ORGANOIDS IN

HEAD
AND
NECK
CANCER

WILLEM DE KORT

i

s

Wy

v s

.
» - -~

g

. W@



Chapter 8

204



ORGANOIDS IN HEAD AND NECK CANCER

Willem Walter Benjamin de Kort



Colofon
Copyright 2025 © Willem de Kort

All rights reserved. No parts of this thesis may be reproducedres in a retrieval system or
transmitted in any form or by any means without permission of the author.

ISBN: 978-94-6522-931-7
DOI: https://doi.org/10.33540/2946

Cover image: Erna de Kort
Cover design: Indah Hijmans
Layout and design: Indah Hijmans, persoonlijkproefschml

Provided by thesis specialist Ridderprint, ridderprint.nl
Printing: Ridderprint

Financial support for the printing and distribution of this thesis was kindly sagrted by:
Utrechtste Stichting tot bevordering der mondziekten, kaak- en aangéugchirurgie
Nederlandse Vereniging voor Mondziekten, Kaak- en Aangezichtsofiel(NVMKA)
Koninklijke Nederlandse Maatschappij tot bevordering der Tandheelkund&\IT)
Nederlandse Vereniging voor DentoMaxilloFaciale Radiologie

MKA groep

BAP Medical

DAM Medical

ExamVision



$(

%#%'

% &

$((&

%

$ 1



&+
] —~
—









CONTENTS

Chapter 1  General introduction 9

Chapter 2 Predictive value of EGFR-PI3K-AKT-mTOR-pathway inhibitor 19
biomarkers for head and neck squamous cell carcinoma - a
systematic review

Chapter 3  Patient-derived head and neck cancer organoids allow treatment 57
stratification and serve as a tool for biomarker validation and
identification

Chapter4 p-mTOR, p-ERK and PTEN expression in tumor biopsies and 103
organoids as predictive biomarkers for patients with HPV negative
head and neck cancer

Chapter 5  Jaw bone invasion of oral squamous cell carcinoma is associated 131
with osteoclast count and expression of its regulating proteins in
patients and organoids

Chapter 6  Clinicopathological factors as predictors for establishment of 157
patient derived head and neck squamous cell carcinoma organoids

Chapter 7 Summary and general discussion 179
Appendices Nederlandse samenvatting 190
Dankwoord 197
Curriculum Vitae 201

List of publications 202






CHAPTER 1

General introduction



HEAD AND NECK CANCER

Head and neck cancer (HNC) is a collective term &tirtumors arising from the upper
aerodigestive tract, i.e. the oral cavity, pharynx, larynx,s@ cavity, paranasal sinuses and
the salivary glands. Head and neck cancer is tiferiiost common type of cancer worldwide
with around 1.000.000 new cases and 465.000 deaths in2@@er 95% of these cancers are
squamous cell carcinomas (HNSCC) that develop frauitieelium?*4 Common risk factors for
developing HNSCC are tobacco use, excessive alcotesumption or both with a synergistic
e" ect’. Apart from this, infection with high-risk Human Balomavirus (hrHPV), is associated
with an increased risk of oropharyngeal cané€rHPV-positive oropharyngeal cancers have a
better prognosis and occur in a younger populationmpared to HPV-negative oropharyngeal
cancers caused by alcohol and/or tobacco #8€ The incidence of HPV-negative HNSCC slowly
declines, partly due to a decline in the prevalence of smokig ontrarily, the incidence of
HPV-positive HNSCC is increasihdhe distinction of HPV-negative and HPV-positildSCCOs
has resulted in a dierent approach for staging and treatment of these tumdts

The staging of HNC provides prognostic informatiand guides treatment decisions. The TNM
system is the staging system commonly used, whitargls for Tumor, Nodes, and MetastaXis
This system classifies the extent of the cancer based on the sfzhe primary tumor (T), the
involvement of regional lymph nodes (N), and the presence of digtmetastasis (M). Since
2017, HPV-negative - and HPV-positive oropharyngaaicer have their own TNM stagitg®.

Treatment modalities for HNC are usually surgery, radiotheyapnd systemic therapy. The
choice of treatment depends on the location and eexit of the disease. Small primary cancers
without or limited lymph node involvement can be &ated with surgery or radiotherapy
only, with 3-year overall survival rates of over 886 However, many patients present with
advanced-stage disease containing large invasive tumors andioe presence of extensive
lymph nodal spread and sometimes distant metastasé®. Oral cancer is treated with curative
intent preferably with surgical resection including electiveeck dissection or sentinel node
biopsy and adjuvant (chemo)radiotherapy on indication. Phargeal and laryngeal cancers
o! en undergo primary (chemo)radiation for functionakasons. Chemoradiotherapy!cen
consist of a platinum-based chemotherapy with concurrent radiotherapy.

Apart from conventional therapies like surgery amal/ (chemo)radiation, targeted therapy
also plays a role in the treatment of HNSCC. Cetwadd is an epidermal growth factor
receptor (EGFR) inhibitor, which was approved byetkuropean Medicines Agency (EMA)
for the treatment of recurrent or metastatic disead®*>. Cetuximab can be administered as
radiosensitizer to patients with contraindications for gatin. However, its gicacy is under
debate especially in HPV-positive oropharyngeal aam, as several phase 3 trials showed
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inferior survival for HPV-positive oropharyngeal meer patients that received cetuximab and
radiotherapy as compared to cisplatin and radiotheraf?p*

Besides focusing on the properties of cancer celtdedy, it is known that the tumor micro-
environment and immunosuppression influences the ggessiveness of cancer and its therapy
resistance®. Therefore immunotherapy, enhancing the immune sgst, was introduced. The
immune checkpoint inhibitors pembrolizumab and nivolumab are appved by the European
Medicines Agency (EMA) and the US Food and DrudrAstnation (FDA) for the treatment
of recurrent and/or metastatic HNSC& Pembrolizumab alone or in combination with

chemotherapy yields better overall survival compadevith cetuximab and chemotherapy with
similar toxicity results in a subset of patients Also, nivolumab and pembrolizumab monotherapy
for patients with cisplatin-refractory cancer impras survival compared with chemothera§2°

Despite df erent treatment options and the advances in develognt of targeted therapy, the
5-year HNC survival has only modestly improved otiee last three decades to around 66%
for all subsites and stages combinéd Therefore many biomarkers have been investigated
to predict survival outcome and help with treatmendecisions preventing unnecessary side
e" ects and cost&®* Nonetheless, robust biomarkers are lacking andvdiomarkers have
been confirmed in clinical trials. Furthermore, binarkers are dlicult to test in traditional in
vitro models as the in vivo tumor structure and 3Borphology is missing. Accordingly, better
models mirroring a more accurate tumor heterogeneityreaneeded. Organoids may fill this void.

ORGANOIDS

Patient derived organoids are three-dimensional structurgsown from pluripotent or adult
stem cells (PSCs or AS&s)n 2008, Eiraku et al described the developmenseff-organizing
three-dimensional cortical neural formations grown fra PSC¥. A er this, in 2009, Sato et al.
described the culture of intestinal epithelium organoids grownoim mice ASC%. The neural
organoids were functional, transplantable and coulfbrm connections in vitro and in vivo. The
intestinal epithelium organoids showed villus likstructures where all types of cells normally
present in mouse intestines were present.

The three dimensional structure of organoids allows faretter mimicking of thein vivo
microenvironment. In addition, organoids can consief multiple cell types and have some level of
self-organization with cells organizing themselv@go structures that resemble the architecture
of the actual organ. This property is a result dietintrinsic developmental program of the cells.
Furthermore, organoids can exhibit some level ofain-specific functionality and have the ability
to recapitulatein vivofunctional and structural characteristics of the tissue of ori§in
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PSC derived organoids have been cultured for amongst otheusg| liver, intestine, brain,
stomach and kidney-%¢®42 The culture of PSC derived organoids depends chedéntiation
with specific growth factors, cytokines and signatj molecules for dierentiation and
maturation. PSC organoid models can contain"dirent cell types like mesenchymal,
endothelial and epithelial cells and have the possiibty to form complex structure$®. PSC
derived organoids are mainly used to study develogmt, infectious B and hereditary
disease€*“®,

ASCs are untlerentiated stem cells present in most adult tissues. Organ®iderived from
ASCs can only contain the epithelial part of the organ where desived from; vasculature,
nerves and stroma are absent. Compared to PSC d=tigrganoid cultures, culture protocols
for ASC derived organoids are simpler, shorter andremature®®. ASC derived organoids have
been developed for amongst others: oral mucosa, tasteds, salivary gland, breast, stomach,
intestine, pancreas, liver, kidney, prostate, bladder and ovari®¢3"45The possibility to grow
patient-specific tissue in 3D make organoids suitable to djuthe physiology of organs and
pathophysiology of related diseases.

Besides establishing organoids from healthy tissui¢,is also possible to grow organoids
from cancerous tissue. Over the past decade, tumor angids, mainly ASC-derived, were
established for many tumor type®. Tumor organoids can be used for two important aiea
in cancer research: Cancer biology research and $omalized medicine. For cancer biology
research, tumor organoids can be used to improve thaderstanding of the development of
cancer, enhance the understanding of tumor heterogehgiexpand tissues of rare cancers,
investigate mechanisms of drug resistance, contriteuto drug discovery and development and
support biomarker research. For personalized mediei tumor organoids can predict treatment
response and can contribute to personalized drug sening for treatment optimalisation.

The potential of organoids is underscored in sevéinical applications. In patients with
radiotherapy induced xerostomia, salivary gland stecells show the ability to self-renew
in vitro and functionally restore saliva production!aer xenotransplantatiort®. In patients
with cystic fibrosis, organoid drug response correlategith drug response in patients.
Also in the field of oncology, multiple studies show correlat®ietween drug response in
cancer organoids and drug response in the patients where thrganoids are derived frortf®

52, For HNC, the study of Driehuis et al. introduced the first biokaf HNSCC organoiéfs
These organoids are established from ASCs residing in the HESTI@se HNSCC organoids
recapitulate molecular characteristics known for HNCC and respond terential to cisplatin,
carboplatin, cetuximab and radiotherapy which is esl for the treatment of HNSCC. This study
opened the door for a new study establishing a more extensivebaiok for HNC organoids
which is described in this thesis.
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In this thesis, the potential use of organoids ifeé HNC field is elaborated. Towards
personalized medicine, HNC organoids allow profounshderstanding of the underlying
biology of these cancers, may help in treatment atification and serve as a tool for biomarker
identification and validation.

OUTLINE AND AIM OF THIS THESIS

First, a systematic review of the literature will be exeted with the aim to discover biomarkers
for targeted therapy in HNSCC. For HNSCC, targ#techpy targeting EGFR has been explored
extensively and EGFR is overexpressed in 50-90%eotases, therefore we solely focus on
biomarkers in the EGFR-PI3K-AKT-mTOR pathway aregtigate which biomarkers are confirmed
in clinical trials, with the idea to investigate these biomarkers in HNSCC orghnmdels.

Next, we expand our existing HNSCC organoid biobank aretedmine whether HNSCC
organoids hold potential to stratify treatment for patientsvith HNSCC. Organoid response
to either radiotherapy or chemotherapy will be measured and coamed with the response
of patients diagnosed with HNSCC.

Successively,immunohistochemical p-mTOR, PTEN and p-ERK expression wildsessed
for the applicability as prognostic biomarkers inprospective cohort of HPV-negative HNSCC
patients. Additionally, these biomarkers will be analyzed in mall set of HNSCC organoids
and correlated to response of mTOR inhibitor eveirals in organoids to investigate if
immunohistochemistry in organoids could predict targeted therapysponse.

Subsequently, a retrospective cohort study is conducted to detelime factors that could
clarify the mechanism of jaw bone invasion in patits with oral cancer. The protein expression
of factors related to osteoclast maturation (RANKL, RANKL aR&GPwill be investigated in
oral cancer patients and the protein and mRNA expression of ghéxctors will be compared
in a small set of HNSCC organoids to see whetheyamoids can play a role in elucidating
these factors.

Finally, the described HNSCC organoid biobank will be used to investigfgtatient-, tumor-

or sampling-factors may influence organoid establiment, which could help future organoid
studies to maximize organoid success rates.
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ABSTRACT

Background

Understanding of molecular pathogenesis of head andck squamous cell carcinomas (HNSCC)
has considerably improved in the last decades. Asesult, novel therapeutic strategies
evolved, amongst which are epidermal growth factoeceptor (EGFR) targeted therapies. With
the exception of cetuximab, targeted therapies fefiNSCC are not yet introduced in the clinical
practice. One important aspect of new treatment regimes in clinigaactice is presence of
robust biomarkers predictive for therapy response.

Methods
We performed a systematic search in PubMed, Embas#the Cochrane library. Articles were
included if they investigated a biomarker for targeted therapythe EGFR-AKT-mTOR-pathway.

Results

Of 83 included articles, 52 were preclinical and®8re clinical studies (two studies contained
both a preclinical and a clinical part). We classifl EGFR pathway inhibitor types and
investigated the type of biomarker (biomarker on epigenetic, DNA, mRNA orgimdevel).

