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INTRODUCTION



Head and neck squamous cell carcinoma

Over 3000 patents were diagnosed with head and neck squamous cell carcinoma
(HNSCC) in the Netherlands in 2022. (1) HNSCC includes tumors of mucosal
epithelium origin, involving diferent anatomic subsites, i.e. the oral cavity, nasal
cavity, paranasal sinuses, pharynx (oropharynx, nasopharynx, hypopharynx) and
larynx, see Figure 1. Due to potental interference of tumor growth with vital
functons like speech and swallowing, choices of treatment for patents with
HNSCC need to be individualized. According to natonal guidelines, treatment
decisions are made in a multdisciplinary team with expert professionals from
diferent specialtes, as amongst others head and neck (reconstructve) surgery,
radiaton oncology, medical oncology, radiology, nuclear medicine, speech therapy;,
physical therapy, and pathology. To this respect, several factors are taken into
account, including tumor (sub-)site, TNM classifcaton, Human Papilloma Virus
status?, and patent specifc characteristcs, such as age and comorbidites. (2)
In broad terms, the main therapies for lower staged HNSCC are surgery or
radiotherapy (RT). Locally advanced disease is generally treated with defnite
RT, which functons both as an organ preservaton strategy and as a treatment
modality for non-resectable disease. (2) In patents younger than 70 years old, RT
is offen combined with concomitant chemotherapy (CRT) using high-dose cisplatn
(with a cumulatve dose of = 200 mg/m3).

a

oropharynx pharynx

paranasal sinus

nasal cavity

oral cavity

larynx
hypopharynx

Figure 1. Anatomic sub-sites of the head and neck area.
Created by C.W. Duinkerken?

1 HPV tumors have a beter prognosis. (2)
2 Maxillary and ethmoid sinuses are not depicted in this midsagital view.
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Cisplatn

Platnum-derivates, like cisplatn and carboplatn, play an essental role in the
treatment of several solid cancers since the 1970’s. (3-5) Platnum causes cancer
cell-death via intra- and inter-strand crosslinking with the tumour’'s DNA purine
bases. (4) In locally advanced HNSCC, concurrent cisplatn CRT gives an absolute
6.5% overall survival beneft compared to RT alone (6), in which a cumulatve
cisplatn dose of = 200 mg/m? is needed to achieve a signifcantly increased
antcancer efcacy when compared to RT alone. (7, 8) However, both the number
of cycles of intravenous cisplatn administraton and the cumulatve cisplatn
(or carboplatn) dose are limited due to dose-limitng toxicites. These include
nephrotoxicity, nausea, vomitng, myelosuppression, neuropathy, and ototoxicity.
(3, 9, 10) Nephrotoxicity can be prevented by intravenous hyperhydraton.
However, for ototoxicity and neuropathy (peripheral nerve toxicity) no standardized
preventve or curatve optons are available yet.

Cisplatn-induced hearing loss

The clinical presentaton of cisplatn-induced hearing loss (CIHL) is comprised of
irreversible, dose-dependent, and symmetrical hearing loss. (3, 4, 11) It typically
starts in the (ultra)high frequencies, but as treatment contnues, hearing loss may
progress to lower frequencies vital for the percepton of speech [1 to 4 kHz hearing
level (HL)]. As there is heterogeneity amongst studies in the used cisplatn dose and
criteria for the defniton of CIHL, it is hard to report on the exact incidence of CIHL.
A meta-analysis, assessing over a million patents treated with high-dose cisplatn
for various solid cancer types, reported that 43.17% of patents develops CIHL.
(12) Nevertheless, also higher incidences up to 80% have been reported. (3, 13-15)

At molecular level, multple processes are involved in the development of CIHL. (16,
17) Cisplatn can enter the cochlea via the stria vascularis, which is a vascularized
tssue that functons as a blood-labyrinth barrier, see Figure 2 (left and right). (17,
18) The most widely known mechanism of CIHL is the destructon of the outer
hair cells within the organ of Cort, see Figure 2 (left). (16, 17) Typically, this begins
in the hair cells located at the basal cochlear windings, resultng in hearing loss
at ultrahigh frequencies. With ongoing platnum therapy (and higher cumulatve
dose), the lower frequencies will be afected too, due to involvement of the apical
windings. (3, 19, 20) Next, other cochlear cells may be damaged, including the inner
hair cells, spiral ganglion, and stria vascularis. (16) The stria vascularis is responsible
for cochlear homeostasis, which is needed for normal hearing, by generatng the
endolymphatc potental (+ 80mV) via potassium (K*) recycling, see Figure 2 (left).
(17, 18) Furthermore, cisplatn induces hearing loss by the release of toxic reactve
oxygen species (ROS). (16, 17) In additon, cisplatn can negatvely impact the
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cochlea’s own defense mechanism against ROS, as cisplatn reduces the cochlear
availability of normally otoprotectve endogenous antoxidants. (3, 4, 17, 21-23)
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Figure 2. Anatomy of the inner ear.

Left: a schematc cross-secton through the human cochlea, depictng the diferent inner
ear structures and the route of potassium (K*) recycling. Right (zoom): a schematc model of
the cochlear capillaries, the three cell types of the stria vascularis, the spiral ligament, and
the most important ion-transporters for K*-recycling. (24) Abbreviatons: IHC: inner hair
cell; OHC: outer hair cell; PYM/Ms: perivascular-resident macrophage-like melanocytes.

Detecton of (cancer-)therapy related hearing loss

In this thesis, pure tone audiometry was used for the detecton of hearing loss.
With this technique, pure tones at diferent sound intensites for the frequencies
0.125 to 8 kHz (HL) are presented to the subject. Because CIHL usually starts
at the ultrahigh frequencies, ultrahigh frequency audiometry - measuring the
frequencies from 8 up to 20 kHz (in sound pressure level (SPL)) - was also
performed. Audiometry is performed in a soundproof room. At each individual
frequency, signals are presented in diferent sound intensites (from -10 dB up
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to +120 dB). The threshold (in dB) at which the person is able to hear the signal
is ploted in an audiogram, see Figure 3. To detect therapy-related hearing loss,
audiometry needs to be performed pre-treatment (baseline) and post-treatment
(follow-up). In the studies included in this thesis, Pure Tone Averages (PTAS) were
calculated. The average hearing threshold at 1, 2, and 4 kHz in dB HL was used
for the PTA relevant for the percepton of speech in noise (further referred to as
PTA 1-2-4 kHz). For the percepton of ultra-high frequencies (needed for e.g. high-
pitched ring tones or high tones in music) we used the average hearing threshold
at 8, 10, and 12.5 kHz in dB SPL (further referred to as PTA 8-10-12.5 kHz).

Pure tone audiometry

-20,0

0.0 M——M——He——og———o——¢
s

20,0 ~

40,0 N

60,0 X
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Sound intensity (dB HL)

100,0

120,0 ! ! !
0,125 0,25 0,5 1 2 4 8

Pure Tone Frequency (kHz)

—@— Normal hearing -=X=--High-frequency hearing loss

Figure 3. Pure tone audiometry showing normal hearing (uninterrupted line) and hearing
loss at high frequencies as seen in presbycusis or cisplatn-related hearing loss (doted
line). In this audiogram, hearing thresholds (in dB HL) for frequencies 0.125 up to 8 kHz
are ploted. Abbreviatons: dB: decibel; HL: hearing level; kHz: kilohertz.

Preventon of platnum-induced hearing loss

While cure remains unquestonably the cornerstone of treatng patents with
HNSCC, there is growing focus on the improvement of post-treatment quality of
life. As CIHL is characterized by irreversible hearing loss for which no treatment
optons are yet available, several research groups are stll trying to fnd a preventve
strategy to protect against CIHL. Diferent approaches, including both systemic and
topical (transtympanic) administraton, have been explored in atempts to prevent
from CIHL with varying successes. (12, 25-27) Among these, antoxidants have
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arose as partcularly promising, with the ability to counteract the damaging release
of ROS by cisplatn. The antoxidant sodium thiosulfate (STS) also has the capacity
to inactvate cisplatn by binding to its actve form. (4, 18, 28) Encouraging efects of
intravenous STS against CIHL were demonstrated in two phase Ill trials in children.
(29, 30) Nevertheless, the clinical applicaton of intravenous STS is limited due to its
potental interference with cisplatn’s anttumor ef¥cacy and potental side efects.
(4, 29) The development of a topical approach is therefore needed.

Identfcaton of patents that may sufer from CIHL

In order to select patents that may beneft from prophylaxis against CIHL, the
identfcaton of patent groups at risk for the development of CIHL is most
important. Apart from cisplatn dose, several co-occurring risk factors for the
development of CIHL have been reported. For patents with HNSCC, one of the
most important risk factors is RT: a radiaton dose to the cochlea of = 30 Gray is
known to cause clinically relevant hearing loss, which can be both sensorineural
and conductve of origin. (13, 31)

Another risk factor for the development of CIHL is a favorable pre-treatment
hearing level). (12, 14, 19, 20, 26, 32) Obviously, excellent hearing is mainly
observed in younger patents who do not sufer from age-related hearing loss.

In additon, patents may have a genetc vulnerability for CIHL, as several single-
nucleotde polymorphisms (SNPs) have been associated with increased CIHL. (33-
37) At a molecular level, cochlear melanoma antgen expression seems also to
be involved in cancer therapy related hearing loss in patents treated with T cell
receptor gene therapy against metastatc cutaneous melanoma. (38)

From a systemic point of view, vulnerability for cisplatn toxicity may vary pending
on interindividual variabilites in the distributon of cisplatn into the tssues. As
cisplatn mainly distributes to the fat-free mass, patents with a low skeletal muscle
mass (sarcopenia) might experience higher peak dosages of cisplatn. Therefore,
they are potentally at risk for platnum-related toxicites, including CIHL. (39)

At last, CIHL depends on the dose intensity of cisplatn. In the Netherlands, the
standard of care CRT for HNSCC uses 3-weekly 100 mg/m? cisplatn (on days 1, 22,
and 43). Approximately 30% of cisplatn-treated patents sufer from dose-limitng
toxicites. (40-42) In order to reduce toxicity and increase compliance to cisplatn
therapy, recently, some Dutch centers have adapted their schedule and now employ
weekly cisplatn infusions of 40 mg/m?(during seven consecutve CRT weeks).
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Remaining issues in cancer therapy related hearing loss

Based on preclinical models, topical applicaton of STS as an otoprotector against
CIHL seems promising. However, this approach needs to be investgated to learn
whether transtympanic applicaton of STS is safe and feasible in humans too. In
additon, the pharmacokinetcs of systemically available cisplatn afer topical STS
applicaton needs to be assessed, to ensure that the antcancer efect of cisplatn
is not compromised by transtympanic STS. Next, it would be desirable to identfy
which patents are most at risk for the development of clinically relevant CIHL, as
these patents may require prophylaxis against CIHL in the future. Also, given the
substantal developments in the feld of cancer treatments, one should be aware
of the opton that hearing loss may also arise afer new forms of cancer therapy,
especially when inner ear structures are being targeted.
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AIM AND OUTLINE OF THIS THESIS

The general aim of this thesis is to move forward in the development of preventve
strategies against CIHL.

To this respect, our frst aim was to assess whether it is safe and feasible to use
transtympanic STS injectons to avoid systemic ant-cisplatn efects in a phase
| randomized clinical trial (Chapter 2). The e¥cacy of this interventon will be
studied in an upcoming multcenter phase Ill randomized clinical trial (protocol in
Appendix ).

Our second aim was to identfy patent-groups that may beneft from preventve
strategies in the future: which patents are partcularly at risk for the development
of CIHL? To gain more insight into CIHL risk profling the following studies were
performed:

- Assessment of the extent of CIHL in young men with testcular cancer treated
with high dose cis- or carboplatn for primary or recurrent disease (Chapter 3);

- Research into SNPs which might be related to the development of CIHL in
patents treated for HNSCC (Chapter 4);

- HNSCC patent cohort data analysis to study whether pre-treatment sarcopenia
is correlated to increased CIHL afer treatment with cisplatn-based CRT
(Chapter 5);

- Investgaton of the diference in CIHL between two diferent cisplatn dose-
intensity CRT schedules for HNSCC (Chapter 6).

In the last part of this thesis, we present a novel form of cancer-therapy related
hearing loss. We provided a ratonale for severe sensorineural hearing loss with
unilateral deafness that may occur during T-cell receptor gene therapy applied for
metastatc melanoma (Chapter 7).
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ABSTRACT

Objectves

To determine safety, feasibility, and preliminary actvity of transtympanic injecton
of sodium thiosulfate (STS) against cisplatn-induced hearing loss (CIHL).
DESIGN: Randomized controlled trial.

SETTING: Tertary cancer hospital.

PATIENTS: Adults to be treated with high-dose cisplatn (= 75 mg/m2).
INTERVENTION: Selected by randomizaton, 0.1 M STS gel on one side and
placebo gel on the other side was transtympanically applied to the middle ear 3
hours before cisplatn administraton. Afer amendment, the placebo ear was lef
untreated.

Main Outcome Measure

Primary outcome was safety and feasibility. Secondary outcomes included
pharmacokinetc analysis of systemic cisplatn and preliminary actvity of STS.
Clinically relevant CIHL was defned as a = 10 dB threshold shif at pure-tone
average 8-10-12.5 kHz (PTA8-12.5). Response to STS was defned as a threshold
shif at PTA8-12.5 in the STS-treated ear of = 10 dB smaller than the untreated ear.

Results

Twelve patents were treated. Average CIHL at PTA8-12.5 was 12.7 dB in untreated
ears and 8.8 dB SPL in STS-treated ears (p = 0.403). Four patents did not develop
CIHL. Four out of eight patents with CIHL responded to STS: CIHL at PTA8-12.5
in STS-treated ears was 18.4 dB less compared to untreated ears (p = 0.068).
Grade 1 adverse events were reported. Pharmacokinetc results were available
for 11 patents.

Conclusion

Transtympanic applicaton of STS was safe and feasible. Based on our
pharmacokinetc analysis, we postulate that transtympanic STS does not interfere
with the systemically available cisplatn. Our results provide a preliminary proof
of concept for transtympanic applicaton of STS in preventng CIHL and warrants
further evaluaton on a larger scale.
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INTRODUCTION

Cisplatn-induced hearing loss (CIHL) occurs in 75-80% of the cisplatn-treated
patents. (1-4) CIHL is dose-dependent and characterized by symmetric, bilateral,
and irreversible sensorineural hearing loss (SNHL), startng shortly afer treatment.
(1, 5) Cisplatn destructs the hair cells (HCs) within the organ of Cort. (1, 5, 6)
First, the outer HCs located at the basal cochlear turns are frst afected, leading to
SNHL at the ultrahigh frequencies. Afer subsequent doses also the apical windings
are involved and CIHL progresses to lower frequencies. (1, 7, 8) Furthermore,
cisplatn may damage the inner HCs, spiral ganglion, and stria vascularis. (1, 5)

There is an increasing interest in the research feld of (preventve) strategies against
SNHL, including CIHL. (9) The pathophysiology of CIHL consists of the formaton
of toxic levels of reactve oxygen species (ROS) and the depleton of otoprotectve
antoxidants. (1, 4, 5, 7) Distnct antoxidants protect the cochlea from ototoxic
stress, but are incapable of dealing with cisplatn-induced cochlear damage. (10)
The use of antoxidants that aim to reduce damage caused by ROS may therefore
prevent CIHL. Various antoxidants, including sodium thiosulfate (STS) and
N-acetylcysteine, have been shown to scavenge ROS and reverse endogenous
antoxidant depleton. (5, 11-13) Furthermore, they inactvate cisplatn by binding
to its actve form. (5, 12, 13)

Two recent phase Il trials on the preventon of CIHL in children showed promising
otoprotectve efects of the antoxidant sodium thiosulfate (STS) when administered
intravenously during cisplatn chemotherapy. (14, 15) Brock et al. (15) showed
that the incidence of CIHL was 48% lower in children treated with cisplatn plus
intravenous STS compared with cisplatn alone (relatve risk, 52%; 95% confdence
interval, 0.33-0.81, p = 0.002). Similarly, in the study of Freyer et al. (14) CIHL
occurred in 56% of the children treated with cisplatn alone and in 29% when
treated with simultaneous STS (p = 0.00022). Clinical applicaton of intravenous
STS may however be restricted by its side-efects and potental interference
with cisplatn’s anttumor actvity. (5, 15) Accordingly, Freyer et al. (14) reported
lower overall survival in disseminated disease when treated with additonal STS
(45%) compared with cisplatn alone (84%) (p = 0.009). Adverse events have been
reported that were likely atributed to intravenous STS administraton, including
tumor progression, grade 3 infecton, neutropenia, electrolyte disturbances, and
anemia. (14, 15) A topical approach of STS applicaton may be advantageous in
preventng CIHL while preserving cisplatn’s antneoplastc efect. Several proof-
of-principle studies showed that transtympanic applicaton of antoxidants is
safe and feasible. (11, 16, 17) Interestngly, in guinea pigs, higher perilymph STS
concentratons were achieved afer transtympanic applicaton when compared to
intravenous infusion. (12) This phase | study evaluated the safety and feasibility
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and aimed to determine preliminary actvity of transtympanic applicaton of STS
gel in adults treated with cisplatn dosed = 75 mg/m2 for advanced solid tumors.

METHODS

Study design

This proof-of-concept phase | trial consists of two cohorts. Cohort A was a single-
blind, placebo-controlled study. One ear was treated with STS gel and the other
with placebo gel. Cohort B was a nonblinded, non-placebo-controlled study. Here,
one ear was treated with STS gel and one was lef untreated.

Settng

The study was performed at the Netherlands Cancer Insttute in Amsterdam, the
Netherlands. The protocol was approved by the insttutonal medical research
ethics commitee and registered in the European Clinical Trials Database (EudraCT:
2012-004653-80).

Patents

Patents of 18 years or older who were to be treated with cisplatn at a dose of
= 75 mg/m2 for lung or head and neck (HNSCC) cancer were eligible. If patents
were to receive concomitant radiotherapy, the maximum cochlear dose was 30
Gray as to avoid radiotherapy-induced hearing loss. (2, 18, 19) Exclusion criteria
were symptomatc brain or leptomeningeal metastases and relevant otological
history (e.g., conductve hearing loss). All patents gave writen informed consent.
Patents were considered evaluable afer the completon of one cycle of cisplatn
including study medicaton.

Interventon

The ear to be treated with the STS gel was assigned by simple unstratfed
randomizaton in both cohorts at the insttutonal trial center using ALEA Clinical
(Forms Vision BV). Patents were enrolled by their treatng physician. In cohort
A, two syringes with 2.0 ml 0.5% sodium hyaluronate (HYA) based gels were
used: one without STS (placebo) and one with 0.1 M STS. In cohort B only the
STS gel was prepared. Syringes with study medicaton were warmed up to 37 °C
for 30 minutes in an incubator (CULTURA M, Almedica AG) to prevent caloric
symptoms during injectons. The syringe was connected to the needle (Braun,
Pencan 25G) via a 10 cm infusion line (BD Becton Dickenson Connecta). The
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needle was bended to approach the eardrum perpendicularly under sight. Topical
anesthesia was applied by 3x3 mm gauzes soaked in xylocaine 10% (lidocaine
100 mg/ml, AstraZeneca) applied on the eardrum before the placement of the
grommet and injectons. In cohort A, the gels were administered through a
grommet, which was placed for ventng air to prevent barotrauma while injectng.
During this procedure there was backfow of gel along the infusion needle into
the external ear canal. A diferent protocol was chosen for cohort B: the grommet
was stll placed for ventlaton, but STS was injected directly through the posterior
part of the eardrum (Fig. 1). During administraton of the gel the patent was
positoned with the upper body 30 degrees upward. Afer injecton the patent’s
head was turned 45 degrees contra-laterally to allow the gel to reach the round
window. Patents remained in this positon for 30 minutes and were instructed to
keep swallowing and talking to a minimum. Cisplatn was given 3 hours afer STS
administraton. Concomitant chemotherapy or radiotherapy was administered as
per local protocol. Follow-up was performed within 7 days before start of each
cisplatn cycle, and within 1 and 3 months afer the last cycle. This consisted of
audiometry, physical examinaton, registraton of adverse events, and laboratory
assessments (hematology, chemistry).

Figure 1: The positon of the patent during transtympanic injecton (lef) and the ear-
drum (right).

Right: The patent is lying with the upper body positoned 30 degrees upwards and
the patent’s head is turned 45 degrees contralaterally. Left: The grommet is placed for
ventlaton of the middle ear and the sodium thiosulfate containing gel is injected via the
needle directly through the posterior part of the eardrum (X). The gel flls the middle ear,
which enables exposure of the round window (R) to the drug.

The ear to be treated with the transtympanic STS gel was assigned by randomisaton
in both cohorts using a randomisaton program at the insttutonal trial centre.
Patents were enrolled by their treatng physician.

Cisplatn infusion was started three hours afer STS administraton. If concomitant
chemotherapy or radiotherapy was to be administered, this was done as per local
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protocol. Follow-up was performed within 7 days prior to start of each cisplatn
cycle, and within 1 and 3 months afer the last cycle and consisted of audiometry,
physical examinaton, registraton of adverse events and safety laboratory
assessments consistng of haematology and serum chemistry.

Outcome measures

We aimed to determine safety and feasibility and the preliminary actvity
of transtympanic injecton of STS against CIHL. Safety and feasibility were
evaluated using adverse events registered according to the Common Terminology
Criteria for Adverse Events version 4.03 (CTCAE). (20) To evaluate whether the
transtympanically administered STS does interfere with systemically available
cisplatn, pharmacokinetc (PK) sampling of cisplatn was performed for comparison
with previously published data. Samples were drawn predose, at the end of
cisplatn infusion and 1, 2, 3, 4, and 18 hours thereafer. Blood was collected in
a 10.0 ml heparin tube, which was centrifuged at 1,500 g for 10 minutes at 4
°C. Of the plasma 2.0 ml was transferred to a 2.0 ml Eppendorf tube and stored
at -20 °C (total platnum). A plasma ultra-fltrate tube (Centrifree ultra-fltrate
tubes, Merck Millipore Ltd.) was flled with plasma and centrifuged at 1,800 g for
10 minutes. The ultra-fltrate was transferred to a 2.0 ml Eppendorf and stored
at -20 °C (unbound platnum). Platnum levels were measured using a validated
inductvely coupled plasma mass spectrometer method (ICP-MS).(21) The lower
level of quantfcaton was 7.50 ng/L. (21) PK parameters were calculated using
validated scripts in the sofware package R version 3.0.1. The maximum observed
plasma concentraton (C_ ) and area under the plasma concentraton tme curve
from start of the cisplatn infusion (tme = 0) to 22 hours (AUC_ ) were reported.
Efcacy was assessed using standard audiometry, including air conducton (AC)
and bone conducton (BC) thresholds, performed in a sound-proof booth using
the Decos Audiology Workstaton. If thresholds at 8 kHz were not available for
ultrahigh frequency audiometry, we converted them from pure-tone audiometry
thresholds into dB SPL following ISO 389-1. (22) If the threshold level was beyond
the audiometer’s maximum output, we computed the threshold by adding 5 dB to
this maximum. Audiometric testng was performed pretreatment (baseline), afer
each cisplatn cycle (postreatment) and afer 3 months (follow-up). We marked a
conductve component if the average AC threshold at 0.5, 1, 2, and 4 kHz was >
10 dB poorer than the average BC threshold. If there was a conductve component
during or afer therapy, we took BC thresholds for analysis.

Hearing thresholds of < 10 dB are accepted to indicate (sub)-normal hearing,

according to the CTCAE and ASHA guidelines. (20, 23) Since cisplatn frst afects
the ultrahigh frequencies, clinically relevant CIHL was defned as = 10 dB SNHL
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at pure-tone average 8-10-12.5 kHz (PTA, ,, ). Clinically relevant response to
STS was defned as a SNHL in the placebo (cohort A) or untreated (cohort B) ear
exceeding SNHL in the STS-treated ear by > 10 dB at PTA, , .. Next, the patents
were divided into three groups: 1) patents without CIHL, 2) patents with CIHL
who responded to STS, and 3) patents with CIHL but no response to STS.

Statstcs

The low standard errors for audiometric diferences before and afer cisplatn that
were shown in a previous study allowed us to use a small number of patents. (24)
To study whether there was a signifcant diference in APTA, , . between the STS
ears and the untreated ears, an exact Wilcoxon signed-rank test for paired samples
was used. p values of < 0.05 were considered statstcally signifcant.

RESULTS

Sixteen patents were enrolled. Four patents withdrew consent, of whom three
did not start therapy: one due to pain from bone metastases, one considered
logistcs to be troublesome, and one without a formal reason. Another patent
with a narrow ear canal withdrew consent afer a painful grommet inserton and
was not available for evaluaton. Patents were treated between June 2013 and
October 2018. For baseline characteristcs see Table 1. Eight patents were male
(67%). The median age was 60 (range 46—67) years. Cisplatn was discontnued in
two patents due to nephrotoxicity.

In total, 34 STS injectons were given in 12 patents. In cohort A there was
backfow of gel into the external meatus afer applicaton through the grommet.
An average volume of 0.2 ml (range, 0.1-0.3 ml) was injected. The technique was
improved in cohort B: The gel was injected by direct transtympanic puncture of
the eardrum. A mean volume of 0.37 ml (range, 0.3—0.5 ml) could be administered.

