLL)
neuromasts. Wildtype zebrafish were eged to varying concentrations of Ni0CoCb, PtCh,
and PtCJ. DASPEI stained neuromasts showed a dtegendent decrease in neuromast hair cell
viability when treated with nickel (1) and cobalt (Il) (Figur&2.& B). From these dose
response experiments, a wor ki nognd€oGhweag nt r ati on
selected for the following zebrafish experiments based on the low variability in the scores and

the significant reduction neuromast viability without complete ablation of the hair cells. |
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comparison to untreated larva, neuromast viability scores decreadettdzand 7.7#fold in

| arvae tr eat ednd@iClrdspedily. M Ni CI

The two platinum salts tested showed approximately-@ltiincrease in toxicity to
larval pLL neuromast hair cells compared to nickel and cobalt salts (FIi@@&2D). At lower
doses;l.(5¢avyandPRtGCdhowed mean neuromast viability scores like those seen
when larvae were treated with-1@ld higher concentrations of nickel (I1) and cobalt (II). From
thesedose esponse curves, we selected a wamdki ng co
PtCL due to their near, but not complete ablation of neuromast hair cells. Larvae treated with
0. 7 5 ¢ Man® Rt $howed a 10-fold and 2.#old decrease in neuromast viability from
untreated larvae respectively. Pi€howed greater toxicity to pLL neuromastir cells in
comparison to Pt@with the mean neuromast viability being3.8& 1 d | ower at 0. 75¢
PtCL treated larva at the same concentraiton. Nickel, cobalt, and platinum did not appear to have
any overt morphological effects on larva over the course of treatment and their development did
not appear impaired (Figurer. Together, these results demonstrate that gKowansition

metals induce dosgependent neuromast hair cell death in larval zebrafish.

2.3.2 Zebrafish TIr4 transfected into HEK293T cells show a modest response to nickel, but no
measurable response to LPS.

HEK?293T cells do not normally express TLR4 and lack sensitivity to TLR4
agonists, but when transfected with human TLR4 and2Viihey have been shown to upregulate
proinflammatory gene expression in response to known TLR4 ag(@lstsv et al., 1999;

Medvedev & Vogel, 2003; Yang et al., 2008fter TLR4 stimulation, inductonof N B | ead s
to an increase of H8 secreted into the media.-B.has been established by numerous studies as

a marker for TLR4ctivationmaking HEK293T cells an excellent in vitro cell modieurt-
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Jones et al., 2000; McKee et al., 2021; Oblak, Pohar, & Jerala, 2015; Potnis, Dutta, & Wood,

2013; Queveddiaz et al., 2010; Schmidt et al., 201Tp examine the ability afebrafish Tlr4

homologs to respond to group 10 transition metabrafish TIrda and Tlr4bb were expressed

within the HEK293T cellsdonfirmed by Western bloEigure2.8). IL-8 secretion was measured

using ELISA and IL8 levels were normalized based on cell viability to account for cell death

from cisplatin. Treatment with 200eM nickel o
an approximate-Pold increase from d&iseline 11-8 secretion with and without M2 homologs

(Figure 29A &B). Cells transfected with humarLR4 showed an approximatef8ld increase

in IL-8 secretion without ME2 or withmouse Md2, and an approximatefld increase in IL8

when transfected with human MBD(Figure2.9C).

Previous studies have shown that nickel binds directly to human TLR4 through conserved
histidine residues, inducing dimerization without the requirement of2\Raghavan et al.,
2012; Schmidt et al., 2010)o determine if the presence of MDhas an affect on hTLR4 and
zebrafish Tlrdactivation, both human anouse Md2 homologs were ctransfected with
zebrafish Tirdhomologs or hTLR4. We found the presence of-Rlivas not required for
zebrafish Tirdand hTLR4 induced H8 secretion by nickel as cells transfected with only Tlrdba,
Tirdbb, or hTLR4 and an empty vector showed aftlé, 1.7fold, and 2.9fold increase in IL8
secretion, respectively, while cells transfected with the empty vector sthomezl no increase
from untreated cells (Figure9). Moreover, the addition of eithearouse Md2 or human MDB2
did not have any significant impact on level of8Lsecretion from cells transfected with
zfTrl4ba andzebrafish Tlrdbb (Figure 2A & B). It is worth mentioning that Tlr4ba showed a
more potent activation in the presencéofman MD2 thanmouse Md2 resulting in a Zold

increased in IL8 secretion versus a H8ld increase respectively (Figuré2). The presence of
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human MDB2 (hMD2) led to the greatest activation of hTLR4 showingfal® increase in IL3
secretion, but when ewmansfected with the empty vectormouse Md2 there was a-old and
3.5fold increase, respectively (Figurég). Altogether, this data suggests that nigkeldiated
activation ofzebrafish Tlrdor hTLR4 does not require an MBDcoreceptor, but nickeihduced

hTLR4 activation is significantly greater in the presenceushan MD2.

Zebrafish TIr4 is known not to activatpdmarily by LPS, therefore LPS was used as a
negative control for Tlr4 mediated48 secretion (Figure 2A & B). LPS failed to stimulate
increased L8 secretion in HEK293T cells transfected with either Tlr4ba or TIr4bb, with and
without MD-2. Bothzebrafish Tlrdhomologs only show activation mediated by 200uM nickel,
while 10ng/mL LPS does not activate Tlr4ba or Tlrdbb. Conversely, LPS is known to be a potent
activator of hTLR4 and was used as a positive control in cells transfected with hTLR4. Cells
transfectednly with the empty vector and treated with 10ng/mL of LPS showed no significant
increase in IL8 secretion from baseline secretion levels (FigWER.When transfected with
hTLR4 alone, there was a significant increase w8 kecretion, which was fuhincreased in
the presence dfuman MD2. Interestingly, cells ctransfected with hTLR4 armtiouse Md2
failed to be activated in the presence of 10ng/mL of LPS, showing selectivity in-tbeegior

required to induce H8 secretion by LPS.

2.3.3 Zebrafish TLR4 homologs are required for metal toxicity in PLL neuromast hair cells.

Zebrafish FO genetic mutants (crispants) have recently been used in a variety of studies
for examining the effects of targeted gene mutation on disease, behaviour, and devegBpknent
et al., 2021; Davidson et al., 2021; Lu, Leach, & Gross, 2023; Quick et al., 2021; Trubiroha et
al., 2018) They are admired for their effective, accurate, and rapid recapitulation of mutant

phenotypes with a mutation rate greater than 80% within the target locus and close resemblance
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to their stable mutant counterpafitfoshijima et al., 2019; Kroll et al., 202Here, we used
CRISPRCas9 gene editing technology to produce a crispant larva where all three zelvdafish
genestrdba/al/bb) were targeted for mutagenesis. These larvae were then used to establish that
the cytotoxic effects on neuromast hair cells from nickel and platinum are mediated through

zebrafishTlIr4.

Crispant larva were injected with a Cas9/gRNA ribonuclear complexes (RNPs) targeting
a short sequence (~20 nucleotides) earljrdiba, tir4al, andtlr4dbb gene homologs for mutation
(Figure2.10 . A fAimocko injection that contained the
used a control for any effects of the injection process or spontaneous mutations made by the
Cas9 protein itself. The mutations, or a lack thereof, were confirmed by takiagvhe after
metal ion treatment and sequencingtthe genes after amplifying them with PCR. Sanger
Sequencing showed no detectable mutations withitirthgenes of uninjected and mock
injected larva, while an unreadable sequence followetrtéts andtlrdbb genes in crispant
larva due to CRISPR mutations leadinglisrupted genomic DNA and thus templating of
inconsistent PCR productBigure 211-2.13). This confirmedthat thetlr4ba/al/bb genesvere
successfullydisrupted in crispantsvhich aligrs with our DASPEI scoring experiment results.
When examiningrispant larval phenotypes, nthernoticeable differences were observed

compared to uninjected, or mock injected larva (Figurg 2.

Next, we tested the hypothesis that zebrafish TIr4 homologs are required for mediating
the metal toxicity observed in hair cells. Knockdown of TLR4 in crispants protected hair cells
from metal toxicity After treatment with 20uM NiG| 0.75uM PtCl and 0.75uM PtGl
crispants showed an improvement in neuromast hair cell survival (Fidhe Phe mutations in

tirdba andtlrdbb resulted in a near-@ld increase in mean neuromast viability after treatment
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with the platinum compounds, an@ &-fold increase in mean neuromast viability for crispants
treated with 10uM NiGlin comparison to uninjected WT fish. Although these experiments were
performed on population of mixed mutants, mutations in the zebtafishomologs allowed for

a significant recovery in neuromast viability after metal ion treatment compared to their toxic
effects in noAmutant WT larvae. This data along with thevitro cell culture experiments shows
zebrafish TIrdhomologs are invokd in a celideath response to group 10 transition metals,
which act as ligands mediating zebrafish TIrdba and Tlr4bb activation and release of

proinflammatory cytokines.

2.4 Discussion

This study demonstrates that group IX/X transition metals mediatetivationof Tir4
homologs in zebrafish, providing insight to the lestgnding mystery of LR4 functionin early
branching vertebrate8Ve shovedthat bath application of NiglCoCbk, PtCh, or PtCh inducel
neuromast hair cell death and that this effequiredzebrafish TIrdhomologs. Furthermore,
treating cells transfected with zebrafish TIr&lsd Ir4bb with nickel, but not LPSnducedthe
release of IL8 independently of MER. Altogether, this data suggegtbrafish TIrdhomologs
mediate cellular responssmetal ions, which ia response only observed previously in

humans and closely related primates.

Exposure to trace metals such as nickel, cobalt, zinc, and dsmgoeenmon within
aguatic environmentgnd has been previously observed to induce inflammatory responses in
aquaticlife( JuSki ewi cz & Gi er sz e waekrafishh@&ehdvnmetdi ngh et
ions induce expression of proinflammatory cytokines such laginét n dsWell as Tlr
signalling genesnyd88 nfkb1g andtlr5b (Brun et al., 2018; Chen et al., 2019; T. Wang et al.,

2015) Moreover, the involvement of TIrs in mediating these inflammatory responses is
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supported by the observation that MAPK pathway, which is frequently activated during
TLR4 signalling, also shosincreased gene expression after metal expd§iiren et al., 2019)
Additionally, similar to what is observed in humans following métaluced TLR activation,
contact with metal iong zebrafishcan lead to the development of high concentrations of
reactive oxygen species (ROS), leadinfuttherinflammation, disruption of mitchondrial

function, and eventually cell deathia et al., 2022; T. Wang et al., 2015)

In humans, metals elicit teeresponses describatbovethrough the binding and
activationof TLR4 (Babolmorad et al., 2021; Oblak, Pohar, & Jerala, 2015; Rachmawati et al.,
2013; Schmidt et al., 2010JLRs are expressed within the skin of zebrafistet al., 2017)
which is the first area contacted by foreign bodies and acts as a primary site for innate immune
system activabn. In this study we show thdtring bath application with metal iorgusters of
hair cells on the exterior of zebrafjstalled neuromastaptly demonstrate the ability of metals
to induce cell deatfFigure 2.6).This effect can be mitigated byutations in Tirdba/TIr4bp
resuling in a reduction ofnetalcytotoxicity (Figure2.14). This data provides evidence that
zebrafish TIrdhomologsareone of mechanisms involved the generation of metahduced cell

death.