Conclusion

Several EGFR-PI3K-AKT-mTOR-pathway inhibitor biderarhave been researched for HNSCC
but few of the investigated biomarkers have been adequately confed in clinical trials. A
more systematic approach is needed to discover proper biomerk as stratifying patients is
essential to prevent unnecessary costs and sideeets.
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INTRODUCTION

Squamous cell carcinoma of the head and neck (HN$&QGhe 6th most common type of
cancer, representing 6% of all cancer cases globalyNSCCs are challenging to treat, not only
due to their anatomical location that complicateswsgery, but also due to their highly variable
biological behavior and treatment response. Robufdctors predicting patient response
to a specific treatment are lacking. HNSCC is primargated with surgery, and (chemo)
radiotherapy ((Ch)RT), or a combination of these dulities. Recently the application of
immunotherapy, especially PDL1 inhibitors, was introduc&dAlthough some patients benefit
from this treatment regime, relapse rates of over 5G#€ observed. Moreover, treatment with
chemo and radiotherapy can result in significant morbidity droropharyngeal discomfort
such as mucositis and dermatitis, xerostomia, dysphagiass$oof taste, hoarseness, fibrosis,
osteoradionecrosis, peripheral neuropathy, nephrotoxigitand ototoxicity, which dect the
patientOs quality of lifé. Once HNSCC recurker surgery and (Ch)RT or if metastatic disease
is present and also immunotherapy is iiective, only limited palliative treatment options
are available.

The understanding of the molecular pathogenesis BINSCC has considerably improved
in the last decade, resulting in the development of severaldated therapies for HNSCC
In particular therapies targeting the Epidermal Gngh Factor Receptor (EGFR) have been
explored extensively. For the clinician treating patients wiHNSCC, knowledge concerning
EGFR-inhibiting therapies is therefore relevant. EGFR is oyeessed in 50-90% of HNSCC
cases. EGFR, also known as ErB1 or HER, is part of the ErbB family ofréatlesteceptors.
ErbB signaling is involved in pivotal cellular processes including peshtion, anti-apoptotic
signaling and di erentiation via, among others, the phosphoinositd3-kinase / protein kinase
B, also known as oncogene Thymoma in Ak-mouse / mammalian tagjeapamycin (PI3K/
AKT/mTOR) pathway, the most mutated pathway in HNSE&QOverexpression of EGFR or
proteins downstream the EGFR signaling pathway caive malignant behavior of a tumat#*2

Several types of EGFR pathway inhibitors have been described in tHREA3K-AKT-mTOR-
pathway. Monoclonal antibodies (mABs) and tyrosine kinase intobs (TKIs) constitute the
largest categories. PI3K-inhibitors and mTOR-inhibitors makeaismaller group. Currently,
cetuximabis the only EGFR-targeting agent approved by thedpean Medicines Agency (EMA)
for the treatment of HNSCC. Cetuximab can be admii@eied concomitantly with radiotherapy
in the curative setting to patients who have a contraiitation for cisplatin.Iln recurrent and/
or metastatic HNSCC, single agent cetuximab canauaninistered as a palliative therapy.
However, in the curative setting, two recent randadeed controlled trials demonstrated
that human papillomavirus (HPV)-positive patients with orophargeal carcinoma showed
inferior overall survival if treated with cetuximab + RT compartedcisplatin+RT>*4 This led
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to concerns about &icacy or development of resistance. Another mAB @ gumumab, which
like cetuximab binds the ectopic domain of EGER

Despite the development of many new targeting agsnboth primary and acquired resistance
to these agents has unfortunately resulted in lovesponse rates when tested in patients.
Additionally, albeit side &ects of chemotherapy and radiotherapy are in generabre severe,
side €' ects of targeted therapy can still be serioti8® For HNSCC, the only biomarker for a
targeted therapy used in the clinic today, is presencecaseverity of cetuximab-induced skin
rash, which is predictive for respond® However, it is preferable that biomarkers can beed
to predict €' ective patient response prior to treatment in order to circumvennnecessary
side € ects and costs. We therefore solely focus on suamtarkers in this review. The aim of
this study was to systematically review predictive biomarlethat are currently explored in
HNSCC to predict the response of targeting therapies in the EBBR-AKT-mTOR pathway.
We also raise questions that need to be addressed in the futurguide patient treatment
with EGFR inhibitors in the clinic.

MATERIALS AND METHODS

A systematic search of PubMed, Embase database and the Coehlibrary was performed
on January 2%, 2021. Articles were included if they were original articlegddnvestigated

a biomarker for targeted therapies interfering witlthe EGFR-PI3K-AKT-mTOR-pathway, in
patients with any type of HNSCC. PI3K and mTOR inhibitors weladed in this review as
the PI3K-AKT-mTOR pathway harbored the highest percentafenutations in HNSCE®.
Reviews, commentaries and studies in another langigathan English were excluded. This
review is written in accordance to the PRISMA guide#*. The search was set up in DDO-
format (Domain, Determinant, Outcome). PubMed anchBase search syntaxes are displayed
in Appendix 1. The Cochrane library was searched with similaasgh terms. Two authors
(WWBDK and SS) screened all articles on title abdteact. Conflicts were resolved by
discussion. To prevent missing articles cross-referenceegeiing was performedRigure 1).
As various papers discussed several EGFR pathwhipitors and reported preclinical and
clinical data, the total number of studies is lowahan the number of studies depicted in
Figure 2. Pre-clinical data is defined as data obtained using in vitro cell limesl xenograd
models both with cell lines and patient-derived cells. The followingtd was extracted from
the studies: study title, first authors name, date of publicati, administered EGFR pathway
inhibitor type, biomarker potentially correlated to response,nalyzing techniques, sample
size and additional treatment. Due to extensive vance in the studied biomarkers, data could
not be quantitatively pooled and thus a meta-analysis was not performed.
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Predictive value of EGFR-PI3K-AKT-mTOR-pathway inhibitor biaera

=
]
§ Articles identified through search on Cochrane (n = 1079), Embase (n = 2964) and
= Pubmed (n = 2310) on January 25th, 2021.
g
B

\
=) ; ;
£ Articles screened after Articles excluded because of absence of
§ removing of duplicates »| relevance and biomarkers in title and abstract:
b n = 2700 n = 2477
0

\
> Fulltext articles Articles excluded because of absence of
% assessed for eligibiily relevance and biomarkers in full text. Not
=) 9 researched EGFR-pathway biomarkers.
= n=223
w n =158

Additional articles included after
- cross-reference screening

v n=18
2 Final literature
;g sample:
e n=83

Figure 1. Flowchart of search, date of search 29anuary 2021. er screening 2700 abstracts,
223 papers were full text screened! Ar adding cross-references, a total number of 83iales
were included.
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Chapter 2
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Figure 2.Simplified overview of EGFR pathway, with numbefstudies included per EGFR pathway
inhibitor target. Important note: several studies investiged more than 1 inhibitor; the total number

of studies depicted in this figure exceeds the total numberioflusions. EGFR can be bound by
natural ligands such as EGF, leading to dimerizatiof two EGFR monomers and subsequent
activation of the intracellular tyrosine kinase doain of EGFR. This results in activation of the
downstream signaling cascade via PI3K/AKT/mTOR ocABBRAF/MEK/ERK, signaling resulting
in cellular processes such as cell proliferation ot drentiation. lllustration made with BioRender”
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RESULTS

Of the 83 included articles, 52 articles were piagdal and discussedn vitro experiments
and 33 articles discussed the results of clinical trials perfad in patients Figure 1). Some
studies were placed in both categories. Of the dtial studies, fi een were cohort studies, five
phase-Il studies, one phase-Il/lll study and fiviegse-IIl studies. Within these two subgroups

distinctions are made between 1) the 'terent EGFR pathway inhibitors and 2) the type of

biomarker (biomarker on epigenetic, DNA, mRNA or protieivel). A schematic overview of the
EGFR pathway with numbers of included studies per agent is shmigure 2. The number
of biomarkers researched per EGFR pathway inhibitor and biokearlevel are displayed in
Table 1. Note that one biomarker researched by two studies is countesitavo researched
biomarkers in table 1. For a detailed description of all biomarkewe refer tasupplemental
table 1A-D (pre-clinical) andsupplemental table 2A-D (clinical).

Biomarkers predicting response to mABs (supplemental table 1A and 2A)

Cetuximab and panitumumab bind the extracellular aoain of EGFR with higher" ity

than natural ligands thus inhibiting EGFR activati&rn Cetuximab additionally stimulates
internalization of EGFR. Moreover, being an immunoglobulin G molecule, ogtmab

stimulates antibody dependent cell cytotoxicitd?°

EGFR overexpression (cetuximab)

It has been hypothesized that EGFR overexpression correlates mponse to cetuximab.
The increase in expression of EGFR molecules could result indseict binding of cetuximab
resulting in a stronger inhibitory &ect. Six studies showed a positive correlation beten
EGFR overexpression and cetuximab respoii®® Other studies obtained conflicting results,
one mentioned that about half of the preclinical tumour models dicehefit from cetuximab

while lacking EGFR amplificatiott and two studies were based on only two and three cell

lines respectively”3% Moreover, the fact that five clinical studié®3”and six preclinical
studies®2%384fgjled to show any correlation between EGFR overexpression atd>xdmab
response implies that EGFR expression is not suitable as single biomarker.
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ErbB family member overexpression and activation (cetuximab)

The ErbB family of proteins contains four RTKs, Herl (EGFR, EHH&D) (Neu, ErbB2), Her3
(ErbB3) and HER4 (erbB4). Apart from HER1 (EGRER)dekn hypothesized that the expression/
activation-level HER2, HER3 and HER4 correlatek wgtuximab response. Preclinical studies
showed that HER3 expressitfrand phosphorylated HER2/HERZorrelated negatively with
cetuximab response. In one preclinical study, exgsgon levels of HER4 on tumor, were found
to correlate positively with patient response to cetimab®. However, the authors investigated
only two cell lines. Two other preclinical studiesported no correlation between expression
or activation of ErbB family members and cetuximab respoAs& Clinical studies in HNSCC
elaborating on these preclinical results are laclgn Investigating the potential of the ErbB
family members as biomarkers for HNSCC in clinical trials is recommended.
EGFR ligand overexpression (cetuximab)

Apart by EGF, EGFR can be activated by other EGBRAE like heparin-binding EGF (HB-
EGF), transforming growth facton- (TGFa), epiregulin (EREG) and amphiregulin (AREG).
Expression of the EGFR ligands ARE®d ERE&* correlated positively with cetuximab
response. Interestingly, mRNA levels of yes-asstatiaprotein 1 (YAP1) correlated negatively
with cetuximab responsé’. YAP1 is an activating transcription factor of among others AREG
explains an indirect negative correlation. HoweverAP1 also is a transcriptional co-activator
for several genes involved in anti-apoptosis andgtiferation, resulting in a potential bias when
drawing conclusion about the correlation between A& and cetuximab response per se. Ansell
et al. could not correlate EREG and AREG expression to cetuxiesgdonse in a preclinical
study on tongue cancef. In clinical studies, contradicting results are demonstrated well:
Kogashiwa et al. described a positive correlation between ERBG AREG mMRNA expression
and cetuximab respons® whereas AREG protein levels correlated negativeith cetuximab
response in the study of Tinhofer et & .Tinhofer et al. base their conclusions on immuno-
histochemistry, which is more conclusive than RNA levels determined on dRPCR

Three preclinical studies investigated EGFR-ligands-BBF"*¢ and EG¥ as biomarker for

cetuximab response. Ligand expression correlated negativelith cetuximab response in all
three studies. No clinical studies elaborate on these finding&HR ligands seem potential
biomarkers for cetuximab response in HNSCC patierathough contradictory results warrant

further clinical studies using larger cohorts of patients.

Epithelial to mesenchymal transition (cetuximab)

Epithelial to mesenchymal transition (EMT) is a jpgess pivotal in (early) developmental
processes as well as for metastasis of tumour cells. EMT is charaed by loss of epithelial
cell characteristics like E-cadherin expression amgin of mesenchymal characteristics
like vimentin and fibronectin expression. EMT casult in cell detachment from adjacent

27



epithelial cells and subsequent cell migratidh E-cadherin/vimentin expression did not
correlate with cetuximab response in one preclinical stutly

Four preclinical studies reported a positive coralon between cetuximab response and the
absence/presence of EMT-like features. Expressibapithelial markers as keratin(KRT)13/%4
and possession of a basal epithelial gene expressiognsiture® correlated positively with
cetuximab response. Accordingly, expression of EMarkers correlated negatively with
cetuximab response in HNSCC cell linéKeck et al. discovered five subtypes of HNSCC
using gene expression-based consensus clustering, copy namprofiling and HPV statié
The Obasald subtype was characterized as; HPV negative with bipoxic di erentiation
(enrichment for hypoxia signaling) and prominent EGFR/HER@aligg. HNSCC patients with
this basal expression profile were more responsivecituximab®?. On the contrary, expression
of matrix metalloproteinase 9 (MMP9), known to be expses during EM¥, correlated
positively to cetuximab response in a clinical stu#fy This correlation is supported by the
fact that MMPs can liberate EGFR ligands from the extracellularrinathereby potentially
promoting EGFR signaling leading to tumour cells bedamextra sensitive to EGFR inhibiti&n
This correlation does therefore not immediately interfere wifirevious discussed results on
EMT as predictive biomarker for mAB resistance.

To summarize, it is hard to draw conclusions due to the limitednmioier of clinical inclusions;
yet we see the potential of EMT markers like e-cadin expression, to serve as potential
biomarkers of response to EGFR mABs.

Other biomarkers (cetuximab)

Several biomarkers were investigated by only a smalimber of studies. The rapid development
of sequencing technologies and microarrays enables high thglput genomic, expression
or proteomic profiling of tumor material. This has led to the introdtion of gene signatures:
specific expression profiles correlated to a cancer supéy or even to therapy responsé
MammaPrint” (Agendia, The Netherlands) highlightset potential of such expression profiles.
By investigating the expression of 70 genes it aids in stratificatof breast cancer patients
into low and high-risk groups, advising on treatment stiegies®. In HNSCC cell lines, a specific
RNA expression profile correlated with an increasegponse to cetuximab + RT Similarly, a
specific mMiIRNA expression profile correlated positiy¢o cetuximab + CT response in a clinical
trial®¢. The potential of expression profiles as biomarkers is not verypsising, as a profile
in fact is a combination of multiple biomarkers. Therefore, stied on expression profiles as
biomarker deserve more confirmation in prognostic clinical trials.