Afer the inserton of the grommet and applicaton of the gel(s) temporary, modest
adverse events (AEs) were reported. Afer placement of the grommet and upon
request, patents reported modifcaton of sound percepton in quality (not
quantty), which could not be objectfed by audiometry. One patent needed to
receive subcutaneous local anesthesia with lidocaine 2% before grommet inserton
and experienced grade 1 vertgo, which resolved within 4 hours. Only grade 1
AEs were reported for the transtympanic injectons, which resolved within few
hours. One patent with a narrow ear canal reported grade 1 pain, but contnued
therapy. Some patents reported fullness of the middle ear afer the applicaton
of the gel (grade 1), which resolved within 1 hour. No persistent otts media as
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a result of gel applicaton occurred. Four patents reported grade 1 tnnitus afer
therapy (three bilateral and one in the placebo-treated ear). AEs to be atributed
to cisplatn doublet treatment or malignancy and unrelated to STS injecton, were
renal failure, electrolyte disturbances, anorexia, dermatts, and dysphagia. No
grade = 2 neither serious AEs (SAEs) related to STS injectons were observed. The
six reported SAEs occurred in patents treated with concomitant radiotherapy and
100 mg/m? cisplatn and included hospitalizaton due to renal failure, neutropenia,
and dehydraton.

Cohort A CohortB Total
(n=6) (n=6) (n=12)
Age
Median (range), years 60 (46-67) 59 (46-63) 59 (36-67)
Sex
Male 5 (83%) 3 (50%) 8 (67%)
Female 1 (17%) 3 (50%) 4 (33%)
WHO Performance Score
0 5 (83%) 6 (100%) 11 (92%)
1 1 (17%) 0 1 (8%)
Tumor type
NSCLC 3 (50%) 1 (17%) 4 (33%)
Mesothelioma 3 (50%) 0 3 (24%)
Thymus carcinoma 0 1(17%) 1 (8%)
HNSSC 0 4 (67%) 4 (33%)
Number of cycles cisplatn
Median (range) 3(2-4) 3(1-4) 3(1-4)
Cisplatn dose
75 mg/m? 6 (100%) 2 (33%) 8 (67%)
Number of cycles, median (range) 3(1-4) 4 (4) 3.5(1-4)
100 mg/m? 0 4 (67%) 4 (33%)
Number of cycles, median (range) - 2 (1-3) 2 (1-3)

Table 1: Baseline characteristcs. Abbreviatons: HNSSC = head and neck squamous cell
carcinoma; NSCLC = non-small cell lung cancer; WHO = World Health Organizaton.

For all 12 patents, the mean thresholds for the STS-treated ears and the
untreated/placebo ears as measured at baseline, postreatment and at follow-up
are depicted in Figure 2A and Table 2. The mean threshold shif at PTA 8-10-12.5
kHz (APTA was 12.7 dB in the untreated ears and 8.8 dB in the STS-treated

8-12.5)
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ears (p = 0.402). Four patents did not develop CIHL. Their platnum PK curves
were comparable to the rest of the group. Eight patents developed CIHL, of whom
four (50%) responded to STS. The average diference in APTA, , . between STS-
treated (APTA, , . of 14.1 dB) and untreated ears (APTA, ,, . of 20.2 dB) in these
eight patents was 6.1 dB in favor of the STS-treated ears (p = 0.141) (Fig. 2B).
Regarding the four responders, the average diference in APTA, . between the
STS-treated ears (APTA, ,, . of 6.8 dB) and untreated ears (APTA of 25.2 dB)

was 18.4 dB (p = 0.068) (Fig. 2C).

8-12.5

Four patents did develop CIHL but did not respond to STS. This group included
one patent treated in cohort A who received an estmated volume of 0.1 ml STS
gel during all three injectons due to backfow of the gel through the grommet into
the ear canal. Another nonresponder was unable to stay in the desired positon for
30 minutes due to grade 1 vertgo afer anesthetcs with subcutaneous lidocaine
2% injecton. His movements may have troubled absorpton of the gel by the round
window. PK parameters Cmax and AUC_ ,,, are shown in Table 2. PK data of one
patent treated with 100 mg/m? are missing, as PK samples were not taken due
to logistc reasons.

Cisplatn 75 mg/m? Cisplatn 100 mg/m?
(n=8) (n=3)
Total Unbound Total Unbound
platnum plathnum  platnum platnum
Cmaxug/ml Mean + 20+057 077+018 191+0.31 1.10+0.52
SD (CV) (27.1%) (22.8%) (16.1%) (4.7%)
AUCO,22h ug*h/ml Mean 29.77+590 3.02+059 22.39+6.64 4.29+1.85
SD(CV)  (19.7%) (19.5%) (28.4%) (43.2%)

Table 2: Pharmacokinetc parameters. Abbreviatons: C__ indicates maximum observed
concentraton; AUC_ ,,, area under the plasma concentraton tme curve from t = 0 to 22

hours; n, number of patents; SD, standard deviaton; CV, coefcient of variataton.
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Figure 2. Audiometric results.
dB, p

0.402, Exact Wilcoxon test for matched pairs). B) Results of the eight patents who developed ototoxicity. Ototoxicity is defned as a shif of =

10 dB at APTA 8-10-12.5 kHz (APTA 8-10-12.5 kHz = post-treatment PTA 8-10-12.5 kHz minus baseline PTA 8-10-12.5 kHz). C) Audiometric results

of the four patents who developed ototoxicity and responded to transtympanic sodium thiosulfate (STS) injecton. Response is defned as patents

with ototoxicity with APTA 8-10-12.5 kHz in the untreated ear exceeding A PTA 8-10-12.5 kHz in the STS-ear by = 10 dB. The diference between

postreatment PTA 8-10-12.5 kHz and baseline PTA 8-10-12.5 kHz is 18.4 dB SPL (25.2—6.8 dB, p

0.068, Exact Wilcoxon test for matched pairs).

STS-treated ears Untreated ears p-value?
Total group (N =12)

APTA 0.5-1-2 kHz 2.1dBHL 0.7 dB HL

APTA 1-2-4 kHz 2.5dB HL 2.2 dB HL

APTA 8-10-12.5 kHz 8.8 dB SPL 12.7 dB SPL 0.402
Responding patents (n = 4)

APTA 0.5-1-2 kHz -0.4 dB HL -1.3dB HL

APTA 1-2-4 kHz -0.4 dB HL 1.7 dB HL

APTA 8-10-12.5 kHz 6.8 dB SPL 25.2 dB SPL 0.068

Table 3: The threshold shifs of the pure-tone averages (PTAs) of all 12 patents (up)
and the 4 patents that developed ototoxicity and responded to the STS gel (down).
Ototoxicity is defned as A PTA 8-10-12.5 = 10 dB. Response is defned as patents with
ototoxicity in which A PTA 8-10-12.5 kHz in the untreated ear exceeds A PTA 8-10-12.5
kHz in the STS-ear with = 10 dB. A PTA is measured as the PTA directly afer the last cycle
of cisplatn minus the baseline PTA.

aexact Wilcoxon test for matched pairs.

HL indicates hearing level; kHz, kilohertz; PTA, pure-tone average; SPL, sound pressure
level; STS, sodium thiosulfate.

DISCUSSION

Applicaton of transtympanic STS was safe and feasible. Four out of eight
patents with clinically relevant CIHL showed a relevant interauricular diference
in postreatment hearing capacity. In these four patents, the STS ear benefted
compared with the other ear with an average diference in hearing loss of 18.4 dB
at PTA, ,, .. Although not signifcantly diferent, the results of the above-mentoned
four patents rise above random observatons in four single patents and suggest
the frst in-human clinically relevant efcacy of transtympanic applicaton of STS
to prevent CIHL in adults (Table 3).

The pathophysiology of CIHL is multfactorial. Cross-linking between platnum and
DNA and the accumulaton of cisplatn in cochlear structures induce the formaton
of toxic levels of reactve oxygen species (ROS). (1, 4, 7, 10) Excessive ROS leads
to depleton of otoprotectve cochlear antoxidants. (1, 4, 7, 10) This is followed by
apoptosis of HCs and the stria vascularis. (1, 6, 7) Also, cisplatn is responsible for
adenine dinucleotde phosphate oxidase 3 (NOX3)-mediated generaton of ROS in
the organ of Cort and spiral ganglion. (1, 10) Next, hydroxyl radicals are produced,
causing HC damage by destructve calcium infux. (1) Cell death may also occur
afer calcium infux into HCs due to actvaton of the transient receptor potental
vanilloid 1 channel (TRPV1). (1)
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Preventve strategies aiming to reduce the producton or actvity of ROS within
the inner ear can be of value to prevent CIHL. Antoxidants with a thiol group,
including STS and N-acetylcysteine, have been shown to scavenge ROS and reverse
endogenous antoxidant depleton. (5, 11-13) Furthermore, they inactvate cisplatn
by binding to its actve form. Preclinical in vivo studies showed that both intravenous
and transtympanic administered antoxidants are able to prevent CIHL. (25, 26)

The current study was a phase | study, designed to assess safety and feasibility.
Therefore, the study was not powered aiming to prove efcacy of transtympanic
STS against cisplatn-induced hearing loss. Furthermore, ideally a double blinding
and placebo-controlled procedure would have been used to assess efcacy.
No placebo was used in cohort B as this was found too troublesome and tme-
consuming. One patent withdrew consent as the inserton of the grommet was
too painful and was therefore not included in the analysis. In future studies an
intenton to treat analyses should be included. Also, a larger phase Il trial is needed
to adequately prove the efcacy of transtympanic STS against CIHL.

Several other clinical trials assessed transtympanic drugs for the preventon of
CIHL. Two studies reported signifcant hearing preservaton by transtympanic
applicaton of N-acetylcysteine. Riga et al. (11) showed that the threshold change
at 8 kHz was 7 dB greater in patents treated with transtympanic N-acetylcysteine
compared to untreated patents (p = 0.005). Sarafraz et al. (16) showed signifcantly
beter hearing preservaton at 4 and 8 kHz when transtympanic N-acetylcysteine
was injected compared with transtympanic dexamethasone. As both studies did not
perform PK analysis, it remains uncertain whether transtympanic N-acetylcysteine
interferes with the systemic exposure to cisplatn.

Rolland et al. (17) also evaluated transtympanic STS injectons in 13 patents
treated with concomitant radiotherapy and cisplatn for HNSCC. Hearing loss was
1.3 dB less in STS-treated ears compared to untreated ears at frequencies from
3 to 10 kHz. They injected a higher concentraton of STS (0.5 M versus 0.1 M) in
a smaller volume (0.1 ml versus 0.3—0.5 ml). We think that a larger volume results
in improved exposure of the round window to the gel. Also, it seems important to
use a high-viscosity gel that does not rapidly fow through the Eustachian tube.
The tming of injecton difered to ours: Rolland et al. injected mean 20.5 hours
before cisplatn infusion, whereas we injected 3 hours before cisplatn infusion.
We chose this tming since Berglin et al. showed impressive HC protecton in
guinea pigs when injectng 3 hours before cisplatn. (26) Preclinical PK results of
transtympanic STS in guinea pigs are inconsistent: Berglin et al. showed stable
perilymphatc STS concentratons between 1 and 3 hours afer injecton, while
Schroeder Il et al. (12) reported that perilymphatc STS has a short half-life of
44.4 minutes (dose, 250 mg/ml). Furthermore, Viglieta et al. recently published
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their results of a phase | study evaluatng transtympanic applicaton of STS in 42
healthy volunteers. Applicaton of diferent doses of STS (0.15 M, 0.5 M, 1.0 M,
1.5 M) was safe and feasible. (27)

Since cisplatn can be detected in the cochlea immediately afer infusion and its
eliminaton rate from the inner ear is slow, (28) one may advocate to inject STS
directly before cisplatn infusion. However, these pre-clinical results cannot be
translated directly to humans, as the human’s otc capsule is thicker and the round
window permeability is lower compared to guinea pigs. (5, 26) We think that
adequate tming of STS administraton is essental and demands future studying.

Furthermore, both the exposure of the gel to the round window and the uptake
of STS in the perilymph may depend on anatomic variatons, the patent’s positon
and otologic pathology (e.g., otosclerosis, otts media). These factors might explain
the inter-individual diferences in response to transtympanic STS that we found.

One of the strengths of the study is that we performed PK analysis of systemic
cisplatn. When considering an average body surface area of 1.8 m?, patents
received about 0.43 mmol cisplatn (= 75 mg/m?). The amount of STS administered
ranged from 0.01 to 0.05 mmol. Since STS binds to platnum in a 1:1 rato, <
10 % of the molar weight of cisplatn could be neutralized. However, the low
oral bio-availability of STS restricts the amount of STS available in the systemic
circulaton. (29) A comparison of our PK results with literature is difcult, as STS-
bound platnum may be detected as unbound platnum by the ICP-MS method.
(30) A comparison of the unbound fracton is therefore not useful. The levels
of unbound platnum were however in line with previously reported results.
Interestngly, Viglieta et al. performed PK analysis of systemically available STS
and state that the measured plasma STS levels are expected to be too low for
interference with the anttumor efect of cisplatn. (31) Based on literature and
the poor oral bio-availability of STS, we postulate that transtympanic STS does
not interfere with the systemically available cisplatn

CONCLUSION

Transtympanic injecton of STS was safe and feasible. In this small populaton of
12 patents, we were able to show hearing preservaton by transtympanic STS
in 4 of 8 patents enduring clinically relevant CIHL. Our PK data indicate that
transtympanic STS does not interfere with the antneoplastc actvity of cisplatn.
Future research is needed to confrm the efcacy of transtympanic STS aiming to
prevent CIHL. Variables including the optmal dose, viscosity, and tming require
further investgaton.
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ABSTRACT

Background and Objectve

Platnum therapy may cause sensorineural hearing loss. The aim was to evaluate
cis- or carboplatn-induced hearing loss (CIHL) in testcular cancer patents.
Potental candidates for preventve strategies against CIHL were assessed.

Methods

Forty-one patents were treated for primary (n = 33) or recurrent (n = 8) testcular
cancer. Audiometry was performed at baseline and afer treatment. Threshold
shifs at pure tone averages vital for speech percepton (PTA 1-2-4 kHz) and
ultra-high sounds (PTA 8-10-12.5 kHz) were measured. CIHL was defned as a
threshold shif =10 dB afer therapy at these PTAs. CIHL was also measured via
grading scales.

Key Findings and Limitatons

In the primary treated group 3/33 (9.1%) developed CIHL at PTA 1-2-4 kHz and
18/32 (56%) at PTA 8-10-12.5 kHz. In the salvage treated group, this was 6/8 (75%)
and 4/5 (80%), respectvely. Mean threshold shif at PTA 1-2-4 kHz was 11.2 dB
greater in the salvage group than the primary group (p < 0.001). At PTA 8-10-
12.5 kHz this was 5.7 dB (p = 0.118). Overall, 3/41 (7%) of patents qualifed for
hearing aids due to treatment, of whom 2 in the salvage group. Scores on grading
scales were higher in the salvage treated group. The biggest limitaton was the
small study populaton.

Conclusions

Overall, 22% and 59% of testcular cancer patents developed CIHL at frequencies
vital for percepton of speech percepton and ultra-high sounds, respectvely.
Salvage treatment caused most severe CIHL.

Clinical Implicatons

Our fndings demonstrate the need of preventve strategies against CIHL testcular
cancer patents.
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INTRODUCTION

Testcular cancer (TC) has the highest incidence of all neoplasms occurring in
young men and about 990 new TC cases were diagnosed in the Netherlands
in 2022. (1) Since the 1970’s, platnum-derivates play an essental role in the
chemotherapeutc treatment of TC (2, 3) and led to excellent clinical outcome, i.e.
95% 5-year relatve survival in the United States. (4) However, cure goes hand in
hand with platnum-related toxicites, including amongst others nephrotoxicity,
neurotoxicity and ototoxicity. (5)

Primary treatment of TC limited to the testcle consists of a radical inguinal
orchidectomy, ofen followed by surveillance or radiotherapy. Patents with
disseminated disease (stage IlI/Ill) are generally treated with chemotherapy
using three bleomycin-etoposide-cisplatn ((B)EP) cycles or four etoposide-
cisplatn (EP) cycles. In case of recurrent disease afer (B)EP, salvage treatment
is given using additonal high-dose carboplatn or cisplatn concomitant to other
chemotherapeutc agents. (6)

Cisplatn or carboplatn-induced hearing loss (CIHL) is characterized by
sensorineural hearing loss (SNHL) and is a frequent adverse event of platnum-
based drugs. About 36% of adults treated with cisplatn develops CIHL (7),
although it is difcult to give an exact incidence due to the heterogeneity between
studies with respect to the administered cisplatn dose and the defniton of
ototoxicity. (5, 8-10) Since the 1970’s cisplatn has been known to cause hair cell
damage in the organ of Cort. Also, awareness is growing of its damaging efect
to other cochlear cells, which occurs as a consequence of the release of toxic
reactve oxygen species and the depleton of normally protectve antoxidants.
(5, 11-13) CIHLis irreversible, dose-dependent, symmetric, and starts at ultrahigh
frequencies. (5, 11, 14) Thereafer and with contnued treatment, hearing loss will
progress to lower frequencies involved in the percepton of speech (1 to 4 kHz).
Hearing loss of averaged = 35 dB at these frequencies results in a 50% reducton
of speech intelligibility at conversaton levels. Also, in the Netherlands, hearing aids
are prescribed and reimbursed from this threshold. (15) Several studies emphasize
the impact of CIHL on quality of life, including depression, cognitve impairment,
and social isolaton. (7, 16)

Patents with TC are young (17) and consequently present with relatvely favorable
pre-treatment hearing capacity when compared to elderly patents in need for
cisplatn chemotherapy. As favorable baseline hearing capacity is a risk factor
for the development of CIHL (18, 19), TC patents are partcularly at risk for the
development of CIHL. We hypothesize that TC patents with recurrent disease
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treated with another round of platnum-therapy are partcularly at risk for
developing CIHL due to the further increased cumulatve platnum dose.

As the prognosis of TC is excellent nowadays, there is growing focus on quality
of life of cancer survivors. To this respect, our research group focusses on the
search for a prophylactc interventon against CIHL (phase | trial (20) and phase IlI
trial (CTIS 2023-503313-30-01)). The objectve of the current study was to assess
CIHL in a cohort of TC patents treated with cisplatn or carboplatn for primary
or recurrent disease, as these young men may partcularly beneft from such a
preventve strategy against CIHL in the future.

METHODS

Patent characteristcs

This study was a prospectve cohort study analyzing the occurrence of and the
extent of hearing loss in patents who were treated with high dose cisplatn
(cumulatve dose = 300 mg/m?) or carboplatn (median cumulatve dose of 4471
mg/m?) for both primary and recurrent TC between October 2019 and August
2021. All patents were treated at the department of medical oncology in the
Netherlands Cancer Insttute. Audiometry was performed at the department of
head and neck surgery. Consent for use of data was obtained from all patents.
The Insttutonal Internal Review Board provided approval to conduct this study.

Treatments

Patents were divided into two diferent groups. The frst group consisted of
patents with primary TC who were treated with one of the following: EP (etoposide,
cisplatn), BEP (bleomycin, etoposide, cisplatn), or - in case of a contraindicaton
for bleomycin - VIP (cisplatn, etoposide, ifosfamide). These patents received a
cumulatve cisplatn dose of 300 mg/m? or 400 mg/m?2. The second group consisted
of patents with relapsed disease treated with salvage therapy, treated with one
of the three following schedules: conventonal dose TIP (paclitaxel, ifosfamide,
cisplatn, mesna), high dose TI-CE (carboplatn, etoposide), or CTC (cyclosfamide,
carboplatn, thiothepa, mesna). Five subjects in the salvage group partcipated in
the TIGER study (phase Ill trial that compared TIP with TI-CE). (21)

Evaluaton of hearing loss

Audiometry was performed prior to treatment and afer treatment. Audiometry
consisted of pure tone audiometry (in hearing level (HL)) from 0.125 kHz to
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8 kHz, including air conducton (AC) and bone conducton (BC), and ultrahigh
frequency audiometry (in sound pressure level (SPL)) from 8 kHz to 20 kHz.
Audiometry was performed by a trained speech therapist in a soundproof booth
using the Decos Audiology Workstaton. Sometmes, hearing thresholds at 8 kHz
SPL were missing (not measured). In these cases the value was converted from
the measured 8 kHz threshold in HL to SPL following ISO 389-1 (+13 dB) (22).
Occasionally, hearing loss extended the maximum output of the audiometer and
was therefore not measurable. If this was the case at follow-up audiometry (de
novo), these thresholds were computed by adding 5 dB to the maximum output
of the audiometer so that threshold shifs could be analyzed. The patents were
asked whether they experienced tnnitus and other subjectve hearing problems
and this was registered in the patent-fle.

CIHL was determined per ear. We calculated Pure Tone Average (PTA) 1-2-4 kHz
AC and BC HL as a proxy for speech percepton per ear. We calculated PTA
8-10-12.5 kHz AC SPL to assess (ultra)high frequencies needed for e.g. high-
pitched ringtones or the percepton of high tones in music. To compare the pre-
and post-treatment PTA threshold Exact Wilcoxon test for paired data was used.
Next, mean threshold shifs (post-treatment minus pre-treatment) at PTA 1-2-4
kHz and PTA 8-10-1.5 kHz were calculated (in dB). Clinically relevant CIHL was
defned as a threshold shif of = 10 dB at one of these PTA’s in one or both ears.
Mann Whitney U test was used to compare the change in PTA's between the two
treatment groups (primary versus salvage treatment).

Next, it was determined which patents developed a post-treatment hearing
capacity of = 35 dB at PTA 1-2-4 kHz BC de novo, as for hearing loss beyond this
threshold hearing aids are prescribed and reimbursed in the Netherlands. Also,
CIHL was assessed via the ASHA grading scale for hearing loss (23), the ASHA
grading scale for hearing loss due to ototoxic drugs (for frequencies up to 20 kHz)
(24), the Common Terminology Criteria for Adverse Events (CTCAE) version 5.0
(based on the threshold shifs up to 8 kHz HL) (25), and the TUNE criteria (15),
see Table 2.
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Grading scale Defniton of SNHL

ASHA for hearing For at least one tested frequency for either ear:
capacity (23) Mild: 21 to 40 dB

Moderate: 41 to 55 dB

Moderately severe: 56 to 70 dB

Severe: 71 to 90 dB

Profound: >90 dB

ASHA for treatment- a) 20 dB decrease at any one tested frequency

related hearing loss b) 10 dB decrease at any two adjacent test frequencies

(24) c) loss of response at three consecutve test frequencies where
responses were previously obtained

CTCAE v5.0 (on a 1, Grade 1: Threshold shif of 15 - 25 dB averaged at 2 contguous
2,4, 3,6, and 8 kHz test frequencies in at least one ear OR Subjectve change in
audiogram) (25) hearing in the absence of documented hearing loss;
Grade 2: Threshold shif of >25 dB averaged at 2 contguous test
frequencies in at least one ear;
Grade 3: Threshold shif of >25 dB averaged at 3 contguous test
frequencies in at least one ear OR hearing aid or interventon
indicated
Grade 4: Decrease in hearing to profound bilateral loss (absolute
threshold >80 dB HL at 2 kHz and above); non-servicable hearing

TUNE (15) Grade 0: No hearing loss
Grade la: Threshold shif = 10 dB at [8-10-12.5] OR subjectve
complaints in the absence of a threshold shif
Grade 1b: Threshold shif = 10 dB at [1-2-4]
Grade 2a: Threshold shif = 20 dB at [8-10-12.5]
Grade 2b: Threshold shif = 20 dB at [1-2-4]
Grade 3: Hearing level = 35 dB HL at [1-2-4] de novo
Grade 4: Hearing level = 70 dB HL at [1-2-4] de novo

Table 1: Grading scales used in this study for the assessment of post-treatment
platnum-related hearing loss. Abbreviatons: ASHA: American Speech-Language-Hearing
Associaton; CTCAE: American Speech-Language-Hearing Associaton.

RESULTS

Patent characteristcs are summarized in Table 2. In total 41 patents were included
(82 ears). Thirty-three patents were treated for primary TC (EP, BEP and VIP
protocol) and 8 patents received salvage therapy for recurrent disease. Salvage
patents were previously treated with (B)EP for primary disease. Audiometry was
performed pre-treatment (baseline) and median 3.8 months afer treatment (range
0-11.0 months). In one patent treated with salvage therapy, follow-up audiometry
was performed at a very short period, i.e. the last day of treatment. This patent
was considered evaluable, as he had already developed signifcant hearing loss at
this point (threshold shif of 14 dB at PTA 1-2-4 HL). Four patents (1 in the primary
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group and 3 in the salvage group) were not evaluable for analysis at PTA 8-10-12.5
kHz SPL, as the thresholds exceeded the maximum output of the audiometer for
both baseline and follow-up audiometry. This resulted in 37 evaluable patents at
PTA 8-10-12.5 kHz SPL, of which in 4 patents CIHL was measurable in only one
ear (3 in primary group and 1 in salvage group).