These findings provide further support to the ideazbhtafish Tlr4dcan be activated by
metals,and while this suggests an ancient, shared function for vertebrate TLR4 it is noteworthy
that not all previous works align exactly with this conclusidme binding of nickel to human
TLR4 has been shown to be directly mediated through two histidine residues within the LRR
domain. These residues are conserved between primate species such as chimpanzees and humans
but are largely absent in more distantliated vertebrate@Peana et al., 201 chmidt et al.,

2010)(Figure 2.3). These histidine residues allow for the binding of nickel due to their effective
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position within the TLR4 protein, distance in relation to one another, and their nucleophilic
imidazole group that interacts strongly with the electrophilic nickel ions. Previously, it has been
suggested that due to the lack of these histidine resides,sptecies apart from primates fail to
respond to metal ions through TLR@blak, Pohar, & Jerala, 2015; Schmidt et al., 2000¢e

have demonstrated nickel hypersensitivity through ThaBdvation but only when pre

sensitized with LPS as an adjuvé8ato et al., 2007ur findings show that cells transfected
with zebrafish Tlrdhomologs increase secretion of8Lin response to nickendin the absence

of LPS, similar to what is seen in humans (Figu® @Rachmawati et al., 2013; Schmidt et al.,
2010) In contrast to what is known about nickel binding to TLR4 in humaesetfindings

support the idea thaebrafish Tlrdcan be activated by metals, inducing a proinflammatory
response. Furthermore, MPwas not required for metal inducadivationof zebrafish Tlr4
suggesting a binding mechanism like that observed in hurRartber work is warranted

towards understanding which residues in zebrafish TIr4 mediate metal signalling. Regardless,
this implicates zebrafish agpaomisinganimal model for stdying metal allergies and provides

an in vivo system to examine the complexity of métduced contact hypersensitivity reactions

and future therapeutic avenues.

Human TLR4 activabn can also occur by endogenous molecules released after cell
injury called DAMPs. This opens the possibility of two possible mechanisms through which
zebrafish Tlrdactivationis observed from metal ion treatment. First, similar to humans, a
currently unknown motif within the ectodomainz&brafish TIrdcoordinates with metal ions
inducing its dimerization and mediating &stivation Second, the metal ions result in the release
of DAMPs, which then mediate the active of zebrafishTIrdhomologs in the response to

metals present in the media. DAMP release through the generation of ROS (either through TLR4
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or directly by metals) will result in positive feedback loop where activaif TLR4 leads to
oxidative stress, leading to the release of DAMPS, which further activates TLR4. Therefore, we
can not rule out the possibility of DAMPs as a confounding variable within this study. However,
theactivationof hTLR4 by some DAMPS such as HMGBL1, requiresexeptors such as MB,
whichis not required for the release-B.by cells expressinzebrafish TIr4(Figure 29A & B)

(Yang et al., 2015)Furthermorezebrafish TIrdhomologs do not have any known endogenous
ligands, but examining endogenous activatorsetiirafish TIrdprovides an exciting avenue for
future studyLiu et al. showed that peroxiredoxin 1, a widely expressed antioxidant enzyme and
DAMP, could interact with Tlrdba, inducingN-B act i vity and upregul ati
proinflammatory cytokinefHe et al., 2019; 2018Yhis finding supports some role of DAMPs

in zebrafish TIr4 activadn, however more work is required to determine the role DAMPs play in

metal induced TIr4 activaiton in zebrafish.

Apart from histidine, it is known that other residues such as cysteine, aspartic acid,
glutamic acid, and methionine contribute to metal ion binding through maotifs rich in these amino
acids(Kozlowski et al., 2013)Previous studies have established that platinum and platinum
containing compounds (such as cisplatin) are capable of directly binding and activating human
TLR4 without the requirement of MR (Babolmorad et al2021; Domingo et al., 2023)

Platinum binding also appears to involve residues disparate from the known nickel binding
residues, as activan is still present after mutation of histidine H456 and H&&&ningo et al.,

2023) The platinum compounds tested in this study require lower concentrations to elicit similar
levels of neuromast hair cell death as nickel, indicating they are more toxic to zebrafish
neuromast hair cells (Figure2. However, no overt toxicity was displayed to the overall health

of the zebrafish in response to the platinum compounds (FigQrdr2combination with the
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crispant mutant experiments that show a significant increase in neuromast viability after Tir4
mutation, one explanation of these results suggest platinum is a more potent activator of
zebrafish TIrdhomologs compared to nickel, leading to increased inflammation and ROS
resulting in more cell death. The stronger activation by platinum may be mediated by other
histidine clusters within theebrafish Tlrdextracellular domain such as H352, H354 and H361 in
TIrdba and H445, H450, and H461 in Tirdbb (Figur®.2Moreover, other conserved cysteine,
aspartateand glutamate residues in the LRR regioaetirafish Tlr4dcould support platinum
activation such as D423, E426, D429, D453, and/or the cysteine cluster C389 and C390.
Residues like these within the hypervariable region (proximal region of the extracellular domain)
often provide species specific recognition oftjgallar ligands, which in this case could be

certain metals like platinurfVaure & Liu, 2014) These residues act as good candidates to

examine more closely for metal binding activity in future studies.

When examining the level of 1B secretion betweezrebrafish Tirdand hTLR4, nickel
induces greater activation of hTLR4 (Figur@)2Across all groups, the greatest increase from
baseline 118 secretion was a®ld increase induced in cells-t@nsfected with hTLR4 +
human MD2 and treated with nickel (Figure2Z). On the other hand, the greatest increase in
IL-8 secretion from theebrafish Tlrdtransfection experiments occurred in cellsi@msfected
with Tlr4ba +human MD2, with a 2fold increase in IE8 from baseline (Figure 2A&B). The
difference in maximal activain levels may be due mebrafishTird acki ng it és recer
identified endogenous M2 coreceptor (Ly96) leading to incomplete signallithges et al.,
2021) When comparing between species, we see that the levels8afdtretion from nickel
treated cells ctransfected with either hTLR4 aebrafish Tlrdand an empty vector onouse

Md-2 are similar (Figure 8). A previous study by Raghavan et al. showed that, although still
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present, activadn of hTLR4 withouthhuman MDB2 by nickel and cobalt is significantly reduced
(2012)(Figure 29). This suggests that when TIr4 receptors are alone, or lacking their
endogenous eoeceptor, the activain of the receptor is stunted from its full potential. Our data
supports this finding, where we observed hTLR4 subject to nickel treatment in the presence of
mouse Md2 had a significantly reduced response in comparison to when the cells were co
transfected witihhuman MD2, its endogenous execeptor (Figure 2C). Similarly, certain

ligands like taxol, LPS frorRhodobacter sphaeroidesnd tetraacylated lipid 1Va elicit different
responses from TLR4 depending on the mseof TLR4/MD2 complex preser{Ohto et al.,

2012; Werling et al., 2009T herefore, it is possible that residues within the hypervariable
variable region otebrafish Tlrdand the endogenous zebrafish Mmomolog would assist in

providing crucial interactions required to promote a more potent response to metal ions.

The ability ofzebrafish TIr4 particularly Tlrdba, to respond to LPS was recently re
visited by Loes et al. after thairsightful observation of an ME2 homolog present within the
zebrafish genom@021) LPSwasshown to be capable of activatimgbrafish Tlrdéa in the
presence of ME2, however, there are two caveats: it requires mammalian Cd14, which currently
has no known homolog withirebrafish, and the concentrations required for acticadf
zebrafish TIrdwas also considerably higher (ug/mL) than the biologically relevant
concentrations of LPS {DOng/mL) required for TLR4 activiain (Guo et al., 2013)On the other
hand, dimerization by metal ions is through a direct binding mechanism and excludes the
prerequisite of CD14 for activiain. The presence of Tlr4 homologs and an-RiBomolog
within zebrafish along with the lack sensitivity to LPS provides a logical basis for our hypothesis
thatzebrafish Tlr4utilizes group IX/X metals for ligands. The most recent hypotheses for how

zebrafish TIr4fits in to the evolution of this receptor suggeststhii#egene along witty96 (MD-
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2) arose in a common ancestor before divergence offilobed and rayfinned fish(Loes et al.,
2021) The lack CD14 and LPS sensitivity in most fish species, but the presence®f MD
further supports t he n o indludedthetbihding of ligands4hdtgdo pur p o

not require caeceptors, such as metals.

In summary we present data in support of nickel and platinum acting as novel ligands for
zebrafish TIr4 helping discern the mystery surrounding its functie. demonstrated that
through genetic mutation of Tlr4, zebrafish become significantly less sensitive to metal
cytotoxicity and their presence in cells increased the inflammatory response to metals. These
findings suggest a previously unknown function elbrafish Tilr4 and that they may be used to
sense for metals in their environment, resulting incibxand inflammation observed in
zebrafish. Furthernderstanding the function a&brafish Tlrdand the involvement of metal ions
will facilitate better utilization of this model organism in the study of innate immunity and

disease, particularly metal contact hypersensitivity.
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2.5 Figures and Tables

Metal binding VS LPS binding
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Figure 2.1 Metal ions bind directly to TLR4 versus caereceptor binding with LPS. Group

IX/X transition metals bind directly to key residues in the ectodomain elikelreceptor 4

(TLR4). This stimulates nuclear facterb {aNoF) , | eadi ng to the releas
and proinflammatory cytokines. LPS binds to the LPS BindingeRrdLBP) and is transferred

to the cereceptor cluster of differentiation 14 (CD14). CD14 facilitates the binding of LPS to

myeloid differentiation factor 2 (ME2)/TLR4 signalling complex, which then dimerizes and

follows a similar signalling cascads described abovereatedwith BioRender
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Tirdal 79.37% 65.09% 36.63% 36.33%
Tirdbb 64.00% 65.00% 36.56% 34.36%
TLR4 (Human) | 37.29% 36.63% 36.56% 66.43%
TLR4 (Mouse) 35.70% 36.33% 34.36% 66.43%