Various other preclinical studies describe biomarkers that celate negatively to cetuximab
response, like possession of EGFR-K single-nucleotidgmolphism on DNA levé&] which was
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validated in patient$8. Two preclinical studies demonstrated that growth factor rectp (c)
MET expression correlated negatively with cetuximasponse®“?whereas two clinical studies
could not verify this correlatio®®%%. Several additional biomarkers correlating to cetuximab

resistance were identified: mutations downstream thEGFR signaling cascade (PI3KCA,

KRAS, HRAS, BR#AE) Chemokine ligand(CXC)L14 expressityrosine kinase receptor AXL
expressiori?, Fibroblast growth factor(FGF) receptor-3 expressiband pAKT expressiéht?

Four biomarkers were described in clinical studies that correlggesitively with cetuximab
response: 1) the possession of a germline mutation im&roRNA-binding site in KRAS
2) phosphatase and tensin homolog (PTEN) protein esgsiorf®°54supported by a study
where PTEN knock down correlates with cetuximab resisteft, although, no correlation was
found in two studie$”¢¢ 3) Vascular endothelial growth factor (VEGF) piotinterleukin(IL)-6
expressiori” and 4) Expression of IL-1 ligarfdsFour clinical studies describe biomarkers
that correlate negatively with cetuximab response; 1) KRAS/HRASations®’, 2) presence
of the EGFR-variant EGFRY)IB) phosphorylated AKT levébsand 4) the presence of a long
noncoding RNA transcript fusich

KRAS mutations occur in <5%o0f HNSCC cd5draig et aP”*®underline the potential of this
biomarker, albeit its relevance for a relatively snmaubgroup of the HNSCC patiefit§® H-RAS
mutations occur slightly more frequent than KRAS mutationd¥4y2. Few studies describe
the role of KRAS or HRAS mutations in HNSCC treatmiéh EGFR inhibitors and prospective
clinical studies lack.

Biomarkers for panitumumab

Panitumumab, like cetuximab binds the ectopic domain of EGERn this review, no studies
were included on the relation between RAS statusdapanitumumab response in HNSCC
patients. Two clinical studies investigated progntis biomarkers for panitumumab response
in HNSCC. Cluster3 gene signature (a hypoxia sigreatwith miRNA-gene expression of
ARRDCA4, CRCTL1, IL36G, KLK10 and PLA2GA4E) or the indiypdessier of seven dierent
miRNAS$® and a negative P16 stattiscorrelate with improved panitumumab response in
clinical trials. It is impossible to draw conclusiori®cause only few biomarkers were studied.

Receptor tyrosine kinase (RTK) inhibitors

EGFR-targeting TKls are small molecules that crss cell membrane and intracellularly
inhibit the receptor tyrosine kinase (RTK) of EGBRbinding and blocking the adenosine
triphosphate(ATP) binding site, thereby inhibiting dowtream EGFR phosphorylation
essential for downstream signaling Downstream of EGFR, HNSCCsroshow oncogenic
alterations in the PISK/AKT/mTOR pathway.
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Biomarkers for gefitinib

Gefitinib is a TKI targeting EGFRFor gefitinib, seven biomarkers have been identified that
successfully predict patient response. EGFR amplificatiemrelated with gefitinib response
in three preclinical studie®>"®This positive correlation between EGFR amplifieatiand
gefitinib response was not found in two other prealcal’”"®and two clinical studie®° As for
cetuximab, the results are heterogeneous and further studies are wateal.

Several other biomarkers that correlated with respse to gefitinib were; a specific RNA
signature’s, MET/AREG expressi§rANOL (a calcium-activated chloride channel thatéracts
with EGFR) expressi8hand protein kinase C-e (PKCe) expressfoifwo clinical studies
described biomarkers on protein level that correlated positivelyittv response to gefitinib;
IGF1R expressidhand MMP11 expressiéhn

Eleven biomarkers correlated negatively with gefitinib respaami the preclinical studies, all
on protein level; HER3 and phosphorylated HER2 expi@®?, expression of AREG/Hepatocyte
growth factor(HGF)/IGF1/ FGF1/FGF2/IGFR/IEGFRIMEMT associated protein expression
alterations (increased vimentin and decreased e-cadhéfii cortactin protein level&® and

a protein signature (Granulocyte-macrophage colorstimulating factor(GM-CSF), IL-8,
metallopeptidase inhibitor-1 (TIMP-1), VEGFDne clinical study reports that the possession
of a stable EGFR-AS1 long noncoding RNA variant is associated with gefitandbamece’”.

Biomarkers in two clinical studies did not correlatto gefitinib response: The protein signature
as described above (GM-CSF, IL-8, TIMP-1, ¥EG& EGFR amplification/EGFR kinase-domain
mutations®®

Biomarkers for erlotinib

Erlotinib is a TKI targeting EGFR. Five preclinisaldies showed a positive correlation of
biomarkers with erlotinib response. ANOL1 protein engssiort:, pPEGFR expressiinpresence
of Mitogen-activated protein kinase(MAPK)1p.D321N mutaffoor MAPK1 E322K mutati#in
and EREG expressi$#. Also preclinically, six biomarkers correlated natively with erlotinib
response. Whereof three can be linked to EMT chaeaistics similarly as described for
cetuximab; SNAIL (an e-cadherin inhibitor) overexpsem correlates negatively with erlotinib
responsé! ; a combination of low EGFR & negative e-cadherin protein expressarelates
negatively with erlotinib respons®&; EMT characteristics demonstrated in a functional assay
correlate negatively with erlotinib respons®. Although these results are promising, the
influence of EMT related biomarkers on erlotinib response is not validated in clinidald.

Three other biomarkers correlated negatively withletinib response; PTEN knocko%t HMG-
box transcription factor 1 (HBP1) knockoltand a protein signature of GM-CSF, IL-8, TIMP-1
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and VEGPE. However, this signature could not be correlated patient resistance clinically
due to small cohort size. In the clinical studiespne of the biomarkers correlated significantly
with erlotinib responsé® 5%

Biomarkers for afatinib

Afatinib is a TKI targeting both EGFR, HER2 and MBR4reclinical studies, AKT expressin
and EGFR amplificatiofi correlated positively to afatinib response and onginical trial
confirmed that EGFR amplification correlated positively withadihib responsé®. A specific
protein signature correlated negatively to afatinib response in a preclinicaldy®.

Possession of a Tumor protein(P53) wildtype andpesific cluster3 hypoxia profile correlated

positively with afatinib respons#. In another clinical study, PTEN expression onteio level
correlated positively with afatinib respons@® Contradictory, two clinical studies elaborated
on the absence of a correlation between PTEN expressiod afatinib responsé&”°. Machiels
et al. however emphasize that the number of patients in their studysaguite low (30) and
that the clinical background of their treated patients was'derent (palliative versus curative
intent)®”.

Biomarkers for Lapatinib / Allitinib / Sorafenib / Dacomitinib

Lapatinib and allitinib are dual kinase inhibitorsargeting both EGFR and HER2 Sorafenib

is a multi-kinase inhibitor also targeting EGFRand dacomitinib, a pan-HER inhibitét.
Lapatinib, allitinib and sorafenib were only studikin preclinical studies. On DNA level, a
specific gene expression profile of nine distinagmgetic loci including gains of HER2 and EGFR
and loss of CDKN2A correlated positively with lapatinib respoffs€n a protein level ANO1
expression correlated positively lapatinib respongewhile PKCe expression correlated with
worse respons&. AKT expression correlated positively with allitinib respofigdn contrast,
KRAS mutations correlated negatively with allitinib resporiée

MET expression was investigated as biomarker forafenib, but did not correlate to
responsé® A clinical trial on dacomitinib showed that REV8iutations correlated positively
with dacomitinib responsé®,

PI3K inhibitors

PI3Ks are a family of related intracellular signaahsducer enzymes that include the oncogene
PIK3CA and tumour suppressor gene PTEN. PI3K-itdribiinhibit one or more signal
transducer enzymes. HNSCCs are known to contain activatingatiahs in PIK3CA®. As a
result, PI3K-targeting agents resulting in PI3K inttibn and subsequent tumour suppression
have consequently gained interest as emerging theegics for HNSC. Constitutive
activation of the PI3K pathway has been described a potential of resistance to EGFR
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inhibitors. Therefore, therapeutic agents targetin@13K/AKT/mTOR pathway have become
an important focus in HNSCC researtf?.

Biomarkers for PI3K-inhibitors

Based on in vitro studies, cancers carrying PIK3QAations are thought to be more responsive
to specific PI3K inhibitors!®. Presence of oncogene PI3BKCA mutations correlatétti improved
response to PI3K-inhibitors in three preclinical studi€s°¢1°7and in the preclinical and clinical
part of Lui et aP Two other preclinical studies could not confirm this correlati®f8

Also in preclinical studies, presence of Notchl mutais'?, PI3KCA amplificatioh EGFR/
AKT1 amplification and CUB and Sushi multiple domains 1 (CSM&#&jJion® correlated to
improved response. However, PIK3CA amplificatiod dbt correlate with response in another
preclinical study?®e.

In a clinical study, HPV-negative tumor status, theesence of TP53 mutations and an increase
in tumor infiltration of CD8 T-cells correlated with improved response to bupaib, a PIK3CA
inhibitor1®. Because the number of studies investigating biorkars for Pi3K inhibitors is low,
drawing firm conclusions on clinical implementation is not yet possible.

MTOR inhibitors
Additional to the development of PI3K inhibitors, inhibitors of mRChave been explored to
treat HNSC&° mTOR inhibitor inhibit the mechanistic target of rapamycin (mMTOR).

Biomarkers for mTOR-inhibitors

For mTOR inhibitors, similar biomarkers as for PIBKibitors have been suggested to be
relevant. Presence of PI3KCA mutations correlateithvimproved response to mTOR inhibitors
in three preclinical studie®®1°7119 [ike presence of Notchl mutations in one study PI3KCA
amplification, Loss of PTEN and TP53 mutations did not correlatdhwnproved response to
mTOR inhibitor®* Niehr et al. describe improved mTOR inhibitor pemse in patients with
cisplatin resistance, and worse mTOR inhibitor response withFRQrotein expression and
cetuximab resistancé&’, Response to the mTOR-inhibitor temsirolimus did not correlate lwit
MRNA expression of the mTOR pathway members: Aktl, mTOR,KEASEKBP1B and TSC1
expression in another preclinical studi?.

Clinically, baseline caspase-3 activity correlatestgatively with temsirolimus response in
one study*3. Also PIBKCA mutations and HPV status did not correlate to mTOR respbnse

Due to the limited number of clinical inclusionst is impossible to draw conclusion about
predictive biomarkers for response to mTOR inhibitors.
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DISCUSSION

The majority of HNSCC tumors depend on EGFR pathaatvation for processes like cell
proliferation, anti-apoptotic signaling, angiogends and even metastasis. Consequently, EGFR
pathway inhibitors have received attention as potéial therapeutic agents. However, primary
and acquired resistance to EGFR targeting agentg&n occurs, resulting in low response rates
and tumor recurrence. There are many mechanisms of resistatw&GFR targeting agents.
Tumor cells resistant to cetuximab can re-activafgo-angiogenic factors via alternative
pathways increasing VEGF leading to neovascularisatid@etuximab treatment can induce
EGFR internalization and degradation and HER-familgmbers can be upregulated to bypass
EGFR blockade by cetuxim&h For other TKIOs activation of alternative pathways also leads
to resistancé®. This underscores the need for biomarkers prediaifor response to EGFR
pathway inhibitors prior to treatment. The only bimarker used at present-day is not molecular
but a clinical, i.e. presence and severity of skiash, which is predictive for cetuximab
response®. Apart from the EGFR-PI3K-AKT-mTOR pathway, thaune environment of
the tumor is also interesting regarding targeted émapy response. Here biomarkers for
immunotherapy were not included, although immunotherapy in HNSC@hi be promising*®.

In this review studies investigating a range of biomarkers foetlesponse to dierent EGFR-
targeting agents have shown conflicting results. This review aingading an overview and
analysis of these studies published until January'23021.