Patent, tumor and treatment characteristcs

Age, median years (range) 31
(range 18 — 57)
Histology
Seminoma 9
Non-seminoma 32
Treatment

Number of patents receiving primary therapy (EP/BEP/VIP)

cisplatn 300 mg/m? 10

cisplatn 400 mg/m? 23
Number of patents receiving salvage treatment

TIP (cisplatn 400 mg/m?) 3

TI-CE (carboplatn 4553 (3963 — 5125) mg/m?)* 4

CTC (carboplatn 3527 mg/m?) 1

Follow-up duraton audiometry afer therapy, median months (range) 3.8 (0.7 —11)

Table 2: Baseline patent, tumor and treatment characteristcs of the cohort treated with
platnum-based treatment for testcular cancer in our insttute between October 2019
and August 2021. *median and range of the cumulatve carboplatn dose per m?, which is
calculated based on renal functon.

Figure 1 illustrates the mean pure tone audiometry and mean (ultra)high frequency
audiometry at baseline and follow-up. Table 3 shows the threshold shifs and
p-values at the PTAs. When assessing threshold shifs at individual frequencies,
signifcant p-values (p < 0.05) were seen at frequencies from 4 kHz HL up to 20
kHz SPL in the primary group and from 2 kHz HL up to 20 kHz SPL in the salvage
group. When comparing the primary and the salvage treated group, the diference
in mean threshold shif was 11.2 dB at PTA 1-2-4 kHz (p < 0.001) and 5.7 dB at
PTA 8-10-12.5 kHz (p = 0.1).

Table 4 shows the incidences of CIHL at the two PTA's, the number of patents
qualifed for hearing aids afer therapy, the scores at the diferent grading scales,
and subjectve patent-reported hearing symptoms as derived from the patent-
fles. The scores on all grading scales were higher in the salvage treated group
compared to the primary treated group. Patents treated with salvage therapy
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Incidence Incidence

Hearing  Grading scales

Subjectve treatment-related hearing

CIHLat CIHL aids PTA 8-10-12.5 kHz SPL symptoms
indicaton 1 ASHA for 2. ASHA for 3.CTCAEV5.0 4. TUNE Tinnitus  Impaired speech  Profound
denovo  hearing capacity ~ treatment-related percepton in hearing
hearing loss noise loss
Primary 9% 56%* 3% mild 0(0%)  no hearing loss 3 (9%) grade O 10 (29%) 16/33 (48%) 7/33 (21%) 6/33 (18%)
therapy (37334 (18/32) (1/33) moderate 10 (30%) A 0 (0%) grade la 11 (33%)
moderately severe 4 (12%) B 12 (36%) grade 1b 1 (3%)
severe profound 6 (18%) C 18 (55%) grade 2a 10 (30%)
13 (39%) grade 2b 0 (0%)
grade 3 1 (3%)
grade 4 0 (0%)
Salvage 75% 80%* 25% mild 0(0%) no hearingloss 0 (0%) grade O 0 (0%) 1/8 (13%) 3/8 (38%) 3/8 (38%)
therapy  g/g1) (4/5) (2/8) moderate 0(0%) A 1 (13%) grade la 1 (13%)
moderately severe 1 (13%) B 2 (25%) gradelb 1 (13%)
severe profound 1 (13%) C 5 (62.5%) grade 2a 4 (50%)
6 (75%) grade 2b 0 (0%)
grade 3 2 (25%)
grade4 0 (0%)

Table 4: Overview of hearing loss, the indicaton for hearing aids de novo, scores at
diferent grading scales, and subjectve hearing symptoms afer both primary and salvage
therapy. *missing values: hearing thresholds at one of the frequencies of the high frequency
audiometry (PTA 8-10-12.5 kHz SPL) exceeded the maximum output of the audiometer (at
both pre- and post-treatment) and were therefore not measurable. In the primary group
this was the case for 3 patents and in the salvage group for one patent. * Two patents

are included in both groups
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DISCUSSION

In this study, we evaluated CIHL in a consecutve series of patents treated for
primary or recurrent TC. A substantal percentage of patents developed clinically
relevant CIHL at frequencies relevant for the percepton of speech (59%, PTA
1-2-4 kHz) and the percepton of ultrahigh sounds (22%, PTA 8-10-12.5 kHz).
The number of patents developing CIHL was larger in the group of patents
treated with salvage therapy than in the group treated with primary therapy. Also,
CIHL at frequencies relevant for the percepton of speech was signifcantly more
severe in terms of decibels hearing loss in the salvage group than in the primary
treated group. The most likely explanaton for this dissimilarity is the diference
in cumulatve platnum-dose, as patents with recurrent disease receive a higher
cumulatve platnum-dose over the complete course of their disease. Accordingly,
patents treated with salvage therapy developed higher scores on all grading scales
for hearing loss and were more ofen qualifed for a hearing aid afer therapy.

Several previous studies described CIHL in TC patents, but they generally
lacked baseline audiometry (14, 26-30), except for Osanto et al. (N = 32) (31)
and Haughnes et al. (N = 46) (32), who showed signifcant threshold shifs at 4
and 8 kHz HL and a signifcantly higher prevalence of SNHL at 2 and 4 kHz in
platnum-treated patents in the frst decade afer therapy when compared to
aged-matched controls, respectvely. Also, Zhang et al. tested a large cohort of TC
patents afer platnum therapy and found 45% of patents with SNHL according to
the ASHA criteria (i.e. a threshold of = 20 dB at any frequency (33) (here 0.25 to
12 kHz)), without reportng baseline audiometry and/or changes afer therapy. (30)
Furthermore, Frisina et al. (N = 488) - who also did not measure baseline hearing
- reported that 18% of primary treated TC patents had severe to profound SNHL
upon platnum-based chemotherapy according to the ASHA criteria. In our study;,
this percentage was a lot higher in both the primary (58%) and the salvage (88%)
treated group. This can be explained by the way audiometry was performed, as we
measured up to 20 kHz instead of 12 kHz and the ASHA scoring system involves
CIHL per individual frequency. We agree with Chataraj et al. that measuring
baseline audiometry is essental for proper evaluaton of CIHL, as pre-treatment
hearing can vary widely between individuals. (7) Also, in our opinion, there are
limitatons to the use of the ASHA criteria, as pre-treatment hearing is not taken
into account and the incidence of CIHL depends on the frequencies measured.

Patent-reported outcomes of our study are in line with results described in
literature. Haugnes et al. showed that platnum-treated patents more ofen
reported tnnitus when compared to age-matched controls (42% versus 24%,
p = 0.06). (32) In the study of Bokemeyer et al., 20% of the primary treated patents
reported symptoms of hearing loss (59% tnnitus, 18% hearing loss, 23% both). (27)
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In the study of Frisina et al. 30% and 40% of patents had symptoms of hearing
loss and tnnitus, respectvely. (33)

Although cisplatn is considered to be more ototoxic than carboplatn (34), our results
confrmed that high-dose carboplatn as part of a salvage treatment regimen for TC
can also result in severe CIHL up to the lower frequencies involved in the percepton
of speech. This is in line with the audiometric results of a study of Shea et al. and a
case report of three TC patents treated with high-dose carboplatn. (35, 36)

TC survivors will ultmately develop age-related hearing loss (presbycusis).
Skalleberg et al. analyzed 82 previously treated TC patents (37) and found that
hearing capacity remained worse in patents compared to healthy subjects at
median 12 years afer treatment. However, afer three decades, hearing capacity
of TC survivors approached the hearing capacity of the general populaton. The
pathophysiology of presbycusis and CIHL are both characterized by hair cell
loss in the basal cochlear windings and damage to the stria vascularis, resultng
in high-frequency SNHL. (37) Cisplatn may accelerate the onset of SNHL in
younger patents with excellent hearing capacity, however ultmately, it seems
that presbycusis and CIHL are non-cumulatve. Accordingly, Zuur et al. showed that
patents with excellent baseline hearing generally develop greater platnum-related
threshold shifs (in dB) than patents with preexistent presbycusis. (19)

Preventve strategies against CIHL may become available in the future. A recent
phase | trial in our center showed that the injecton of transtympanic sodium
thiosulfate (STS), which is an antoxidant and platnum-binder, is safe and potentally
efectve as a prophylactc agent against CIHL. (20) Next, a multcenter phase Il
trial, is conducted to assess its efcacy. Young TC patents treated with salvage
therapy are most prone to sufer severe CIHL and may beneft from this strategy.
However, as transtympanic STS needs injecton prior to each platnum infusion, we
believe this interventon is only feasible in patents treated with a limited number
of platnum infusions. Because TC patents receive daily platnum infusions, a
pilot study is needed to investgate both the beneft and feasibility of multple
transtympanic STS injectons to prevent from developing CIHL.

A limitaton of this study is the small number of patents. Also, ideally, subjectve
hearing loss and tnnitus would have been evaluated by validated questonnaires.
Nevertheless, to our knowledge, this small cohort contains the largest number
of TC patents treated with salvage therapy that received both pre- and post-
treatment audiometric evaluaton.
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CONCLUSION

In conclusion, 22% and 59% of TC patents sufered CIHL at speech frequencies
and ultrahigh frequencies, respectvely. TC patents treated with salvage therapy
developed most severe CIHL. A pilot study is needed to investgate the feasibility
and potental beneft of preventve strategies against CIHL.
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ABSTRACT

Concomitant high-dose cisplatn with radiotherapy is commonly used for treatng
head and neck squamous cell carcinoma. Cisplatn, ofen used with radiotherapy;, is
known for causing irreversible sensorineural hearing loss, with individual variability
suggestng a genetc component. This study aims to enhance the predictve ability
of the clinical predicton model for cisplatn-induced hearing loss in head and
neck squamous cell carcinoma patents, as outlined in Theunissen et al. (2015),
by incorporatng signifcant genetc variants. Conducted at the Netherlands
Cancer Insttute, this retrospectve study included 74 patents treated between
1997 and 2011. 31 SNPs that were previously associated with cisplatn-induced
hearing loss or other cisplatn-induced toxicites were identfed and incorporated
into the model. The primary outcome measured was the change in decibels at
post-treatment 1-2-4 kHz hearing levels per additonal minor allele of these
SNPs, evaluated using linear mixed-efects regression models. The model's
predictve accuracy was determined by the area under the curve using 10-fold
cross-validaton. The rs2289669 SNP in the SLC47A1/MATE1 gene was linked
to a signifcant 2.67 dB increase in hearing loss per allele (95% CI 0.49 to 4.86,
P=0.017). Incorporatng rs2289669 improved the model's area under the curve
from 0.78 to 0.83, a borderline signifcant improvement (P=0.073). This study
underscores the importance of the rs2289669 SNP in cisplatn-induced hearing
loss and demonstrates the potental of combining genetc and clinical data for
enhanced predictve models in personalized treatment strategies.
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INTRODUCTION

Cisplatn is a widely used chemotherapeutc agent for patents with advanced
head and neck squamous cell carcinoma (HNSCC), who are treated with
concurrent chemoradiotherapy. (1) Dose-limitng side efects of cisplatn include
nephrotoxicity, neurotoxicity, and ototoxicity. (2-4) There is no standardized
protectve or curatve agent available for neuro- and ototoxicity. (2) However, there
is an increasing interest in the search for otoprotectve agents, including amifostne,
dexamethasone, and vitamin E, with varying success. (5-9) Recently, trans-tympanic
sodium thiosulfate has also been studied as an otoprotector in a phase | study at
the Netherlands Cancer Insttute (NKI) and in a meta-analysis. (5, 10)

Cisplatn has been known to instgate cochlear dysfuncton, leading to sensorineural
hearing loss (SNHL). According to a recent meta-analysis, the prevalence of
cisplatn-induced hearing loss (CIHL) is 49% in adults with HNSCC, (8) although
the incidence of CIHL varies across studies due to difering defnitons and cisplatn
doses. (2, 3, 11-13) CIHL is characterized by symmetric and irreversible SNHL
startng at high frequencies, but afer contnued cisplatn courses it may progress
to lower frequencies involved in speech percepton. (2, 14, 15) Other risk factors
for the development of CIHL include favorable pre-treatment hearing capacity,
the use of other ototoxic drugs, and radiaton exposure of the cochlea. (8, 9, 12,
16, 17) Also, genetc variants have been associated with CIHL, such as single-
nucleotde polymorphisms (SNPs) including ACYP2 (18-22), WFS1 (18, 22), ABCC3
(23, 24) and MATE1 (25).

Theunissen and colleagues developed a predicton model for post-treatment
hearing loss in patents with HNSCC who are treated with combined
chemoradiaton, see eFigure 1. (26) This model uses clinical input variables, such
as baseline hearing thresholds, cisplatn dose, and cochlear radiaton dose, to
predict post-treatment hearing thresholds averaged at frequencies 1, 2, and 4
kHz. The model shows a 97% specifcity and 29% sensitvity for the indicaton of
hearing aids in the Netherlands (35 dB threshold). (26) Despite the model being a
signifcant step toward improving individual recommendatons for HNSCC patents
at risk for CIHL, the authors called for future research concerning additonal risk
factors. In partcular, they hypothesized the role of genetc variants in hearing
loss severity, based on observatons of substantal individual vulnerability for the
prevalence and severity of CIHL. (26, 27) Identfying SNPs linked to CIHL is crucial
for personalized care, enabling beter pre-treatment guidance and interventons
against chemoradiaton side efects, including the use of trans-tympanic sodium
thiosulfate for preventon.
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The main aim of the present study is to describe the contributon of genetcs to
individualized susceptbility to CIHL in an extension cohort of Theunissen et al.
(26) and investgate whether using SNPs that are signifcantly associated with CIHL
increases the predictve ability of our previously designed clinical predicton model.

METHODS

Data Sources and Patent Selecton

A retrospectve cohort study was performed at the NKI from patents treated
with intravenous (V) cisplatn (100 mg/m?, for 3 courses) or with intra-arterial
(IA) cisplatn (150 mg/m?; for 4 courses, within the “RADPLAT trial”) (28) during
7 weeks of radiotherapy (total dose of 70 Gy in 35 fractons on tumour-bearing
areas) for advanced-stage HNSCC. All patents were treated between January 1,
1997, and December 31, 2011. Patents were selected based on available pre- and
post-treatment audiometry and formalin-fxed para®n-embedded tssue blocks.
The patents treated with IA cisplatn have also been treated with concurrent IV
sodium thiosulphate in order to prevent from platnum-related toxicity. We chose
to also include these patents in the current cohort, as in these IA treated patents
sodium thiosulphate did not protect against CIHL. (28) The cochlear radiotherapy
dose was also measured (methods described by Zuur et al. (17)). All patents gave
informed consent for further use of their data.

Audiometry

Pure-tone audiometry was conducted pre-treatment, 15-20 days afer the frst
cisplatn infusion, and 3-31 weeks post-treatment in a sound-proof booth using
the Decos Audiology Workstaton. Audiometry consisted of pure tone audiometry
(in hearing level (HL)) from 0.125 kHz to 8 kHz, including both air conducton (AC)
and bone conducton (BC), and ultrahigh frequency audiometry (in sound pressure
level (SPL)) from 8 kHz to 20 kHz. BC thresholds were used for the frequencies
0.5, 1, 2 and 4 kHz to correct for potentally fuctuatng conductve components.
Three Pure Tone Averages (PTAs) were calculated: for the relatvely low-frequency
range relevant to quiet speech percepton, we calculated PTA 0.5-1-2 kHz HL BC
(PTAL). For the relatvely high-frequency range relevant to speech percepton
in noise, we used PTA 1-2-4 kHz HL BC (PTAH). For the percepton of ultrahigh
sounds (e.g., music or nature), we investgated PTA 8-10-12.5 kHz SPL AC (PTAU).
Missing audiometric data at the PTAs at baseline and afer the frst cisplatn cycle
were imputed following the method described previously by Theunissen et al. (26),
while patents with missing post-treatment audiometry were excluded.
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Isolaton of DNA and Sequencing

DNA was isolated from FFPE tssue blocks at NKI. Next, the Princess Margaret
Cancer Centre in Toronto performed sequencing of 31 SNPs by MassArray SNP
genotype method (Sequenom) using Assay Design Suite sofware.

Gene Selecton

The genetc variants were selected based on published literature, had a minor
allele frequency in individuals of European descent of at least 1%, and had the
ability to incorporate the polymorphism or a surrogate in high (D’ > 0.95) linkage
disequilibrium in the multplex reacton. Included SNPs and associated references
from literature review can be found in eTablel.

In our analysis, certain SNPs identfed as signifcant in previous literature were not
available in our genotyping panel; therefore, we selected proxy variants based on
linkage disequilibrium data and prior associaton studies. Specifcally, rs1051740
was used as a proxy for rs1142345, rs2273697 for rs1800462, and rs4646316
for rs11568591.

Statstcal Analysis

Descriptve statstcs were used to summarize baseline patent characteristcs and
allele and genotype frequencies of the 31 SNPs of interest.

Multvariate imputaton was performed using the panimpute functon from the
mitml package in R to account for missing data. Missing audiometry data at baseline
(4 ears [3.5%] for PTAL and 4 ears [3.5%] for PTAH), and afer the frst cisplatn
infusion (57 ears [49.6%)] for PTAL, 57 ears [49.6%] for PTAH, and 31 ears [27.0%]
for PTAU), were imputed. Imputatons were functons of the outcome (i.e., post-
treatment PTAs) as well as PTAs at baseline and frst chemotherapy, chemotherapy
dosage and cochlear radiaton dose. PTAs at baseline, the frst cisplatn infusion,
and post-treatment were log-transformed to ensure normally distributed residuals
where necessary and back-transformed for use in the main model of interest.

Quality control analysis was performed on the genetc data. This included the
exclusion of SNPs without variaton in allele frequency. The rs77382849 SNP
(EIF3A) was excluded from the analysis, as all patents were observed to have the
homozygous major genotype, rendering it uninformatve for associaton analysis.
Additonally, the Hardy-Weinberg equilibrium was assessed, and no SNPs violated
the assumpton (p-value > 0.05).
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CIHL may difer in both ears, as the ear ipsilateral to the tumour may receive a
higher dose of radiaton compared with the contralateral ear. Thus, the outcome
was expressed per ear on 2 occasions: lef and right ears afer the frst cisplatn
infusion, and the lef and right ears afer the end of treatment. To determine if any
of the candidate SNPs were independently associated with post-treatment hearing
capability, linear mixed-efects models on post-treatment PTA with patent-specifc
intercepts were run for one SNP at a tme.

We created two sets of models: ‘Unadjusted models’ evaluated the associaton
of a SNP with post-treatment hearing capability adjusted for pre-treatment high-
frequency PTA (PTAH) only. ‘Adjusted models’ evaluated the associaton of a SNP on
the same post-treatment hearing capability adjusted for all pre-treatment (low, high,
and ultra-high) PTAs (PTAL, PTAH, PTAU), cumulatve chemotherapy and radiaton
dose to the cochlear. We adjusted for the same clinical factors as those used in the
original model by Theunissen et al. To account for additve gene efects, the genotype
with the major allele homozygous was coded as ‘0’, the heterozygous genotype as
‘1, and the genotype with the minor allele homozygous as ‘2". Pooling of results of
100 imputed datasets was performed using the summary functon (testEstmates)
from the mitml package. Unadjusted and adjusted p-values were computed without
correcton for multple testng; rather than dismissing associated SNPs to control
family-wise error rate, we included signifcant SNPs with a liberal p-value threshold
to preserve any potentally clinically important SNPs in the fnal model.

To ensure consistency in fndings, a sensitvity analysis was performed using co-
dominant, adjusted linear mixed-efects regression models. For this model, patents
with two major alleles in a given gene were coded as zero, heterozygous patents were
coded as 1, and patents with two minor alleles were coded as 2. We utlized the co-
dominant genetc model due to its Fexibility and detailed categorizaton of genotypes.

We performed a likelihood rato test (LRT) to determine the goodness of ft of the
two models, with and without the SNP. Model comparisons were calculated and
summarized over the 100 imputed datasets.

To evaluate and compare the performance of the new predicton model to predict
observed PTAH of at least 35 dB de novo (the Dutch threshold for hearing aid
qualifcaton) to the original predicton model, we computed the 10-fold cross-validated
sensitvity and specifcity of both models at all possible thresholds of predicted
hearing levels. Cross-validaton was performed at the patent level. Sensitvity
and specifcity for each cut-of were imposed on the model predictons to classify
patents as “hearing loss” (predicted hearing at/above cut-of in either ear) versus “no
hearing loss” (predicted hearing below cut-oF in both ears). Patents with missing
data for any identfed statstcally signifcant SNP associated with the outcome, or
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those who had baseline PTAH = 35dB (therefore classifed as “hearing loss” before
treatment) were removed from cross-validaton. We then constructed the receiver
operatng characteristcs (ROC) curve by plotng 10-fold cross-validated sensitvity
vs 1-specifcity and calculated the area under the curve (AUC) with 95% confdence
intervals. To assess the discriminatory performance of the models, we performed
Delong’s test to compare the ROC curves of the new and the original predicton
model to statstcally evaluate and compare the predictve accuracy of the two models.

Data were analyzed using R sofware (v.2022.12.0). All tests were two-sided and
0=0.05 was used to denote statstcal signifcance.

RESULTS

Patent Selecton

115 HNSCC patents received high dose chemoradiaton as a primary treatment
and had genetc SNP and audiometry data available. If a patent had complete
data for only one ear, that ear was retained for analysis. We excluded 35 ears
with missing radiaton dose to the cochlea (both ears from 17 patents, one ear
from 1 patent), and 54 ears without post-treatment PTAH (both ears from 24
patents, one ear from 6 patents). In total, 74 patents (64.3%) and 141 ears were
included (eFigure 2). Due to the unavailability of tssue samples for some subjects
from Theunissen et al.’s cohort, our current cohort difers slightly. Additonally, it
includes 18 patents who underwent treatment with IA cisplatn.

Descriptve Analysis

Table 1 summarizes the patent sample. The mean age of partcipants was 53.9
(SD=8.5) years and 77% (n=57) of partcipants were male. The cumulatve cisplatn
dose among patents ranged from 315 to 1200 (median= 579.5) mg. The radiaton
dose to the cochlea ranged from 1.1 to 70.5 Gy (median= 11.4 Gy) because the
patents were, in general, treated with intensity-modulated radiotherapy.

eTable 2 details allele and genotype frequency across the patent sample.
Homozygous minor allele genotypes were not present for 6 SNPs (rs11085735
(KEAP1), rs12201199 (TPMT), rs316019 (SLC22A2), rs596881 (SLC22A2/0CT2), and
rs2291767 and rs77124181 (OTOS)) and homozygous major allele genotype only
was observed for one SNP (rs77382849 (EIF3A)), and therefore it was removed
from analysis. Hence, 30 SNPs in total were included in the model building.

For the majority of patents, as tme progressed from the frst cisplatn infusion to
post-treatment, PTAH (kHz) increased over tme (i.e., hearing loss occurred) (Figure 1).
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Variable Value
No. of Patents 74
Sex (%)
Male 57 (77.0%)
Female 17 (23.0%)
Age, mean (SD), years 53.9 (8.5)
Tumor Site (%)
Oropharynx 45 (60.8%)
Hypopharynx 17 (23.0%)
Oral Cavity 5 (6.8%)
Larynx 3 (4.1%)
Other head and neck sites 4 (5.5%)
Cisplatn Dose per Cycle, median (min, max), mg 195.0 (145.0, 300.0)
Cumulatve Cisplatn Dose, median (min, max), mg 5795 (315.0, 1200.0)
Cochlear Radiaton Dose, median (min, max), Gy 11.4 (1.1, 70.5)

Table 1: Descriptve statstcs of patent populaton (n=74) demographics, chemotherapy,
and radiaton dose to the cochlea.
SD: standard deviaton; Min: minimum; Max: maximum.

60~

40-

PTAH

20~

Baseline c1 Post-Treatment
Time Point

Figure 1. Spaghe plot of Pure Tone Audiometry at High frequencies (PTAH) in kHz,
a measure of hearing loss, over tme, from baseline to post-treatment. C1: frst cisplatn
dose. Time between baseline and C1 was 3 weeks, tme between C1 and post-treatment
was median 14 weeks.
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SNP Unadjusted Model® Adjusted Model®
CoeTcient? 95% ClI p-value Coefcient 95% CI p-value

rs1048290 -0.99 -317,1.20 0.376 -0.6 -3.05,1.84 0.629
rs1051640 -11 -3.71,1.52 0412 -1.27 -4.04,15 0.37
rs1051740 -0.25 -2.86,2.35 0.851 -0.01 -2.75,2.73 0.995
rs10981694 -1.98 -447,051 0118 -2.14 -477,05 0112
rs11085735 -1.35 -591,3.21 0561 -1.92 -6.81,297 0.442
rs11615 0.14 -1.99, 2.26 0.9 0.16 -2.08,24 0.888
rs12201199 1.84 -251,6.19 0.407 2.6 -2.05,726 0.273
rs13181 -0.63 -2.83,1.57 0.572 -0.31 -2.65,2.02 0.791
rs1695 -1.31 -3.54,091 0.247 -0.85 -3.22,1.52 0.483
rs1801133 0.73 -1.42,2.89 0.506 -0.37 -2.68,1.94 0.752
rs1806649 -0.87 -3.32,1.57 0.483 -1.11 -3.68,147 04

rs1872328 143 -2.49,5.35 0474 -0.16 -4.42,41 0942
rs2075252 -0.71 -3.09,1.67 0.559 -0.48 -3.05,2.08 0.711
rs2228001 -0.3 -2.47,1.87 0.787 0.2 -2.16,255 0.87
rs2228171 0.06 -2.13,2.24 0.959 0.4 -192,272 0.734
rs2273697 -1.84 -4.85,116 0.229 -2.12 -5.31,1.07 0.193
rs2289669* 2.96 092,499 0.004 2.67 0.49,486 0.017
rs2291767 -3.99 -11.48,351 0.297 -1.19 -932,693 0.774
rs316019 0.79 -3.02,460 0.686 3.12 -0.92,716 0.13
rs3212986 -0.01 -2.46,2.44 0.993 0.28 -2.33,2.88 0.835
rs3740066* 214 -0.36,4.63 0.093 24 -0.27,5.06 0.078
rs4480 1.28 -0.87,3.44 0.244 0.93 -1.38,3.24 0431
rs4646316 -0.16 -2.82,250 0.904 -1.38 -4.29,152 0.351
rs4788863 -1.05 -3.44,1.34 0.388 -0.81 -3.37,1.75 0.535
rs596881 131 -2.66,5.28 0.519 3.27 -092,746 0.126
rs62283056 0.75 -1.99,3.49 0.589 211 -0.79,5.02 0.154
rs717620 0.29 -2.52,3.09 0.842 0.43 -2.53,3.38 0.777
rs77124181 -2.54 -8.13,3.05 0.373 -2.22 -8.12,3.67 0.46
rs7851395 0.36 -1.82,2.54 0.748 0.72 -1.59,3.03 0.541
rs9332377 0.62 -2.45,3.69 0.692 0.07 -3.19,3.32 0.968

Table 2: Unadjusted and adjusted additve, linear mixed-efects regression model results
for each of the 30 SNPs of interest.