Figure 2.2 Multiple sequencelignment and precent identity matrix for TLR4 (full

protein) between zebrafish, mice, and human#) The comparison between sequences shows

the homology and conservation of residues mainly in the latter third of the protein sequence.
Similar residues (100%) are highlighted in black, partially similar residues are highlighted in

dark grey (80%100%) and light grey (60980%). The coloured histogm shows the mean

pairwise precent identity for each column of the alignment, where green represents 100%, yellow
represents >30%, and red represents <30%. B) Table shows the percent sequence identity
between mamalian TLR4 (mouse and human) is >60%, while the precent identity between
mammalian and zebrafish TIr4 homologs <40%. Alignments, similarity, and the percent identity

matrix were made and calculated using Geneious Prime.
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Figure 2.3 Multiple sequencealignment and precent identity matrix for TLR 4

extracellular LRR domain and intracellular TIR domain between human, mouse, and
zebrafish. The comparison between sequences shows the homology and conservation of residues
is ~20% greater within the intracellular TIR domain compared with the extracellular LRR

domain. Similar residues (100%) are highlighted in black, partially similar residues are

highlighted in dark grey (809400%) and light grey (60980%). The coloured hisgram shows
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the mean pairwise precent identity for each column of the alignment, where green represents
100%, yellow represents >30%, and red represents <30%. The known human nickel binding
residues are underlined in red within A. The nickel binding residues 43158rshdw 100%

similarity between humans, mice, and zebrafish, as well as partial identity (>30%) and consist of
either histidine or tyrosine residues. The last known nickel binding residue (458) shows low
similarity and identity between all sequence argitiser a histidine, asparagine, serine, or

arginine residue. The table below the alignments show the percent sequence identity for the
entire sequence alignment between human TLR4, mouse TLR4, zebrafish Tlr4ba, Tlr4al, and
TIrdbb. Alignments, similarity, rd the percent identity matrix were made and calculated using

Geneious Prime.
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untreated

+10pM NiCl,

Figure 2.4 Depiction of the zebrafish posterior lateral line and neuromastsn 7dpf

zebrafish larvae.A) Location of posterior lateral line neuromasts drawn on a brightifiedge

of a 7dpf larva. Black arrows point to the location of the five stereotypically developed
neuromasts consistently scored between experiments B) DASPEI stained untreated larva with
visible neuromasts. White arrows point towards the same five neuromalstsasis A. C)

DASPEI stained larva treated with 10uM nickel (11) chloride hexahydrate, showing the lack of

fluorescence from neuromasts due to a hair cell death.
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Figure 2.5 Phylogenetic and synteny analysis of TLR4 sequences between spedigs.

Maximum likelihood unrooted phylogenetic tree of 48 TLR4 protein sequences. The percentage
of trees in which the associated taxa clustered together is shown below the branches. The human
TLR4 sequence is highlighted in green, while zebrafish TIr4 sequareésghlighted in red. B)
Synteny analysis examining the conservation of 20 genes surrounding tidhimtween 13
vertebrate species. Primates (humans, chimpanzee, orangutan, gibbon) share a high level of
chromosome structure with humans with mamynologs located in a similar location relative to

tir4. The conservation of chromosome structure decreases with earlier divergence ofthgecies.
from different vertebrate species are aligned down the middle column. Each row shows a short
area of chromosomal structure surroundingyin different species. The blocks indicate the

location of genes in different species that share homology with their human counterpart. Each
colour corresponds to an ortholog of a gene, with the human gene name aneszocaling

colour denoted at the bottom. The gene tree is shown on the left while organism name and the
chromosomal location of the gene sets are indicated on the right. Multiple gene alignment for
synteny analysis was made using Genomicus 93.01. Evoltianalyses were conducted in

MEGAL11 (Tamura, Stecher, & Kumar, 2021)
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Figure 2.6 Nickel (II) chloride, cobalt (Il) chloride, platinum (II) chloride, and platinum

(IV) chloride induce PLL hair cell death ina dose dependent manner within & dpf
zebrafish. As the concentration of the Ni€fA), CoCk (B), PtChk (C), and PtC| (D) in the

media increased, the intensity of DASPEI fluorescence decreased, indicating a decrease in
neuromast hair cell viability. Nighnd CoCl are less toxic to neuromast hair cells as the

concentration of NiGland CoC4 required for similar levels of neuromast hair cell death to occur
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is 10fold that of the platinum salts. N = 10 wildtype larva for all treatment groups. Bars
represent the mean neuromast viability score of all larvae. ****p<0.0001, ***p<0.0002,
**p<0.0021, *p<0.0332, ns = not siigemi ficant b

comparison test.
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Figure 2.7 TIr4 crispant fish treated with nickel (II) and platinum (IV). A-C) 6-7dpf mock
injected and TIr4 crispant larva treated with either POENICl> show no apparent

morphological change in comparison to an uninjected untreated larva. A) Uninjected, untreated
larva. B) Mock injected larva treated with 7.5uM Rit@) TIr4 crispant treated with 7.5uM

PtChL. D) Mock injected larva treated with 10uM NiCE) TIr4 crispant larva treated with 10uM

NiCl».
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Figure 2.8 Western blot showing expression of zebrafish Tlr4dba and TIr4bb in HEK293T
cells.Zebrafishtlrdba andtlr4bb were transfected individually into HEK293T cells and

expressed using the SV40 promoter. Untransfected HEK293T cells and those transfected with an
empty vector (EV) show no expression of a Tlr4 protein, but those transfected wiltd the
recombinant plasmids show expression of a protein at approximate size of(F88ddDa)and

Tirbb (~95kDa)r e specti vely. Additionally, zebrafish
sequence for detection using mouse-altiantibodies. Expression of ASC was used as a

positive control. The ladder (left) shows proteins of known sizes in kDa. nt = no transfection, EV

= empty vector, ASC = apoptosassociated spedike protein contaiig a caspaseecruitment

domain (CARD), fTlr4ba = zebrafish TIrdbafZlrdbb = zebrafish Tlr4bb.
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Figure 2.9 Nickel activates zebrafish Tlr4ba and TIr4bb in HEK293T cells while LPS does

i

LPS (10 ng/mL)

mEV
B hTL4 + EV

B hTLR4 + mMD2
hTLR4 +hMD2

not. The TLR4 signalling cascade is well conserved between zebrafish and mammals.

Stimulation of TLR4 by LPS in mammals results in a release of a range of proinflammatory

cytokines and type 1 interferons. Cells transfected with Tlr4ba (A), Tirdbb (B), or human TLR4

(hTLR4; C) and an empty vector, mouse (mMMD2) or human (hMD2)24Dow a increase in

IL-8 secretion (a common measure of TLR4 activation) after treatment with nickel (Il) chloride

hexahydrate in comparison to cells transfected with the empty \adoter. AB) HEK293 cells

lacking mammalian TLR4 but transfected with TIrdba and TIr4bb show increased secretion of

IL-8 when treated

wi t h

200¢e M

n

ckel

1)

c hl

10ng/mL of LPS. Stimulation of H8 release by T#ba (A) and Tlr4bb (B) does not require MD
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2. A) The TIr4bahMD-2 complex allows for increased-B secretion in the presence ofNn
comparison to the mMER homolog. B) zfTLr4bb does not require or show a preference for
either MD-2 homologs when inducing 18 secretion in the presence’NiC) hTLR4 induces 1L

8 secretion both in the presence of'Nind LPS but does not when transfected with the empty
vector alone. hTLR4 induces8 secretion after nickel (1) chloride hexahydrate treatment with
or without MD-2 but is significantly greater wheransfected with hME2. LPS induces 8
secretion with and without hM2 but does not when mMR is present. The secretion of8Lis
significantly greater in cells transfected with hMDn comparison to cells transfected with the
empty vector aloneLI8 fold induction was calculated based on the baseline cell secretion of IL
8 without treatment. N = three independent experiments for all treatments. ****p<0.0001,
***n<0.0002, **p<0.0021, *p<0.0332, ns = not significant by tmay RM ANOVA and

G2 d § Wtiple commparisons test. This data was generated and provided with permission from

Tracy Lee.
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Tlr4 homologs on Zebrafish Chromosome 13

-, ] IHHEEEEEE (B R
tlrdba tlrdal tlr4bb

Figure 2. 10 Illustration representing the 3tlr4 homologs on zebrafish chromosome 13 and

their approximate gRNA positions.The three zebrafisthr4 homologs are found in succession

to one another. Arrows point to the initial base pair position on the chromosome. White boxes
represent untranslated regions, blue boxes show exons, while blue lines show introns. Grey lines

represent the intergenic region connecting the homologs.
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Figure 2.11 Sanger Sequencing of tlr4ba crispant DNA. Thérdba gene was amplified
from the genomic DNA of individual larvae via PCR using the tirdba forward primer.

Uninjected larva (A) and mock injected larva (B) DNA in A & B shows an unmuthitdzh

sequence, where consistent DNA in all cells produces a coherent chromatogram throughout. C)

Chromatograms frortir4 cripants show clear sequence chromatograms where the DNA is

homozygous and consistent throughout the individual (left side), but the chromatogram becomes

unreadable near the gRNA binding site (highlighted in light yellow) because a mixture of various

mutant DNA sequences now e karvawese ingcted at the dnéoell

ar va

stage with either a gRNA sequence targeting the three zebrafish tir4ba homolog or Cas9 protein

alone (mock).
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Figure 2.12 Sanger Sequencing of tir4bb crispant DNA. Thelr4bb gene was amplified

from the genomic DNA of individual larvae via PCR using thelr4bb reverse primer.

Uninjected larva (D) and mock injected larva (E) DNA in A & B shows an unmutated tlr4bb

sequence, where consistent DNA in all cells produces a coherent chromatogram throughout. F)

Chromatograms from tir4 cripants show clear sequence chromatograms wHakAte

homozygous and consistent throughout the individual (left side), but the chromatogram becomes
unreadable near the gRNA binding site (highlighted in light yellow) because a mixture of various
mut ant DNA sequences nowLaevawesetinected atthe ane delh e

stage with either a gRNA sequence targeting the three zebrafish tir4bb homolog or Cas9 protein

alone (mock).
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Figure 2.13 Sanger Sequencing of tirdal crispant DNA. Thelr4al gene was amplified from

the genomic DNA of individual larvae via PCR using thdlr4al reverse primer. Uninjected

larva (G) and mock injected larva (H) DNA in G & H shows an unmut#téal sequence,

where consistent DNA in all larval cells produces a coherent chromatogram throughout. 1)
Chromatograms frortir4 cripants show clear sequence chromatograms where the DNA is
homozygous and consistent throughout the individual even following the gRNA target sequence

(highlighted in light yellow).
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Figure 2.14 TIr4 crispantmutant larvae are less susceptible t&roup 10 transition metal

induced ototoxicity. Both uninjected and mock injected larvae shaosigaificant decrease in
neuromast hair cell survbarmad @.fT7madWiCPim@&lt ment
TIr4 crispantlarvae had theitir4 homologs mutated, protecting them from group 10 transition

metal induced ototoxicity. Neuromasts showed a significant increase in viability compared to the
mock and uninjected platinum treated groups. Notably, uiiliikecrispans treated with PtGl

and PtC}, crispant larvae treated with Nigalid not show a significant increase in neuromast

survival compred to mock and uninjected larvae. Larvae were mutated irtlthdiomologs

using CRISPRcas9 genome editing. Larva were injected at the one cell stage with either gRNA
sequences targeting the three zebrafish tlr4 homologs or Cas9 protein alone (mock). Larvae were

grown to 6 dpf when they were treated with cisplatin2@hours. Bracketed numbers above
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each bar represents the total number of larvae scored in each group. ****p<0.0001, ns = not

significant by one way ANOVA and Tukeyo6s mult
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Table 2.1 CRISPR-cas9 gRNA sequenceand PCR primer sequences.