We encountered several hurdles that impaired us fnodrawing firm conclusions on the
applicability of the biomarkers included in this review. First, tmeimber of clinical studies
investigating biomarkers in general is low, with tieximab as an exception. Second, a lot
of studies contained a very small sample size, wiimakes it hard to draw conclusions
about the €' ect of the correlations found. Most biomarkers have been investagiin only a
limited number of studies and subsequently have nbeen followed up by clinical trials, thus
confirmation of their relevance is lacking. Exceptis are EGFR amplification and biomarkers
relating to EMT. Also, the discrepancies between exact treaits in clinical trials as well as
the di" erences in the clinical background in patients (necent versus metastatic, or palliative
versus curative) limit the possibility to draw firrmonclusions. Moreover, head and neck cancers
comprise of a heterogenic group of tumors both HPV-positive andgative in df erent sub-
sites of oral cavity, pharynx and larynx

Albeit such dl erences are hard to avoid, it is challenging to cpare clinical studies. Concerning
additional treatments, all the discussed targeted tmapies were given concurrent with a form
of traditional chemotherapy and/or radiotherapy, with limits drawing conclusions about the
predictive value of that biomarker for the EGFR peaiay inhibitor of interest. All these limitations
are applicable for the whole predictive biomarkeield. We therefore underline the need for a
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more systematic approach tackling these problems. i§tcould be by adding two mandatory
components in clinical trials; 1) the assessmentmidtential biomarkers for the specific EGFR
pathway inhibitor studies in that clinical trial, § preferably an independent expert (panel) prior
to submitting a proposal for a clinical trial and)2ncluding these potential biomarker assays
in the clinical trial. On the other hand, it shoulde questioned whether the classic approach
via clinical trials should be continued. Clearly éhdevelopment of biomarkers through clinical
trials has not resulted in any relevant biomarkeAs every tumor is genetically unique it is
hard to set up a decent biomarker trial with highumbers of comparable tumors. Biankin et
al. therefore advocate other types of studies in @nalized medicine towards more patient-
centered trials$®®. Although this would ask for a bid'ert in the field, this review underlines the
need for increased attention to biomarkers for taeged therapies. Patients themselves will
benefit from pre-treatment stratification as this i prevent unnecessary side“ects in non-
responders. Also, despite that screening all patterbefore treatment is expensive, we believe
that the advantages will outweigh time and costsofFexample, Cetuximab costs approximately
#8000 per HNSCC patient, excluding hospital admirasibn and follow-up. For screening every
patient targeted Next Generation Sequencing (NGS)riost commonly used. Targeted NGS
panels are panels of approximately 70 cancer-reldtgenes which are read using next generation
targeted sequencing. Using NGS, point mutations asimhall indels can be detected, although
larger, more complex chromosomal alterations (including largeldgons, gene fusions or large
CNV) cannot be detected using this approach. Onrage, performing NGS for one patient,
costs approximately#600 (including material and analysis). Screening f&tients with NGS
is equally expensive as treating 1 patient with @&tmab. Screening-techniques will become
cheaper resulting in more patients who can be scresl for the costs of 1 cetuximab-treatment.
In case of a reliable biomarker all patients wileklscreened and only the patients where the drug
is €' ective will be treated, which in the end is cheaper.

This review emphasizes the lack of clinically valied biomarkers with high predictive value.
EGFR expression is studied in many papers, butrémuilts are too heterogeneous to consider
any of the proposed biomarkers suitable for clinical responseediction in general. We think
the application of a single biomarker is not adequate in predictipgtient response. Studies
integrating expression or mutation status of multip genes and/or proteins have more
potential to predict therapy response as they contain a combtian of single biomarkers. A
DNA/RNA/protein profile is a barcode of many biomarkers combinkdthis review several
papers found predictive value of such profiles on DIRRL RNAS26:50.525675.93nd protein
leveP+® Based on these papers, as well as promising advances in other giffiidis (as the
previously mentioned example of the MammaPrint) DNA/RNrotein profiles deserve further
validation as biomarkers for EGFR targeted therapies for i@ Satients. Although such an
expression profile for the prediction of nodal mesdasis in HNSCC was created previously, its
applicability in daily clinical practice did not work out ye'°
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We additionally want to highlight a specific type biomarker relatively new in the personalized
medicine field, being patient-derived organoids. Organoidsea3D structures that are adult
stem cell derived, that to some degree resemble thissue or tumor they are derived of.
Organoids derived from tumors from patients recapigte the original tumors in tissues such
as the colon, small intestine, pancreas and prost&t¥'?® This enables correlating in vitro
organoid drug response to the response of patients in the clirds shown in a clinical study
for organoids derived from gastrointestinal cancef. Recently, HNSCC-derived organoids
have been established and several targeted therapiesres¢ested on patient-derived HNSCC
organoids®. DI'erences between HNSCC organoid lines in responsedtuximab were
demonstrated, and initial comparisons to clinicalata of the corresponding patients showed
the potential of organoid technology in the predictive biomarker field.
In conclusion, several EGFR-PI3K-AKT-mTOR-pathmkbitor biomarkers are researched
for HNSCC but few of the investigated biomarkers are adequatelyfirmed in clinical trials.

A more systematic approach is needed to discover proper biokes as stratifying patients
is essential to prevent unnecessary costs and sideeets.
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APPENDIX

PubMed syntax

((((W((((cancer[Title/Abstract]) OR carcinoma[EifAbstract]) OR neoplasm[Title/Abstract])
OR Osquamous cell carcinomaO[Title/Abstract]) OR (Osquacediusarcinoma of head and
neckO[MeSH Terms]))))) AND (((((((((((((Ohead andiieitle/Abstract])) OR OhnsccO[Title/
Abstract]) OR oral[Title/Abstract]) OR pharynx[Tiddstract]) OR pharyngeal[Title/Abstract])
OR larynx[Title/Abstract]) OR laryngeal[Title/Abatit]) OR OhypopharynxO[Title/Abstract]) OR
OhypopharyngealO[Title/Abstract]) OR QOoropharynxétistract]) OR OoropharyngealO[Title/
Abstract)]))))) AND ((((ObiomarkersO[Title/Abstha@R ObiomarkerO[Title/Abstract]) OR
biomarkers[MeSH Terms]) OR Obiomarkers, tumorO[M&&trhs])))) AND ((((((Otargeted
therapyQ[Title/Abstract]) OR OpredictionO[Title/tkhst]) OR OpredictiveOQ[Title/Abstract])
OR OpredictingO[Title/Abstract]) OR Odrug therapyO[Tile#ict])) OR Omolecular targeted
therapyO[MeSH Terms]))

Embase syntax

(((Gmalignant neoplasm®:ab,ti OR Ocarcinoma@®&b ficancerO:ab,ti OR Osquamous cell
carcinoma®:ab,ti OR (OheadO/exp AND Oneck squathcacinomad)) AND (OpharynxOlexp
OR OpharynxO:ab,ti OR Opharyngeal®:ab,ti OR &hppdixp OR OhypopharynxO:ab,ti OR
OhypopharyngealD:ab,ti OR OlarynxOlexp OR &iairpR@laryngeal®:ab,ti OR OoropharynxOlexp
OR Ooropharynx®:ab,ti OR OoropharyngealO:angi@®@xp OR OmouthO:ab,ti OR OhnsccO:ab,ti
OR (OheadO:ab,ti AND OneckO:ab,ti))) AND @miwdgcO/exp OR Otumor markerOlexp OR
Obiomarker®:ab,ti OR ObiomarkersO:ab,ti OR Oankentnab,ti OR Otumor markersO:ab,ti))
AND (Omolecularly targeted therapyOlexp OR Otargetegyfead,ti OR OpredictionO/exp OR
OpredictionO:ab,ti OR OpredicitiveO:ab,ti ORcmyédab,ti OR Odrug therapyOlexp OR Odrug
therapy®:ab,ti)
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SUPPLEMENTAL TABLES CHAPTER 2

Supplemental table 1A monoclonal antibodiespre-clinical

Correlation with

Sample  Additional

1'i$%&" Qr Technique resppnse (+) or Size treatment Reference
resistance (-)

Cetuximab

Epigenetic level
CXCL14 methylation, CXCL14 gPCR, Kl 6 60
expression study

DNA level

FISH; FISH
EGFR amplification & IHC; + 10; 10; 2 RT 26-28
sequencing

e e i 9 "
HB-EGF expression, EMT marker
expression (PLAU + TAGLN +  Microarray - 3 48
ADAM19 + TSP-1)
EGFR-K SNP polymorphism  Sequencing - 33 58
PTEN-loss KO - 1 65

RNA level
RNA expression profile Microarray + 10 RT 26
Basal subtype Microarray + 28 50
EREG expression gPCR + 25 39
YAP1 expression gPCR - 32 44
EGFR,HER,HER3,HER4 expressiogPCR No 16 Trastuzumab 38
EGFR expression gqPCR No 12; 25 39,41

Protein level
EGFR expression WB; IHC + 10; 6 28,29
PEGFR expression WB + 8 31
EGFR, HER4 expression WB + 3 30
(AREG+EREG) expression KO study + 1 43
AXL expression IHC - 6 61
FGFR3 activity KO study - 1 43
HB-EGF expression KO study - 3 47
EGF expression KO study - 3 45
PAKT expression IHC - 6 29
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Supplemental table 1A monoclonal antibodiespre-clinical (continued)

Correlation with

1"#$%&" Or Technique resppnse (+) or Szr;r;zle ﬁggﬁ’:ﬂ Reference
resistance (-)
eedfCe sz
HER3, Met expression WB - 4 RT 40
HER2, HER3 and cMET activation WB - 1 42
AKT expression WB No 8 98
AREG, EREG expression KO study No 3 45
PTEN expression KO study No 1 66
pPEGFR, pERK expression IHC No 6 29
Z)I(EpGrZES,i(IJEr—]cadherin, Vimentin WB No 4 RT 40
pEGFR, pHER2, HER3 expression WB No 10 38
EGFR expression ELISA No 25 39
Other
Migration
EMT characteristics assay, - 3 48

invasion assay
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Supplemental table 1B:

RTK-inhibitorspre-clinical

Correlation with

Biomarker Technique response (+) or Si?;ge Reference
resistance (-)

Gefitinib

DNA level
EGFR expression FISH; FISH & FCM + 20; 1875,76
EGFR expression CNV analysis No 42 77
PIBK3CA mutations Sequencing No 42 77

RNA level
EGFR expression Sequencing + 10 28
mMRNA signature (E-cadherin + TGF-a
+ AREG + EGFR + FLJ22662 + PAK6 + Microarray + 20 75
GSTP1 + ABCC5)

Protein level
MET-expression WB + 18 76
AREG expression ELISA + 18 76
ANO-1 expression KO study + 10 81
PKCe expression WB + 1 82
HER3, pHER2 expression wWB - 10 28
1P-|r|(\)/|t|§i_r1] ilgi/n;g:; (GM-CSF+ 118+ Immunoassay - 2 86
Protein §ignature (Vimgntin Immunoassay,
expre.ssmn + E-cadhe_rln loss + microarray - 9 84
claudin 4 loss + claudin 7 loss)
2)2%5515?0?1':’ IGF1, FGF1, FGF2 Viability screen - 4 78
IGFR, EGFR, MET expression Sequencing - 4 78
Cortactin levels Kl study - 5 85
Coxhern VRS MERSBIATG g R

Erlotinib

DNA level
MAPK1p.D321N Mutation KI study + 8 88
MAPK1 E322K Mutation Kl study + 1 89
E?;llldcr)]\;erirs)xpressmn (inhibitor Kl study i 1 91
PTEN-loss KO study - 2 65
Eﬁ;’;oﬂp”ficaﬂon’ PIKSCA CNV analysis No 42 77
EGFR-K SNP polymorphism Sequencing No 12 58
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Supplemental table 1B: RTK-inhibitorspre-clinical (continued)

Correlation with

Biomarker Technique response (+) or Sasrizzle Reference
resistance (-)
RNA level
EREG expression KO study + 2 90
Protein level
ANO 1 expression WB + 10 81
PEGFR expression WB + 8 31
EREG expression WB + 90
HBP1 KO KO study - 1 94
Protein signature (GM-CSF + IL-8 + Immunoassay i 5 86
TIMP-1 + VEGF)
E-cacherin oxpresdon) | iHe : s @
Other
EMT characteristics migwr Z:gﬁ 2‘;:2;?\',\,8 6 93
pEGFR wB No 6 93
Afatinib
DNA expression level
AKT expression KO study + 8 98
EGFR amplification FISH, gPCR + 10 99
Protein level
Protein signature (GM-CSF + IL-8 + Immunoassay i 2 86
TIMP-1 + VEGF)
PTEN expression WB No 10 99
Lapatinib
DNA level
EGFR 0ss of CORNER) | Seauencing - 2 10
Protein level
ANO-1 expression WB + 10 81
PKCe expression WB, Kl study - 1 82
Allitinib
DNA level
AKT expression KO study + 8 98
KRAS mutation Sequencing - 7 104
Sorafenib
Protein level
MET expression wWB No 32 102
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Supplemental table 1C: PI3K-inhibitorspre-clinical

Correlation with
Biomarker Technique response (+) or Sample Size Reference
resistance (-)

PI3K-inbititors

DNA level
EGFR amplification, AKT1 )
S + 28 105
amplification, CSMD1 deletion equencing
PI3K3CA mutations Sequencing + 1212; 24; 9,77,106,107
Notchl mutation Sequencing + 9 107
PIK3CA mutations Sequencing No 28;9 105,108
PIK3CA amplification, PTEN-loss Sequencing No 64 106
EGFR amplification CNV analysis No 42 77

Supplemental table 1D: mTOR-inhibitorspre-clinical

Correlation with
Biomarker Technique response (+) or Sample Size Reference
resistance (-)

mTOR-inhibitors

DNA level
PIK3CA mutations Sequencing + 64; 9 106,107
PIK3CA mutations Kl study + 3 110
Notchl mutation Sequencing + 9 107
PIK3CA amplification, PTEN-loss Sequencing No 64 106
TP53 mutations Sequencing No 10 111
RNA level
Aktl, mTOR, RPS6KB1, FKBP1B
; - ' ' PCR N 29 112
TSC1 expression q °
Protein level
EGFR expression WB - 10 111
Activation of the mTOR or MAPK- WB No 10 111
pathway, P53
Other
Viabili
Cisplatin resistance lability + 10 111
screen
Cetuximab resistance Viability - 10 111
screen
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Supplemental table 2C: PI3K-inhibitorsclinical

Correlation with .
. ; ; Additional
Biomarker Technique response (+)or Sample Size Reference

resistance (-) treatment

PI3K-inhibitors
DNA level

TP53 mutations Sequencing + 158 Paclitaxel 109

PI3BK3CA mutations  Sequencing + 151 9
Protein level

HPV negative IHC + 158 Paclitaxel 109
Other

CTe'I'I‘:‘ CD8-positive IHC + 158 Paclitaxel 109

Supplemental table 2D: mTOR inhibitorsclinical

Correlation with
Biomarker Technique response (+) or Sample size Ref
resistance (-)

mTOR inhibitors

DNA level

PIK3CA mutations, HPV status Sequencing No 25 114
Other

Caspase activity ELISA - 29 113
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Supplemental tables

Biomarkers per EGFR inhibitor type included in thisview. Correlation with outcome can
be; positive (+) meaning that the biomarker correlates with improvessponse, Negative (-)
meaning that the biomarker correlates with worse response osigtance and ONoO, meaning
there is no correlation between biomarker and response. Abbiations: CNV-analysis, copy
number analysis; ELISA, enzyme immuno assay; Fflsidrescence in situ hybridization;
FCM, flow cytometry; HRM, high resolution melt; |[H@munohistochemistry; ISH, in situ
hybridization; Kl study, knock-In study; KO studyndck-out study; gPCR, quantitative
polymerase chain reaction; WB, western blot
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Patient-derived head and neck cancer organoids
allow treatment stratification and serve as a tool
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ABSTRACT

Background

Organoids are in vitro three-dimensional structures that cam lgrown from patient tissue.
Head and neck cancer (HNC) is a collective termdi$éer multiple tumor types including
squamous cell carcinomas and salivary gland adenocarcinomas.