*Signifcant or borderline signifcant SNPs.

aModel coeFcients are interpreted as the change in follow-up PTAH for each additonal minor
allele. For example, each additonal minor allele of the rs2289669 SNP was associated with a
2.67 dB increase in follow-up PTAH Lower values of PTAH indicate beter hearing capability.
®Unadjusted models include adjustment for pre-treatment PTAH only.

¢Adjusted models include adjustment for all pre-treatment (low, high, and ultra-high) PTAs
(PTAL, PTAH, PTAU), chemotherapy dosage, and radiaton dose to the cochlea.
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Gene Analysis

Of the 30 candidate SNPs, only one was a statstcally signifcant predictor of post-
treatment hearing capability. The rs2289669 SNP (within gene SLC47A1/MATE1)
showed a 2.67 dB (95% CI 0.49 to 4.86, p=0.017) greater hearing loss for each
additonal minor allele (Table 2).

Sensitvity Analysis

In a sensitvity analysis, regression models were re-analyzed using a co-dominant
model. The rs2289669 SNP (partcularly the homozygous minor AA genotype) was
again the only signifcant predictor of post-treatment hearing capability, consistent
with our additve gene model fndings (eTable 3).

Model Evaluaton

The inclusion of the rs2289669 SNP to our pre-existng clinical predicton model
including baseline PTA, chemotherapy dose and radiaton dose, signifcantly
improved its goodness-of-ft (LRT P=0.017). Sensitvity, specifcity, positve
predictve value (PPV) and negatve predictve value (NPV) at diferent hearing
cut-ofs for both models (“SNP model” with the SNP and “Clinical-only model” with
clinical factors only) are displayed in Table 3. The additon of rs2289669 improved
sensitvity and specifcity at a threshold of 30dB and 35dB (sensitvity 0.44 vs
0.38; specifcity 0.96 vs. 0.94) but not at 25dB and 40dB.

We performed a supplementary analysis to observe changes in predictve ability
with the additon of the top ten SNPs, chosen based on signifcance (i.e., p-values).
We found that adding ten more SNPs to the model did not improve the predictve
ability, and, due to substantal overftng, resulted in a decrease in the AUC.
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Cut-of for determining
predicted hearing loss (dB)

25 30 35 40
Clinical-only Sensitvity 0.833 0.611 0.389 0.278
model* Specifcity 059 0766 0936 0979
Positve Predictve Value (PPV) 0.441 0.500 0.700 0.833
Negatve Predictve Value (NPV) 0.903 0.837 0.800 0.780
SNP model® Sensitvity 0.778 0.722 0.444 0.278
Specifcity 0.553 0.787 0.957 0.979
Positve Predictve Value (PPV) 0.400 0.565 0.800 0.833
Negatve Predictve Value (NPV) 0.867 0.881 0.818 0.780

Table 3: Sensitvity and specifcity at diferent hearing cut-ofs (25dB — 40dB). Patents
(N=65), Ears (N=127).

aClinical-only model predicts hearing loss from baseline PTA, chemotherapy dose,
and cochlear radiaton dose. ® SNP model predicts hearing loss from these factors plus
rs2289669 genotype. Bolded rows are where the SNP model has improved performance
over the clinical-only model.

The SNP model had a moderately, borderline signifcant (p=0.073), higher AUC
(AUC=0.83, 95% CI 0.71 to 0.94) compared to the clinical-only model (AUC=0.78,
95% CI 0.66 to 0.91). The observed predictve gains were not consistent across all
hearing thresholds, with the SNP model demonstratng the greatest advantage at
the 30dB hearing level, as evident from the ROC curve plots (Figure 2).

a. Clinical-only model b. SNP model
ROC: Detecting Hearing Loss at >=35 dB, ROC: Detecting Hearing Loss at >=35 dB,
- without the rs2289669 SNP with the rs2289669 SNP
> ] o ]
© _| ©
<) c 7
> @« _| > © _|
g3 s <
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o~ .
o (= ! )
AUC 0.78 ' AUC 0.83
(95% ClI: 0.66, 0.91 H | (95% CI: 0.71,0.94
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o o
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1.0 0.8 0.6 0.4 0.2 0.0 1.0 0.8 0.6 04 0.2 0.0
Specificity Specificity

Figure 2. Receiver Operatng Characteristcs Curve
for models without (leF, clinical-only model) and with (right, SNP model) incorporaton of
the rs2289669 SNP.
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DISCUSSION

This study aimed to enhance the predictve ability of the clinical predicton model
for cisplatn-induced hearing loss designed by Theunissen et al. by adding genetc
informaton. We examined the associaton between 30 SNPs and post-treatment
hearing capacity in HNSCC patents who received combined chemoradiaton. Our
gene analysis indicated that one SNP, rs2289669 within the SLC47A1/Multidrug
and toxin extrusion 1 (MATE1) gene, signifcantly predicted post-treatment hearing
capability. Our fndings suggests that individuals with less frequent variants of
this SNP (i.e., homozygous minor) are more likely to develop CIHL, compared to
those with more common variants. For context, in our cohort, 17.8% of individuals
carried the homozygous minor allele for rs2289669, highlightng the potental
impact of these rarer variants. When the rs2289669 SNP was incorporated into
the previously designed clinical predicton model, it showed enhanced predictve
power. Although predictve gains were not consistent across all hearing thresholds,
adding the SNP improved the clinical predictve model at key hearing levels and
thresholds, namely 35dB at PTA 1-2-4 kHz, relevant for the percepton of speech
and reimbursement of hearing aids in the Netherlands.

Genetc variatons in cellular transporters may explain individual vulnerabilites to
cisplatn-related toxicity. Recently, the role of MATE1 in the development of cisplatn
toxicity was studied. (29-32) MATE1 is an H+-coupled organic caton bidirectonal
antporter, expressed on the apical membrane of the tubular epithelium of the
kidneys. (25, 32) The human tssue distributon of MATE1 is comparable to that in
mice, where it has been shown to play an important role in the pharmacokinetcs
of several drugs. (25) Nakamura et al. found that the plasma and renal levels
of cisplatn were signifcantly higher in MATE1 knock-out mice than in wild-type
mice. (31) MATE1 likely interacts with the organic cation transporter 2 (OCT2) in
the systemic distributon of cisplatn. (29, 32) OCT2 was already reported to be
expressed in the cochlea and to be involved in the cochlear uptake of platnum.
Interestngly, very recently, Waissbluth et al. showed that MATE1 is expressed in
the inner ear, and that cisplatn decreases both OCT2 and MATE1 expression in
the cochlea. (30)

What is known about the MATE1 rs2289669 variant from a study with patents
using mettormin—of which the uptake is also regulated by MATE1—is that it is likely
associated with reduced transporter functon. (33) A mice study demonstrated
that MATE1 defciency leads to increased cisplatn-related nephrotoxicity and
hematological toxicity (OR=1.92, 95% CI 1.13 to 3.25, P=0.016). (32) Hence, if
MATE1 rs2289669 is indeed associated with reduced transporter functon, this
variant may also be associated with a higher risk of CIHL. This is supported by our
results, as we found that the A-allele is associated with more hearing loss. However,
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this contradicts TeF et al.'s fndings that the rs2289669 MATE1 A/A homozygous
variant signifcantly reduces CIHL risk in 206 HNSCC patents (HR=0.46, 95%
Cl 0.26-0.84). (25) The exact role of MATE1 in the cochlea needs to be further
studied, although this may be challenging due to its bidirectonal propertes. (25)

Our analysis did not show signifcant associatons between CIHL and several SNPs
(TPMT (23), ABCC3(23, 24), COMT (24, 25, 34), WFS1 (18, 22), ACYP2 (18-22, 34-
36), ERCC2 (34), XPC (34), and GSTP1 (34)) as previously reported. The lack of
consistency and reproducibility in study results, along with heterogeneity in study
populatons (in terms of ethnicity/ancestry, cisplatn treatment protocols, and
defniton of CIHL), contribute to the challenges in drawing defnitve conclusions.
(13, 20) Additonally, many studies did not assess ultrahigh frequencies (8.0-20.0
kHz SPL), which generally are more sensitve frequencies for identfying CIHL,
considering its inital manifestaton at these frequencies.

The present study benefts from a well-defned cohort of patents who received
combined chemoradiaton as a primary treatment for HNSCC. The inclusion of
SNPs and audiometry data allowed for a comprehensive analysis of the relatonship
between genetc variants and CIHL. Our study adopted a targeted approach by
including 30 candidate SNPs in the model-building process, strategically focusing
on specifc genetc markers of interest, based on published literature.

A limitaton of the current study is that it relied on a retrospectve analysis.
Informaton on chemo- and radiotherapy dosage, audiometry, and other clinical
factors was missing in a small number of patents. To address potental data gaps,
we employed a mechanism of multple imputaton based on chained equatons.
Second, the selecton of the 31 SNPs in this study was informed by a review
of literature available up untl 2017. Therefore, any genetc markers linked to
ototoxicity discovered post-2017 were not included in our analysis. This could
mean that potentally relevant SNPs identfed afer this cutof were not included
in the analysis. Finally, the predictve ability of the model, despite the inclusion of
genetc variants, stll demonstrated limitatons in sensitvity and specifcity. This
suggests that factors beyond the current set of variables, such as environmental
factors or additonal genetc markers, may contribute to the variability in CIHL
suscepthility.

CIHL is a common and debilitatng side efect of cisplatn treatment, with important
consequences on patents’ quality of life. (8) Understanding the genetc factors
contributng to CIHL may enhance clinical predicton models, allowing clinicians
to provide tailored pre-treatment counselling, inform patents about the potental
risk of CIHL, and enable the identfcaton of individuals who may beneft from
otoprotectants. Moreover, the identfcaton of SNPs related to CIHL may facilitate
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the development of novel preventve strategies and interventons. Additonal
research is needed to assess the validity and generalizability of the predicton
model in various genetc backgrounds and clinical settngs in other HNSCC patent
populatons. Furthermore, the specifc mechanisms through which these genetc
variants contribute to the development of CIHL need to be elucidated.

CONCLUSION

Our fndings demonstrate a signifcant associaton between the rs2289669
SNP within the SLC47A1 (MATE1) gene and post-treatment hearing capability
in patents undergoing combined chemoradiaton. These results contribute to a
deeper understanding of the genetc factors infuencing hearing outcomes in this
populaton and provide insights into potental strategies for personalized treatment
approaches in the future.
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ABSTRACT

Introducton

Patents with head and neck squamous cell carcinoma (HNSCC) treated with
cisplatn-based chemoradiotherapy (CRT) frequently experience irreversible
sensorineural hearing loss (SNHL). Patents with low lumbar skeletal muscle
index (LSMI) may experience higher serum peak dosages of cisplatn. This study
investgated whether pre-treatment low LSMI is associated with increased SNHL
upon cisplatn-based CRT.

Material and methods

LSMI was assessed using routne pre-treatment CT scans. Pure tone audiometry
was performed at baseline and at follow-up to assess treatment-related SNHL.
Linear mixed models were used to reveal a potental associaton between the
contnuous variable LSMI and SNHL.

Results

This retrospectve cohort study included 81 patents and found a signifcant
associaton between low LSMI and increased treatment-related SNHL at pure-
tone frequencies vital for the percepton of speech (averaged of 1, 2, and 4 kHz)
(p=10.048).

Conclusions

HNSCC patents with low LSMI sufer increased treatment-related SNHL upon
cisplatn-based CRT.
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INTRODUCTION

Therapy for locally advanced head and neck squamous cell carcinoma (HNSCC)
ofen consists of concomitant high-dose cisplatn chemo-radiotherapy (CRT). As
standard of care, triweekly cisplatn, dosed at 100 mg/m?, or weekly cisplatn,
dosed at 40 mg/m?, is given intravenously. (1, 2) Cisplatn has proven efcacy in
the improvement of locoregional disease control compared to RT alone. However,
cisplatn treatment is ofen accompanied by toxicites such as nausea, stomatts,
myelosuppression, nephrotoxicity, and ototoxicity. (3-5)

Sensorineural hearing loss

Cisplatn may cause symmetrical and irreversible ototoxicity. This may consist of
tnnitus and/or sensorineural hearing loss (SNHL). SNHL due to cisplatn-based
CRT starts at the extended high-frequencies and gradually progresses to lower
frequencies with ongoing treatment. The severity depends on the cumulatve
cisplatn dose. (5-7) Cisplatn can potentally damage various cochlear structures,
such as the inner and outer hair cells, spiral ganglion, and stria vascularis. The
development of SNHL involves several biological processes, including the release
of toxic reactve oxygen species and the depleton of the cochlea’s protectve
antoxidants. (5, 6, 8-10) Varying incidences of cisplatn-induced SNHL have been
reported by previous studies, which however, were based on diferent treatment
schedules and defnitons of ototoxicity. A recently published meta-analysis
concerning 1,021,700 patents treated with platnum for various cancer types,
showed that 43% of the subjects developed SNHL. (11) In contrast, earlier studies
reported even higher incidence rates, reaching up to 80%. (5, 12-14) Risk factors
for cisplatn-induced SNHL are, amongst others, favorable pre-treatment hearing
capacity, as is ofen seen in younger patents, and a concomitant cochlear radiaton
dose = 30 Gray. (13, 15, 16) Also, earlier research showed that patents of younger
age and with beter pre-treatment hearing capacity sufer increased treatment-
related hearing loss (threshold shifs). (17)

Ototoxicity can be classifed as dose limitng toxicity (DLT) during cisplatn-based
CRT and consequently compromise reaching a cumulatve cisplatn dose of =
200 mg/m?, generally accepted to be the minimum dose needed for therapeutc
beneft. (18-20) Recently, it was found that patents treated with triweekly
cisplatn-based CRT, DLT was caused by ototoxicity in 42% of the cases, followed
by nephrotoxicity (27%). (21) It was shown that patents with low skeletal muscle
mass (SMM) had signifcantly more DLT compared to patents without low SMM
(66% versus 34%; p < 0.01). (21) Also, other studies showed that patents with
low SMM are at higher risk of developing cisplatn DLT. (22-24) Furthermore, DLT
caused by ototoxicity was more frequently, although not signifcantly, observed
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in patents with low SMM compared to patents without low SMM (67.2% versus
32.8%; p = 0.12). (21) However, only ototoxicity that was believed to be the cause
of DLT was evaluated, thereby leading to the possible exclusion of patents with
clinically relevant ototoxicity that was not severe enough to change the dose. (21)

Skeletal muscle mass

SMM can easily be assessed prior to treatment using diagnostc computed
tomography (CT) or magnetc resonance imaging (MRI) scans. Cross-sectonal
muscle area delineaton at the third cervical vertebra (C3) as a proxy for the
lumbar skeletal muscle index (LSMI) (25-30) can be used as a predictor of DLT for
patents with HNSCC treated with CRT. (21-23) An LSMI below or equal to 43.2
cm?/m? was defned as low SMM. (22) Since cisplatn mainly distributes to the
fat-free mass, it is plausible that patents with low SMM, hence less fat-free mass,
might experience higher peak dosages of cisplatn. (31) A higher peak dosage can
hypothetcally increase the risk of toxicity, especially in a vulnerable organ, such
as the ear, that is highly afected by cumulatve cisplatn dose. (32, 33)

To our knowledge, no data is available regarding the associaton between pre-
treatment the contnuous variable LSMI and binary variable SMM and the severity
of SNHL in patents with HNSCC. Therefore, the primary aim of this study is to
assess whether pre-treatment LSMI is associated with increased treatment-related
SNHL in HNSCC patents treated with cisplatn-based CRT, using either a weekly
or triweekly cisplatn regimen. Secondary aims are evaluatons of whether pre-
treatment low SMM is associated with clinically relevant treatment-related SNHL,
with SNHL graded according to several ototoxicity grading systems (American
Speech-Language-Hearing Associaton (ASHA) (34); Common Terminology Criteria
for Adverse Events CTCAE (35); and TUNE (36), and if patents with low SMM
have a higher incidence of indicatons for hearing aid afer treatment.

METHODS

Patents and study design

This artcle presents a retrospectve cohort study conducted at the Netherlands
Cancer Insttute between January 2020 and May 2023. This study was approved
by the Insttutonal Review Board of the Netherlands Cancer Insttute (ID IRBd22-
261) and executed according to the Declaraton of Helsinki.

We included patents with HNSCC with an indicaton for curatve primary and
adjuvant high-dose cisplatn-based CRT. This consisted of RT given fve tmes a
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week for seven consecutve weeks with a cumulatve dose of 70 Gray (primary
settng) or 66 Gray (adjuvant settng) with concomitant intravenous cisplatn. All
patents received cisplatn administered in a triweekly (days 1, 22 and 43, 100
mg/m?) or weekly (days 1, 8, 15, 22, 29, 36 and 43, 40 mg/m?) regimen. Patents
needed to have a scan prior to CRT assessable for SMM measurement, which
means that the scan was free of artfacts and bilateral lymph node metastases
involvement of the sternocleidomastoid muscle at the level of the C3. For all
eligible patents, both baseline and follow-up audiometry records were available.
Patents with a cochlear radiaton dose of = 30 Gray were excluded due to the
risk of clinically relevant radiaton-induced SNHL. (37, 38)

Informaton about age, sex, human papillomavirus (HPV) status of the tumor, tumor
localizaton, Tumor Node Metastasis (TNM) stage from the Union for Internatonal
Cancer Control (UICC, 8™ editon) (39), weight (in kg) and height (in cm), cisplatn
treatment regimen (triweekly versus weekly), cumulatve cisplatn dose given (in
mg/m?), DLT and cause of DLT was collected. DLT was defned as any toxicity
leading to a cisplatn dose reducton of = 50%, a treatment delay of = 4 days, or
early terminaton of the chemotherapy. (23, 40)

Audiometry assessment

Audiometry was performed at baseline and on average fve weeks (range 0 — 14
weeks) post-CRT. Air conducton (AC) thresholds were measured for standard
frequency pure tone audiometry at 0.125 to 8.0 kHz and expressed in dB Hearing
Level [dB (HL)] and extended high-frequency pure tone audiometry at 8.0 to
16.0 kHz expressed in dB Sound Pressure Level [dB (SPL)]. Bone conducton (BC)
thresholds were measured for standard frequency pure tone audiometry at 0.5,
1.0, 2.0 and 4.0 kHz [dB (HL)]. If the diference between AC and BC was = 10 dB
at 0.5, 1, 2, or 4 kHz, BC thresholds were used to ensure that sensorineural hearing
levels were used for analysis. The measurements were obtained in a sound-proof
booth using Decos Audiology Workstaton. The Telephonics TDH-39P headphone
was used for standard frequency AC, the Radioear B71 bone conductor for BC,
and the Sennheiser HDA 200 headphone was used to measure extended high-
frequency audiometry.

A Pure Tone Average (PTA) was then computed at frequencies 1-2-4 kHz HL
(PTA 1-2-4 kHz), relevant for the percepton of speech. A PTA at frequencies
8-10-12.5 kHz SPL (PTA 8-10-12.5 kHz) was also calculated, pertnent to the
percepton of (ultra-)high sounds, as in music, but also for speech percepton in
noise. (41, 42) If the threshold at extended high-frequency audiometry was not
available for 8.0 kHz SPL, this threshold was calculated by taking the dB (HL)
value of the standard frequency pure tone threshold at 8 kHz plus adding 13
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dB, following the guidelines of ISO 389-1. (43) If a patent’s hearing threshold
exceeded the maximum output capacity of the audiometer during the follow-up
measurement, rendering it untestable, this threshold was computed by adding 10
dB to the maximum measurable threshold of the audiometer (e.g., 100 + 10 = 110
dB, depending on the audiometer’s setngs).

Grading scale Defniton of hearing loss

ASHA a) 20 dB decrease at any one tested frequency
b) 10 dB decrease at any two adjacent test frequencies

c) loss of response at three consecutve test frequencies where
responses were previously obtained

CTCAE V5.0 Based on the threshold shifs up to 8 kHz HL

Grade 1: Threshold shif of 15 - 25 dB averaged at 2 contguous
test frequencies in at least one ear OR Subjectve change in
hearing in the absence of documented hearing loss;

Grade 2: Threshold shif of >25 dB averaged at 2 contguous test
frequencies in at least one ear;

Grade 3: Threshold shif of >25 dB averaged at 3 contguous test
frequencies in at least one ear OR hearing aid or interventon
indicated

Grade 4: Decrease in hearing to profound bilateral loss (absolute
threshold >80 dB HL at 2 kHz and above); non-serviceable
hearing

TUNE Grade 0: No hearing loss
Grade la: Threshold shif = 10 dB at [8-10-12.5] OR subjectve
complaints in the absence of a threshold shif
Grade 1b: Threshold shif = 10 dB at [1-2-4]
Grade 2a: Threshold shif = 20 dB at [8-10-12.5]
Grade 2b: Threshold shif = 20 dB at [1-2-4]
Grade 3: Hearing level = 35 dB HL at [1-2-4] de novo
Grade 4: Hearing level = 70 dB HL at [1-2-4] de novo

Table 1: Grading scales that were used in this study for the assessment of post-treatment
platnum-related hearing loss.

Abbreviatons: ASHA: American Speech-Language-Hearing Associaton; CTCAE: Common
Terminology Criteria for Adverse Events.

Threshold shifs and PTA threshold shifs, were calculated as post-treatment
hearing thresholds minus pre-treatment hearing thresholds at single frequencies
and as post-treatment PTA minus pre-treatment PTA, for both PTA 1-2-4 kHz
and PTA 8-10-12.5 kHz. Clinically relevant treatment-related SNHL was defned
as a threshold shifs of = 10 dB at one of these PTAs in one or both ears. In
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additon, the severity of treatment-related SNHL was assessed using three distnct
ototoxicity grading scales, as outlined in Table 1. Namely, the ASHA grading scale
for hearing loss due to ototoxic drugs (44), the CTCAE version 5.0 (35), and the
TUNE criteria (36) were applied. It may be appreciated that all three grading scales
use a combinaton of threshold shif and post-treatment hearing level to grade
ototoxicity. Therefore we also defned another outcome measure to refect the post-
treatment hearing level, namely the lower threshold for audiological rehabilitaton
in the Netherlands; A new indicaton for hearing aids due to therapy was defned
as a PTA 1-2-4 kHz of < 35 dB before treatment and = 35 dB afer treatment. (45,
46) The incidence of patents with a clinically relevant treatment-related SNHL at
PTA 1-2-4 kHz, and PTA 8-10-12.5 kHz, and an indicaton for hearing aids de novo
was subsequently calculated, for patents with and without low SMM.

Assessment of lumbar skeletal muscle index

LSMI, a contnuous variable, was assessed using the pre-treatment CT or MRI scan,
using SliceOmatc sofware v 5.0 (Tomovision, Canada), using verifed methods.
(25, 27, 28, 30) First, the slice at the level of C3 was selected by scrolling through
the vertebra from cranial to caudal directon untl the entre vertebral arc was
visualized. If it was not possible to select a slice showing the entre vertebral
arc due to slice thickness, the most caudal slice with a nearly closed vertebral
arch was selected. Secondly, the cross-sectonal muscle area at C3 was measured
by delineatng the sternocleidomastoid muscles and paravertebral muscles
semi-automatecally, subsequently excluding the faty tssue. If unilateral lymph
node metastasis compromised a sternocleidomastoid muscle, the unafected
sternocleidomastoid muscle was delineated twice. (25) Thirdly, the cross-sectonal
muscle area at the level of the L3 was calculated (22):

cross — sectional muscle area at L3 (cm?) = 27.304 + 1.363 * cross —
sectional muscle area at C3 (cm?) — 0.671 = Age (years) + 0.640 = Weigth (kg) +
26.442 x Sex (Sex = 1 for female, 2 for male)

The cross-sectonal muscle area at L3 was then normalized for height, which
resulted in the LSMI:

cross — sectional muscle area at L3 (cm?)
Height (m)?