Gene gRNA sequence PCR primer sequencs
F:5 &£CTGCATGGTCTTAATGTCAA3 6
t|r4ba 5 &GAGGUAUCUUACUAUGUUUGUUUUAGAGCUAU3 6
R: -GEATTGATCATACAGCGAAAGA-3 &
F : -GB@TCTTCCTCCATTCATGAGG3 6
t|r4a| 5 @WCCAAUCUCUCGAAGCACAAGUUUUAGAGCUAUGCU3 6
R: -CBRACATCAGCCTTGTGACATT-3 6
F: CCTTCATTTCGTTTAATGCACAS3 6
t|r4bb 5 €€LAAACAACUUAUCCACGGUGGUUUUAGAGCUAU-3 6 R, AACGAAACAAGTGCATTTCTGA 3 6
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Chapter 3. Toll-like receptor 4 as a therapeutic target to reduce CIO in a

zebrafish animal model.

Chapter 3 Preface:

Some of theesearch conducted in Chapter 3 is being prepared as a collaborative manuscript
between the Bhavsar lab led by Dr. Amit P. Bhavsar at the University of Alberta, the Berman lab
led by Dr. Jason Berman at the University of Ottawa, and the West lab led gederick G.

West at the University of Alberta. At the time of writing, this manuscript in still being compiled,
but this chapter was written by APDF with editing contributions from WTA. All in vivo work
presented in this thesis was generated by APDFeNt®erivatives were generated by the West

lab. The heterologous cell culture work was generated by Tracy Lee. Sakina Mithaiwala was
instrumental in the generation of the YXRRO1 assay and in helping establishing creation of the
crispant mutant larva. NiaRollock was fundamental in conceptualization and early instruction

of fluorescent staining assays. Summary Table 3.1 represents in vitro cell culture data collected
by Asna Latif and Ghazal Babolmorad. Christie Li generated gRNA sequences as well as PCR

primers for crispant validation.
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Abstract

Cisplatin (cisdiamminedichloroplatinums an effective anticancer drug used to treat a
variety of solid tumours. Unfortunately, its use is limited by the onset of several side effects,
particularly ototoxicity. Cisplatin induced ototoxicity (CIO) is irreversible, bilateral hearing loss
that ocurs in up to 90% of patients treated, depending mainly on cumulative dosage and age of
treatment. Currently, mitigation strategies for the toxic-gffects of ClO are limited and only
sodium thiosulfate has beapproved by the FDA to date. CIO arises due to inflammation and
generation of reactive oxygen species (ROS) within the closed system of the inner ear, leading to
hair cell damage and apoptosis. The exact mechanism through which the inflammation and ROS
gereration are produced is still unknown. We propose TLR4 as a mechanistic link between
cisplatin and generation of ROS within the inner ear, contributing to the release of
proinflammatory cytokines and inner ear hair cell death. We use the zebrafish ptestierad
line as a model for inner ear hair cell death. Moreover, due to the unique binding mechanism of
metals in comparison to LPS, we examine the ability of TLR4 inhibitors to selectively mitigate
this side effect, while maintaining regular immune siltance by TLR4. We establish cisplatin
induces ototoxicity in a dose dependent manner, and that this effect can be mitigafettiby 2
using novel derivatives of the TLR4 inhibitor TAR42. Moreover, we demonstrate that cisplatin
can induce activation aebrafish TIr4 homologs by expressing them in vitro. We demonstrate
zebrafish TIr4 homologs are required for the generation of cisplatirced hair cell death and
that our derivatives are specific for TIr4 by usiflgd crispantmutant larvae. We also show that
the hair cells protected by TIr4 inhibition are functionally viable using a novel vibration startle

response behavioural analysis. Altogether, our data provides further support of zebrafish as an
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excellent model for studying CIO, screening drugs, and demonstrates TLR4 as a therapeutic

target for combating cisplatin induced hearing loss.

3.1Introduction

Cancer is one of the most prevalent and debilitating diseases worldwide with nearly 20
million people affected in 2020 and 10 million deatth8 RC), 2020) Our ability to treat all
cancer has improved considerably with the predictgdas survival rate for all cancers in 2017
being 64%, nearly 10% greater than in the late @htury((CCS), 2022) This puts more
pressure on examining the effects of ldagn cancer treatmerisplatin isone of the most
broadly administered anticancer medication due tefiestive andoroad spectrurtreatment for
avariety of solid tumourgAldossary, 2019)Cisplatin mainly exerts its apoptotic effects by
targeting the DNA of cells, crosslinking base pairs which disrupts gene expression/replicaiton
(Romani, 2022)This preferentially effects cells that divide quickly, such as cancer cells or hair
follicles. However, cisplatin treatment is limited by severséociatedoxicities, particularly
cisplatininduced ototoxicity (CIOfWaissbluth, Peleva, & Daniel, 201GIO is irreversible,
bilateral sensorineural hearing loss that is estimated to occur in 36% of adults and roughly 60%
of pediatric patient§Chattaraj et al., 2023; Meijer et al., 202his toxicity often leads to a
reduction or cessation of treatment, reducing patient survival and increasing their risk of relapse
(Generotti et al., 2022; Rademakeakhai et al., 2006)Not only does ototoxicity require an
adjustment in treatment, but it has also been shown to have debilitating effects on the
neurocognition of children and impairment to their psychosocial develogiMeke et al.,

2021)

Ototoxicity has gained a large amount of attention due to its irreversibility and life long

determinantal effect®©totoxicity occurs mainly due to the closed nature of the inner ear, where
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cisplatinenters through the bloddbyrinth barrier and ignable to be flushed olgading to
accumulgion within cochlea(X. Wang et al., 2023)0Once within the cochlea, cisplatin induces
apoptosis through a wide varietyraechanismsincluding the generation of reactive oxygen
speciegClerici, DiMartino, & Prasad, 1995; Lee et al., 2004activating antioxidant enzymes
(Ravi, Somani, & Rybak, 1995) overexpression of ERK and NFaB
of proinflammatory cytokineg)So et al., 2007)ncreased lipid peroxidation, and formation of

DNA adducts. Previous research has indicated that an increase in proinflammatory cytokines
such as TNRlpha, I-:1 b a 6 dre diréctly related to cisplatin induced cell d¢&th et al.,

2007) The inflammation following cisplatin treatment has been purposed as the triggering event
for oxidative stress and reactive oxygen species (ROS) prod(Gieoniilin et al., 2019)

However, the exact mechanism responsible for the generation of these cytokines and

inflammationis still to be determined

Currently,only sodium thiosulfate (STS) is approved as a treatment for CIO by the Food
and Drug Administration (FDA)FDA), 2022; Freyer et al., 20173 TS is known to bind the
platinum molecule through its active thiol producing an inactive-&3@atin complex that is
then excreted from the bodwang et al., 2003)The STScisplatin complex may also help
reduce ROS accumulation by mimicking antioxidant enzymes. Unfortunately, systemic
administration of STS sequesters free cisplatin, therefore if it is used too early or during ongoing
treatment, cisplatin efficacy iseverely reducgd.-H. Chen et al., 2021; Harned et al., 2008;

Rybak et al., 2009; Sheth et al., 2017; Tang et al., 262t)hermore, the current practice of
ototoxicity monitoring is poor and our ability to detect biomarkers for CIO before clinical

symptoms is limitedGenerotti et al., 2022 hisleads to an urgent need offeventative
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otoprotectant therapy capable of mitigating this side effecwi t hout i nterfering

antineoplastic effects.

A large range in therapeutic compounds have been examined for their otoprotective
effects and have been summarized in dé@tithrie & Spankovich, 2023Most of these agents
share the common characteristic of mimicking antioxidants, interacting directly with cisplatin to
reduce ROS, or increase antioxidant activity. However, few of these otoprotective therapies act
upstream to reduce inflammation andiaxitiant production form the sourdeecently, we
proposed a potential pathway through which cisplatin induces an inflammatory response: by
binding to the pattern recognition receptor (PRR)-Tikél receptor 4 (TLR4}Babolmorad et
al., 2021; Domingo et al., 2023)hile TLR4 is canonically known to be a bacterial
lipopolysaccharide (LPS) receptor, metal hypersensitivity reactions are also mediated by TLR4
in humans. These two ligattgpes (LPS and transition metals) bind to the receptor in different
ways. Binding olLPS to TLR4 is dependent on a@xeptor myeloid differentiation factor 2
(MD-2), while transition metals, such as Ni (ll), have been reported to bind directly with the
receptor via two histidineesiduedH456 and H458Peana et al., 2017; Rachmawati et al., 2013;
Raghavan et al., 2012; Schmidt et al., 20B®ments that fall within the same group on the
periodic tableare known tashare similar chemical properties due to having the same number of
valence electrons. Since cisplatin is a platinum based chemotherapeutic containing a
coordinating PT (1) molecule, this provides further support for TLR4 acting as a receptor for this
molecule.Furthermorewe have robust data showing TLR4 acts as a receptor for platinum (1) as
well as cisplatinBabolmorad et al., 2021; Domingo et al., 20@3hapter 2) The involvement
of TLR4 in cisplatin induced ototoxicity reveals this PRR as a possible therapeutic target capable

of mitigating this dosdimiting side effect. The disparity between the activation mechanism of
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metals and LPS provides a basis for producing biased TLR4 inhibitors capable of preventing
activationby metal ions, while maintaining the innate immune function of TLR4 as a bacterial

Sensor.

Due to the complexity and isolated location of the mechanosensory system of the inner
ear faithfully representing the biology in accessiblenodel isan ongoing challeng&Ve have
chosen to use zebrafish as an animal model for this system and cisplatad ototoxicity due
to the presence of hair cells that are developmentally, morphologically, and functionally like hair
cells within the human Organ of Co(€offin et al., 2010; Wertman et al., 202These hair
cells, which are normally used for sensing water movewahtvibration, akin to hearingre
found along the exterior of the fish within clusters called neuronfistsnas et al., 2015)
Neuromasts are spread out in stereotypical positions over the head and body of the fish and are
separated into two networks the anterior lateral line (ALL) and the posterior lateral line (pLL).
The neuromastsf the lateral line are superficial and easily accessible to drugs and fluorescent
dyes, making them an ideal screening sydtarn vivo ototoxicity. Other advantages of
zebrafish are the quick generation time, large clutch simall larval sizeand natural
transparency of the larvae allowingeth to be used in higthroughput assays examining drug

toxicity and protection of hair cells.