Methods
Organoids were established from HNC patient tumoisgue and characterized using
immunohistochemistry and DNA sequencing. Organoidere exposed to chemo- and
radiotherapy and a panel of targeted agents. Organoid respengas correlated with patient
clinical response. CRISPR-Cas9-based gene editing of organeas applied for biomarker
validation.

Findings

A HNC biobank consisting of 110 models, includifigtémor models, was generated. Organoids
retained DNA alterations found in HNC. Comparisdnoosganoid and patient response to
radiotherapy (primary [n = 6] and adjuvant [n = 15]) indicated potiahfor guiding treatment
options in the adjuvant setting. In organoids, the radio-satizing potential of cisplatin and
carboplatin could be validated. However, cetuximaimnveyed radioprotection in most models.
HNC-targeted treatments were tested on 31 modelsdicating possible novel treatment
options with the potential for treatment stratificationin the future. Activating PIK3CA
mutations did not predict alpelisib response in oegoids. Protein arginine methyltransferase
5 (PRMT5) inhibitors were identified as a potenttabatment option for cyclin dependent
kinase inhibitor 2A (CDKN2A) null HNC.

Conclusions

Organoids hold potential as a diagnostic tool in peonalized medicine for HNC. In vitro
organoid response to radiotherapy (RT) showed anckethat mimics clinical response,
indicating the predictive potential of patient-derived organo&l Moreover, organoids could
be used for biomarker discovery and validation.
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INTRODUCTION

Organoids are three-dimensional structures that care grown from patient-derived stem
cells and have been shown to recapitulate vivopathology and physiology. Organoids can be
maintainedin vitroto serve as miniature disease models. Collections of tumogyanoids (so-
called diving biobank®) derived from a range of tumor types have beeawh to recapitulate
the tumors from which they were derived, both geneticaland phenotypically®® Patient-
derived organoids hold promise for personalized medicine, aslltiple studies have shown
correlation between organoid drug response and corresponding patieasponsé-1013

To address whether organoids hold potential to stify treatment for patients with head
and neck cancer (HNC), we measured response of paids to either radiotherapy (RT) or
chemoradiotherapy (CRT) and compared to responsepatients diagnosed with primary
HNC. HNC is a collective term for tumors arising in the upper aryestive tract, including
the oral cavity, larynx and pharynx, and tumorstbfe salivary glands. The most common HNC
is head and neck squamous cell carcinomas (HNSCC). HNSCC msardynassociated with
heavy smoking and drinking*!% An increasing subset of HNSCC is associated tvittman
papillomavirus (HPV) infectioti'®> Treatment of HNSCC consists of surgery, RT, and/or CRT,
where the chemotherapy is given as a radiosensitfein 2018, RT combined with the anti-
EGFR antibody Cetuximab was introduced as an altgive treatment for patients unsuitable
for classic, platinum-based chemotherapy based otapinum compounds. Yet, Cetuximab has
conversely been shown to act as a radioprotector in HMitro,both in cell lines as well as
in organoid modeld"*¢,and thus its usage as a chemo sensitizing agent could be tjaeed.
Indeed, more recent clinical studies failed to reproduce thedstl value of Cetuximab and
have even found inferior 'eects of Cetuximab treatment in the majority of patient$?

Adequate biomarkers to determine which patients wéi benefit from a treatment are
lacking in HNC even though 'térent therapies are available, and more targeted agents are
being evaluated in clinical trial¥. Preclinically identified biomarkers ben fail once tested
in patients. This likely relates to the fact that the pre-clinidal vitro models used for testing
do not recapitulate the & ect of that biomarker in the diverse genetic context of a real-wabrl
patient population. Therefore, validation of potential bioméers in more accurate models
that better reflect patient heterogeneity are urgety needed. This is exemplified by the
above-mentioned studies on Cetuximal3®?* Human cancer-derived organoids may fill this
void, potentially combined with & icient gene-editing tools such as CRISPR/Cas9 to validate
a genetic biomarker &ect on drug response. Gene editing using CRISPR/Casthtdogy has
previously been successfully applied in organoid mod&R’ Recently, next-generation Cas9
proteins have been developed by disabling the nuclease activity o§@and fusing enzymes
to Cas9 which modify individual bases in the DNAeThese fusion proteins are termed base
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editors, and induce single base changes, allowirng highly precise and gicient gene editing
with very low d -target rates?”®° To our knowledge, gene editing in HNC organoids has not
been reported until now?2893!

In 2019, we published a biobank containing 31 HNS@Cived organoids, as well as the
protocol to generate these organoid lines directfyom patientsO tumor tissu&s|n this study,
we expand this biobank by adding more organoid models includitngse derived from rarer
forms of HNC. We furthermore explore the potentdl organoids for biomarker validation
and personalized medicine.

METHODS

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Participants information on age and sex (ascribed kirth) was physician reported and is
listed in Table 1 and Supplementary Table 1. Information on den socioeconomic status,
ethnicity and race/ancestry was not collected.

Both primary and lymphonodular metastatic tumor anddjacent non-malignant tissues were
obtained from head and neck cancer patients undergoing tissuiepsy or surgical resection
at the University Medical Center Utrecht (UMCU)past of their routine diagnosis and/or
treatment. In addition, blood was drawn in sodium heparin oneltday of tissue acquisition.
Informed consent was obtained from patients before tissuecagsition, and patients could

withdraw their consent at any time. The 12-093 HUBRCer protocol used for biobanking has
been approved by The Biobank Research Ethics Committee of thieedsity Medical Center
Utrecht (TCBio).

The collection of patient tissue and data has beparformed in accordance with the guidelines
of the European Network of Research Ethics Comnmet¢EUREC) following European, national,
and local law. Organoids grown from patient tissue caa bequested via www.huborganoids.
nl. Future distribution of organoids to any third (academic oommercial) party will have to
be authorised by the METC UMCU/TCBIo at request of the HUBsto&rompliance with the
Dutch medical research involving human subjectsO act.
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Table 1.Clinical parameters of participating patients

Whole Tumor Cohort Cohort
Characteristic (no. patients) Biobank Organoids Primary RT Adjuvant RT
(n=97) (n=66) (n=6) (n=15)

Age D yr.

Median (range) 66 (22 D 90) 66 (22 B 90) 72 (59 B 90) 61 (29 D 76)
Sex D no. (%)

Male 62 (64) 45 (68) 3 (50) 11 (73)

Female 35 (36) 21 (32) 3 (50) 4(27)
Organoids D no. (%)

Tumor 66 (60) 66 (100) 6 (100) 15 (100)

Normal 44 (40)
Tumor organoids origin B no. (%)

Biopsy 27 (25) 21 (32) 6 (100)

Resection specimen 83 (75) 45 (68) 15 (100)
Location tumor organoids D no. (%)

Oral cavity 32 (48.5) 11 (73)

Oropharynx 7 (10.6) 1(17)

Hypopharynx 3(4.5) 2(13)

Larynx 15 (22.7) 5(83) 1(7)

Nasal cavity 4 (6.1) 1(7)

Salivary glands 4 (6.1)

Unknown primary 1(1.5)

Type tumor organoids B no. (%)

Squamous cell carcinoma 61 (92.4) 6 (100) 15 (100)
Adenocarcinoma 1(1.5)
Muco epidermoid carcinoma 1(1.5)
Adenoid cystic carcinoma 1(1.5)
Myoepithelial carcinoma 1(1.5)
Large cell carcinoma 1(1.5)
HPV status
Positive (type 16) 4(6.1)
Positive (type 33) 1(1.5)
Negative 4 (6.1) 1(17) 2 (13)
Not determined 57 (86.4) 5(83) 13 (87)
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Table 1.Clinical parameters of participating patients (continued)

Whole Tumor Cohort Cohort
Characteristic (no. patients) Biobank Organoids Primary RT Adjuvant RT
(n=97) (n=66) (n=6) (n=15)

T-stage D no. (%)

TO 1(1.5)

T1 7 (10.6) 2(13.3)

T2 26 (39.4) 3 (50) 2 (13.3)

T3 14 (21.2) 3 (50) 3(20)

T4/T4alT4b 18 (27.3) 8 (53.3)
N-stage B no. (%)

NO 37 (56.1) 6 (100) 3(20)

N+ 29 (43.9) 12 (80)
M-stage D no. (%)

MO 65 (98.5) 6 (100)

MX 1(1.5)
Adjuvant treatment

Cisplatin 4 (27)
Relapse B no. (%)

Local 3 (50) 1(7)

Regional 1(17) 8 (53)

Distant 1(17) 4 (27)

No relapse 3 (50) 6 (40)

Human specimens

For surgical resection, a small piece of tumor aadjacent non-malignant tissue were sampled
al er surgery from the resection specimen at the tissue facility lné pathology department.
For biopsies, from patients who needed a biopsy flirgnostics an extra biopsy of suspected
malignant tissue was taken for this study during the procedut€or all patients, EDTA blood
pellets were stored and used for reference DNA isolation (séeles exome sequencing). In
addition, blood was drawn in sodium heparin on the day of tissue acquisition.

Tissue processing for organoid establishment

HNC and normal organoids were generated as previgusescribed17,52. In short, tumor and
normal surgical resections and HNC biopsies were ectéd in Advanced DMEM/F12 (AdDMEM/
F12: Life Technologies, cat # 12634D034), suppléednith 1x GlutaMAX (Thermofisher; Gibco,
cat # 35050061), Penicillin-streptomycin (Life Teclogies, cat # 15140D122) and 10 mM HEPES
(Life Technologies, cat # 15630D056) (+/+/+ mediurd) E00ug/mL Primocin (Invivogen, cat #
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ant-pm1). Tissue samples were cut into small pie¢e$-3 mm2). One to three pieces were collected
for DNA isolation (stored at B20 for subsequent DddAation), histology (placed in formalin) and
tumor infiltrating T-cell (TIL) expansion (see b& The remaining tissue pieces were minced into
smaller fragments and digested for 20-40 mins bygubating it at 37;C in 0.125% Trypsin (Sigma,
cat # T1426) in +/+/+ medium supplemented with 9 Y-27632 (Abmole Bioscience, cat. no.
M1817). Every 10 mins, mechanical force was used to aid dayeby triturating the tissue pieces
with a p1000 pipette. Following incubation, tissweas triturated using a flame-sterilized pipette
with a p10 tip on the end. Once pieces of tissugapred dissociated, +/+/+ medium was topped up
to 15 mL and this suspension was filtered througr@$M filter (Corning, cat # CLS431751-50EA).
Tubes were centrifuged at 300g, 5 mins.ek centrifugation the supernatant was aspirated and
the cell pellet was resuspended in ice-cold 70%ri§amL-1 cold Cultrex growth factor reduced
BME type 2 (Trevigen, cat # 3533-010-02) in +/+¢diom. Organoids in BME were plated in
10-20$L droplets on the bottom of a pre-heated 48-wellspension culture plate (Greiner, cat #
M9312). Plates were inverted and incubated at 37g€at least 15-30 mins for the solidification
of BME. Rer solidification, pre-warmed culture medium supplementedith 10uM Y-27632 and
caspofungin (0.5ug/mL, Sigma Aldrich) was added to the plates and yheere incubated in a
37iC/5% CO2 incubator. Two types of culture medergvused for HNSCC organoids: HN medium
as described previously2 or cervical SCC medium)@&ireviously described32. For one organoid
culture (T36) derived from an intestinal-type adeno@anoma, CRC medium was used3.

Organoid culturing and biobanking

Organoids were grown from the primary material inukure media supplemented with 0.5
$g/ml caspofungin and 1M Y-27632 for one weekl ér organoids had formed and were in
culture for at least one week, 0$g/ml caspofungin and 1QM Y-27632 were removed from the
medium. To determine which media was optimal for each organdiite, all primary material
was established on HN and M7 medium. The culture was expandeldémiedia that worked
best for that sample. An overview of which cultuig grown on which media is provided in
supplementary Table 1. Medium was changed every two to thregsland organoids were
passaged between approximately 7 and 14 daysea plating, depending on their growth rate.