LSMI (cm?/m?) =

A patent with LSMI < 43.2 cm2/m? was considered as having low SMM, which is
a binary variable. (22, 47)
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Statstcal analysis

Contnuous variables were presented as mean * standard deviaton (SD) if they
were normally distributed or as median with interquartle range (range between
frst (Q1) and third (Q3) quartle) when their distributon was skewed. The normality
of the distributons was tested using the Kolmogorov-Smirnov test. Categorical
variables are presented as absolute and relatve frequencies. Diferences in baseline
characteristcs between patents with a low SMM and those without a low SMM
were tested using independent sample t-tests for normally distributed contnuous
variables or, Mann-Whitney U tests for non-normally distributed contnuous
variables, and Pearson’s Chi-square tests, Fisher exact tests or Fisher-Freeman-
Halton exact tests for categorical data. Diferences in baseline characteristcs and
occurrence of DLT between patents treated with weekly versus triweekly cisplatn
were assessed using the same statstcal methods.

Linear mixed models (LMM) for nested data were applied to assess the associaton
between the contnuous variable LSMI and other covariates with the two primary
outcomes for treatment-related SNHL, i.e., the threshold shif at PTA 1-2-4 kHz in dB
(HL) and the threshold shif at PTA 8-10-12.5 kHz in dB (SPL). The outcomes were
expressed per ear (lef or right) and measurements from individual patents were
clustered. In all models, only the intercept was estmated as a random parameter.
Univariable models to test associatons with SNHL on both PTAs included the
following variables: LSMI, age, cumulatve cisplatn dose, baseline hearing at PTA
1-2-4 kHz HL, sex, cochlear RT dose, and cisplatn schedule. The multvariable LMM
incorporated variables with a p-value < 0.1 in the univariable analysis.

Mean threshold shifs at PTA 1-2-4 kHz in dB (HL), and PTA 8-10-12.5 kHz in
dB (SPL) between patents with low SMM and patents without low SMM were
compared using LMM for nested data. The occurrence of new indicatons for
hearing aids de novo (threshold of = 35 dB afer treatment) was compared between
both groups using a Chi-square test. Using a linear-by-linear test, grading scores
for ototoxicity were compared between patents with low SMM and those without
low SMM.

Data analysis was performed using IBM SPSS Statstcs 27. A p-value of less than
0.05 was considered statstcally signifcant.
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RESULTS

Subjects and general characteristcs

A cohort of 136 patents treated in the Netherlands Cancer Insttute between 2018
and 2023 was identfed. Fify-fve patents were excluded for further analysis,
because they received a cochlear radiaton dose = 30 gray on one or both ears
(n = 10) or baseline and/or follow-up audiometry was not available (n = 45). This
resulted in 81 patents (162 ears) being eligible for analysis. The median age was
62 [Q1-Q3: 54-67] years, and the mean LSMI was 42.39 + 6.58 cm2/m?2. General
characteristcs stratfed by SMM category are presented in Table 2. The proporton
of patents with low versus without low SMM (a binary variable) was similar (48%
versus 52%), which is in agreement with previous literature (21, 23). In total, 56
male patents were included, of whom 16 (29%) had low SMM, and 25 female
patents were included, of whom 23 (92%) had low SMM. The proporton of female
patents was statstcally signifcantly diferent between both groups (p < 0.01), as
reported in previous literature.(21) Patents with low SMM had signifcantly less
ofen HPV-positve tumors (28% versus 57%; p = 0.01), which is also observed in
previous literature.(48) DLTs were evenly distributed between patents with and
without low SMM (41% versus 43%; p = 0.99), as was cumulatve cisplatn dose
(median 280 mg/m? versus 280 mg/m?; p = 0.86), and cisplatn schedule (triweekly
28% versus 26% and weekly 72% versus 74%; p = 0.99).

Additonally, no diferences between characteristcs and DLT in patents receiving
weekly versus triweekly cisplatn were found: sex (p = 0.59), HPV-status (p = 0.09),
tumor locaton (p = 0.35), LSMI (42.77 cm?/m? versus 41.35 cm?/m?; p = 0.39),
age at diagnosis (median 60.00 versus 63.00 years; p = 0.98), cumulatve cisplatn
dose (median 280 mg/m2versus 200 mg/m?; p = 0.82) and DLT (41% versus 46%;
p = 0.80). Only TNM-stage difered signifcantly between cisplatn regimens:
patents receiving the weekly regimen more ofen had a lower TNM stage (p = 0.03).

Multvariable analysis of the associaton between lumbar skeletal muscle
mass and treatment-related sensorineural hearing loss

Results of the univariable and multvariable LMM are presented in Table 3 and
Table 4. In the univariable LMM, a signifcant negatve associaton between
treatment-related SNHL at PTA 1-2-4 kHz HL and LSMI was found (p = 0.03).
Also, signifcant positve associatons between treatment-related SNHL at PTA
1-2-4 kHz HL and cisplatn schedule (p = 0.03) and cochlear radiotherapy dose (p <
0.01) were found. In the multvariable LMM, threshold shifs at PTA 1-2-4 kHz HL
were signifcantly smaller in patents with higher LSMI (p < 0.05) and signifcantly
larger with increased cochlear radiotherapy dose (p < 0.01). The LMM for the
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threshold shif at PTA 8-10-12.5 kHz SPL did not show a signifcant associaton Table 2: Contnued

with LSMI (p = 0.77). However, a larger threshold shif at PTA 8-10-12.5 kHz SPL

was associated with a higher cochlear radiotherapy dose (p = 0.02). Variable Total Low SMM l\ls?\/::\)/lw p-Value
Variable Total Low SMM No low SMM p-Value 81 (100%) 39 (48%) 42 (52%)
81 (100%) 39 (48%) 42 (52%) DLT 0.999¢
Age at diagnosis 62 [54-67] 63.00[56-69] 61.50 [53-66] 0.184° No 47 (58) 23 (59) 24 (57)
(median [Q1-Q3]) Yes 34 (42) 16 (41) 18 (43)
Sex <0.001° Cause of DLT 0.340¢
Female 25(31) 23 (59) 2(5) Ototoxicity 0 (0) 0 (0) 0(0)
Male 56 (69) 16 (41) 40 (99) Nephrotoxicity 9 (31) 7 (44) 4(22)
HPV-status 0.013¢ Kidney dysfuncton, pre-renal 1(4) 0 1(5)
Negatve/unknown 46 (57) 28 (72) 18 (43) Hematologic toxicity 12 (41) 7 (44) 7 (39)
Positve 35 (43) 11 (28) 24 (57) General conditon of the patent 3(10) 0 3(17)
Tumor site 0.506° Other 4 (14) 2(12) 3(17)
Larynx 9 (1) 5(13) 4 (10) Table 2: General characteristcs of the study populaton according to the presence or
Hypopharynx 4 (5) 2 (5) 2(5) absence of low skeletal muscle mass
Oropharynx 48 (59) 20 (51) 28 (66) a = tested with independent sample t-test ® = tested with Mann-Whitney U Test, ¢ = tested
) with Fisher’s Exact Test, ¢ = tested with Pearson Chi-Square test, ° = tested with Fisher-
Oral cavity 12 (15) 7(18) 5(12) Freeman-Halton Exact Test
Nasopharynx 4 (5) 1(2.5) 3(7) DLT = dose limitng toxicity; HPV = Human Papillomavirus; Q1-Q3 = range between frst and
Unknown primar 101 1025 00 third quartle; LSMI = lumbar skeletal muscle index; SMM = skeletal muscle mass; SD = standard
P y @) (2.5) ) deviaton; UICC = tumor stage based on the Union for Internatonal Cancer Control
Sinonasal 1(1) 1(2.5) 0 (0)
Other 2(3) 2 (5) 0(0)
UICC category 0.023¢ Treatment-related sensorineural hearing loss, grading scores and new
indicatons for hearing aids and their associatons with skeletal muscle mass
| 6(7) 2 (5) 4 (10) 9
I 24 (30) 7 (18) 18 (43) Figure 1 represents mean hearing thresholds obtained with pure tone audiometry
m 15 (19) 9 (23) 5 (12) (0.125 to 8 kHz HL) and pure tone extended high-frequency audiometry (8 to 16
VA/IV 22 (27) 10 (26) 12 (29) kHz SPL) at baseline and afer treatment. The mean threshold shif at 4 kHz HL
was 14.4 dB for patents with low SMM (a binary variable) compared to 6.8 dB
VB 14(17) 11(28) 3(7) for patents without low SMM (p = 0.03). The mean threshold shif at 8 kHz HL
LSMI (cm?/m?) (mean+SD) 42.39+6.58 3702449 4737+3.60 <0.001° was 23.5 dB for patents with low SMM compared to 14.4 dB for patents without
Treatment type 0.999¢ low SMM (p = 0.03).
Cisplatn weekly (40 mg/m?) 59 (73) 28 (72) 31 (74)
Cisplatn triweekly (100 mg/m?) 22 (27) 11 (28) 11 (26)

Cumulatve cisplatn dose
given (median [Q1-Q3])
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280 [200-280] 280 [200-280] 280 [200-280] 0.862°
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Figure 1: Baseline and follow-up mean audiometry values
for both skeletal muscle mass groups
Abbreviatons: SMM = skeletal muscle mass, HL = Hearing Level, SPL = Sound Pressure Level.

The incidence of clinically relevant treatment-related SNHL (threshold shif of =
10 dB) at PTA 1-2-4 kHz HL was 36% in patents with low SMM compared to 17%
in patents without low SMM (p < 0.05), Table 5. Mean threshold shifs at PTA
1-2-4 kHz were 7.1 dB in patents with low SMM and 3.4 dB in patents without
low SMM (p = 0.04). The incidence of clinically relevant treatment-related SNHL
at PTA 8-10-12.5 kHz SPL was 77% in patents with low SMM compared to 62%
in patents without low SMM (p = 0.14). Mean threshold shif at PTA 8-10-12.5
kHz SPL was 19.0 dB in patents with low SMM and 14.7 dB in patents without
low SMM (p = 0.13). The incidence of a novel indicaton for hearing aids for one
or both ears afer treatment was higher (but statstcally not signifcant) in patents
with low SMM (26%) compared to patents without low SMM (12%; p = 0.11).
There were no statstcally signifcant diferences in scores at all grading scales
for ototoxicity between patents with low SMM and patents without low SMM
(ASHA: p =0.80; CTCAE: p = 0.37; TUNE: p = 0.10).
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Variables Low SMM No low SMM p-value
39 patents or 42 patents or
78 ears 84 ears
Hearing loss at PTA 1-2-4 kHz HL
Incidence of treatment-related SNHL (%) 14 (36) 7 (17) 0.048°
Hearing loss in dB per ear (mean £ SD) 7.1 dB (9.6) 3.4dB (7.0 0.037°
Hearing loss at PTA 8-10-12.5 kHz SPL
Incidence of treatment-related SNHL (%) 30 (77) 26 (62) 0.1442
Hearing loss in dB per ear (mean £ SD) 19.0 (16.0) 147 (11.5) 0.129¢
Hearing aids indicated
Incidence (%) 10 (26) 5(12) 0.112°
ASHA 0.802¢
no hearing loss (%) 6 (15) 8 (19)
grade A (%) 3(8) 4 (10)
grade B (%) 28 (72) 26 (62)
grade C (%) 2 (5) 4 (10)
CTCAE V5.0 0.366¢
grade 0 (%) 23 (59) 32 (76)
grade 1 (%) 3(8) 3(7)
grade 2 (%) 2 (5) 1(2)
grade 3 (%) 11 (28) 6 (14)
grade 4 (%) 0(0) 0(0)
=>grade 3 (%) 11 (28) 6 (14) 0.1242
TUNE 0.100¢
grade O (%) 6 (15) 10 (24)
grade 1a (%) 7 (18) 12 (29)
grade 1b (%) 1 (3) 1(2)
grade 2a (%) 14 (37) 12 (32)
grade 2b (%) 1 (3) 1(2)
grade 3 (%) 10 (26) 6 (14)
grade 4 (%) 0(0) 0(0)
>grade 2a (%) 25 (64) 19 (45) 0.0892

Table 5: The incidence of clinically relevant sensorineural hearing loss (= 10 dB threshold
shif) at PTA 1-2-4 kHz (in dB [HL]) and PTA 8-10-12.5 kHz (in dB [SPL]) in low and no low
SMM groups, the incidence of an indicaton for hearing aids de novo (PTA = 35 dB afer
CRT and < 35 dB at baseline), and scores on various grading scales.

3) Chi-Square test; ®) Fisher's exact test, °) Linear mixed model; 9) Linear-by-linear test. A
p-value of < 0.05 is considered statstcally signifcant

Abbreviatons: ASHA = American Speech-Language-Hearing Associaton criteria;
CTCAE = Common Terminology Criteria for Adverse Events; HL = hearing level, kHz = kilohertz;
PTA = Pure Tone Average; SMM = skeletal muscle mass; SNHL = Sensorineural hearing loss;
SPL = Sound pressure level; TUNE = TUNE criteria.
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DISCUSSION

The primary aim of this study was to assess a potental associaton between
SNHL and LSMI in HNSCC patents treated with high-dose cisplatn-based CRT.
Patents with a low SMM, as binary variable, experience higher serum peak dosages
than their no low SMM counterparts. (31) Due to its hydrophilic characteristcs,
cisplatn mainly distributes to the fat-free mass, of which the muscles are the
largest component. (49) Patents with low SMM, hence low fat-free mass, might
be relatvely overdosed since cisplatn dosage is calculated normalized to body
surface area. Hence, we hypothesized that patents with lower LSMI and low SMM
may sufer increased treatment-related SNHL. This retrospectve cohort study
indeed showed that treatment-related SNHL at pure-tone frequencies essental
for the percepton of speech, as expressed by PTA 1-2-4 kHz HL, is associated with
pre-treatment LSMI (the contnuous variable) and low SMM (the binary variable).
Moreover, the incidence of clinically relevant hearing loss showed a statstcally
signifcant 19%-point diference between patents with low SMM and patents
without low SMM. However, LSMI and low SMM were not associated with SNHL
at the extended high-frequencies, as expressed by PTA 8-10-12.5 kHz SPL. This
can be explained by the fact that cisplatn-related SNHL starts at extended high-
frequencies, and at these frequencies SNHL may have reached its maximum at
an earlier stage during treatment in all patents, despite their individual sensitvity
to develop ototoxicity. (15)

The number of studies that reported on the associaton between SMM and
cisplatn-induced SNHL is limited. To our knowledge, one previous study
investgated the predictve impact of low SMM on cisplatn DLT and analyzed the
frequencies of ototoxicity (21), which reported a higher incidence of dose limitng
ototoxicity in patents with low SMM compared to patents without low SMM (67%
versus 33%; p = 0.12). (21) The investgators did not defne a specifc degree of
hearing deterioraton from which ototoxicity was classifed as DLT. Surprisingly,
none of the DLTs in our cohort was due to ototoxicity. (21)

No associatons between SNHL and cumulatve cisplatn dosage could be found.
This is noteworthy since it is generally accepted that cisplatn-induced hearing loss
is dose dependent. (32, 45) Also, there was no associaton between SNHL and
cisplatn regimen. Weekly cisplatn is non-inferior in terms of oncologic outcomes
to the triweekly regimen in the postoperatve settng for patents with HNSCC. (50,
51) Due to the lower toxic peak dosages, weekly cisplatn is thought to be less toxic
when compared to a triweekly cisplatn schedule. (50, 51) A recent study showed
that SMM is also a predictor for DLT (specifcally for hematologic toxicites) in the
weekly regimen, but this study did not report on ototoxicity specifcally. (52) In our
cohort, the distributons of weekly versus triweekly regimens were equal between
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patents with and without low SMM, but no diferences in DLT and SNHL between
these groups could be observed. It should be emphasized that we defned low
SMM as LSMI < 43.2 cm?/m?in accordance to previous studies towards DLT in
patents with HNSCC (21-23), but this cutof remains under debate since others
propose diferent criteria for low SMM (53), for example, subgroups for male and
female patents. (54) Studies that use as LSMI < 43.2 cm?/m?as cutof for low SMM
despite sex, have high rates of low SMM in the female populaton (up to 95%) (21,
22) compared to studies that used sex specifc cutofs (25 to 50%). (23, 48, 54)

Our study showed a signifcant associaton between cochlear RT dose and SNHL,
which aligns with previous studies (12, 38, 55), as a cochlear RT dose of = 30 Gy may
lead to clinically relevant hearing loss. (37, 38, 45) Although patents who received
a cochlear RT dose = 30 Gy RT were excluded from this study, we stll observed
a signifcant associaton between the RT dose and SNHL. This partly contradicts
another review, which states that clinically relevant treatment-related SNHL (= 10
dB) is rarely seen with a mean cochlear radiaton dose under 45 Gray. (55)

Limitatons of this study are the retrospectve design and, most of all, the relatvely
small study group and single-center set-up. The range in tming of post-treatment
audiometry was 0 — 14 weeks, however we do not expect that this infuenced our
results as cisplatn induced SNHL develops semi-instantaneous afer treatment.
Additonally, earlier research did not fnd a diference in hearing loss between
directly post treatment, months and years afer treatment. (33, 56) We did not
exclude patents with missing 8 kHz SPL values (n = 22) nor those that exceeded
the maximum output of the audiometer upon CRT (n = 36). If we were to exclude
every patent who exceeded the maximum output level of the audiometer during
CRT, we would have excluded 36 patents with treatment-related SNHL, thereby
biasing our results. It's important to note that excluding these patents would
mean excluding those who actually performed poorly, as their values were not
measurable. One of the strengths is the availability of elaborate and complete
audiometry data, including extended high-frequency audiometry. Finally, our
research can easily be compared to future studies since various ototoxicity grading
systems have been applied.

In conclusion, this is the frst study showing a signifcant associaton between lower
LSMI, as a contnuous variable, and low SMM, as a binary variable, and increased
treatment-related SNHL at frequencies essental for the percepton of speech in
HNSCC patents treated with cisplatn CRT.
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ABSTRACT

Purpose

Cisplatn-induced hearing loss is a common side efect in patents treated with
cisplatn-based chemoradiaton (CRT) for head and neck squamous cell carcinoma.
The extent of hearing loss afer concurrent CRT was compared between triweekly
(3x100 mg/m?) and weekly (7x40 mg/m?) cisplatn CRT.

Method

This retrospectve cohort study was conducted in the Antoni van Leeuwenhoek
Hospital and included 129 patents with cisplatn-based CRT for head and neck
cancer (72 treated in the triweekly and 57 in the weekly regimen). Baseline and
follow-up pure-tone audiometry was conducted to assess hearing loss. Clinically
relevant hearing loss was defned as a decline upon treatment of = 10 decibel at
a pure tone average 1-2-4 kilohertz and/or 8-10-12.5 kilohertz.

Results

The incidence of clinically relevant cisplatn CRT induced hearing loss was 42%
in the triweekly versus 19% in the weekly group (p < 0.01). The mean threshold
shif at a pure tone average (PTA) 1-2-4 kilohertz was 9.0 decibel in the triweekly
compared to 4.3 decibel in the weekly CRT group (p < 0.01). At PTA 8-10-12.5
kilohertz, the incidence of clinically relevant hearing loss was 75% in the triweekly
compared to 74% in the weekly CRT group (p = 0.87). The mean threshold shif at
PTA 8-10-12.5 kHz was 20.2 decibel versus 15.6 decibel, respectvely (p = 0.07).

Conclusion

Cisplatn-dose reducton to a weekly cisplatn CRT regimen for head and neck
cancer may reduce the incidence of clinically relevant hearing loss at frequencies
vital for speech percepton.
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INTRODUCTION

Cisplatn is a widely used ant-cancer drug in treatng numerous types of cancers,
including head and neck squamous cell carcinoma (HNSCC). Advanced HNSCC is
ofen treated with (adjuvant) high-dose cisplatn chemoradiaton (CRT), i.e., 3x100
mg/m?, as adding cisplatn to RT leads to improved survival rates in these patents
compared to radiotherapy alone. (1-3) However, high-dose cisplatn may cause
considerable side efects, including acute toxicites such as nausea, stomatts,
myelosuppression (1, 2), nephrotoxicity, neurotoxicity, i.e., peripheral nerve toxicity,
and hearing loss. (2, 4)

Hearing loss may occur when cisplatn damages various cochlear structures,
including the outer and inner hair cells, stria vascularis, and spiral ganglion cells.
Several biological processes are involved in developing cisplatn-induced hearing
loss (CIHL), amongst others, releasing toxic reactve oxygen species and depletng
the cochlea’s protectve antoxidants (4-9). Furthermore, the development of CIHL
is infuenced by several co-occurring risk factors, including a cochlear radiaton
dose of more than 30 Gray (Gy) (10, 11), and favorable pre-treatment hearing
capacity, as ofen seen in younger patents. (9, 12-15)

The clinical presentaton of CIHL is characterized by symmetric and irreversible
sensorineural hearing loss (SNHL) startng at extended high-frequencies and
progressing to lower frequencies with contnued treatment. (4, 5, 16) However, due
to the heterogeneity in treatment schedules and used defnitons of ototoxicity in
studies conducted so far, it is hard to report the incidence of CIHL precisely. (4, 11,
13, 17) It is widely accepted that a cumulatve concurrent cisplatn dose of = 200
mg/m? is a prerequisite for its antcancer e¥cacy in advanced HNSCC patents.
(18, 19) However, approximately 30% of the patents sufer from cisplatn-related
dose-limitng toxicites. (20-22) Therefore, an alternatve CRT schedule for HNSCC
has been designed to reduce toxicity and increase compliance to this intensive
treatment regimen. The standard of care triweekly CRT schedule (100 mg/m?
cisplatn, days 1, 22, and 43; further referred to as “triweekly CRT schedule”)
was adapted to a weekly CRT schedule (40 mg/m?2 cisplatn, weekly during seven
consecutve weeks; further referred to as “weekly CRT schedule”). Earlier research
showed that the weekly schedule gives less toxicites such as nephrotoxicity and
neutropenia (2, 23), however these studies did not elaborate on the diference
in hearing loss between both schedules. Therefore, the aim of our study was to
compare hearing loss in HNSCC patents treated with weekly and triweekly high-
dose cisplatn CRT.
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METHODS

Study design and subjects

This is a retrospectve cohort study with HNSCC patents treated with radiotherapy
(Fve tmes a week for seven weeks, with a cumulatve radiotherapy dose of 70
Gray) and concomitant intravenous cisplatn in a cumulatve dose of at least 200
mg/m?2. All patents were treated at the Netherlands Cancer Insttute. The triweekly
CRT group received 100 mg/m? cisplatn every three weeks (on days 1, 22 and 43).
Most of these patents were treated between 1999 and 2004 (24) and 2018 and
2020. The weekly CRT group received a weekly cisplatn dose of 40 mg/m? (on
days 1, 8, 15, 22, 29, 36 and 43) between 2020 and 2023. Due to dose limitng
toxicites, some patents did not complete the full planned cisplatn schedule and
contnued treatment with RT only. We included patents that received a cumulatve
dose of 200 mg/m? or more, as this is the minimum cumulatve dose of cisplatn
needed for increased CRT-related antcancer ef¥cacy. In view of future informed
consent for patents we wished to assess treatment-related hearing loss in patents
receiving = 200 mg/m?2 cisplatn CRT. Only patents with both baseline and follow-
up audiometry were included in the current study.

RESULTS

Subjects

One hundred ten patents were treated in the triweekly CRT cohort. Thirty-eight
patents were excluded because of baseline audiometry missing (n = 5), follow-up
audiometry missing (n = 16), dose-limitng toxicity leading to a cumulatve cisplatn
dose < 200 mg/m? (n = 2), and cochlear radiaton dose = 30 Gy (n = 15), resultng
in 72 evaluable patents. Sixty-nine patents were treated with the weekly CRT
schedule. Twelve of them were excluded from the analysis because of baseline
audiometry missing (n = 3), follow-up audiometry missing (n = 1), dose-limitng
toxicity leading to a cumulatve cisplatn dose < 200 mg/m?(n = 5), and radiotherapy
dose on cochlea = 30 Gy (n = 3), resultng in 57 evaluable patents.