Zebrafish possess three tlike geneparaloggqtirdba, tir4bb, and tir5aldndhave
recently been purposed as orthologous to hufdv (Babolmorad et al., 2021; Li et al., 2017,
Loes et al., 2021 Recently, it was found thaebrafish tlr4bacaninteract withan endogenous
Md-2 homologto activate NFe B i n response to LPS, indicating
part(Loes et al., 2021 Moreover, their innate effector mechanisms are conserved with humans

and chimeric studies in mice have shown that zebrafish Tlr4 (zebrafish TIr4) homologs retain the
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abilitytoinduceNFe B pr oi nf | a mmRBhilipet al., 201&; Syllivan st al.s 2009)
Our previous data also shows zebrafish Tlr4 is required for CIO, once again supporting zebrafish

as an excellent model for examining ototoxi¢Babolmorad et al., 2021)

Recently, TLR4 inhibitors have been identified as a plausible therapy for mitigating CIO
by reducing inflammation, and therefore ROS generdBafolmorad et al., 2021TAK-242
(resatorvid) is an intracellular TLR4 inhibitor that works by binding to cysteine 747, preventing
downstream signalling through the MyD88pedent andndependent pathways when
challenged by LP8@Matsunaga et al., 2011; Takashima et al., 20093747 is a highly
conserved residue found between species, including zebrafish. Due to the distinct binding and
activation mechanism of TLR4 by metals, we produced a variety of-Z4Xderivatives in the
hopes that we could selectively inhibit metal Bnding, while allowing for canonical activation
of TLR4 (Figure 3.1)We hypothesize that cisplatin can activate zebrafish TIr4 and be
selectively inhibited, allowing for regular immune surveillance and canonical signalling by LPS
to remain.n this stug, we examined the ability of these novel TLR4 inhibitors to reduce cell
toxicity by cisplatin using both in vivo ototoxicity assays and an in vitro proinflammatory assay.
By screening derivatives of TAR42 we identified those best able to inhthigactivation of
zebrafish TIr4 and demonstraedlucel CIO in thezebrafishateral line Furthermore, we show
that dsplatin induced deficito vibration inducedbehavioural responses was protected by our
novel derivativesThe findings of this study present novel inhibitors of TLR4 as a plausible
therapy for CIO and demonstrate the ability of cisplatin to activate zebrafish TIr4 homologs and

induce cell death.

124



3.2 Methods

3.2.1 Zebrafish Husbandry and Ethics
All zebrafish were kept in the same facility agravironment as those used for

experiments in Chapter 2. For information on zebrafish husbandry, see Chapter 2, section 2.2.1.

3.2.2 Zebrafish breeding and care

Zebrafish breeding and maintenance was performed as described in Chapter 2, section
2.2.2. Briefly, Fish were bred at 28.5°C overnight, followed by embryo collection and storage in
standard E3 media containing methylene blue. No more than 100 embrydeptanathin a
single petri dish for morphology experiments, while not more than 50 embryos for behavioural

experiments.

3.2.3 Cisplatin and TAK242 derivative treatments of larval zebrafish

Cisplatin and derivative treatment of larval zebrafish was in a similar manner to metal ion
treatment in Chapter 2, section 2.2.3, with slight modifications. Briefly, 15 larvae were in each
well of a sixwell plate and préreated with for 1 hour with dier, the vehicle (DMH-isher
Scientific,cat. #£01331), TAK-242(Caymanchemicaj cat. #24398411-4), or a derivative
compound of choice (provided by Dr. Fredrick West, University of Alberta). These treatments
were then washed using embryo media 3 timeéistia@n reintroduced at the same concentration
along with either 0, 2.5, 5, 7.5, 10, or 15uM of cispl@ligVA, cat. #1848A001for 20 hours at
28°C.These concentrations were chosen based off previous litesaudinglot studies
examining low dosages of cisplatin that induced partial, but not complete ablation of neuromast

hair cells(Babolmorad et al., 2021; Wertman et 2020)
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3.2.4 Neuromast quantification assay

The DASPEI quantification assaged here is the same as that used in Chapter 2, section
2.2.4. Briefly, five neuromasts along the posterior lateral line were chosen for scoring based on
the scale previously describ@eigure 32). Briefly, 6 dpf larvae were stained for 22 minutes
using 0.01% DASPEI or for 30 minutes in 2uM Oxazole Yellow. Once larvae were
anaesthetized, groups were blinded, and the posterior lateral line neuromasts were analyzed and
imaged using a Leica M165 FC déssing microscope equipd with a GFHong pass
fluorescent filter. When staining larva with YERO-1, the individual hair cells within each
neuromast were counted. The five neuromast hair cell counts were summed for each individual

larva to produce a single data point.

3.2.5 Examining Neuromast Ultrastructure using SEM.

Zebrafish larvae were grown tedpf and treated with cisplatin and TAK derivatives as
described above. The larva was washed three times in E3 embryo media and transferred into
labeled glass vials. They were then fully submerged within 2.5% glutaraldahgd2®6 PFA in
0.1M PBS overnight. In a fume hood, the fixative was decanted, and samples were washed with
0.1M PBS (pH 7.2) three times for 10 minutes each. Once washed, all samples were submerged
in 1% osmium tetroxide for an hour to improve sample cehtiidhe samples were then washed
again three times for 10 minutes in 0.1M PBS and dehydrated through an EtOH series. The series
was as followed: 1x 30% ETOH for 15 minutes, 1x 50% EtOH for 15 minutes, 1x 70% EtOH for
15 minutes, 1x 90% EtOH for 15 minut@g, 100% EtOH for 10 minutes, and 1x 100% EtOH
for 15 minutes. Once the final step of the ethanol dehydration was complete, it was decanted, and
samples were dehydrated further in a series of HiMSamethyldisilazanavashes. The

HDMS series included atio of 75:25 ethanol:HDMS for 15 minutes, 50:50 for 15 minutes,
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25:75 for 15 minutes, and 2X 100% HDMS for 15 minutes. The HDMS was poured off the
samples, and the vials were left open in the fume hood overnightdoyaDried samples were
then mounted onto a scanning electron microscope (SEM) sample stub usilegsitbedd sticky

tape. They were then sputter coated with a gold/palladium mix and viewed under the SEM.

3.2.6 Guide RNA design and injections
Designing and injected the ribonuclease complexes was performed in the same manner as
that previously described in Chapter 2, section 2.2.5. For information on crRNA sequences, see

Table 2.1

3.2.7 Confirming efficacy of tir4 CRISPR via genotyping
Genotyping of TIr4 crispant mutants was performed as previously described in Chapter 2,

section 2.2.6. For information on the PCR primer sequences usdiide&.1

3.2.8 HEK293T cell transfection and treatment

Transfection of HEK293T cells with zebrafish TIr4ba and TIrdbb homologs was
performed as described in Chapter 2, section 2.2.7. 48 hours post transfieetimywas
aspirated, and the cells were treated wisiplatin Pfizer, cat. #1848A00Q1or LPS (nvitrogen,

cat. #.2335) diluted in fresh media.

3.2.9 HEK293T viability and IL8 secretion
IL-8 secretion and cell viability was measured following cisplatin treatment in the same

manner described in Chapter 2, section 2.2.9.

3.2.10 Examining neuromast rescue usiigration induced startle response
For behavioural experiments, the same method for cisplatin treatment was used as

described in Chapter 2 section 2.2.3 with slight modification. 5 dpf larvae wenegated for
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one hour in derivative 134 before being treated with either 0, 7.5uM, 15uM, or 50uM cisplatin
for 20 hours. At 6 dpf, the wells of the six well plate were washed three times with methylene
blue free E3 embryo media. Individual larvae from each group Wwerettansferred into

individual wells of a 24well plateand topped with methylene blue free E3 embryo media

After the larva were treated with cisplatin, the wells were washed three times with embryo

media. Individual larvae from each group were then transferred into individual wells afall24

plateand topped with 3mL embryo medra Zantiks codes for controlling the stimulus, video,

and tracking of the larvae were written using notepad for windows. OneRplate containing

a group of treated larvae was placed into the ZantiksA\iMulti-well plate)machine and the

code was run. The code first shut offleghts within the machine to produce a dark
environment. The | ar nlbothpixehmomber asameltas milanseters fora ¢ k e d
a 10minute period allowing for larva to adapt to the environment. The software then recalibrated
(referenced) the |l ocation of the | arva and th
vi brat ipemod owaittr acked the | arvabs behaviour pr
the Zantiks machine then induced a one second vibration at a specified fregueémnaiensity.

Frequencies included 1133.79Hz, 820Hz, 566.9Hz, 377.93Hz, 283.45Hz, 188.96Hz, 141.72Hz,
113.38Hz, 75Hz, 50Hz, and 25Hz. Intensities varied based on step size within the stepper motor
producing the vibrations. From the lowest to the highnshsity, steps were as follows: an

eighth of a step within the motor (I11), a quarter step (12), a half step (13), and a full step (14).
After the vibration, the | avivbrawbhsohoawhetd pe
finish the first trial.Immediately following the first trial, two more identical vibration trials at the

same frequency and intensity were administered.
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Vibration frequency was programed based off the delay between motor steps within the
zanti ks box. The motor was coded to undergo 1
between each step was coded specifically to produce a range of vibrationahtrieg. For
example, if | wished to produce a frequency of 25Hz, the delay time was set to 0.04s between

each step.

3.2.11 Statistical analysis
If using DASPEI, five individual neuromast scores were recorded on a scal of 0
When using YGPROL1, hair cell counts for each of the five neuromast were recorded. Each
DASPEI neuromast score was added together for each fish (ex. 2 + .5 + 1 + 1.5.40hthe
other hand, Y&GPROL hair cell counts from each neuromast was added together (ex. 9 + 12 + 8 +
10 + 10 = 49). The neuromast scores and hair cell counts from each fish was plotted as a single
data point. The mean neuromast viability scores andchhicount from each group were
analyzedusingonway ANOVA with Tukeybés multiple compa
statistical tests were performed using GraphPad Prism 9. HEK293T normali@esktretion

values were analyzed usingan RMtway ANOVAand Tukeydés mul tiple com

For behavioural result analysis, all raw data was copied to excel. Startle distance in mm/s
was binned into 30 second means for the initialiGute adaptation period and each-@ed
postvibrational period. For each larva, the startle distance (mn®afch of the three vibrational
trials was adjusted by subtracting the average baseline distance moved in the previous 30
seconds from the peak vibrational startle distance. Therefore, there were 3 adjusted distances for
each fish. These three adjustedatisies were averaged for each fish and used as a single data

point that was input into Prism GraphPad 9 where any outliers were removed using the ROUT
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method at a threshold of 1. The cleaned data removing outliers was then analyzed ugiag one

ANOVA with Tukeyods multiple comparisons test.