For passaging, BME droplets with organoids wererdiged by resuspending the well content
using a P1000 pipette and transferred to 15 mL Falbaloe, topped up to 15 mL with +/+/+ and
centrifuged (300g, 5 min). Pellets were resuspended.-3 mL TrypLE Express (Life Technologies,
Carlsbad, CA, USA, cat. no. 12605-010) and inculfate®-10 mins at 37 jC. Digestion was closely
monitored, by checking the tube under the microscepand organoids were sheared mechanically
using a P1000 pipette with an extra P10 tip placeud the tip, every few mins.!4er organoids
were disrupted into single cells, tubes were toppegb using +/+/+ to stop the TrypLE digestion,
and centrifuged. Supernatant was removed and cell&re resuspended in 70% BME in +/+/+.
Organoid density was always checked under the miscope before plating, if organoids were too
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dense, more 70% BME in +/+/+ was added. 18t268omes were plated on pre-heated suspension
culture plates (Greiner, cat # M9312). Plates wiereerted and incubated at 37{C for at least 15
mins for BME solidification.!Zer solidification, pre-warmed culture medium suppfaented with
10uM Y-27632 was added to the plates and they werallrated in a 37{C/5% CO2 incubator.
Al er 2 to 3 days, Y-27632 was removed from the medamd organoids were cultured in media
without Y-27623 for organoids grown on HN mediunowever Y-27632 was constantly in M7
media. Organoids were passaged up to passage ®rsure each organoid culture was capable of
robust expansion. During the expansion process gébr to biobanking, a sample of the organoid
culture was grown in the presence of L0 Nutlin-3a. Nutlin-3a was added directly ar passage
and kept on the cells for two passages to determifP53 mutational status.

Biobanking and freezing of organoids

Organoids were biobanked at various passage numbers, withatempt to freeze multiple
vials per passage. As a rule of thumb, at least 1 vial with ogjds was frozen at the earliest
passage where possible. For each sample at leastids were frozen for biobanking. For
freezing, organoids were collected from the cultuygates by disrupting the BME droplets
using a P1000 pipette, washing with +/+/+ and cefutging at 300 g, 5 min at 4jC. Subsequently,
supernatant was removed and the pellet was resuspied in Cell Banker 1 (Amsbio, cat #
11910). 1 mL Cell Banker was used per 1 well of a 12 well plate, witBLLBME containing
organoids. Organoids were then transferred to cryials and stored at B80;C for 24 hours,
before being transferred to liquid nitrogen for long term storage.

Thawing organoids

Organoids were removed from liquid nitrogen and pled on dry-ice. Cryovials were placed in
the 37;C water bath and thawed until a small iceobk remained. Organoids were transferred to
10-mL of pre-warmed +/+/+ medium, using a p1000 pipdh a drop-wise fashion. Tubes were
centrifuged at 300 g, 5 min at 4;C. Supernatant vegstly aspirated and pellet was resuspended
in 70% BME in +/+/+. Organoid density was checkedar a bright-field microscope. If density
was high, more 70% BME in +/+/+ was added. Orgah@idre plated in wells of pre-warmed
48-WP, her 20-30 mins of incubation at 37;C, pre-warmed gtb medium was added to wells.

Al er 24 hours, organoid viability was checked undebaght-field microscope. If a lot of organoid
death had occurred, organoids were harvested, washéd described above) and replated in
fresh BME. Organoids were expanded by passagingagtlenvo times prior to a drug screen.

DNA isolation

DNA from tissue, organoids and whole blood was &eld using the Reliaprep gDNA Tissue
Miniprep System (Promega, Catalogue # A2052) acewydd the manufacturerOs protocol. For
organoid DNA, BME droplets with organoids were djsted by resuspending the well content
using a P1000 pipette and transferred to a 15 micBa tube, topped up to 15 mL with +/+/+ and
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centrifuged (300g, 5 min). Supernatant was aspirdtand the organoid pellet was frozen and
stored at B20 jC for subsequent DNA isolation usirgReliaprep gDNA Tissue Miniprep System
(Promega, Catalogue # A2052) according to the masctidiserOs protocol. DNA concentrations
were measured using Invitrogen? Qubit? dsDNA HS Agdst (Invitrogen, Cat # 10616763).

SNP Fingerprinting

DNA (5ng8L) isolated from organoids was submitted to USeq (Utrecht 8eqcing Facility)
along with paired blood and/or tumor tissue from each patiefar SNP fingerprinting. There,
TagMan OpenArray Barcode Panel 60, including 5baamal and 3 Y-chromosomal SNPs was
used to identify SNPs. SNPs were checked manuaji independent researchers to confirm
a SNP match between organoid and blood/tissue of the same patient.

Whole Exome Sequencing (WES) processing
Al er confirmation of a SNP match between the organa@dd blood/tissue of the same patient,

organoid, blood and tissue DNA samples were submitted to ké@en Europe for WES using
the lllumina platform. The SureSelectXT Target Enrichmentt8gsfor the lllumina Platform
V7 library preparation kit (Agilent Technologies) was used t@pare the sequencing library
following the manufacturerOs instructions. Librasievere sequenced on an lllumina NovaSeq
6000 system. lllumina doware (bcl2fastq) was used to convert to FASTQ format for furthe
analysis.

Whole Exome Sequencing (WES) analysis

For the WES analysis, the NF-IAP pipeline (httg#tiub.com/ToolsVanBox/NF-IAP) was
modified to suit exome data rather than whole genome data. Egéiles were mapped to the
human genome (hg38) using bwa mapping!sware as described in the pipeline. Next, the pre-
processing and genotyping of the samples was perfard using the Genome Analysis Toolkit
(GATK) HaplotypeCaller, with an adapted versionha pipeline (https:/github.com/Hubrecht-
Clevers/NF-IAP_exome). Per sample generated variant callevii¢tered using the Somatic
Mutation Rechecker and Filtering (SMuRF) pipelinggs:/github.com/ToolsVanBox/SMuRF)
to filter out likely non-pathogenic mutations and ermline variants using default settings and
marking the blood derived samples as germline conts. Obtained variant call files were
converted to the MAF-format for further analysising a perl script, converting only mutations
with a mean variant allele frequency of above 0.1 aalttle depth of >10 (https:/github.com/
Hubrecht-Clevers/Convert_maf). Variants were furtheharacterised using the R package
Mal ools. Genome wide copy number changes were assesasithg an adapted version of
the Freec sbware described in the NF-IAP pipeline (https://githulbm/Hubrecht-Clevers/
Freec_exome). Copy number ratios were normalised to eithen@ched normal control, or,
when no matched germline was available, to a techal control of a known germline sample.
Data is stored at EGA under study ID: EGAS00001007076.
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Blood Processing
Blood was collected in two 8 mL Lithium-Heparin tubes on the day of surgery/bjops

Circulating tumor DNA (CtDNA) was isolated within 2irsof whole blood collection. Lithium-
Heparin tubes were centrifuged at 1600xg, 10 mins, room tengtare (RT) with the brake
0". Plasma was taken'owith a p1000 pipette and 1 mL was transferred to Eppendorfeéab
Eppendorf tubes were then centrifuged at 13, 830fog 10 mins, RT. Plasma supernatant was
collected and stored in 1 mL aliquots at -80;C.

Peripheral mononuclear blood cells (PBMCs) were ggesed at the same time as ctDNA
plasma isolation using Lymphoprep? (Stemcell Techiagies, catalogue no. 07851) according
to the manufacturerOs protocol (Stemcell Technoles)i PBMCs were stored using Cell Banker
1, as described above.

Histology and IHC of organoid and tissue sections

A small piece of tumor-tissue or tumor-adjacent moal tissue was fixed using 4% formalin
and incubated at least 24 h on a rocker at room tperature. Subsequently, the material was
dehydrated and embedded in parain. Organoids were collected!ar several passages, fixed
and embedded in parain following the same procedure. Patan blocks were cut onto glass
slides and subject to H&E and IHC staining, theailstof primary antibodies and antigen retrieval
conditions used for IHC staining are provided inghlementary Table 2. IHC for AELAE3, CK13,
P63, P16NK4a and CDX2 was performed by the diagnpsthology department at the UMCU
using an automated IHC staining system, all accaglito the manufacturerOs protocol. IHC for
PAS-DY%amylase and AQP5 was performed manually. Slidesaxszanned and imaged using the
VS120 virtual slide microscope (Olympus). For aseitof tissues, H&E sections were assessed
by a pathologist to determine tumor percentage anal epithelial cell percentage. The presence
of tumor/epithelial cells was correlated with organoidutgrowth.

Organoid treatment to induce DNA damage experiments

The organoid line that was established from a patiemith Fanconi anemia (T46) was cultured
as described above and 5 days later exposed to either: cisplatin\, Mitomycin-C (0.5 uM)
or le!' untreated for 24 hours. Organoids were harvested with the rigeth each well, using a
pipette to break up the BME droplets and transferréala 1.5-mL Eppendorf tube pre-coated
with FBS. Organoids werelleto settle by gravity, and supernatant was removed gently,ex
which where whole-mount immunofluorescence stainingas performed as described below.

yH2Ax Immunofluorescence staining and quantification.
Organoids were pre-permeabilized in 0.5% TritonAHBS for 10 mins at room temperature in

a 1.5 mL Eppendorf tube. For all washes, organaigse le to sediment in the Eppendorf tube
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by gravity before removing any supernatant. Organoidre fixed with 4% formalin for 1 hour
at room temperature and permeabilized in PBS with 2% BSA, 0.5%mMX and 0.2% Tween-
20 for 1 hour. Organoids were blocked in PBS with 2% BSA, 0.286-Kiand 0.2% Tween-20
for 30 mins at room temperature. Organoids were uiated with primary anti-mouse yH2AX
antibody (Milipore, catalogue no. 05-635) diluted in a blocking"lar overnight at 4;C on a
roller. Organoids were washed 4 times with PBS amdecondary goat anti-mouse AF-488
(Thermofisher, catalogue no. A28175) was added plus DARLisol 1 mg/mL (Thermofisher,
catalogue no. 62248) and incubated in the dark &3 hours, at room temperature on a
roller. Organoids were washed 4 times and then a mmting medium was added and this
was transferred to a glass slide. A raised-covarshias whole-mounted, using Vaseline to
ensure the coverslip did not make full contact with the glass slided&§ were imaged on the
confocal SP8 (Leica) microscope using the DAPI 488-channel at 20x and 63x objective.
Quantification of the collected images was performed using Inedg Images were converted
in a RGB stack, threshold was adjusted to 75-228ades were converted to a mask with
watershed. To perform analysis, we used the analyze particles optiod aounted objects.

HPV ddPCR

PCR mixture was generated containing 1x ddPCR Supefor Probes without dUTP (Bio-Rad,
cat. no #1863023) containing 18 pM of previouslgdebed HPV primers56 and 0.3 HPV16
FAM-probe, Bl human ESR1 primer (Bio-rad , assay ID dHsaCP1000403) in atdtafL.

4 $l of DNA was added (DNA input concentration ranging from 20 tori@l). PCR mixture
was mixed and droplets were subsequently generated using $éX200 Droplet generator
(Biorad, cat. No. #186-4002). PCR program usedM@asin at 95 jC followed by 40 cycles of 30
seconds at 94 jC and one minute at 57 j€Ce40 cycli, the sample was incubated for 10 mins
at 98 iC, and stored at 4 jC until readout. Readout was perfatrusing the QX200 Droplet
Reader. Analysis was performed using Bio-rads QuantaSa ware.

Drug screening: Preparation and plating

Organoids that were biobanked were thawed and expded using the methods described
above for organoid culture. Two days (D-2) priord@spensing organoids for drug screening,
organoids were passaged and cultured in HNC mediumcervical SCC medium depending
on the line and were supplemented with M Y-27632. Organoids growing on HNC medium
that were expanded for Cetuximab drug screening werdtared from this point onwards in
medium without EGF. On the day 0 (DO0) of the drugeen, 1 mg/mL dispase Il (Sigma-Aldrich,
catalogue no. D4693) was added to each well contiagnorganoids and their growth medium and
incubated for 30 mins at 37;C. Following incubatiddME domes were disrupted by resuspending
the contents of the wells. Material was collecteddtransferred to 15 mL Falcon tubes. Dispase
was diluted by topping up with +/+/+ and centrifugeat 300g, 5 mins, 4jC! &r removal of
the supernatant, pellets were suspended in 10 mL/+and centrifuged at 300g, 5 mins, 4iC.
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Organoid suspensions were subsequently filtered ¢tugh 70 um nylon cell strainers (BD Falcon).
The number of organoids in the flow through was aated using a KOVA? Glasstic? Slide 10 with
Grids (Fisher-Scientific, catalogue no. 22-2701@ganoids were resuspended at a density of 25,
000 organoids/mL in 5% BME/ ice-cold growth mediuBrganoids were dispensed in 384-well
plates (Corning, catalogue no. 4588) using the Niditop Combi Reagent Dispenser (Thermo
Scientific, catalogue no. 5840300). Drugs were addsthg a Tecan D300e Digital Dispenser
(see below). Plates were sealed with BreathEasylkgtis (Merck, catalogue no. Z380059) and
placed in a 37{C/5% CO2 incubator that was kept shntil drug screen readout on day 5 (D5).

On Day 0, a CellTiter-Glo 3D (CTG) assay was pegthras described below, for each condition
dispensed to determine organoid viability and caltate the Growth Rate metrics over the
course of the drug screen3,12.