The baseline characteristcs of both treatment groups are shown in Table 5. Patents
in the triweekly CRT group were relatvely younger (56.2 versus 60.7 years old, p <
0.01). In the weekly CRT group, 65% of all patents were treated for oropharyngeal
cancer compared to 36% in the triweekly CRT group. The mean cochlear radiotherapy
dose was higher in the triweekly CRT group, namely 14.2 Gy versus 8.1 Gy (p < 0.01).
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Triweekly CRT group Weekly CRT group p-value

(n=72) (n=57)

Gender (%) 0.332
Male 56 (78) 40 (71)

Female 16 (22) 17 (29)
Age (years) (mean, SD) 56.2 (£ 9.9) 60.9 (+ 8.4) <0.01°
Tumor localizaton (%) <0.01°
Oropharyngeal 26 (36) 37 (65)

Oral cavity 9(13) 8 (14)

Laryngeal 21 (29) 3(5)

Hypopharyngeal 13 (18) 5(9)

Nasopharyngeal 2(3) 3(5)

Unknown primary 0(0) 1(2)

Other 1(1) 0(0)

Cumulatve cisplatn dose (%) n.a.
300 mg/m? 67 (93) 0 (0)

280 mg/m? 0 (0) 38 (67)

240 mg/m? 0(0) 13 (23)

200 mg/m? 5(7) 6 (10)

Cochlear radiaton dose  14.2 (7.8) 8.1 (7.6) <0.01°

(gray) (mean, SD)

Table 1: Baseline characteristcs. a) Chi-Square test; b) independent samples T-test; c)
Fisher’s exact test, A p-value of < 0.05 is considered statstcally signifcant. Abbreviaton:
CRT: chemoradiaton

Audiometry results

The audiometric data of all patents in both cohorts is presented in Figure 1 and Table
2. The mean threshold shif at PTA 1-2-4 kHz was 9.0 (+ 9.9) dB in the triweekly CRT
group and 4.3 (= 8.2) dB in the weekly CRT group (p < 0.01). The mean threshold
shif at PTA 8-10-12.5 kHz was 20.2 (= 16.4) dB in the triweekly CRT group and
15.6 (+ 14.0) dB in the weekly CRT group (p = 0.07). At the frequencies of 1-2-4
kHz, we observed clinically relevant CIHL, defned as a threshold shif of 10 dB or
more, in 31 out of 72 patents (42%) from the triweekly CRT group and 11 out of 57
patents (19%) from the weekly CRT group (p < 0.01). At frequencies of 8-10-12.5
kHz, clinically relevant CIHL was observed in 54 out of 72 patents (75%) from the
triweekly CRT group and 42 out of 57 patents (74%) from the weekly CRT group
(p = 0.87). Signifcantly higher grading scale scores were observed in the triweekly
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CRT schedule compared to the weekly CRT schedule on both the CTCAE and TUNE
(both p < 0.01). However, hearing loss, as defned by the ASHA criteria, was not
signifcantly diferent between both groups (p = 0.81). Furthermore, more patents in
the triweekly CRT group had an indicaton for hearing aids de novo afer treatment
compared to the weekly CRT schedule (36% versus 14%, p < 0.01).

Pure tone audiometry High frequencies
-20 0 g
9 20 |
g nnferregh., =
20 ¥~ r¥ i"’-:‘._q:_‘ - E.I
= ¥ Ty - «n 40 |
s 40 \ g |
= N\ Z 60 Pheay
£ a - 21 PR
g% 24 5§ | e
2 E 80 g =B
E 8 5 e | B 0
pord 5 .....'_- ........ =
3 100 S100 | B
i £y
120 . L 120 | : ‘
0125 025 05 1 2 4 8 8 9 10 11 12
Pure Tone Frequency (kHz) Pure Tone Frequency (kHz)
(- Baseline weekly —&— Follow-up weekly

«+[0++ Baseline 3-weekly +«M-: Follow-up 3-weekly

Figure 2. Baseline and follow-up average audiometry for both treatment groups.
A. Pure tone audiometry. B. High frequency audiometry. Abbreviatons dB: decibel, HL:
hearing level; SPL: sound pressure level; kHz: kiloHertz

Linear mixed model

Results of univariable and multvariable linear mixed model analyses are presented
in Table 3 and Table 4. The threshold shif in hearing afer therapy at PTA 1-2-4 kHz
HL was signifcantly higher by 3.5 dB in the triweekly CRT group compared to the
weekly CRT group (estmate 3.55, 95% CI 0.15 — 6.95, p = 0.04) afer adjustment
for radiotherapy dose to the cochlea, age and baseline hearing level at PTA 1-2-4
kHz. The threshold shif was signifcantly higher with higher cochlear radiaton
dose (estmate 0.28, 95% CI 0.12 — 0.44, p < 0.01). However, the diference in
threshold shif in hearing afer therapy at PTA 8-10-12.5 kHz HL was smaller and
not signifcant between the two cisplatn CRT schedules (estmate — 0.50, 95% ClI
-4.71 -5.71, p = 0.85) afer adjustment for baseline age, radiotherapy dose to the
cochlea and baseline hearing level at PTA 1-2-4 kHz. The threshold shif at PTA
8-10-12.5 kHz was signifcantly smaller in older patents (estmate — -0.36., 95%
Cl-0.64 —-0.09,p =0.01) and in patents with worse baseline hearing level at PTA
1-2-4 kHz (estmate — -0.21, 95% CI -0.39 — -0.05, p = 0.01). The threshold shif
at PTA 8-10-12,5 kHz was signifcantly higher with higher cochlear radiaton dose
(estmate 0.33, 95% CI 0.08 — 0.58, p = 0.01). No signifcant interactons were
found between the variables used in the multvariable model.
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Variables Triweekly CRT ~ Weekly CRT p-value
n =72 patents n =57 patents

Hearing loss at PTA 1-2-4 kHz HL
Incidence (%) 31(43) 13 (23) 0.022

Hearing loss in dB per 9.1 (-10.0-50.0) 4.3(-50-38.3) <0.01°
ear (mean, range)

Hearing loss at PTA 8-10-12.5 kHz SPL
Incidence (%) 54 (75) 42 (74) 0.872

Hearing loss in dB per 20.7 (-15.2 -60.0) 16.0(-20.0 - 61.7) 0.06°
ear (mean, range)

Indicaton for hearing aids 26 (36) 8 (14) 0.01°
(number of patents (%))

Grading scales

ASHA 0.84¢
no hearing loss (%) 8 (11) 9 (16)
grade A (%) 3(4) 4(7)
grade B (%) 59 (82) 37 (65)
grade C (%) 2(3) 7 (12)
CTCAE V5.0 <0.01¢
grade 0 (%) 31 (43) 41 (72)
grade 1 (%) 7 (10) 5(9)
grade 2 (%) 8 (11) 1(2)
grade 3 (%) 26 (36) 10 (17)
grade 4 (%) 0(0) 0(0)
TUNE <0.01¢
grade 0 (%) 9(12) 9 (16)
grade 1a (%) 5(7) 17 (30)
grade 1b (%) 4 (6) 23
grade 2a (%) 24 (33) 19 (33)
grade 2b (%) 4 (6) 1(2)
grade 3 (%) 26 (36) 9 (16)
grade 4 (%) 0(0) 0(0)

Table 2: Incidence of =10 dB hearing loss at PTA 1-2-4 kHz HL and PTA 8-10-12.5 kHz SPL,
threshold shif at both PTAs, incidence of an indicaton for hearing aids de novo (PTA =35 dB
afer CRT and < 35 dB at baseline), and scores on grading scales for both CRT groups. a) Chi-
Square test; b) Fisher’s exact test; ) Linear mixed model; d) Linear-by-linear associaton. A p-value
of <0.05 is considered statstcally signifcant. Abbreviatons: kHz: kiloHertz; SPL: sound pressure
level;, HL: hearing level; dB: decibel, ASHA: American Speech-Language-Hearing Associaton
criteria; CRT: chemoradiaton; CTCAE: Common Terminology Criteria for Adverse Events
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DISCUSSION

Although the main goal of antcancer therapy remains to achieve beter survival
and loco-regional control, improving post-treatment quality of life by reducing
treatment-related toxicity has become increasingly important. (12, 25) In HNSCC,
weekly cisplatn CRT (7 cycles of 40 mg/m? cisplatn during seven consecutve
weeks) achieves similar survival rates when compared to triweekly CRT (3 cycles
of 100 mg/m? cisplatn every three weeks). (2, 23) Also, it is accompanied by
less cisplatn toxicites such as nephrotoxicity, neutropenia, and electrolyte
disturbances. (2, 23) The objectve of this study was to assess whether adoptng
a weekly CRT schedule reduces CIHL.

The implementaton of weekly CRT may contribute to preserving hearing capacity
and improving quality of life. (12, 25) In our research, the incidence of clinically
relevant hearing loss of = 10 dB at PTA 1-2-4 kHz, representng the percepton
of speech in noise, was found signifcantly higher in the triweekly CRT group
compared to the weekly CRT group (42% versus 19%, p < 0.01), in agreement with
previous studies. (2, 26) The 23%-point diference in the incidence, the marked
diference in hearing-aid candidacy (36% versus 14%), CTCAE criteria (p < 0.01)
and TUNE criteria (p < 0.01) indicate beneft of a weekly cisplatn regimen over a
triweekly cisplatn regimen with respect to CRT-induced hearing loss in HNSCC
patents. Consequently, a weekly cisplatn regimen might reduce adverse efects
commonly observed in HNSCC patents’ health-related quality of life, including
social isolaton, anxiety, and depression. (25, 27) Careful interpretaton of our data
is warranted in view of the retrospectve nature of our research. A limitaton of
this retrospectve design was that the lack of speech audiometry in most patents,
which would have provided valuable extra informaton about speech processing
capacity prior and afer CRT. However, detailed descripton of data was available
for all patents, including audiometric hearing thresholds up to 12.5 kHz SPL, the
cochlear radiaton dose per ear, and the gradaton of hearing loss as defned by
diferent grading scales.

We found a signifcant associaton between cochlear radiaton dose and CIHL, in
agreement with previous studies that found a cochlear radiaton dose = 30 Gy
to cause clinically relevant sensorineural hearing loss of = 10 dB. (10, 28) Other
literature advises to limit the radiaton dose to the cochlea to < 35 Gy (29, 30),
however we chose to use the most strict cut-oF value. The triweekly CRT group,
mainly treated between 1999 and 2004, received a higher mean cochlear radiaton
dose, atributed to a diference in radiaton techniques and planning in the years
1999 — 2004 when compared to more recently treated patents in both the weekly
and triweekly CRT schedule (16.1 Gy versus 8.4 Gy). Despite the limitaton of this
tme diference and diference in radiaton technique, afer correctng for the mean
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cochlear radiaton dose in our multvariable analysis, signifcantly more hearing
loss at PTA 1-2-4 was found in the triweekly compared to the weekly CRT group.
Also, we found no signifcant diference in CIHL between patent in the triweekly
groups treated between 1999 — 2004 and 2018 — 2020 on PTAs 1-2-4 (p = 0.08)
and 8-10-12,5 (p = 0.36). Therefore, we believe that it is justfed to evaluate all
triweekly patents as one cohort, regardless of the diference in treatment period.

Even though weekly CRT may decrease the incidence of cisplatn-CRT induced
hearing loss, there is stll a need for an otoprotectant in both treatment regimens.
Recently, both systemic and topical (transtympanic) approaches have been
studied to reduce CIHL with varying successes. (12, 14, 31, 32) Antoxidants
are probably the most encouraging otoprotectve agents, as they can neutralize
the toxic formaton of reactve oxygen species by cisplatn. Interestngly, the
antoxidant sodium-thiosulphate (STS) can also inactvate cisplatn. When STS is
injected into the middle ear (transtympanically), it may locally inactvate cisplatn
without interfering with its systemic antcancer efect. In a recent phase | trial,
this method was safe and feasible. (33) Its efFcacy is currently studied further in
a multcenter phase 3 randomized controlled settng (CTIS 2023-503313-30-01).
The current study shows that patents treated in both schedules are stll prone to
develop clinically relevant CIHL. Therefore, HNSCC patents treated in both the
triweekly and the weekly CRT schedule are eligible to partcipate in our phase 3
trial regarding the e¥cacy of transtympanic STS against CIHL.

In conclusion, hearing capacity seems to be relatvely preserved afer treatment
with a weekly cisplatn CRT regimen (7 cycles of 40 mg/m?cisplatn during seven
consecutve weeks) when compared to triweekly cisplatn CRT regimen (3 cycles
of 100 mg/m?cisplatn every three weeks) for HNSCC. However, both treatment
schedules induce clinically relevant CIHL at extended high-frequencies, which
impairs the quality of higher sounds (e.g., for music) and speech percepton in
noise (34, 35). Currently a multcenter phase 3 study to evaluate the e¥cacy of
transtympanic STS against CIHL is underway. Ultmately, these eforts should
reduce CIHL and thereby increase the quality of life in HNSCC patents and
survivors.
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APPENDIX A

Grading scale Defniton of hearing loss

ASHA (36) A) 20 dB decrease at any one tested frequency
B) 10 dB decrease at any two adjacent test frequencies
C) loss of response at three consecutve test frequencies where
responses were previously obtained

CTCAE v5.0 Grade 1: Threshold shif of 15 - 25 dB averaged at 2 contguous test
(onal, 2,4,3, frequenciesin atleast one ear OR Subjectve change in hearing in the
6, and 8 kHz absence of documented hearing loss;
audiogram) (37) Grade 2: Threshold shif of >25 dB averaged at 2 contguous test
frequencies in at least one ear;
Grade 3: Threshold shif of >25 dB averaged at 3 contguous test
frequencies in at least one ear OR hearing aid or interventon indicated
Grade 4: Decrease in hearing to profound bilateral loss (absolute
threshold >80 dB HL at 2 kHz and above); non-serviceable hearing

TUNE (38) Grade 0: No hearing loss
Grade 1a: Threshold shif = 10 dB at [8-10-12.5] OR subjectve changes
in the absence of a threshold shif
Grade 1b: Threshold shif = 10 dB at [1-2-4]
Grade 2a: Threshold shif = 20 dB at [8-10-12.5]
Grade 2b: Threshold shif = 20 dB at [1-2-4]
Grade 3: Hearing level = 35 dB HL at [1-2-4] de novo
Grade 4: Hearing level = 70 dB HL at [1-2-4] de novo

Table 5: Grading scales that were used for the assessment of post-treatment platnum-
related hearing loss. Abbreviatons: ASHA: American Speech-Language-Hearing
Associaton; CTCAE: Common Terminology Criteria for Adverse Events.
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ABSTRACT

Objectve

To illustrate a case of sensorineural hearing loss (SNHL) afer immunotherapy
based on T cell receptor (TCR) gene therapy using modifed T cells recognizing
melanoma antgen recognized by T cells 1 (MART-1) for disseminated melanoma.

Patent

We present a 59-year-old woman with profound subacute bilateral SNHL including
unilateral deafness afer immunotherapy based on TCR gene therapy using modifed
T cells recognizing MART-1 for disseminated melanoma. Ten days afer treatment,
the patent developed hearing loss of 57 dB hearing loss (HL) air conducton (AC)
at pure tone average (PTA) 0.5-1-2-4 kHz in the right ear, and >100 dB HL AC at
PTA 0.5-1-2-4 in the leT ear. The right ear recovered partally, while the lef ear
remained deaf, despite oral prednisolone (1.0 mg/kg) and salvage treatment with
three transtympanic injectons of 0.5 mL dexamethasone (4.0 mg/mL).

Conclusion

Based on our presented case and a vast amount of literature there is circumstantal
evidence that TCR gene therapy for melanoma targets the perivascular
macrophage-like melanocytes in the stria vascularis, resultng in SNHL. We suggest
that SNHL afer TCR gene therapy may be caused by a disrupton of the blood-
labyrinth-barrier and the endolymphatc potental and/or a sterile infammaton of
the stria vascularis. In severe cases like our subject, we posit that endolymphatc
hydrops or hair cell loss may cause irreversible and asymmetrical deafness. Steroid
prophylaxis via transtympanic applicaton is debatable.
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INTRODUCTION

T cell receptor (TCR) gene therapy is an internatonally appreciated novel treatment
opton for metastatc melanoma, which is currently tested for its efcacy and
toxicity. (1) In melanoma antgen recognized by T cells 1 (MART-1) specifc TCR gene
therapy, peripheral blood T cells are adapted by engrafment of a MART-1 specifc
TCR that recognizes melanoma cancer cells. (1-3) Small phase I/1l studies have
reported partal tumor response rates up to 13-30% for patents with melanoma
progressing upon prior therapies. (1) Interestngly, this specifc form of TCR gene
therapy introduced a novel likely cause of treatment-related sensorineural hearing
loss (SNHL) into our clinical practce. (4) We aim to present a case of asymmetric
SNHL including deafness of one side afer MART-1 specifc TCR gene therapy and
to discuss its potental pathophysiology. The unilateral deafness demonstrated
here may interfere with the design of possible future treatment strategies for
these patents with regard to the indicaton for TCR gene therapy itself or possible
combinatons with other forms of immunotherapy.

CASE PRESENTATION

A 59-year-old woman with metastatc cutaneous melanoma was included in a
phase I/lla clinical trial (EudraCT no. 2011-002941-36) using MART-1 specifc
TCR transduced T cells. Audiometry revealed normal baseline hearing capacity
(Figure 1). Firstly, the patent underwent apheresis. Next, she was treated with
cyclophosphamide and fudarabine for the depleton of lymphocytes. One week
later, 2.5 x 108 TCR-modifed T cells were reinfused into the patent.

In the evening of day nine afer infusion of T cells, she complained of subacute
bilateral hearing loss. The next morning, she reported bilateral “deafness”.
Audiometric testng showed asymmetric SNHL with a pure tone average (PTA)
0.5-1-2-4 kHz of 57dB hearing level (HL) air conducton (AC) in the right ear and a
deaf lef ear. Immediately, systemic prednisolone (1mg/kg/day) was administered.
Afer two weeks, the right ear signifcantly improved. In an atempt to rescue the
lef ear, 0.5mL topical dexamethasone (4.0mg/mL) was given transtympanically
at day 25, 27 and 33 afer T cell infusion. Nevertheless, the lef ear remained
deaf. The right ear recovered to 24dB HL AC at PTA 0.5-1-2-4 kHz with speech
discriminaton of 97% at 60dB sound pressure level (SPL) (Figure 1C). Repeated
audiometry afer one month showed similar results (not shown). The patent did
not complain of vestbular symptoms or tnnitus. Unfortunately, the patent died
from progressive disease four months afer treatment, therefore further follow-up
was impossible.
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Figure 1. Audiometric testng results for baseline hearing level (); hearing level at onset of
clinically overt hearing loss, which is ten days afer T cell receptor modifed T cell infusion
(); and the hearing level at end of steroid treatment (). Figure 1A. Pure tone audiometry,
only air conducton (AC) thresholds are shown. Ten days afer infusion of TCR transduced T
cells, hearing level was asymmetrically reduced to 57 dB HL AC at pure tone average (PTA)
0.5-1-2-4 kHz in the right ear and >100 dB HL AC at PTA 0.5-1-2-4 in the lef ear - the
lef ear could not be measured with adequate masking. Afer systemic steroid treatment,
the right ear recovered to 24dB HL AC at PTA 0.5-1-2-4 kHz. The leF ear remained deaf.
Figure 1B. High frequency audiometry. The high frequencies in the right ear partally
recovered. However, high frequencies could not be heard in the lef ear, which did not
recover afer steroid treatment. *the SPL thresholds shown at 8 kHz have been converted
from HL according to ISO 389-1. Figure 1C. Speech percepton for the right ear. Baseline
discriminaton scores are missing. At onset of symptoms, the maximum discriminaton score
was reduced to 40% at 100dB SPL, which improved to a maximum of nearly 100% at 60
dB SPL. In the leT ear, there was no measurable speech percepton.

DISCUSSION

To our knowledge, this is the frst patent described in literature that sufered
asymmetric SNHL including deafness on one side afer TCR gene therapy for
melanoma.

TCR gene therapy is a relatvely novel type of immunotherapy using autologous
T cells obtained from the patent through apheresis. These T cells are genetcally
modifed in vitro to possess specifc TCRs in order to target antgens expressed
on melanoma cells, i.e. gp100 or MART-1. (5) Next, the T cells are expanded and
reintroduced into the patent to kill the melanoma. (3, 4, 6) Interestngly, this therapy
can be accompanied by SNHL, decreased vision and skin rash. (4, 7) These are
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probably “off-tumor on-target” side-efects, because melanocytes with melanoma-
identcal antgens can be found in the inner ear, uvea and epithelium of the skin. (8)

The cochlear stria vascularis plays an important role in the cochlear
electromechanical transmission of sound (Figure 2A). (9-12) In the endolymph
of the ductus cochlearis a potental of +80mV is preserved, the so-called
endolymphatc potental (EP). The EP is needed for the transmission of mechanical
sound to electrical propagaton of sound by the hair cells (HCs). (11) Various ion-
channels facilitate potassium (K*)-recycling into the endolymph to maintain the EP.
(9, 11, 13, 14) Both the basal and marginal cellular layer of the stria vascularis are
linked by impermeable tght-junctons that prevent electrochemical communicaton
with adjacent structures, (Figure 2A). Hence, the stria vascularis serves as a blood-
labyrinth barrier (BLB) that protects the cochlea from toxic substances and prevents
ionic exchange. (9, 11, 15) BLB impairment, amongst others, causes several forms
of SNHL, including noise-induced hearing loss and autoimmune SNHL. (9, 10,
12, 14, 16-18) The intermediate cells, also known as perivascular macrophage-
like melanocytes (PVM/Ms), are essental for BLB functon and K*-homeostasis.
(9-16, 18, 19) We hypothesize that the TCR-modifed T cells target these PVM/
Ms, because these melanocytes express melanoma-identcal antgens. (8) In two
trials of Seaman et al. and Johnson et al. half of the 68 patents developed SNHL
afer TCR gene therapy. (4, 7) Generally, SNHL recovered completely afer topical
steroid applicaton, but the role and tming of administraton remain unclear. We
aim to discuss the potental pathophysiology of SNHL afer TCR gene therapy.

Firstly, we believe that TCR gene therapy can disrupt the BLB and cochlear K*-
recycling. Once the reinfused T cells have invaded the stria vascularis, they may
target the PVYM/Ms. PVM/Ms produce the pigment epithelium-derived factor
(PEDF), which upregulates tght-juncton proteins. (12, 16, 18) If TCR gene therapy
targets the PVM/Ms, these tght-junctons may be disrupted (Figure 2B). Subsequent
leakage of electrolytes may cause an EP drop and diminished mechano-electrical
transducton of sound. Additonally, TCR gene therapy possibly afects cochlear K*-
transportaton. Diferent ion-transporters regulate K*-recycling, including KCNJ10
expressed by the PVYM/Ms (Figure 2A). (11, 13) If the PVM/Ms are being targeted,
K*-recycling may be hampered and subsequently, insufcient K* will be available
for the marginal cells to maintain the EP. Severe EP changes may induce HC loss,
resultng in permanent SNHL. (20) The ability to recover may depend on the duraton
and/or degree of EP deterioraton. Therefore, it is plausible that SNHL afer TCR
gene therapy may be the result of an interrupton of the BLB and K*-homeostasis.
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Figure 2A. Left: a schematc cross-secton through the human cochlea, depictng the potas-
sium (K*) recycling. K* is recycled from the organ of Cort’s inner and outer hair cells (IHC and
OHC) into the spiral ligament and subsequently via the stria vascularis back into the endo-
lymph of the cochlear duct to become available again for the hair cells for the electrochemical
transmission of sound. Right (zoom): a schematc model of the capillaries and the three types
of cells situated in the stria vascularis: the basal cells, the intermediate cells (or PVYM/Ms)
and the marginal cells. Furthermore, the most important ion-transporters for K*-recycling
are shown, like the KCNJ10 transporter located at the PVM/Ms. The tght-junctons play an
important role in the functon of the blood labyrinth barrier because they prevent electro-
chemical communicaton between the stria vascularis and adjacent structures.
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Figure 2B. An overview of the proposed hypothetcal mechanisms behind the development
of hearing loss afer T cell receptor gene therapy for melanoma. The T cells may infltrate
the stria vascularis and then recognize and damage the PVM/Ms, potentally resultng in
ion- and fuid-leakage of the blood labyrinth barrier. The tght-junctons may break, resultng
in an increased permeability of the stria vascularis. The leakage of ions and fuid may lead
to a drop of the endolymphatc potental (EP), edema and/or an elevated pressure in the
stria vascularis and cochlear duct. Ultmately, it could be that this results in the formaton
of endolymphatc hydrops and/or a laceraton of the Reissner’s membrane. The infltraton
of T cells may also be accompanied by an infammatory response with the involvement of
cytokines, which may damage the cochlear structures.

Secondly, it could be that TCR gene therapy causes a (sterile) infammaton of the
stria vascularis with cytokine involvement and reactve edema (Figure 2B). Cytokines
may cause HC degeneraton, as is seen in neomycin ototoxicity (21), noise-induced
SNHL (22), and cytomegalovirus-related SNHL (23). Furthermore, toxic levels of
reactve oxygen species (ROS) are known to induce cochlear cell apoptosis in cisplatn
ototoxicity (24, 25) and cytomegalovirus-related SNHL (23). Potentally, TCR gene
therapy might similarly initate cochlear cell degeneraton by cytokines and ROS.

As a result of the above suggested changes afer TCR gene therapy, it may be that
endolymphatc hydrop formaton takes place, as is for example seen afer BLB
destructon in guinea pigs. (26, 27) Leakage of the BLB enables osmotc infux of
ions and fuids into the cochlear duct, which elevates the endolymphatc volume.
Perhaps, this might have caused a laceraton of the Reissner’s membrane with
subsequent deafness. Although there is circumstantal evidence that TCR gene
therapy causes SNHL by targetng the PVM/Ms, direct evidence for this causality
is lacking. Therefore, it would be valuable to study our proposed pathophysiology
in for example MART-1 knock-out mice.