3.3Results

3.3.1 Cisplatin is toxic to zebrafish neuromast hair cells in a diegendent manner

The zebrafish posterior lateral line neuromasts contain hair cell bundles that are
functionally and structurally like mammalian hair cells, allowing for a in vivo model of
ototoxicity. To establish a working concentration of cisplatin in larval zebraidbse response
of neuromast hair cell health to cisplatin was madée same manner as metals in chapter 2,
except for the additional usage of YXIROL1 (Section 2.3.1Wildtype larvae were exposed
overnight to either 0, 2.5, 5, 7.5, 10 and 15uM cispldissolved in water and neuromast hair
cell number and viability were examinékthe ro treatmengroupacedas a negative contrad
examine healthy neuromast fluorescerBieth neuromast viability anldair cell number
decreased in a doskependent manner as cisplatin concentration increased (Figa&B). At
7.5uM cisplatin neuromast viability decreased 5@3d compared to the untreated group (Figure
3.3A). This is a similar outcome to what was observed in chapter two, and the same
concentration chosen for nickel and cobalt (Chapter 2). When taking the mean hair cell count
from the 5 neuromasts, hair cell number decreased from 40 in the untreated group to 8.3 in larvae
treated with 7.6M cisplatin(Figure 3.3B).At 15uM cisplatin, neuromasfuorescence was
completely lost when staining with DASPEI, but when staining withRD1, the number of
hair cells remainecklativelyunchanged after treatment with 7.5uM cisplatin. An untreated larva
has healthy, bright fluorescent neuromasts which would be assigned a score of 2 for each of the
five neuromasts chosen, but as cisplatin induces hair cell death, the fluorescence leotenes f

resulting in a lower score (Figure 3.3C&D). From these results, 7.&@sgplatin was chosen as
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theconcentréion for future experiments due to its significant, but not complete ablation of

neuromast hair cells.

Previous work has shown that there is a positive correlation with cisplatin concentration
and damage to the functional structures of hair cells, such as the ste(€ucitia et al., 1986)
To examine the effects of cisplatin on the microstructure of the neuromasts, larvae were treated
with cisplatin at 7.5, 15 and 50uM concentrations and processed for SEM imaging. Neuromasts
contain organized bundles of kinocilia, which are lined at the wakaows of stereocilia
organized in a staircadi&e structure. The hair cells develop in pairs oriented 180 degrees to one
another in an anterior and posterior manner in order to efficiently detect water flow from the
front and back of the fis{Kindt, Finch, & Nicolson, 2012)Proper functioning of neuromasts,
including sensing water flow, requires a combination of functional kinocilia and stereocilia.
Larva treated with cisplatin showed increased disorganization and reduced structure of their P1
neuromast cilia in a dose deykent manner (Figure 3.38). At 50uM cisplatin kinocilia
showed reduced length and fusion of individual cilia with complete ablation of the stereocilia
lining the base of the kinocilia (Figure 3.3H). Together, this data shows cisplatin induces
neuromast &ir cell death and destructive disorganization in neuromast cilia structure in a dose

dependent manner.

3.3.2 TAK-242 derivative 134 mitigates cisplatin induced hair cell death in zebrafish larvae
To examine the involvement of TLR4 in cisplaimduced ototoxicity, we began by

testing the effects of the wekhown intracellular TLR4 inhibitor TAK242 on zebrafish. TAK

242 inhibits the intracellular signalling of TLR4 and subsequent release oflanométory

cytokines and interferons, which would give insight into the effect of Tlr4 inhibition on cisplatin

induced hair cell death in zebrafiSfo determine which vehicle was best for the inhibitors, we
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examined DMF, DMSO, and ethanol with and without cisplatin. Similar to Uribe et al., we found
that DMSO was toxic to zebrafish in combination with cisplatin, while ethanol and DMF
induced no change in neuromast viability (Figure 3(28).3) To prevent any abnormal

behaviour or muscle damage, we selected DMF as a vehicle forZB2kKand the derivatives for
future experimentéBailey et al., 2015)Larvae were préreated with the TLR4 inhibitor TAK

242 followed byco-treatment with cisplatirinterestingly, TAK -242 alonehad noobservable

effect on neuromast hair cells, however when larvae weteeated with TAK242 and

cisplatin, ototoxicity increased (Figure 3.4B).

On the other handhé TAK-242 derivative 134 reduced CIO in 7dpf larviae
comparison to fish treated with cisplatin al¢Regure 3.4C&D). DASPEI stained larvae-
treated with 5uM 134nd cisplatinncreased neuromast viabiliB/ffold compared to cisplatin
alone, while 10uM 134 had no significant effect. Howewagher concentrations of 134 were
protective when examining neuromast hair cell survival. To help ensure these results were both
reliable and valid, we examined hair cell damage usingPRD1 as less subjective measure of
neuromast health.drvae stained with Y&?RO1 showed &.5-fold increase in neuromast hair
cell survival when treated with 10uM 134 it not show a significant increase when co
treated withrbuM 134. Larvae treated with both 5uM and 10uM 134 alone showed no observable
change in phenotype or development (data not showr§javicconcentrations of 134 alomad
no significant decrease in neuromast viabitityair cell count (Figure 3.4C&D). Notably, at
higher concentrations df34 (10uM), there is a slight decrease in neuromast viability and hair
count.Together, this data indicated cisplatin displayed increased toxicity in combination with
TAK-242 in zebrafish larvae, but lerivative, 134, eliminated this toxicity and displayed

protection against the ototoxic effects of cisplatin.
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3.3.3 Select TAK242 derivatives are protective against cisplatin induced hair cell death in
vivo, but not in vitro.

A total of fourteen TAK242 derivatives werscreened here. Each was produced by the
collaborating laboratory led by Dr. Fred West. At the time of writing, the structures of these
derivatives, remain proprietarfeach derivative was assessedtfamir selective ability to inhibit
CIO. 7dpf larvaeo-treated with 5SuMderivativel36and7.5uM cisplatin increased neuromast
viability 1.8-fold, but neuromast viability was not affectatlhigher concentrations 4f36
(Figure 3.5A). Initial testing with 5uMind DuM 136 alone showedlack of toxicityto both the
neuromasts and in general to the zebrafisit later experiments showed a significant increase in
toxicity (data not shown)This increased toxicity was reflectedari.5fold decreased in
neuromast viabilityat 5uM 136 alone and death of all larvae at 10uM (Bgure 3.5A)
Interestingly, cereatment of cisplatiwith 136decreased thxicity to larvae Co-treatment
with 10uM 136 and 7.5uM cisplatidecreased larvae mortality allowing fbf larvaeto survive

unlike larvae treated withOuM 136alone (Figure 3.5A)

Larvae treated with TAR42 derivative 154 (10uM), 156 (5uM), 166 (5uM) shoveed
1.6-, 2-, and 1.#old increase in neuromast viability respectively, wheitreated with7.5uM
cisplatinin comparison to cisplatin treatment alone (Figure $5BNone of these compounds
were toxic to the larvae and showeddszrease in neuromast viability when 5uM or 10uM
concentrationsvere appliedn their ownAlthough 10uM 166 did téshow toxicity when treated
alone, cetreatment with 7.5uM cisplatin resulted in the death of 16 of 20 larvae tested (Figure
3.5D). However, the four larvae that survivestl significantly reduce@IO and increased
neuromast viabilityOn the other hand,0uM, but not 5uM168 showed significant toxicity to

7dpflarvaeresulting in deatlof all larvae treated at this concentrat{data not shown).
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However, lower concentrations of compound 158\) increased neuromast viability 3fdld

when cetreated with cisplatin and showed low toxicity to zebrafish larvae (Figure 3.5E).

Four of the 14 TAK242 derivatives (134, 136 166, and 168) were protective against CIO
both in vitro and in vivqTable 3.1)Fr om our <col |l aboratords invest,|
of these four derivatives (134 and 136) were selective for protecting hair cells against CIO, while
allowing for signalling to occur through the LH&R4 complex in vitro (Table 3.1).
Unfortunately, 136 showed toxicity to zebrafish larva in later trials, prompting us to select

derivative 134 as the most promising derivafimeselectivelyinhibit ClO in future experiments.

3.3.4 SomeTAK-242 derivatives lack otoprotective effects and can be toxic to larval zebrafish
Five of the 14TAK-242derivativestested orzebrafish showed no significant change in

the level of CIO compared to larvae treated with cisplatin aloarwae treated with 15G1M),

158 6uM), 162 6pM and 1QM), 164 6uM) and 170 5uM) alone or in combination with

7.5uM cisplatinshowedno significantchange imeuromast viability (Figure 3.6k). However,

treatment witha higher concentration of derivatit80 (10puM) alone significantly decreased

neuromast viability and modestly increased CIO whetreated with cisplatiiFigure 3.6A)

Furthermore, higher concentrations of derivative 1881M) and 164 10uM) were toxic to

zebrafish leading to death when applied alone or in combination with cisplatin (Figure 3.6B

&D). Notably, 17/20 larvae were killed when ¢reated withlOuM 158, but tle three that

survived showed slight decrease in neuromast viability.

Three of the 14 AK-242derivatives tested on zebrafish significantly increased the
toxicity of cisplatin to zebrafish neuromast hair celanilar to their parent compound,
derivative 120 (5uM) and 132 (10uM) showed no significant decrease in neuromast hair cell
viability when applied alone, but significantly increased CIO whetreated with cisplatin
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(Figure3.37&B). On the other hand gdivative 138 wasoxic to zebrafish both alone and in
combination with cisplatifFigure3.7C). Larvaetreated witheither5uM or 1QuM 138 alone

died after treatment. However, when larvae wertreated with cisplatin anSuM 138, they all
survived, but showed decreased neuromast viability. These results suggested some sort of

protective ability of cisplatin against the more toxic TR42 derivatives.

3.3.5 TIr4 homologs are required for both CIO and protection by derivative 134

To examine the contribution d@lr4 activationto ClOin zebrafish larval hair cells,
zebrafish TIr4 homologs were mutated using CRISBBE9. Wildtype embryos were injected
with threesgRNAs at the one cell stage targeting a sequence near the mitithetiofee Tir4
genestlrdba, tirdal, and tir4bigFigure2.10). We will refer to these mutant larvae ak4
crispantlarvae from this point forward. ihjected, mock injectec&andTIr4 crispantarvae were
grown to 5dpf and examined for morphological and developmehgaiges bushowed no
abnormalitiegFigure3.8). Furthermore, uninjected and injected larvae that were left untreated
showedno changdan neuromast viability. After being treated with 7.5uM cisplalilig
crispans were protected again€®iO in comparison to mock and uninjected larvae (Figure
3.9A&B). Following cisplatin treatment, neuromast viability increaseeddldand mean
neuromast hair cell count increased-fhld in TIr4 crispant larvae compared to mock injected
larvae. This data demonstrates the requirement for zebrafish Tlr4 in ClQoaidep further

evidence for its use as a therapeutic target.