Drug screening: Chemotherapy dispense

On DO, following organoid dispense into 384 well plate, chemotherapas dispensed using
the Tecan 300e digital dispenser. The chemotheragyents used were: cisplatin 1 mg/mL
(Accord healthcare limited), carboplatin 10 mg/miA¢cord healthcare limited) and Cetuximab
(Erbitux) 5 mg/mL (Merck). As these solutions wageieous, for accurate dispensing with the
Tecan 300e digital dispenser, these solutions required thtldion of 0.3% Tween-20 (Merck,
catalogue no. P1379) in PBS (Thermofisher, catalegw. 10010023) prior to dispensing. Four
technical replicates of cisplatin at M and 5uM, carboplatin at 4M and 15uM and 5 technical
replicates of Cetuximab at fg/mL and 3Qug/mL were dispensed. The rationale behind these
dosages was to treat with a dose that has ahext, but does not kill all the cells, thereby
allowing su' icient test window to study the &ect of radiotherapy. Using these criteria, we
reviewed drug sensitivity of our previously published panel@fyanoids treated with these
drugs to define the above mentioned concentrations. Staurosjree 1 mM (Merck, catalogue
no. 19-123MG) was dispensed at QMl, as a positive control for cell death. All otheells
received 0.3% Tween-20 in sterile PBS (solvent-only) as RT-only and negatit®lso

For targeted therapy screening, the following drugs weadded following organoid dispense:

Nutlin-3a (Cayman Chemical, catalogue no. 100043Ezerolimus (LC Laboratories, catalogue
no. E4040), Niraparib (Selleckchem, catalogue no/&2, Alpelisib (LC Laboratories, catalogue
no. A4477), AZD4547 (ApeXbio, catalogue no. ABEZ@PN1556 (Sigma, catalogue no. SML1421)
and Tipifarnib (Sigma, cat no. SML1668). All drugse dissolved in DMSO and dispensed from
stock concentrations of 10 mM and dispensed in glooncentration gradient using the Tecan
d300e dispenser. All wells were normalized for saivused. DMSO percentage never exceeded
1%. Drug exposure was performed in triplicate for each concentration shown.
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Radiotherapy screening

On D1 of the screen, RT plates were irradiated gsin linear accelerator (Elekta Precise
Linear Accelerator 11F49, Elekta). During irradiatiplates were submerged in water at room
temperature with the water level reaching just belothe surface of the plate. For each dose, a
separate plate was used. Plates were irradiated with a single dofg, 2, 4, 6, 8 and 10 Gy, in
order to generate a dose-response curve. Dose valuere determined according to standard
clinical dosimetry procedures. An unirradiated plat@® Gy) was used as a negative control. To
calculate percentage viability, in MicrodoExcel, the CTG signal was normalized against the
unirradiated plate as a percentage.

Drug and radiotherapy screen read-out and data analysis
For all organoid screens, organoid viability wassessed using the CellTiter-glo 3D assay”

measuring ATP as the signal of organoid viability.

Al er 5 days of initial drug exposure or 4 days of irradiation expaswrganoid viability was
measured using the CellTiter-Glo 3-D assay (Promega, cataagu G9681) according to the
manufacturerOs protocol. For this, 20 ul of CTG was added tb ead. Luminescence was
measured using a Spark microplate reader (Tecan) with an ingggmn time of 500 ms. Data
was normalized using a positive control for cell death (Stauresme 1uM, with organoids
in 5% BME in culture medium for 0% viability) and a negative confsolvent without drugs,
with organoids in 5% BME in culture medium) for 100% viabilitya@ty of drug screens were
assessed using ZO factor scores57, in which ZO scores high8ratiadicate a drug screen of
good quality. To calculate ZO score:

3 = SD(neg.control) + 3 * SD(pos. control)
average(neg.control) — average (pos. control)

Z'score =1—

As a further measure of quality control, intensignd variation of luminescence signal between
wells treated with RT was evaluated by 2 independenesearchers. If ZO score was <0.3,
there was a lot of variation between wells and a low luminescenggnsil was observed; the
experiment required an additional repeat. The GR metric wagd$o calculate GR50 scores.
Analysis was calculated in MicrosoExcel and graphs were generated in GraphPad Prism
sol ware (version 9.3.1). T tests were performed using GraphPad prism.

Clinical correlation

Organoids of patients that received RT and/or chetherapy were suitable for clinical correlation.
Relapse data was assessed for each patient treatathvRT and CRT. Patients that were only
treated with surgery were not suitable for clinicabrrelation. The following parameters from the
patients were collected: Age, gender, cancer typenor location, tumor sublocation, TNM-stage,
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HPV-status, treatment including dates and dosagesrgery dates and relapse data with dates.
Clinical outcome was defined as relapse: yes or no. The datelapse was defined at the first
sign of clinical relapse confirmed radiologically orathologically. When there were no clinical
signs of relapse, the radiological or pathologicadnfirmation date was taken as the relapse date.
February 17th 2023was the last day relapse statuswecorded for all cases.

Kaplan Meier analysis

The parameters generated from the organoid RT screens ineldddAUC, IC50, GR50 and the
viability of the organoids &er 2 Gy of RT and were correlated with clinical outcome. Viability
al er 2 Gy was used as an organoid parameter to congaith clinical response, as 2 Gy is the
fraction dose of RT used to treat HNC patients. Eoery RT-parameter, the group was divided
by the median &nedian vs. >median). These two groups were compaitadhe context of
relapse status (Kaplan meier curves Figure 3).ddences between groups were calculated with
a Log-rank (mantel-cox) test, if§9.05 the di erences were deemed statistically significant.
Follow-up stopped at February 2023. In the analygi® minimum follow-up time of a patient
who did not relapse was 502 days.

Cox regression

For the parameters AUC, IC50, GR50 and viabilityrgénoids at 2 Gy a cox proportional-
hazards regression with FirthOs penalised (partli@lihood maximisation was executed.
Outcomes were Hazard Ratios on relapse.

Calculation of synergistic and additive & ect of radio- and chemotherapy

All tested organoid cultures were exposed to a ration dose of 1, 2, 4, 6, 8 and 10 Gy as
described above. This was done in presence of 3 aifivbcisplatin, 5 and 1$M carboplatin
and 5 and 3®g/mL Cetuximab, or in the absence of any chemothpyaAssay was performed
in technical quadruplicate for cisplatin and carbdptin and quintuplicate for Cetuximab
conditions. These concentrations were chosen based sensitivities observed during
optimisation of the assay in a panel of patient-deed organoids. For each donor, one dosage
of chemotherapy was chosen, following the following criteria:

1. Viability without RT exposure should be >70% (tsa® the & ect of RT in the presence
of the drug can be observed).

2. If both doses of chemotherapy showed >70% vialyilin the no RT condition, the
concentration was chosen that was closest to 70% viability.

3. If both doses of chemotherapy showed <70% vialyilin the no RT condition, the
lowest concentration was included if viability was >55% in the no RT conditibthe
lowest concentration showed <55% viability, the ¢ufe was excluded for the analysis
described in Figure 4.
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Readout and viability calculations were further performed abave. Only drug screens with
Z0 scores >0.3 were included in further analysis. To assestvaddliects of chemotherapy
and RT, viability was normalised to untreated comlls. To assess the synergisti¢ ect of
chemotherapy and RT, viability was normalised to the chemotheyapnly conditions. This
way, the viability represented the'eect of RT, in the presence of, but corrected for, tHeeet

of the chemotherapy. This allowed for a systematissessment of whether the chemotherapy
had a radioprotective &ect. AUC of each condition was calculated using GraphPad pri8m v
Paired t-tests were performed using GraphPad prism v9 to assebether the &ect of RT
was significantly di erent when given in the presence of chemotherapeutics.

sgRNA cloning and design

The sgRNA to introduce the E545K mutation in PIK3@A designed using Benchlingand
subsequently ordered as lyophilised oligos (Integeal DNA Technologies, IDT). The E545K
sgRNA was cloned into an AmpR-U6-gRNA expressiotoréa kind gi from Keith Joung,

Addgene, #47511) using a PCR based protocol described by H6@t bl short, the sgRNA

expression vector was constructed by one-piece bitend ligation (T4 ligase) of a PCR product

(Q5, NEB) containing the 20-nucleotide sequenceresponding to the sgRNA designed

for PIK3CA E545K induction. Plasmids for sgRNA eximesgere constructed using one-

piece blunt-end ligation of a PCR product contaigjma variable 20-nucleotide sequence
corresponding to the desired sgRNA targeted site.

Electroporation of organoids for DNA delivery

Organoids were disrupted into single cells using/pt E. Subsequently, cells were resuspended
in 90 L of Opti-MEM medium (Gibco, cat. # 31985062.d @f the PiggyBac transposon
system (2.81g transposase + 7.2g hygromycin resistance containing transposon), 1§ of

a plasmid containing the C>T base editor () CMV_ARgBax_P2A_GFP (A kindl giom David
Liu, Addgene, #11210035) and g of the target sgRNA plasmid was added in a totalOuL
Opti-MEM. Cells and DNA were incubated at RT fanit0and subsequently electroporated in
a electroporation cuvette (BTX, cat. # 45-0125)tbea NEPA21 with settings described by Fujii
et al27. Aer electroporation, 40QuL of Opti-MEM was added and cells werk te recover in
the cuvette for 30 mins at RT. Subsequently matéras collected and centrifuged. Cell pellet
was plated as normal, in ~20L drops of 70% BME! Ar solidification of the BME, a pre-warmed
culture medium containing 1QuM RKI Y-27632 was addeldest 30 mins. The plate was placed
in an incubator at 37%C and 5% CO2 and medium was refreshed every 2-3 days.

Selection of edited organoids

At least five days!aer electroporation, and when organoids had reacheah average diameter
of >80um, 0.1 mgjiL Hygromycin B-gold solution (InvivoGen, cat. no. ant-hg-Bsvadded
to the culture medium. A control well (electroporad with sgRNA but no Cas9) was taken
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along and selection was continued until all organoids of the cooit condition had died. On
average, this took 10-14 days. The hygromycin-résig organoids were manually picked
from the domes using a brightfield microscope and p20 pipetéad transferred to separate
1.5 mL Eppendorf tubes (Eppendorf, cat. no. 0030120086&jitAah of 100ul TrypLE allowed
passaging of the individual organoids that were sheared, pelletend resuspended in 50l
70% BME in +/+/+. Of the fibcell suspension, 40l was plated for expansion. the remaining
10pl was stored at -20;C for gDNA isolation (see below). Clones websequently expanded
using routine passaging conditions until biomass was expanded &iently for genotyping,
drug screening and biobanking.

Genotyping of individually picked clones

DNA was collected from the remaining biomass in thébes used for the first passage of
organoids (see above). Tubes were thawed, and DNA isalated using a Quick-DNA microprep

kit (Zymo Research, cat. no. D3021), by addingliisés bu' er directly to the cell pellet. The target
regions were amplified with PCR using a GoTaq GRiEMA polymerase kit (Promega, cat. no.
M7805) using 50- ATCATCTGTGAATCCAGAGGGG-3B MBVEACUTGTGTGGGAGAAACAA-30
(RV). Upon completion of the PCR, the amplified target regi@s\solated using a PureLink

PCR Purification Kit (Invitrogen, cat. no. K3100y-@2d sent for EZ-Seq Sanger sequencing
(Macrogen) with sequencing primer 5-CCGTATCACCABSBGGTA-30. Sanger sequencing
analysis was performed using B Benchling alignment seare.

QUANTIFICATION AND STATISTICAL ANALYSIS

Kaplan Meier analysis

The parameters generated from the organoid RT screens ineldidAUC, IC50, GR50 and the
viability of the organoids aer 2 Gy of RT and were correlated with clinical outcome. Viability
al er 2 Gy was used as an organoid parameter to congpaith clinical response, as 2 Gy is the
fraction dose of RT used to treat HNC patients. Eoery RT-parameter, the group was divided
by the median &median vs. >median). These two groups were compaiadhe context of
relapse status (Kaplan meier curves Figure 3).ddences between groups were calculated with
a Log-rank (mantel-cox) test, if§9.05 the di erences were deemed statistically significant.
Analysis were executed in IBM SPSS version 26.0. Follow-up stogteebruary 2023. In the
analysis the minimum follow-up time of a patient who did not relapse was 502 days.

Cox regression

For the parameters AUC, IC50, GR50 and viabilityrgénoids at 2 Gy a cox proportional-
hazards regression with FirthOs penalised (partl&¢lihood maximisation was executed.
Outcomes were Hazard Ratios on relapse. Analysis were executed in R vergi@n 4.
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Drug and radiotherapy screen read-out and data analysis
Quality of drug screens were assessed using Z@ifacbres57, in which ZO scores higher than
0.3 indicate a drug screen of good quality. To calculate ZO score:

3 = SD(neg. control) + 3 * SD(pos. control)
average(neg.control) — average (pos.control)

Z'score =1—

As a further measure of quality control, intensigind variation of luminescence signal between

wells treated with RT was evaluated by 2 independenesearchers. If ZO score was <0.3,

there was a lot of variation between wells and a low luminescenggnsil was observed; the

experiment required an additional repeat. The GR metric wagdgo calculate GR50 scores.

Analysis was calculated in MicrosoExcel and graphs were generated in GraphPad Prism

sol ware (version 9.3.1). T tests were performed using GraphPad prism.

Calculation of synergistic and additive ¢ ect of radio- and chemotherapy

To systematically assess whether the chemotherapgsha radioprotective gect. AUC was
calculated using GraphPad prism v9. Paired t-testere performed using GraphPad prism
v9 to assess whether the'ect of RT was significantly terent when given in the presence
of chemotherapeutics.

RESULTS

Organoid biobank composition

From 2019 to 2022, 354 tissue samples were collddtem 228 patients during routine surgical
resection or biopsy procedures. Tissues were subsently processed for organoid generation.
This consisted of 194 tumor samples, 138 normal (lmmadjacent) samples and 22 metastatic
tumor samples. Organoid establishment rates for thedg erent tissue samples were 28.4%,
32.6% and 4.5%, respectively (Figure S1A). A subset of turssudisamples received in the
lab were evaluated by a pathologist using Haematoxylin & Bo$i&E) staining to determine if
epithelial (tumor) cells were present in the same tissue that wesed to generate organoids.