Interestngly, the pathophysiology of SNHL afer TCR gene therapy seems
comparable to SNHL in the Vogt-Koyanagi-Harada disease (VKH). In this
autoimmune disease, which is initated by ant-gp100 (28, 29) and/or ant-MART-1
(30) antbodies, melanocytes in the epithelium of the skin, uvea and cochlea are
damaged. Remarkably, in both VKH (28) and TCR gene therapy SNHL can progress
asymmetrically, while other forms of ototoxicity generally develop symmetrically.
(31) It could be that the immunopathology in VKH and TCR gene therapy is site-
dependent, resultng in asymmetric hearing changes. In our opinion, the asymmetric
aspect of our patent’s SNHL and recovery may be another indicaton of the
supposed underlying multfactorial pathophysiology discussed above.

The ability to recover from cochlear infammaton depends on the severity of
infammaton. (27) Indeed, the occurrence of SNHL afer TCR gene therapy seems
to be dose-dependent (7). PVM/Ms are supposedly capable of self-renewal (10,
17, 32) and subsequent normalizaton of the homeostasis likely improves hearing
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capacity. We suggest that our patent developed cochlear damage before the
PVM/Ms got the chance to recover. However, the follow-up was relatvely short
compared to previous studies. (4, 7) Theoretcally, hearing capacity could have
improved at a later state. Unfortunately, the patent died of progressive disease
afer four months, leaving no opportunity for repeated audiometry.

Hearing capacity signifcantly improves afer steroid treatment in VKH. (29)
Accordingly, steroid therapy may prevent potental sterile strial infammaton
proposed by us to potentally be caused by TCR gene therapy. In this respect,
transtympanic applicaton might be an ideal strategy, as systemic steroids may
afect the ant-cancer efect of the T cells and higher cochlear dosing can be
achieved with transtympanic applicaton. (33) Following earlier observatons that
SNHL starts 7-10 days afer the infusion of T cells (4, 7), it may be considered to
start steroid applicaton around the tme of the infusion of T cells and contnue
this for ten days.

In conclusion, there is circumstantal evidence that TCR gene therapy for melanoma
targets the PVM/Ms in the stria vascularis, resultng in SNHL. We suggest
that SNHL may be caused by a disrupton of BLB and the EP and/or a sterile
infammaton of the stria vascularis. Hypothetcally, endolymphatc hydrops or HC
loss may cause irreversible and asymmetric deafness. It would be valuable to test
our proposed theories in animal studies.
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SUMMARY

The main goal of this thesis was to develop an otoprotectve strategy against
cisplatn-initated hearing loss (CIHL). To this respect, we successfully completed
a phase | trial to assess whether preventve transtympanic sodiumthiosulphate
(STS) injectons were safe, feasible and efectve against CIHL in humans. Also, our
research aimed to identfy patent groups that may partcularly beneft from CIHL
preventon strategies in the future. Finally, we present a novel form of cancer-
therapy related hearing loss. We provide a ratonale for severe sensorineural
hearing loss with unilateral deafness that may occur during T-cell receptor gene
therapy applied for metastatc melanoma.

In Chapter 2 we describe the investgator-initated phase | trial “N12MTG”
(EudraCT: 2012-004653-80). This trial was designed to assess whether the use
of transtympanic injectons with sodium thiosulfate (STS) gel was safe, feasible
and efectve as prophylaxis against CIHL in humans. (1) Twelve patents treated
with high dose cisplatn (= 75 mg/m?) were included. Primary objectve of the
trial was safety and feasibility. Preliminary efcacy of transtympanic STS and
pharmacokinetcs of systemically available cisplatn were also assessed. One
ear was treated with 0.1 M STS gel, injected transtympanically (into the middle
ear), while the contralateral ear served as internal control. Results showed that
transtympanic applicaton of STS was safe. Based on our pharmacokinetc data,
we hypothesize that transtympanically injected STS does not interfere with the
systemically available cisplatn. Four of the 12 subjects did not develop CIHL. Four
of 8 patents sufering CIHL were considered “responders” to STS: the threshold
shif afer cisplatn therapy at pure tone average (PTA) 8-10-12.5 kHz sound
pressure level (SPL) was 18.4 dB greater (i.e. worse) in the untreated ears when
compared to the STS-treated ears (6.8 dB versus 25.2 dB, respectvely (p = 0.068)).
Although we were not able to show statstcally signifcant efcacy in this very
small patent cohort, we believe that the results of these four patents rise above
random observatons. In our view, these observatons may suggest the frst in-
human clinically relevant efcacy of transtympanic applicaton of STS to prevent
CIHL in adults, without afectng the ant-cancer efect of cisplatn. In order to
further assess its efcacy, a new protocol for a multcenter randomized phase Il
trial was writen (for summary see Appendix ).

In Chapter 3 we evaluated cis- and carboplatn related hearing loss in patents with
testcular cancer (TC). Usually, testcular cancer patents are young with excellent
baseline hearing, as they do not sufer from age-related hearing loss (presbycusis).
Because this is one of the risk factors for the development of CIHL and TC may
be treated with high-dose platnum therapy, TC patents are partcularly at risk
to develop CIHL. (2-6) In order to assess whether they are suitable candidates
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for a prophylaxis against CIHL in the future, we determined the degree of CIHL
in 41 TC patents treated with diferent protocols using multmodality treatment
including high-dose cisplatn or carboplatn. (7) The frst group consisted of 33
patents treated for primary disease. The second group consisted of 8 patents
with relapsed disease, who were treated with salvage therapy using another round
of platnum. We evaluated CIHL in terms of threshold shifs afer therapy (in
dB), scores on diferent grading scales for ototoxicity, subjectve symptoms, and
qualifcaton for hearing aids de novo afer therapy. In total, 22% of all subjects
developed CIHL at the PTA for speech percepton (1-2-4 kHz hearing level (HL)),
and 59% at the ultrahigh frequencies (8-10-12.5 kHz SPL). The mean threshold
shif (change in decibels afer therapy) at PTA 1-2-4 kHz HL was 11.2 dB greater
in the salvage group than the primary group (p < 0.001). At PTA 8-10-12.5 kHz
SPL this diference was not signifcant (5.7 dB, p = 0.118). This can be explained
by the fact that, at these ultrahigh frequencies, sensorineural hearing loss (SNHL)
is already occurring afer the lower platnum doses of primary therapy, as CIHL
starts at these frequencies. Overall, 3/41 (7%) of patents qualifed for hearing
aids due to treatment and two of them were in the salvage group. Scores on all
evaluated grading scales were higher in the salvage group. The biggest limitaton
of the current study was the relatvely small study populaton. In conclusion, all
TC patents are at risk for the development of CIHL, but patents treated for
recurrent disease developed most severe CIHL. This can be addressed to the
high cumulatve platnum dose that is given over the course of their disease. A
selecton of TC patents may be suitable for a preventve strategy against CIHL
in the future, also dependent on the feasibility of repettve STS injectons before
each platnum infusion.

In Chapter 4 we report on genetc features associated with CIHL. (8) Theunissen
et al. developed a predicton model to predict CIHL in patents treated with
concomitant chemoradiotherapy (CRT) using high dose cisplatn for advanced
head and neck squamous cell carcinoma (HNSCC). (9) We evaluated whether
the performance of this predicton model could be improved by incorporatng
single nucleotde polymorphisms (SNPs) previously reported to be associated with
CIHL. Based on published literature, 31 SNPs were selected (see eTable 1 (8)).
We assessed whether these SNPs were correlated with CIHL in a retrospectve
cohort of 74 platnum-treated HNSCC patents (providing 141 ears). Patents were
selected based on the availability of pre-treatment and post-treatment audiometry
and FFPE tssue blocks that could be used for the isolaton of DNA. Genotyping
was done by MassArray SNP genotype method (Sequenom). The threshold
shif (change in decibels afer therapy) at PTA 1-2-4 kHz HL was analyzed per
additonal minor allele. In our cohort, only the rs2289669 SNP within the SLC47A1/
MATE1 gene was signifcantly associated with post-treatment hearing capability.
Incorporatng this SNP to the predicton model by Theunissen et al. moderately
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improved its predictve capacity (p = 0.073). MATE1 is an H+-coupled organic
caton bidirectonal antporter and recently, its cochlear expression has been
described. (10) Genetc variatons in cellular transporters may explain individual
vulnerabilites to cisplatn-related toxicity. Presumably, the SLC47A1/MATE1 variant
is associated with hearing loss due to a reduced transporter functon, but the exact
role MATET in the inner ear is currently unknown.

In Chapter 5 we assessed the role of a low skeletal muscle mass (SMM) (sarcopenia)
in the development of CIHL. (11) We hypothesized that low SMM was associated
with CIHL, because patents with low SMM receive a relatve overdose of cisplatn
as it mainly distributes to free fat mass. (12) In a retrospectve study cohort of
81 HNSCC patents treated with cisplatn-based CRT, a signifcant associaton
between low SMM and CIHL on the speech related frequencies (PTA 1-2-4 kHz
HL) was seen (p = 0.048). In the ultrahigh frequencies (PTA 8-10-12.5 kHz SPL)
this associaton could not be found. Probably, sensorineural hearing loss (SNHL)
already reaches its maximum at these frequencies in the early phase of treatment,
regardless of individual vulnerability for the development of CIHL. (6) Regarding
the incidence of clinically relevant CIHL, no signifcant diference could be found
between patents with (n = 39) and without (n = 42) sarcopenia. This may be
atributed to the relatvely small populaton studied. In conclusion, our results
show that low SMM is signifcantly associated with increased CIHL at frequencies
vital for the percepton of speech.

In Chapter 6 we retrospectvely analyzed the diference in CIHL between two
diferent cisplatn dose-intensity CRT schedules for advanced HNSCC. (13) In order
to reduce cisplatn-related toxicity, a weekly cisplatn CRT schedule (weekly 40 mg/
m2 cisplatn during seven consecutve weeks of CRT) has been introduced to our
clinical practce as an alternatve to the 3-weekly protocol (100 mg/m? cisplatn
during seven consecutve weeks of CRT (cisplatn on days 1, 22, and 43). A total of
129 patents were analyzed: 72 subjects were treated with weekly cisplatn, further
referred to as “weekly group”, and 57 subjects with 3-weekly cisplatn, further
referred to as “3-weekly group”. CIHL was defned as a decline of mean = 10 dB
at speech related frequencies (PTA 1-2-4 kHz HL) or at the ultrahigh frequencies
(PTA 8-10-12.5 kHz SPL). At the speech related frequencies, the incidence of CIHL
was 43.1% in the 3-weekly and 22.8% in the weekly treated group (p = 0.02), with
a mean threshold shif of 9.1 (= 9.9) dB and 4.3 (= 8.3) dB, respectvely (p = 0.03).
At PTA 8-10-12.5 kHz SPL, no signifcant diferences were seen between both
treatment groups in both the incidence of CIHL and the threshold shif afer
therapy. Using multvariable linear mixed model, signifcant associatons were seen
between CIHL and treatment schedule (p = 0.03), cochlear radiotherapy dose (p <
0.01), and baseline hearing capacity (p = 0.04). Based on these results, we believe
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that dose reducton to a weekly cisplatn regimen reduces CIHL at frequencies vital
for speech percepton when compared to the 3-weekly schedule.

In the last part of this thesis (Chapter 7) is described how an innovatve type of
immunotherapy against melanoma led to severe sensorineural hearing loss and
unilateral deafness. (14) In our center, a phase I/lla trial was conducted to study
the safety and feasibility of TCR gene therapy using modifed T cells recognizing
MART-1 for disseminated melanoma. (15) One of the subjects developed profound
subacute bilateral sensorineural hearing loss including unilateral deafness ten days
afer therapy. In the right ear, sensorineural hearing loss of 57 dB at PTA 0.5-1-
2-4 kHz HL was seen. The leF ear was functonally deaf (> 100 dB at PTA 0.5-
1-2-4 kHz HL). Oral and transtympanic cortcosteroids were given in an atempt
to improve hearing. The right ear recovered partally, but the contralateral ear
remained deaf. Based on this case and literature, we posit that the modifed T
cells probably did not only target melanoma cancer cells, but also targeted the
pigmented perivascular macrophage-like melanocytes (PVM/Ms) in the stria
vascularis, see Figure 1 (lef), as these cells probably express melanoma-identcal
antgens. Consequently, the blood-labyrinth barrier, which is essental for normal
hearing, was damaged, resultng in (irreversible) sensorineural hearing loss. An
amendment to the trial protocol was made for the upcoming patents, who were
consequently treated with repettve prophylactc transtympanic dexamethasone
injectons before and afer the transfer of T cells. (15) No permanent hearing loss
was seen afer this implementaton (n = 4).
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Figure 1. Anatomy of the inner ear.

Left: a schematc cross-secton through the human cochlea, depictng the otc capsule
(circled in red), which embraces the cochlear compartments and cochlear cells. The route
of potassium (K*) recycling is shown. Right (zoom): a schematc model of the capillaries and
the three types of cells situated in the stria vascularis: the basal cells, the intermediate
cells (or PYM/Ms, circled in blue) and the marginal cells. Furthermore, the most important
ion-transporters for K*-recycling are shown, like the KCNJ10 transporter located at the
PVM/Ms. Abbreviatons: IHC: inner hair cell; OHC: outer hair cell. (14)
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DISCUSSION AND IMPLICATIONS FOR FURTHER RESEARCH

While the primary approach to treatment of cancer remains curaton, there is
a growing focus on the reducton of cancer-therapy related toxicity in cancer
patents and survivors. Cisplatn chemotherapy can lead to severe SNHL. Currently,
there is great interest in the search for an otoprotectve strategy against CIHL. A
prophylaxis may contribute to the hearing preservaton and the improvement of
quality of life. (2, 16) Based on our study results, the topical use of an antoxidant
by transtympanic injecton may be an appropriate choice. The antoxidant STS
may hold partcular signifcance because STS can inactvate cisplatn by binding
to its actve form without any systemic antcancer efect of cisplatn. (17, 18)
However, the observed efcacy against CIHL in advanced HNSCC needs to be
proven in a larger patent populaton. To this purpose a KWF-funded multcenter
randomized controlled phase llI trial will be conducted in the next years (CTIS 2023-
503313-30-01). A total of 100 HNSCC patents treated with CRT using cisplatn in
a cumulatve dose of = 200 mg/m? will be included. Subjects will be treated with
transtympanic STS injecton in one ear, which is determined by randomizaton.
The contralateral ear will be lef untreated and serves as an optmal matched pair
to the STS-treated ear, as CIHL generally develops symmetrically. In the power
calculaton we used a cautously chosen expected efcacy rate of 33%, which is
based on a most conservatve interpretaton of the results of the phase | trial. (1)
If, ultmately, efcacy is proven with this phase Ill trial, transtympanic STS can be
implemented in our clinical practce.

However, there are some important contnuing issues in the use of transtympanic
STS as an otoprotectant. Most importantly: which patents should we ofer such
prophylaxis? In order to answer this queston, pretreatment predicton of CHIL is
of utmost importance. Next, it needs also to be determined if administraton of
STS by repettve transtympanic STS injectons (before each platnum infusion) is
feasible for each selected patent. Although we were able to fnd some relevant
risk factors for the development of CIHL (7, 8, 11, 13, 19), it remains challenging
to forecast on an individual basis whether a patent will develop CIHL. Currently,
the use of predicton models seems to be the most accurate approach in CIHL risk
assessment. For HNSCC patents treated with cisplatn CRT, we propose to use
the predicton model as presented in this thesis, including the SNP that was found
to be associated with increased CIHL. From a logistc point of view, however, it is
challenging to ofer all patents repeated transtympanic STS injectons, especially in
TC patents undergoing repettve platnum administratons in multple consecutve
days.

Proper tming of transtympanic STS administraton is likely one of the most critcal
factors for achieving optmal efcacy. In the phase | trial, we opted to inject 3
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hours before cisplatn infusion based on a preclinical study that showed impressive
hair cell preservaton in guinea pigs with this tming. (20) However, cisplatn can
be detected in the inner ear directly afer infusion and its eliminaton rate from
the cochlea is slow. (21) One may advocate to inject STS directly before cisplatn
infusion. However, it is impossible to translate these pre-clinical results directly
to humans, as the human’s otc capsule (see Figure 1, right) is thicker and the
round window permeability is lower compared to guinea pigs. (18, 20) In healthy
individuals, Tmax (tme to peak drug concentraton) was seen already afer one
hour afer transtympanic STS applicaton and this rapid absorpton of STS into the
systemic circulaton is suggested to occur through uptake by the cochlea rather
than through the Eustachian tube. (22) If the cochlear absorpton of STS does
indeed occur within the frst hour afer transtympanic applicaton (which is also
seen in transtympanic applicaton of triamcinolone acetonide (23)), the optmal
tming of STS applicaton would be one or two hours before cisplatn infusion. Due
to logistc reasons, it is impractcal to inject STS such a short tme prior to cisplatn
applicaton. The patent needs to lie down with the treated ear upwards for 30
minutes (60 minutes when both ears are treated). Also, it takes tme to transport
the patent from the oncology ward towards an otolaryngologic consultaton room
equipped with a microscope, which is needed for transtympanic applicaton of the
gel. Based on the preclinical studies earlier mentoned and and the preliminary
efcacy observed in our phase | trial with an injecton administered three hours
prior to cisplatn infusion, for now we decided to contnue with this tming in the
phase Il trial.

In the end, not all patents may be willing to undergo an additonal otoprotectve
interventon alongside their platnum-based therapy. We believe that individuals
who depend on their hearing for their profession (e.g., musicians) or relatvely
young patents (e.g., those with testcular cancer) are likely to be the primary
groups optng for STS prophylaxis in the future. It is important to note that,
three decades afer cisplatn therapy, overall hearing capacity in most patents
approaches that of age-matched controls. (24) However, this was not observed
in individuals under the age of 40, as the hearing gap with age-matched controls
increased signifcantly between the frst and thirth decade afer therapy. Some
individuals are strongly dependent on their hearing in their working and/or social
life during the frst three decades following cisplatn therapy. These patents might
partcularly beneft from an otoprotector.

Preclinical drug testng may be enhanced in the near future, as research groups are
currently focusing on the development of human organoids. (25) Organoids are 3D
in vitro cultured versions of human organs derived from humane stem cells and
mimic the functon of real organs. This innovaton enables a unique opportunity
to investgate disease development pathways and to conduct drug testng prior
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to clinical trials in humans. Cochlear organoids could be used to elucidate the
mechanisms contributng to the onset of CIHL. (26) Also, prophylactc drugs against
CIHL may be tested on inner ear organoids in the future. For instance, organoids
would enable the search for drugs that inhibit transporter proteins involved in the
onset of CIHL (27, 28), thereby helping to prevent CIHL.

Besides the emergence of preventve strategies against CIHL, there is an alternatve
opton to preserve hearing in patents treated with cisplatn chemotherapy. In
patents treated with high dose cisplatn CRT for HNSCC, we observed that dose
reducton to a weekly cisplatn protocol reduces CIHL at frequencies vital for
speech percepton when compared to the 3-weekly schedule respectvely, from
42% to 19% (p < 0.01), without undermining cure rates. (29, 30) Our results were
confrmed by a recent study in a similar study populaton. (31) Possibly, similar dose
adaptatons can be of value for patents with other types of tumors as well. More
awareness of debilitatng CIHL among medical oncologists may contribute to the
development of less damaging treatment schedules in other oncology clinics. To this
end, the use of uniform audiometry techniques is a prerequisite. In literature, there
is stll an inconsistency in the method of performing audiometry for the analysis
of CIHL. Multple studies indicate the necessity for practcal guidelines for the
detecton and follow-up of CIHL in clinical practce. (16, 32-34) Ideally, audiometric
monitoring would consist of a measurement at baseline, during treatment, and
within 3 months afer cisplatn therapy in order to facilitate auditory rehabilitaton
if needed. Also, it can be debated whether audiometry should be performed at
10 or 20 years afer therapy, as cisplatn may retain in the inner ear for months to
years afer therapy. (35) For adequate detecton of CIHL, we advise to perform
standard audiometry (up to 8.0 kHz HL) plus ultrahigh frequency audiometry up
to at least 12.5 kHz SPL, because CIHL starts in the ultrahigh frequencies. In order
to beter assess the grades of CIHL between diferent study groups, Theunissen
et al. developed a grading scale for the assessment of CIHL, the TUNE criteria. (9)
The TUNE criteria showed higher sensitvity when compared to other currently
available grading scales (e.g. Common Terminology Criteria for Adverse Events
(CTCAE), Brock, Chang). In order to implement the TUNE criteria into our clinical
practce and for research purposes, its validaton is currently being carried out in a
multcenter study (“M18TUN?"). Ultmately, uniformity between studies in the use of
audiometry and grading scales does improve the ability to compare study results.

At last, we described a novel form of cancer-therapy related hearing loss afer the
treatment for disseminated melanoma. (14) This case report on a dramatc SNHL in
a melanoma patent receiving adoptve cell immunotherapy using MART-1 specifc
T cells demonstrates that awareness of the risk of therapy-induced hearing loss
can also apply to innovatve treatment modalites (potentally targetng cochlear
melanocytes).
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CONCLUSION

The main contributons of this thesis are, next to confrming safety and feasibility
of transtympanic STS as an otoprotectve strategy against CIHL, the identfcaton
of clinical and genetc risk factors for the development of CIHL. These fndings
have laid a solid foundaton for contnued scientfc research with focus on
reconfrmaton of STS eFcacy in a large randomized trial and of reconfrming
the benefcial efect of dose reducton by weekly cisplatn administraton in
prospectve follow-up studies in advanced HNSCC. It can be hypothesized that
clinical risk factors emerging from these studies and implementaton of SNP data
in the predicton model might contribute to further improvement of individualized
pretreatment risk profling of CIHL.
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Hoewel genezing het primaire doel van oncologische behandelingen blijF, groeit
de aandacht voor het verminderen van aan de behandeling gerelateerde toxiciteit
en het verbeteren van kwaliteit van leven na behandeling. Cisplatn chemotherapie
kent als veelvoorkomende bijwerking ototoxiciteit, die zich uit in perceptef
gehoorverlies. Het voornaamste doel van dit proefschrif was het onderzoeken van
de veiligheid en toepasbaarheid van natriumthiosulfaat als preventeve maatregel
tegen cisplatn-geinduceerd gehoorverlies. In dit kader hebben we met succes
een fase |-studie afgerond om te beoordelen of de behandeling met preventeve
intratympanale injectes met natriumthiosulfaat veilig, haalbaar en efectef was.
Dit proefschriF richte zich tevens op de identfcate van paténtengroepen die
in de toekomst zouden kunnen profteren van preventeve strategieén tegen
cisplatn-geinduceerd gehoorverlies. Tot slot presenteren we een nieuwe vorm
van gehoorverlies gerelateerd aan kankertherapie. We onderbouwen hoe ernstg
perceptef gehoorverlies met unilaterale doo¥eid kon ontstaan tjdens de
behandeling met T-cel receptor gentherapie voor gemetastaseerd melanoom.

In hoofdstuk 2 wordt een gerandomiseerde fase /11l studie beschreven, waarin de
veiligheid en toepasbaarheid van intratympanale injectes met natriumthiosulfaat
ter prevente van cisplatn-geinduceerd gehoorverlies is onderzocht. (1) De
studie werd uitgevoerd bij een groep van 12 paténten die werden behandeld
met hoge dosering cisplatn (= 75 mg/m?). Naast de veiligheid werd ook de
voorlopige efectviteit van deze methode en de farmacokinetek van systemisch
beschikbaar cisplatn geévalueerd. Als intervente werd één oor met intratympanaal
natriumthiosulfaat gel (0.1 M) behandeld en werd het contralaterale oor
ongemoeid gelaten als interne controle. De keuze voor het te behandelen oor
werd bepaald door randomisate. De resultaten van deze studie toonden aan dat
intratympanale injectes met natriumthiosulfaat veilig en toepasbaar zijn, aangezien
er geen bijwerkingen gerelateerd aan de intervente werden waargenomen.
Respons op natriumthiosulfaat werd gedefnieerd als een verschil van = 10 dB in
drempelverschuiving op PTA 8-10-12.5 kHz tussen het onbehandelde oor en het
behandelde oor. In de gehele groep trad er een iets grotere drempelverschuiving
op in de onbehandelde oren dan in de behandelde oren, maar dit verschil was
niet statstsch signifcant of klinisch relevant (gemiddelde drempelverschuiving
van 12.7 dB versus 8.8 dB op het gemiddelde van de frequentes 8, 10 en 12.5
kHz (pure tone average (PTA) 8-10-12.5 kHz SPL) (p = 0.402)). Vier van de 12
paténten ontwikkelden geheel geen gehoorverlies en werden daarom uitgesloten
van de analyse naar de voorlopige efectviteit van natriumthiosulfaat. Van de
acht paténten die wel gehoorverlies ontwikkelden, waren er vier “responders”,
met een gemiddeld verschil in drempelverschuiving van 18.4 dB tussen de
onbehandelde oren (25.2 dB) en de behandelde oren (6.8 dB) (p = 0.068). Hoewel

140 | Chapter 9

dit verschil in dit kleine cohort niet statstsch signifcant was, denken we dat
we dat deze mate van winst wel klinisch relevant is en niet geheel op toeval
berust. Op basis van de farmacokinetsche resultaten lijkt het intratympanaal
toegediend natriumthiosulfaat de systemische beschikbaarheid van cisplatn niet
te beinvioeden. Daarom kan deze intervente mogelijk als gehoorbeschermer
fungeren zonder de chemotherapeutsche werking van cisplatn tegen te gaan.
Om de efectviteit te onderzoeken, is een studieprotocol voor een multcenter
fase 3 studie geschreven, die binnenkort zal starten (samenvatng te vinden in
Appendix 2).