The way 134 was reducing cisplatin toxicity to neuromast hair cells was unknown. There
is a possibility 134 was working in through a different mechanism than we predicted, for
example, binding to another TLR, acting as an antioxidant, or complexing spiataa. To

determinghe specificity of 134dr TLR4, we utilized TIr4 crispant larvae-t@ated with both
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134 and cisplatin. UninjectethockinjectedandTIr4 crispantiarvae were préreated with 5uM
derivative 134 for one hour, followed by-teatmentwith 7.5uM cisplatinfor 20 hoursMock
injected larvae treated with 7.5uM cisplatin alone display@d/fold decreased in neuromast
viability compared to its untreated cont(Bigure 3.10A&B). This decrease was recovdrgd
~1.5fold in both mock injected larvaesatdwith derivative 134and in Tlr4 crispant larvae,
showing the effects of derivative 134 are similar to mutating zebr#flshomologs(Figure
3.7A, C, & D). Moreover, neuromasts had no additional protection whetnreabtingTIr4
crispantlarvae with 7.5uM cisplatiand5uM 134 (Figure 3.10A & E)Thus, TLR4homologs
are required for the action of 134 in protecting against ®1@eover, this demonstrates that
134 is specifically protecting CIO viLR4homologs Altogether, this data shows that
protection from CIO by TAK242 derivatives was mediated through zebrafish Tlr4 homologs
and that zebrafistir4 homologs are directly involved in development of cisplatin induced

neuromast hair cell death.

3.3.6 Zebrafish TIr4 homologs transfected into HEK293T cells respond to cisplatin, but not to
LPS
Zebrafish TIrdba, TIrdal, and Tlr4bb homologs share 37.29, 36.63, and 36.56 % identity
respectively to human TLRat the amino acid leveind theirdownstreansignalling pathways
are shown to bheighly conserved with mammalian TLRE&i§ure 2.3 (CamposSanchez &
Esteban, 2021; Li et al., 2017; Sepulcre et al., 209&)vation ofzebrafish Tlrdeads to
expression of proinflammatory cytokines such ad 1b ,-6,IL-Band TNFU by t he zebr a
MyD88 dependent and independent pathw@amposSanchez & Esteban, 2021;-f.Liu et
al., 2018; Ren, Wang, & Hu, 2018; Zhang, Ren, & Chen, 20B8refore, to assess the ability

of cisplatin tomediatethe activationof the zebrafish Tlr4dba{TIrdba) and zebrafish Tilrdbb
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(zfTIrdbb), they were transfected individually on a recombinant plasitodHBK293T cells and
expressed using the polyomavirus simian virus 40 (SV40) prontatgrée?2.8). IL-8 secretion
values were normalized to baseline secretion levels and cells transfected with the empty vector
alone acted as a negative control. Cells transfected with human TLR4 (hTLR4) are activated by
both LPS (10 ng/mL) and cisplatin (25uM) withobetneed for MER. Cells transfected with

hTLR4 alone increased 18 secretion 19old when challenged with 10ng/mL of LPS and-4.2

fold when challenged with 25uM cisplatin (Figure 3.11C). No significant increase8n IL
secretion was observed whentcansfecting cells with hTLR4 and mMB or hMD-2. In cells

treated with LPS, ctransfeting hTLR4 with hMD2 increased It8 release 3-1old compared

to cells transfected with the empty vector alone, btttaosfecting hTLR4 with mME2 had no

effect on IL-8 secretion. Cdransfection of hTL4 with hME2 allowed for a greater increase in

IL-8 secretion when challenged with LPS compared to cells transfected with hTLR4 alone.

Using human cells as a comparison, cells transfectedziVlitttbaareactivated by
cisplatin, but not LPS andkiactivation islependent on the presenceaaiMD-2 homolog
(Figure 311A). HEK293T cells cetransfected witlzebrafish Tirda and mouse M2 (mMD2)
followed by treatment with cisplatin showia/-fold increase in I8 secretiorcompared to cells
transfected with the empty vector alpméhile those cdransfected with human M2 (hMD2)

show a2.2-fold increasgFigure 3.11A)

Likewise, Tlr4bb activationis mediated by cisplatiandnot LPS howeverjts activation
is independentfahe presence @nMD-2 homolog(Figure 311B). HEK293T cells ceo
transfected witilr4bb andmMD-2 or hMD-2 andtreaedwith cisplatin showa similar increase
in IL-8 secretion tdtHEK293T cells transfected with Tlr4bb alor@@ompared to cells transfected

with only the empty vector, secretion of8.increased..6-, 2.1-, and1.9-fold in HEK293T cells
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transfected with TIrdbb alone, Tirdbb + mMD2, and TIr4bb + hMD2 respectiNalyncrease in
IL-8 secretion was detected after LPS treatment in cells transfected with zebrafish Tir4bb
Together, thiglata demonstrates the ability of cisplatin, but not LPS to activate zebrafish Tir4

homologs in vitro, leading to an increase inithlease oproinflammatory cytokine I8.

Overall, this data uses a heterologous expression system to demonstrate that zebrafish

TLR4 homologs can mediate responses to cisplatin, in a manner that is similar to human TLRA4.

3.3.7 Protection by 134 is functional following cisplatin insult

To determine if the hair cells rescued by derivative 134 from CIO are functional, we
examined a behaviour mediated by the lateral line. The startle response is an escape behaviour
dependent on external stimuli and mediated through the stimulation of restrdoar cellfHan
et al., 2020; Wang et al., 2017he startle response distance of 5dpf wildtype larvae was
recorded at different vibrational intensities and frequencies to examine if this behaviour is
dependent on the intensity of the stimulus and could reliably measure neuromast function. At all
frequencies tested, increasing the vibration intensity increased the mean startle response distance
(Figure 3.12A). Larvae anaesthetized in{2&2 showed no response to vibration, as expected
(Fig 3.12C). Cisplatin was then applied to 5dpf laraaearious doss to ablate hair cells and
examine the effects on the startle response. For all frequencies, an inverse relationship between
startle response distance and cisplatin concentration was observed. As the cisplatin concentration
increased, the mean startlepesse distance decreased (Figure 3.12B). The highest average
startle response distance was observed when applying stimuli in the lowest frequency range
(25Hz75Hz), while the middle frequency range (115880Hz) had the lowest average startle
response diahce. The average startle response distance in stimuli applied at the highest

frequency range (570HE135HZz) was intermediate to the low and middle frequency ranges.
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After testing the 4 vibration intensities on cisplatin treated larvae, the highest intensity (14) was
selected for future experiments because it allowed for the greatest disparity between the distance

swam by untreated larvae and cisplatin treated larvae.

We selected three vibration frequencies, representing the low (75Hz), middle (283Hz)
and high (1135Hz) range, that showed a clear-dependent decrease in startle distance with
cisplatin treatment (Figure 3.13A, C, EYe pretreated larvae for one hour with 5uM of the
derivative 134 followed by ctreating with cisplatin and measured their responses to vibration
stimuli. Derivative 134 protected the hair cells from CIO and recovered the startle response
distance comparet larva treated with cisplatinane (Figure 3.13B, D, F). Larvae treated with
the vehicle (DMF), and larvae treated with TA2, were used as negative controls, while
larvae anesthetized with 4% ME22 acted as a positive control (Figure 3.12C). Two
concentrations (7.5uM and 15uM) akplatin were chosen for testing neuromast hair cell
function due to their ability to significantly reduce the startle response distance and to maintain
the protective effects of 134 observed in previous morphological experiments. Derivative 134
had no sigificant affect on larval startle response distance on its own and did not reduce or
increase startle response in comparison to untreated larvae (Figure 3.13B, D, F). With a vibration
stimulus applied at 75Hz, the mean startle response distance modasthsas in larvae €0
treated with 5uM 134 and 7.5uM cisplatin (Figure 3.12B). Similarly, larvae treated with 15uM
cisplatin had no observable increase in the mean startle response distance at 75Hz. Stimulating
larvae with a vibration in the middle frequgmange (285Hz) showed the greatest recovery of
startle response distance afterteeatment of 5uM 134 and 7.5uM cisplatin. The mean startle
response distance at 285Hz increased from 2.9mm to 4.9mm weratem with S5uM 134,

which is a full recovery othe startle response when compared to larvae treated with DMF alone
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or with TAK-242 (Figure 3.13D). Larvae doceated with 5uM 134 and 15uM cisplatin and
stimulated at 285Hz also showed nearly a full recovery in startle response distance with 3.7mm
traveled compared to 1.7mm in those treated with 15uM cisplatin aloneughmot

significant, the mean startle response distance at 1135Hz modestly increased in {aeatedo

with 5uM 134 and 7.5uM cisplatin (Figure 3.13F). At 1135Hz, larvae treated with 15uM
cisplatin showed no apparent increase in the startle respataecdi whether they were treated

with 5uM 134 or not.

3.4 Discussion

Our previous work established that TLR4 is activated by platinum compounds, as well as
cisplatin, and that this activation can be chemically inhibited to reduce CIO i{B#bmlmorad
et al., 2021) This studyprovides further evidendadatcisplatinmediate the activationof Tir4
homologs in zebrafisand demonstrates the potential of this receptor as a therapeutic target for
reducing CIO in vivoWe shovedthat bath application afisplatininduced neuromast hair cell
deathin a dosedependent mannand that this effeaequiredzebrafish Tlrdhomologs.
Furthermore, cells transfected with zebrafish TIr4 were activated in the presence of cisplatin, but
not LPS. We also demonstrated the protective ability of novel-EAK derivatives in mitigating
CIO within zebrafish larva, and that these effects werdatesithrough zebrafish Tlr4
homologs. Moreover, the protection from Cléyided by derivative 134 was shown to be
functional, improving the ability of larva to detect external stinAlliogether, this data suggests

that inhibition of zebrafish TIrthomologsprotects larva from cisplatin induced hair cell death.

Currently, most substances examined for their protective ability against cispthioed
hair cell death aim to reduce oxidative strgdsmarecka et al., 2020pne of the major

mechanisms believed to induce apoptosis within cochlear hair cells is an overproduction in ROS
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(Huang et al., 2000; Lu et al., 2022Y¥hile multiple processes likely contribute to this increase,
the signal responsible for initiating increased ROS generation is still poorly understoddeToll
receptors such as TLR1, TLR2 and TLR4 have been shown to trigger ROS production upon
stimulaion with their respective agonidiisi & Chang, 2021; West et al., 201This led us to
hypothesize the involvement of a PRR in the initiation of ROS generation, and later, Domingo et
al. found that TLR4 can directly bind to cisplatin, leading to its activd##083) Moreover, we
have recently shown that TLR4 acts to mediate ClO, inducing activation of Mg&&hdent

and independent pathways that lead to the generation of proinflammatory cytokines and ROS
(Babolmorad et al., 2021pur results support these findings, and further show that cisplatin
induces CIO in vivo and that this is directly linked to the proper expression of TIr4 (Figure 3.3;
Figure 3.9). This opens the possibility of using TLR4 as a therapeutic target fatigatiom of

cisplatin induced hair cell death.

Babolmorad et al. further validated their findings that TLR4 mediated CIO by
demonstrating the protective ability of chemically inhibiting TLR4 with the small molecule
TAK-242, reducing TLR4 activation and ROS generation in-BEIl cells in the presence of
cisplatin(2021) Unfortunately, the inhibition also
canonical ligand LPS, which would impede the ability of the immune system to be warned of
present bacterial infection§AK -242 selectively inhibis TLR4 signalling bycovalentlybinding
to the intracellular TIR domain via Cys74preventing interaction with adaptor molecules
TIRAP and TRAM (Figure 3.1jMatsunaga et al., 2011yhile the exact binding mechanism is
poorly understood, the , -unbaturatedarbonyl within TAK-242 makes it a good candidate to
act as a Michael acceptor, binding the nucleophilic thiol of cys{Bata et al., 2018; Peri &

Calabrese, 2014; Takashima et al., 20B®¢vious studies have established that TLR4 binds to
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metals such as nickel and cobalt, in a distinct mechanism from other canonical ligands like LPS
and HMGB1(Peana et al., 2017; Raghavan et al., 2012; Schmidt et al., 2010; Yang et al., 2015)
We producedtructuralderivativesof TAK-242 to modify its interactions with the TIR domain

of TLR4. These derivatives aim to assess if we can selectively inhibit metal binding of TLR4
with structural modification to TAR42. Our in vitro cell culture experiments showed multiple
derivatives were successful in preventing hair cell death from cisplatin, while conserving LPS
activation (Table 3.1; data not shown). The mechanisms behind the selective nature of these

novel derivatives are still unknown but will be a focus for future studies.

Although zebrafish are known to display low sensitivity to LPS and do not primarily
respond to this PAMP through TIr4 like mammals, they still express all the necessary
components required to for metal activation of TIr4 and share conserved structure and
intracellular signalling cascad@ésoes et al., 2021; Schmidt et al., 201preover, a previous
study by Lee et al. showed that cisplatin treatment of larva induced an inflammatory response
within lateral line neuromast hair ce{8022) Our results provide further insight to this finding
using an in vitro cell culture assay, where we show that zebrafish TIr4 honaoéogstivated in
the presence of cisplatin, but lack of a response to LPS (Figure 3.11A & B). This demonstrates
the potential of zebrafish TIr4 homologs in revealing the efficacy of these new inhibitors to
prevent metal mediated Tlr4 activation. Fourteernvéitives were tested for their inhibitory
effects on cisplatin induced neuromast hair cell death, with only six oftikerg otoprotective,
and only two showing biases in vitro towards inhibiting metal activation only (Table 3.1; Figure
3.4 & 3.5). We show that derivative 134 provides significant protection to neuromast hair cells
and that this activation is principallyediated through Tlr4 because crispant mutants lacking

proper expression of these homologs showed no additional protection from derivative 134
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(Figure 3.4C & D; Figure3.10). While preliminary in vitro cell culture experiments begin to
demonstrate the selective ability of the TRK?2 derivatives, this study does not show the
selectivity of these derivatives in vivo and further study, potentialipice, is needed to show

this.

One of the major benefits of working with an animal model during drug discovery is the
ability to observe off target effects that arise from the interactions between different cell types
and tissues, while also examining the efficacy of the drug in pnogltice desired outcome. Five
of the derivatives (150, 158, 162, 164, 170) failed to induce any significant changes in the levels
of ototoxicity induced by cisplatin both in vivo and in vitro (Table 3.1). Four of five of these
derivatives were specific feeducing LPS activation of TLR4 in vitro, which may explain why
no effect was observed in zebrafish, since they are known to be insensitive (Bdffre et
al., 2009) On the other hand, ten of the derivatives either furthered ototoxicity or induced
generalized toxicity leading to death of the larva. However, only one derivative (138) was also
toxic to cells in vitro, which may indicate that the increase in toxicity eiee to a process not
found in cell culture, such as drug metabolism. Interestingly, some derivatives (136, 138, 158)
showed reduced toxicity in larva whenreated with cisplatin compared to when they were
used alone (Figure 3.5; Figure 3.6). The redutoxicity may be due to a direct interaction
between the derivatives and cisplatin, or a change induced by cisplatin reduced the sensitivity of
the larva to the derivatives. We do know that when our Tlr4 crispants wéreated with 134
and cisplatinthere was no observable difference in protection compared to 134 alone (Figure
3.10). Therefore, the action of 134 must be principally mediated through Tlr4. What ever the

case, cisplatin is known to bind to different proteins beyond TLR4 and take pdferent
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metabolic pathway&Choi et al., 2015; Messori & Merlino, 2016; Zhang & Hanigan, 2003)

the mechanism behind reduced derivative toxicity by cisplatin requires further study.

Examination of CIO using fluorescent vital dyes in the lateral line neuromasts
demonstrates the protective ability of these derivatives by reducing structural damage. However,
this does not provide insight into the functionality of the protected survngngomasts
following cisplatin insult. Behavioural assays can also help determine whether anatomically
preserved/rescued hair cells are truly functional, complimenting anatomic assays. Previous
studies established that startle response is mediated thirwugtieral line and that ototoxic
assault reduces the intensity of this resp@Bsek et al., 2012; Han et al., 202Q@ur data
shows that cisplatin induced hair cell death within the lateral line neuromasts significantly
reduces larval zebrafish startle response distance in a dose dependent manner (Figure 3.12B;
Figure 3.13A, C, E). While behaviour is a multifacetedcpss that results from a culmination of
many different inputs, it is hard to directly contribute neuromast hair cell function to a decrease
in movementOur results show that thekeline movement of fish was unaffected by cisplatin
the vehicle (DMF)pr thederivatives alone or in combination with one ano(fRégure 3.16).

This suggest that these compounds had little effect on normal behaviour of lanwthermore,

we show that protection of lateral line neuromast hair cells by derivative 134 was able to
successfully recover startle response distance, while having no effect on startle distance when
applied alone (Figure 13B, D, Bome studies have shown that only a small number of
functional neuromast hair cells are required for proper detection of stimuli in the lateral line
(Buck et al., 2012; Q. Zhang et al., 201Bherefore, two possibilities may help explain our
results. First, it is possible that cisplatin insult only kills a subset of hair cells, but still induces

significant damage in surviving hair cells, therefore preventing proper signalling by neuromasts,
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and limiting the startle response. These living but damaged hair cells were protected by the
derivatives, facilitating a recovery in the startle response distance. Second, eisplated hair

cell death within neuromasts decreased their ability to tdetestimuli, reducing their startle
response distance in a similar manner to a reduction in the stimuli intensity (Figure 3.12A). The
protection provided by derivative 134 increased the total number of surviving hair cells, allowing
for a full detection bthe stimuli and a recovery in the response distance. Altogether, our results
suggest that protecting hair cells from cisplatin by inhibiting TIr4 decreases neuromast hair cell

death and that the protected hair cells retain their function.

In summary, our data demonstrates that zebrafish TIr4 can be used as a therapeutic target to
selectively mitigate CIO. These findings provide support to our previous publication
demonstrating that TLR4 contributes to CIO both in vitro and in (Baibolmorad et al., 2021)

We also have also provided support to for unigque interaction between zebrafish TIr4 and
cisplatin, which gives insight into the function of these currently orphaned receptors. One big
guestion remaining is whether cisplatin efficacy is maintained witineament of a derivative.
Our collaborators in the Berman Lab are currently looking into this possibility and will be
expanded upon in the next chapter. Moreover, these findings may also have implications for
patients suffering from metal allergies ligentact hypersensitivity, providing an avenue for the

design of future therapeutics.
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3.5 Figures and Tables
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Figure 3.1 Inhibition of TIr4 signalling by synthetic TAK -242 derivatives LPS uses co

receptor CD14 and M2 to bind, dimerize, and initiate signalling through TLR4. This

stimulates both the MYD88 dependent and MYD88 independent pathways leading to activation
of TFN release of proinflammatory cytokines and type 1 interferons. Group 13 metabt

require a caeceptor MD2 to initiate binding to the ectodomain of TLR4. TA¥?2 is a weH

known small molecule inhibitor of the intracellular region of TLR4, capable of inhibiting LPS
signalling through both MYD88 and TRifependenpathways. 14 novel derivatives of TAK

242 were produced to inhibit metal ion mediated TLR4 signalling (left), while allowing for other
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TLR4 agonists to continue to bind and activate this crucial immune receptor @ggajedwith

BioRender
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Mantle cell

Figure 3.2 Depiction of the zebrafish posteriorlateral line and neuromastsin 7dpf

zebrafish larvae.A) Location of posterior lateral line neuromasts drawn on a bright field image
of a 7dpf larva. B) DASPEI stained untreated larva with visible neuromasts. White arrows point
towards the location of the five stereotypically developed neuromasts consistently scored
between experiments. C) ¥YPROL1 stained larva eimeated with TAK242 atagonist 134 and
cisplatin showing the fluorescence of individual neuromast hair cells. The red arrow indicates a
neuromast that would have been scored, along with a zeonadge of said neuromast in the

top right corner. D) Cartoon diagram of a zebrafish neuromast illustrating the different cell types

including the bundle of hair cells (peach), surrounding support cells (brown) and mantle cells
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(blue). Stereocilia and kinocilia protrude out of the body, surrounded by a fluid filled cupula, and

are used to detect water flow.
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Figure 3.3 Dosedependent effecof cisplatin on larval zebrafish neuromast hair cell

survival. 6dpf zebrafish were incubated for 20 hours in varying concentrations of cisplatin. A)
Neuromast viability scored based on DASPEI fluorescence. Each data point (dots) represents the
total neuromast viability score for a single larva, with a lower score representing more hair cell
death. Increasing cisplatin dose decreases hair cell vigffilibrescence). B) Neuromast hair

cell abundance detected with YYRO-1. Each data point represents the total hair cell count for a
single larva. Hair cell survival dezases as cisplatin concentration increasds) Eluorescent

images of DASPEI stained larva with visible posterior lateral line neuromasts in an untreated (C)

and cisplatin treated (D) larvae-Hj SEM images reveal the microstructure of the P1 posterior
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lateral line neuromasts after being treated with increasing cisplatin concentrations. White arrows
show kinocilia slowly becoming more disorganized and structured as cisplatin concentration
increases. Red arrows show the ablation of stereocilia with eeas®in cisplatin. N = 10 larva

for all treatment groups. Bars represent the mean neuromast viability score of all larvae.
***+%n<0.0001, ***p<0.0002, **p<0.0021, *p<0.0332, ns = not significant by one way ANOVA

and Tukeyds multiple comparison test.
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Figure 3.4 TAK -242 derivative 134 provides protection from cisplatiinduced ototoxicity

in larval zebrafish, but TAK -242 does notDMSO exacerbates cisplatin ototoxicity when co
treated with cisplatin, while ethanol and DMF had no additional effeddp zebrafish were
pretreated for 1 hour in each vehicle, followed by ah®dir cotreatment with cisplatin. A)
Larvae stained with DASPEI exhibited low fluorescent scores follpwotreatment with

DMSO and cisplatin, but similar scores to cisplatin alone with a variety of other vehicles for
TAK-242 and its derivatives. B) TLR4 antagonist TRK2 alone does not influence neuromast
har cell viability, but larvae cdreated with TAK242 and cisplatin results in an increase in
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