De mate van gehoorverlies bij paténten die met hoge dosis platnum zijn
behandeld voor testskanker wordt beschreven in hoofdstuk 3. Paténten met
testskanker zijn doorgaans jong en hebben vaak een goed uitgangsgehoor. Dit
geef een verhoogd risico op platnum-geinduceerd gehoorverlies. (2-6) In deze
studie werd het gehoorverlies in twee verschillende paténtgroepen onderzocht.
De eerste groep (n = 33) bestond uit paténten met primaire ziekte die werden
behandeld met multmodaliteitstherapie, inclusief hoge doses cisplatn. De
tweede groep (n = 8) bestond uit paténten met gemetastaseerde ziekte, die in
hun behandeltraject nogmaals een cyclus cis- of carboplatn kregen als onderdeel
van salvage-therapie. Het gehoorverlies werd beschreven aan de hand van de
volgende onderdelen: als drempelverschuiving na behandeling (in dB), aan de
hand van scores op verschillende gradates systemen voor ototoxiciteit, aan de
hand van subjecteve gehoorsymptomen en als het hebben van een indicate voor
een hoortoestel (de novo) na therapie. Van de 41 paténten ontwikkelde 22%
gehoorverlies in de frequentes die betrokken zijn bij het spraakverstaan (PTA
1-2-4 kHz hearing level (HL)) en 59% in de ultrahoge frequentes (PTA 8-10-12.5
kHz SPL). Paténten die werden behandeld met salvage therapie vertoonden een
grotere mate van gehoorverlies op alle uitkomstmaten dan paténten die primaire
chemotherapie kregen. Dit kan worden verklaard door het feit dat deze groep
paténten uiteindelijk een hogere cumulateve dosis platnum ontving door de
herhaaldelijke behandelingen van hun ziekte. Een selecte van deze paténten
zou kunnen profteren van een preventef middel tegen cisplatn- geinduceerd
gehoorverlies in de toekomst.

We hebben onderzocht of bepaalde genetsche varianten geassocieerd zijn met
het optreden van cisplatn-gerelateerd gehoorverlies, wat wordt beschreven in
hoofdstuk 4. (7) Theunissen et al. ontwikkelden eerder een predictemodel voor
het voorspellen van het optreden van gehoorverlies na hoge dosis cisplatn bij
paténten die behandeld worden voor een hoofdhals-carcinoom. (8) Het doel
van onze studie was om te bepalen of het voorspellend vermogen van dit model
verbeterd kon worden door de toevoeging van single nucleotide polymorphisms
(SNIPs) die in verband staan met cisplatn-geinduceerd gehoorverlies. Op basis
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van literatuuronderzoek werden 31 SNPs geselecteerd. Het studiecohort bestond
uit paténten die in het verleden waren behandeld met hoge dosis cisplatn voor
een hoofdhals-carcinoom, waarvan zowel audiometrie (voorafgaand en na de
behandeling) als weefsel voor de isolate van DNA beschikbaar was. DNA werd
geisoleerd middels MassARRAY SNP genotyping. In totaal werden 73 paténten
(met 141 oren) geincludeerd. De verandering in decibel (drempelverschuiving) op
PTA 1-2-4 kHz werd bepaald per minor allel. In dit cohort werd slechts één SNP,
rs2289669 op het SLC47A1/MATE1-gen, signifcant geassocieerd met cisplatn-
gerelateerd gehoorverlies. Het toevoegen van deze SNP aan het model van
Theunissen et al., leidde tot een lichte verbetering in het discriminerend vermogen
ten opzichte van het model zonder genetsche kenmerken (p = 0.073).

In hoofdstuk 5 werd onderzocht wat de rol van lage skeletspiermassa (sarcopenie)
was in het ontstaan van cisplatn-geinduceerd gehoorverlies bij hoofdhals-
kankerpaténten die werden behandeld met chemoradiate met cisplatn. Onze
hypothese was dat paténten met sarcopenie een verhoogd risico hebben op
ototoxiciteit, omdat deze paténten een relateve overdosis cisplatn krijgen.
(10) In een retrospectef cohort van 81 paténten vonden we een signifcante
associate tussen lage skeletspiermassa en cisplatn-geinduceerd gehoorverlies
in de frequentes die betrokken zijn bij het spraakverstaan (PTA 1-2-4 kHz)
(p =0.048). In de ultrahoge tonen (PTA 8-10-12.5 kHz SPL) werd dit echter niet
waargenomen. Dit zou kunnen worden verklaard doordat ook paténten zonder
expliciete risicofactoren voor het optreden van ototoxiciteit in deze ultrahoge
frequentes gehoorverlies ontwikkelen, omdat het gehoorverlies als eerst tot
uitng komt in deze frequentes. Sarcopenie zou dan dus enkel een verhoogd risico
geven op het optreden van gehoorverlies in de lagere frequentes. Er werd geen
signifcant verschil gevonden in de incidente van gehoorverlies door cisplatn
tussen de groep paténten met sarcopenie (n = 39) en zonder sarcopenie (n = 42).
Dit kan komen door de beperkte omvang van de onderzoekspopulate.

In hoofdstuk 6 wordt het verschil in cisplatn-geinduceerd gehoorverlies beschreven
tussen twee verschillende chemoradiate protocollen voor de behandeling van
hoofdhals-kanker. Tegenwoordig wordt er steeds vaker gekozen voor chemoradiate
in een gereduceerde dosis met wekelijks cisplatn (40 mg/m? cisplatn per week
gedurende 7 chemoradiate weken) in plaats van het conventonele driewekelijkse
schema (100 mg/m? cisplatn op dag 1, 22 en 43 van de 7 chemoradiate weken)
met als doel het verminderen van toxiciteit. Eerdere studies toonden dat beide
behandelschema’s resulteren in een vergelijkbare overleving. (11, 12) In ons
retrospecteve cohort werden 129 paténten geincludeerd, waarvan 57 paténten
waren behandeld met het driewekelijkse cisplatn protocol en 72 paténten met het
wekelijkse protocol. Cisplatn-geinduceerd gehoorverlies werd gedefnieerd als een
drempelverschuiving van = 10 dB op PTA 1-2-4 kHz of op PTA 8-10-12.5 kHz na de
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behandeling. De incidente van cisplatn-geinduceerd gehoorverlies op PTA 1-2-4
kHz was 43.1% in de driewekelijkse en 22.8% in de wekelijkse groep (p = 0.02). De
gemiddelde drempelverschuiving na therapie op PTA 1-2-4 kHz was 9.1 (+ 99) dB in
de driewekelijkse en 4.3 (+ 8.3) dB in de wekelijkse groep (p = 0.03). Op PTA 8-10-
12.5 kHz werden geen signifcante verschillen gevonden tussen beide groepen in
de incidente van gehoorverlies en in de drempelverschuiving na cisplatn. Met een
multivariable linear mixed model werd onder andere een signifcante associate gezien
tussen gehoorverlies en het behandelschema (p = 0.03). We kunnen concluderen
dat dosisreducte naar het wekelijks cisplatn resulteert in een vermindering van
zowel de ernst als de frequente van het optreden van gehoorverlies bij paténten
met hoofdhals-kanker.

In hoofdstuk 7 wordt beschreven hoe de behandeling van gemetastaseerd
melanoom kan leiden tot ernstg perceptef gehoorverlies met zelfs unilaterale
dooFeid. (13) In ons centrum werd een nieuwe vorm van immunotherapie voor
gemetastaseerd melanoom onderzocht in een fase I/lla trial. Dit betrof T-cel
receptor gen therapie, waarbij gebruik werd gemaakt van gemodifceerde T-cellen
die het tumorantgeen MART-1 herkennen. Eén van de geincludeerde paténten
ontwikkelde ten dagen na behandeling ernstg bilateraal perceptef gehoorverlies
met unilaterale doofFeid. Het betrof een perceptef verlies van 57 dB op PTA 0.5-
1-2-4 kHz in het rechter oor en > 100 dB op PTA 0.5-1-2-4 in het linker oor. In
een poging het gehoor te verbeteren, werd de patént eerst behandeld met orale
cortcosteroiden en later, na uitblijven van verbetering, ook met intratympanale
cortcosteroiden. Het beste oor herstelde gedeeltelijk, maar het contralaterale oor
bleef doof. Op basis van deze casus en aanvullend literatuuronderzoek denken we
dat de T-cellen de benigne melanocyten in de stria vascularis van de cochlea hebben
aangevallen. Hierdoor zou de bloed-labyrint-barriere onherstelbaar beschadigd
kunnen zijn geraakt, terwijl deze barriere normaliter een belangrijke bijdrage
levert aan de functe van het binnenoor. Naar aanleiding van deze casus werd het
studieprotocol aangepast: de rest van de paténten is behandeld met preventeve
intratympanale dexamethason injectes voorafgaand aan en na de toediening van
de T-cellen, waarna er geen gehoorverlies meer werd waargenomen. (14)

CONCLUSIE

De belangrijkste bijdragen van dit proefschrif zijn, naast de bevestging van
de veiligheid en haalbaarheid van intratympanale natriumthiosulfaat injectes
als intervente tegen gehoorverlies door cisplatn, de identfcate van klinische
en genetsche risicofactoren voor de ontwikkeling van cisplatn-geinduceerd
gehoorverlies. Deze bevindingen vormen een solide basis voor nader onderzoek,
met de nadruk op de herbevestging van de efectviteit van natriumthiosulfaat
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in een grote gerandomiseerde studie, evenals de herbevestging van het gunstge
efect van dosisreducte door wekelijks cisplatn toediening in prospecteve studies
bij gevorderd hoofdhals-carcinoom. Er kan worden verondersteld dat de klinische
risicofactoren die uit deze studies naar voren komen, evenals de implementate
van SNP-gegevens in het predictemodel, zouden kunnen bijdragen aan verdere
verbetering van de geindividualiseerde risicoproflering van cisplatn-geinduceerd
gehoorverlies voorafgaand aan de behandeling.
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APPENDIX | - ABBREVIATIONS NPV negatve predictve value

NSCLC non-small cell lung cancer
AC air conducton OHC outer hair cell
ASHA the American Speech-Language-Hearing Associaton PK pharmacokinetc
AUC area under the curve PPV positve predictve value
BC bone conducton PTA pure tone average
BEP bleomycin, etoposide, cisplatn PTAH pure tone average 1-2-4 kHz hearing loss (bone conducton)
BLB blood-labyrinth barrier PTAL pure tone average 0.5-1-2 kHz hearing loss (bone conducton)
Cl confdence interval PTAU pure tone average 8-10-12.5 kHz sound pressure level (air conducton)
CIHL cisplatn induced hearing loss PVM/Ms perivascular-resident macrophage-like melanocytes
Cox maximum observed concentraton ROC receiver operatng characteristcs
CRT chemoradiotherapy ROS reactve oxygen species
CTC cyclosfamide, carboplatn, thiothepa, mesna RT radiotherapy
CTCAE Common Terminology Criteria for Adverse Events SMM skeletal muscle mass
CcVv coefFcient of variataton SPL sound pressure level
dB decibel SAE serious adverse event
DLT dose limitng toxicity SD standard deviaton
EP etoposide, cisplatn OR endolymphatc potental SNHL sensorineural hearing loss
FFPE formalin fxed para®n embedded SNP single-nucleotde polymorphism
Gy gray STS sodium thiosulphate
HL hearing level TC testcular cancer
HNSCC head and neck squamous cell carcinoma TCR T cell receptor
HPV human papillomavirus TI-CE carboplatn, etoposide
IHC inner hair cell TIP paclitaxel, ifosfamide, cisplatn, mesna
v intravenous TNM Tumor Node Metastasis
kHz kilohertz uiCcC Union for Internatonal Cancer Control
LMM Linear mixed models VIP cisplatn, etoposide, ifosfamide
LRT likelihood rato test VKH Vogt-Koyanagi-Harada disease
LSMI lumbar skeletal muscle index WHO World Health Organizaton

MART-1 melanoma antgen recognized by T cells 1
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APPENDIX Il - NEDERLANDSE SAMENVATTING PROTOCOL “SOUND TRIAL”

Intratympanale injectes met natriumthiosulfaat ter prevente van cisplatn-
gerelateerd gehoorverlies: een randomized controlled multcenter fase 11l trial
(SOUND trial)

INLEIDING

Per jaar worden in Nederland ruim 4.000 paténten behandeld met cisplatn
voor verschillende soorten maligniteiten, waaronder plaveiselcarcinomen in het
hoofdhalsgebied. De gouden standaard voor de behandeling van vergevorderde
hoofdhals-carcinomen is behandeling met (adjuvante) chemoradiate met hoge
dosis cisplatn. (1-3) Een bekende bijwerking van cisplatn is het optreden van
irreversibel, bilateraal, perceptef gehoorverlies. (2,4) Deze vorm van ototoxiciteit
is dosisafankelijk en start in de hoge frequentes, maar kan oplopen tot in de
lagere frequentes die betrokken zijn bij het spraakverstaan wanneer er een hogere
cumulateve dosis cisplatn wordt toegediend. (4-6) Cisplatn tast de cochleaire
haarcellen aan en leidt tot schade in andere cochleaire cellen door afgife van vrije
radicalen en een deplete van beschermende antoxidanten. (4, 5, 7-10) Het is
lastg om een exacte incidente van cisplatn-geinduceerd gehoorverlies te geven,
omdat er in verschillende studies een variate in behandelschema’s en defnites van
ototoxiciteit wordt gebruikt. (4, 11-14) Gehoorverlies zorgt voor een verminderde
kwaliteit van leven door sociaal isolement en eenzaamheid en verhoogt het risico op
cogniteve achteruitgang, demente, depressie en valneiging op latere leeTFijd. (16)

RATIONALE

Tegenwoordig wordt er veel onderzoek gedaan naar de prevente van cisplatn
gerelateerde ototoxiciteit. Een van de onderzochte middelen is het antoxidant
natriumthiosulfaat. Natriumthiosulfaat inactveert cisplatn door aan het
platnum molecuul te binden. Daarnaast vermindert de ant-oxidateve werking
van natriumthiosulfaat de schade die wordt aangericht door vrije radicalen.
Omdat de systemische toepassing van natriumthiosulfaat mogelijk leidt tot een
lagere overleving, (5, 17) werd de mogelijkheid van topicale toediening middels
intratympanale injectes (in het middenoor) onderzocht. In een fase | studie met
twaalf paténten is aangetoond dat het veilig is om natriumthiosulfaat toe te dienen
in het middenoor (N12MTG trial). (18) Ook had natriumthiosulfaat ingespoten in
het middenoor geen nadelig efect op systemische beschikbaarheid van cisplatn.
Bij de helF van de paténten in dit onderzoek werd gezien dat gehoorverlies door
cisplatn voorkomen werd door de natriumthiosulfaat injectes in het oor, maar
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dit was niet signifcant vanwege het kleine paténtaantal. Om de efectviteit van
natriumthiosulfaat te kunnen bewijzen, dient deze intervente in een groter aantal
paténten te moeten worden onderzocht, namelijk de beoogde M22STS trial.

DOEL STUDIE

Het doel van dit fase Ill onderzoek is de evaluate van de efectuviteit (klinisch
relevant voordeel) van de intratympanale injectes met natriumthiosulfaat ter
prevente van cisplatn-geinduceerd gehoorverlies.

IN- EN EXCLUSIECRITERIA

Paténten (18 jaar of ouder) met een hoofdhals-carcinoom die behandeld
worden met een cumulateve dosis cisplatn van = 200 mg/m? in een wekelijks
of driewekelijks schema worden geincludeerd. Exclusiecriteria zijn een cochleaire
radiotherapie dosis van = 30 Gray (19), asymmetrisch perceptef gehoorverlies,
gemiddeld = 40 dB gehoorverlies op de frequentes 1, 2 en 4 kHz tezamen,
bekende overgevoeligheid voor natriumthiosulfaat en/of otologische pathologie
waardoor intratympanale injectes niet toegediend kunnen worden.

STUDIEOPZET

Maximaal drie uur voorafgaand aan elke cisplatn kuur krijgt de patént unilateraal
een intratympanale injecte met natriumthiosulfaat gel (0.1 M) toegediend. Het
te behandelde oor wordt bepaald door randomisate. Bij elke individuele patént
wordt het ene oor behandeld met natriumthiosulfaat en wordt het contralaterale
oor onbehandeld gelaten als interne controle. De injecte vindt plaats na lokale
anesthesie van het trommelvlies. Na elke injecte moet de patént 30 minuten met
het behandelde oor naar boven blijven liggen, zodat de gel via het ronde venster
naar het binnenoor kan difunderen.

Voorafgaand aan behandeling (baseline) en drie maanden na de behandeling
(follow-up) zal audiometrie worden verricht. Dit betre zowel een normaal tonen
audiogram (0.5 tot 8.0 kHz hearing level (HL)) als een hoge tonen audiogram
(8.0 tot 16.0 kHz sound pressure level (SPL)). Een klinisch relevant efect wordt
gedefnieerd als een verschil tussen baseline en follow-up audiometrie van
gemiddeld = 10 decibel op drie opeenvolgende frequentes (van 0.5 tot 16 kHz)
in het voordeel van het met natriumthiosulfaat behandelde oor. Tevens wordt er
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gekeken naar het verschil in behoud van gehoorfuncte tussen het behandelde en
onbehandelde oor.

Het gehoorverlies wordt tevens gekwalifceerd aan de hand van een aantal eerder
beschreven gradatesystemen, namelijk zoals geclassifceerd door ‘the Internatonal
American Speech-Language-Hearing Associaton’ (ASHA) (20), ‘the Common
Terminology Criteria for Adverse Events' (CTCAE) versie 5.0 (21), en de TUNE
criteria (22). Tevens worden er voorafgaand en na de behandeling patient-reported
outcome measures (PROMS) bepaald aan de hand van vragenlijsten betrefende
het gehoor en tnnitus. Daarnaast wordt gekeken naar de mediane 1- en 2 jaar
overleving van onze paténten om aan te tonen dat natriumthiosulfaat in deze
toedieningsvorm niet interfereert met het chemotherapeutsch efect van cisplatn.

Bij dit onderzoek zal een analyse gedaan worden van de skeletspiermassa, dit is
de verhouding spieren die de patént ten opzichte van zijn lichaamsverhoudingen
heef. Paténten met een lage skeletspiermassa (sarcopenie) krijgen namelijk een
hogere concentrate cisplatn in het bloed en hebben daardoor mogelijk meer kans op
gehoorschade. Vanuit de diagnostsche beeldvorming zal dit geanalyseerd worden.

Gedurende 3 jaar worden paténten geincludeerd (2024-2026). De follow-up
periode betref een mediane duur van 2 jaar (2024-2028).

Aan het eind van de studie wordt er onderzocht of het gehoor in de oren die met
natriumthiosulfaat zijn behandeld beter is dan in de onbehandelde oren. Als bij de
behandelde oren gehoorbescherming wordt aangetoond, zullen in de toekomst
beide oren behandeld worden.

DEELNEMENDE CENTRA

De deelnemende centra zijn het Antoni van Leeuwenhoek ziekenhuis, het Leids
Universitair Medisch Centrum, het Universitair Medisch Centrum Utrecht, het
Radboud Universitair Medisch Centrum en het Erasmus Medisch Centrum. Het
onderzoek is onderdeel van de Nederlandse Werkgroep Hoofd-Hals Tumoren
(NWHHT). De paténtenvereniging HOOFD-HALS is betrokken geweest bij de
opzet van deze studie. De verwachtng is dat het ongeveer 3 jaar zal duren om
alle deelnemers (100 paténten) te includeren.

FUNDING

Deze studie wordt gesubsidieerd door KWF Kankerbestrijding.
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DANKWOORD

Het zit erop! Wat fjn dat ik deze laatste woorden van mijn boekje op papier mag
zeten. Ik had dit proefschrif nooit kunnen schrijven zonder de steun van velen.
In het bijzonder wil ik de volgende mensen graag bedanken:

Allereerst alle paténten die hebben deelgenomen. Uw deelname draagt bij aan
de vooruitgang van de wetenschap. Bedankt voor het vertrouwen en uw inzet.

Promotor professor dr. C.L. Zuur, lieve Lotje, ik bewonder de manier waarop jij
altjd alle ballen in de lucht weet te houden, altjd met een positeve instelling.
Samenwerken met jou is erg pretg, omdat je altjd in mogelijkheden denkt,
geinteresseerd bent in mij als persoon en mij motveert om het beste uit mijzelf
te halen — het is een eer dat ik de eerste promovenda in jouw rol als promotor
mag zijn!

Copromotor professor dr. A.J.M. Balm, beste Fons, hartelijk dank voor uw
onmiskenbare bijdrage aan het onderzoeksproces en de verfjning van de
manuscripten. Door uw vriendelijke, bemoedigende woorden kon ik na onze
bijeenkomsten altjd vol goede moed weer aan de slag.

Copromotor professor dr. ir. W.A. Dreschler, beste Wouter, hartelijk dank voor de
waardevolle samenwerking en zorgvuldige begeleiding. Door uw audiologische
betrokkenheid is het onderzoek zeker naar een hoger niveau getld.

Michael Hauptmann en Katarzyna J6Zwiak, bedankt voor jullie ondersteuning van
de statstsche vraagstukken, zelfs vanuit Duitsland!

Logopedisten van het AvL, bedankt voor de bijdrage aan de audiometrie. Ik
waardeer dit enorm.

Oud-collega’s van het AvL, bedankt voor de heerlijke ANIOS-tjd. Ik heb genoten
van alle gezellige borrels en de skitrips. Danique, dank voor alle gezellige
onderzoeksdagen in de Amsterdamse koFetenten (gedeelde smart is halve smart).
Anouk, bedankt voor het voortzeten van het onderzoek en de fjne samenwerking.
Veel succes verder met jouw onderzoek.

KNO-artsen van het LUMC, GHZ en Alrijne, niet alleen bedankt voor alle leerzame

opleidingsmomenten, maar vooral ook voor de leuke tjd bij jullie. Dit proefschrif
nog “even” afronden naast mijn opleiding was niet niks, bedankt voor jullie support.
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AIOS KNO van het LUMC, ik wil jullie bedanken voor de fantastsche opleidingstjd!
Een leukere AIOS-groep had ik mij niet kunnen wensen. Ik zal jullie gezelligheid,
zowel buiten als tjdens werktjd, ontzetend missen. Gelukkig blijven we elkaar de
komende jaren nog veel zien.

Collega KNO-artsen van het HMC, hartelijk dank dat ik mijn carriére als KNO-
arts binnen jullie leuke team mag voortzeten. Ik kijk enorm uit naar een mooie
toekomst hij jullie!

Chuckies, niet alleen bedankt voor al het plezier in onze studententjd, maar ook
voor alles wat we nu nog steeds delen. Heerlijk dat het met jullie altjd same old is.
Op naar nog veel meer leuke Woold tripjes.

Hengstes, wat was het bij jullie in Groningen een heerlijk ontspannen thuis en wat
hebben we veel gelachen en gevierd. Bedankt voor de leuke tjd!

Mede-Kasteel bewoners, bedankt voor het heerlijke jaar coschappen op Curacao.
Als ik terugdenk aan onze “crazy-polar”-tjd komt er nog altjd een lach op mijn
gezicht.

Lieve Hemony’s, als Amsterdamse huisgenootjes stonden jullie aan de wieg
van dit boekje. Niet alleen bedankt voor het aanhoren van mijn onbegrijpelijke
onderzoekspresentates, maar vooral ook voor de dierbare vriendschap die wij
nog steeds hebben.

Mijn lieve paranimfen, wat een eer dat jullie aan mijn zijde willen staan bij mijn
verdediging. Zonder jullie had ik hier heel wat minder zin in gehad! Mir, wat
ontzetend fjn dat we elkaar ondanks de afstand nog zo veel spreken. Met jou
is het gewoon altjd goed. Daan, wat gezellig dat we nu elkaars paranimf zijn, het
dynamic promote duo. De boekjes zijn af: tjd om leuke dingen te doen!

Hub en Peter, bedankt voor jullie steun, alle oppasuurtjes en gezelligheid.

Lieve Juut, met niemand heb ik zo'n relaxte en hechte band als met jou, dat
waardeer ik enorm. Ik ben trots op je! Willem, bedankt voor je warmte en het
samenzijn met Juut.

Lieve ouders, dit proefschrif was natuurlijk niet gelukt zonder jullie
onvoorwaardelijke steun en ik draag het graag aan jullie op. Ik waardeer het dat
jullie er altjd voor mij zijn. Jullie zijn fantastsche (groot-)ouders. Jet, ook jij bedankt
voor jouw betrokkenheid.
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Lieve oma, bedankt voor alles wat je voor ons allen betekent.

Liefste Auke, bedankt voor je geduld en steun tjdens mijn promote, het zit er
eindelijk op!! We did it! Bedankt voor jouw liefde voor mij en onze mannetjes. Je
maakt mij al vele jaren aan het lachen en ik ben ontzetend trots op jou aan mijn
zijde. Stjn en Pieter, mochten jullie dit saaie boek ooit lezen als je groot bent: ik
ben trots op jullie en hou verschrikkelijk veel van jullie. Jullie maken van (bijna) alle
momenten een feestje. Ik heb veel zin in de toekomst met z'n vieren.

Dat was dat!
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