If epithelial cells were present, the success ratearganoid establishment increased from

33.3% to 85.5% (n=77, Fishers exact test, proportion 0.522, p<0.001).

The resulting biobank consist of 100 newly generdterganoids, including 10 tumor organoids

that were previously established (n=120) These models are derived from 97 HNC patients of
various anatomical locations and histological cancer subtypesgiie 1A, Tables 1 and S1).
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Organoid establishment and cryopreservation

Al er su'icient expansion, organoid models were cryopresei/@-3 days her passaging.
70.9% of the organoid biobank could be successfuligcovered and expanded from
cryopreservation (Table S1). Single Nucleotide Palyrphisms sequencing was used to
exclude sample swaps where reference material was#able (Table S1). Primary cultures
were expanded on both previously published HN meditirand on more recently published
cervical SCC organoid medium (MZ)Of the cultures started on both media types (n943
60.5% and 11.6% showed better growth on M7 or HN medium, respelsti(Figure 1B). For
27.9% the media choice showed no"dirence. Cultures established on M7 medium typically
had an increase in organoid number and size and resulted in fasiebanking (Figure S1B),
but did not show an apparent dierent morphology (Figure S1C).

Established organoid models retain histopathological and molecu lar
features of primary HNC.

To assess if histopathological features of HNC weegained in the established organoid
models, immunohistochemical staining for HNC marlemwas performed. Organoid T41,
derived from a HPV+ tumor tissue, recapitulated the origirtissueOs expression of pan-
cytokeratin AELAE3 (epithelial cell marker), cytokén 13 (CK13, tierentiated squamous
cell marker), p63 (basal cell marker) and p16 (surrogate marfeeHPV infection) (Figure 1C).
Molecular HPV testing using HPV-specific digitadlet PCR confirmed HPV positivity (Figure
1D). In total, 8/9 (88.9%) organoid models estabkshfrom HPV+ tissue, could be biobanked.

As HNC is characterised by a high frequency of TP53 mutatipi$53 status of organoids
was assessed bin vitro treatment with Nutlin-3a. Nutlin-3a is a MDM2 amgtanist which
ceases growth of TP53 wildtype cells but leaves TR&Rant cells und ected®. 63% of tested
organoid cultures were insensitive to 18M Nutlin-3a (Figure S2), a percentage in line with
reported TP53 mutation frequencies in HRC

Organoid models of rare HNCs

In addition to organoids derived from HNSCC, orgad® models were successfully
established from less common HNCs. These included salivary @jlamors, intestinal-type
adenocarcinoma (ITAC) and Fanconi Anemia-induced HNSI@€cribed in more detail below.

Four salivary gland tumor organoid models (deriveidom mucoepidermoid carcinoma,
large cell carcinoma, adenoid cystic carcinoma and myoepithél@arcinoma, respectively)
and five non-cancer salivary gland models (from tumor-adjacerormal gland tissue) were
established and biobanked (Table S1). Immunohistaahical staining for salivary gland
markers on N19 and T73 confirms that salivary gladdrived organoids retain salivary gland
tissue characteristics including production of mucilPAS-D)a-amylase (a key component
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of saliva) and expression of aquaporin-5 (AQP5), which are mesent in HNSCC-derived
organoid model T1 (Figure 1E).

Organoid T36 was established from a sinonasal ITAC, a tumor histblogically resembles
intestinal adenocarcinomd&®. T36 showed a mixed phenotype, with cystic structures similar
to intestinal organoids and dense structures resenriihg squamous epithelium-derived
organoids. (Figure S3). Cystic structures express intedtiepithelial marker CDX2 whereas
the dense organoids do not (Figure 1F). Therefome, conclude culture T36 is a mixture of
both ITAC cells and nasal cavity squamous epithelium.

Lastly, organoid T46 was derived from a HNC of a Fanconi Aneatiani®. Fanconi Anemia

is caused by genetic defects resulting in Fancomiefnia pathway inactivation, a pathway

important for the repair of DNA double stranded breaksWhen organoids were exposed
to mitomycin-C (MMC), a compound that induces double stranded/breaks, indeed T46

showed increased sensitivity to MMC compared to non-FamcAnemia organoid T13 (Figure

1G and H).

Taken together, organoids can successfully be dexivfrom a range of HNC tumor types.
Resulting organoid models retain key characteristics of these distinct mmypes.

Genetic landscape of HNC organoids

Organoids were subjected to DNA sequencing to confirm whettier generated organoids
were indeed derived from tumor cells, and not fromamor-adjacent non-cancerous epithelium,
which is a previously described concett# Thirty-five organoid cultures were sequenced,
either using targeted next generation sequencing@$, n=5) or whole exome sequencing
(WES, n=30). Only organoids carrying mutations in known tumgymsessors or oncogenes
(see Figure 2A, 27 of 35 sequenced models) wersiciened tumor organoids and were taken
along in downstream genetic and drug-screening analyses.
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Figure 1. Generation and characterization of a large and diverse organoid biobank derived
from patient head and neck tumors and tumor-adjacent non-malignant ep ithelium

A. Composition of the generated HNC organoid biobahk pie chart depicts the anatomical location of
primary tissue from which tumor organoids were ediished. Second pie chart indicates the histological

76



type of the tumor organoids established (n=65) imcling squamous cell carcinoma (SCC) (n=60),
adenocarcinoma (AC) (n=1) and other types. Partrtlisplays other histological types: large cell @anoma
(LCC), Mucoepidermoid (MucoEC), Adenoid Cystici@ama (AdCC) and Myoepithelial Carcinoma (MyoEC),
n=1 for each.

B. Bar-graph displays percentage of organoid modektablished on both media tested (n=43) which grow
superior growth in either M7 medium (purple, M7>HXHN medium (blue, HN>M7) or show comparable
growth in both media (black, HN=M7).

C. Histological and immunohistochemical evaluatiori:dcHematoxylin & Eosin (H&E), carcinoma cell marker
AE1AE3, squamous cell carcinoma marker cytokerdtih(CK13), basal cell marker tumor protein 63 (p63)
and HPV detection protein 16 (p16) in tumor tissue amétching tumor organoid T41. Scale bab0$m
(top) and 20m (bottom).

D. Total HPV type 16 (HPV16, purple) and human EBR3R1, dark blue) DNA molecules detected in the
tissue (solid-bars) and organoid (striped-bars) bygdal droplet PCR (ddPCR) in tumor organoid T41.

E. Immunohistochemical evaluation of periodic-acidlsi¢ (PAS) with dispase (PAS-D) (mager¥egmylase
(dark brown) and aquaporin-5 (AQP5) (dark brown) in angids established from 2 patients with salivary-
gland cancer (N19 and T73) and squamous cell-dedivemor organoid (T1) as negative control. Scale

bar =200$m.
F. Immunohistochemical evaluation of CDX2 in T3&tablished from a patient with a rare intestinal-fye
adenocarcinoma (ITAC) derived from the nasal caviégale bar=200$m.

G. Fraction of-H2AX-positive nuclei per organoid in untreated (gbbars) versus mitomycin-C treated
(striped-bars) in T13 and T46 organoids.

H. Immunofluorescent staining of ant-H2AX positive nuclei (green) counterstained withBI (blue) in

FA-derived T46 and non- FA T13. Scaledi@0$m.

Detected DNA alterations included a high frequency of mutatio known cancer-assocated
genes TP53, NOTCH1, PIK3CA, FAT1 and APOB (Figuiéh@#¢ mutations are indeed
described in HNE. Also detected copy number variations (CNVs) anenparable to those
described by independent studies of primary HNSCC saasf?“° . CNV profiles of the
organoids are characterised by loss of chromosonmg 8p and 17q and a gain of chromosome
30, 8q and 20 (Figure 2B). Gains of oncogenes including PIK3ER, &@ FGF4 and loss of
tumor suppressor CDKN2A in the HNC organoid biobank are detk¢Figure 2Cj*. Single
nucleotide variants (SNVs) and CNVs present in patient-detiggganoids were comparable
to those observed in the tumor tissue from whichelg were derived (Figure 2D, 2E and Figure
S4). An enrichment of CNVs in organoids can be olxsg when compared to tissue DNA (Figure
2E), which is expected as cancer organoids coneigtirely of tumor cells, whereas the primary
tissue still contains tumor microenvironment cellscluding stromal and immune cells. Taken
together, the genetic landscape of the HNC tumoganoids reflects DNA alterations observed
in the tissue of which they are derived, and correspls to alterations described in HNC tumor
databases.
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in 30 organoid cultures that underwent whole exonsequencing (WES). Right panel: alterations detected
in 5 organoid cultures that were sequencing using adated hotspot DNA sequencing panel.

B. High-level copy number variations (CNVs) detetie HNC organoids (top panel) compared to CNVs
described in reference HNC datasets generated by sequemerimary patient tumorg®2”. Red indicates a
chromosomal amplification, blue a chromosomal deletio

C. Gene-level CNVs detected in HNC organoids. Gep rumber is indicated by color where red and
purple indicate gene gain and blue indicates gene loss.

D. Circosplot describing SNVs detected in PBMC (¢jganlight blue, inner track), primary tumor tiss
(red, middle track) and organoid culture (dark blueuter track) of T12.

E. CNV scatter plot of alterations detected in gdime (light blue), primary tumor tissue (red) and ganoid
culture (dark blue). Each dot represents a genomaggion of 5 MB. copy number is indicated on the isa
Autosomal and sex chromosomes are ordered fror I® right.

Correlation between HNSCC organoid treatment and clinical response

To evaluate organoid sensitivity to RT, organoids were egpd to increasing radiation doses

of radiation (1-10 Gy (Figure 3A). For all organe@eens, organoid viability was assessed
using the CellTiter-glo 3D assay” measuring ATRhassignal of organoid viability. Dierences

in RT sensitivities were observed between modelsrided from di' erent patients (Figure

3B, showing eight representative models). In totall tumor organoids were successfully

thawed, expanded, and screened in biological dupdie for RT sensitivity (Figure S2A and

S2B). Correlation was observed between area undee turve (AUC) values obtained from

biological duplicates (f = 0.61, Figure S2C).

Of the 41 screened organoids models, 21 were derived from patievho received primary
(n=6) or postoperative RT (n=15). For these modielsjtro organoid response was correlated
to clinical patient response.

Correlation of organoid and patient response in patients treated with
adjuvant RT

Organoid models derived from patients receiving adjuvant R&re divided in sensitive and
resistant based on the medium values of Qviability2GyO and OGR500 in the 15 screened
organoids. Organoids®84.2% viable at 2Gy were marked sensitive, and organoids thetev
>84.2% viable at 2Gy were marked resistant. FobGRhe median of 9.1 was applied as a
cuto" (Figure 3C). Classification was also performedngsAUC and IC50 as parameters of
response (Figure S2D) as others have previously used theseicsetPatients corresponding
to sensitive organoids showed longer relapse-freergival (Figure 3D). These results indicated
a correlation betweenin vitro organoid and patient clinical response, which isasistically
significant when categorised with GR50 (p=0.01, {ragk test, Table 2), but not for viability at
2 Gy (p=0.08, Log-rank test, Table 2). Cox regression indidatggatients whose organoids
were resistant based on GR50 score had a hazardibraf 1.24 (p=0.05, Table 2), indicating
increased risk of relapse. Patients with a nodal status NO/NMapsed later compared with
patients with nodal status N2/N3 (Figure S2E). Patients védtpathology-confirmed radical

resection relapsed later compared with patients with an irradical resext (Figure 2SF).
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Figure 3. Radio-and chemoradio-therapy drug screening of patient-derived organoid models
compared to clinical response

A. Brightfield images of HNC organoids exposediréasing radiation dosage (0, 1, 2, 4, 6, 8 andiay),
scale bar=100$m.

B. Organoid viability in percentage, relative to treated controls, of eight 8 HNC organoid culturesposed

to increasing dosage of irradiation. Light-blue twavy colors depict sensitive cultures, yellow to redlors
depict more resistant cultures. Error bars indicate standherror of the mean (SEM) of 12 technical
replicates. Each curve depicts the average of twolbgical replicates, each with technical triplicates.

C. lé panel: scatter dot-plot of organoid viability at &y. Purple squares indicate models classified as
resistant (above median), blue circles indicate mels classified as sensitive (below median) response
evaluated by: % viability 2 Gy (n=13). Each pogyinesents the mean of 2 biological replicate expaents.
Median is indicated by solid red line. Right panilaplan-Meier plot with probability of relapse (months)

of patients treated with adjuvant RT stratified byrganoid response
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D. lé panel: scatter dot-plot of organoid GR50. Purpiusires indicate models classified as resistant (atgov
median), blue circles indicate models classified asnsitive (below median) response evaluated by: %
viability 2 Gy (n=8). Each point represents the med 2 biological replicate experiments. Medianslicated

by solid red line. Right panel: Kaplan-Meier ploitkvprobability of relapse (in months) of patients¢ated

with adjuvant RT stratified by organoid response.

Table 2.

Specification of sensitive/resistance organoid groups ! median vs. >median based on RT

response (Log-Rank test)

Variable Median p-value Interpretation
GR50 &9.1vs. >9 1 P=001 GR5®9.1 correlates to later .relapse
GR50 >9.1 correlates to earlier relapse
&84.2% viability at 2Gy correlate to later relapse
2Gy &84.2% vs. >84.2% P=0.08 >84.2% viability at 2Gy correlate to earlier relapse
Di" erences of groups not statistical significant
AUC8540.8 and >540.8 does not correlate to earlier or
AUC 8540.8 vs. >540.8 P=0.44 '
later relapse
. >7. i
1C50 &Tvs. 577 P=0.53 IC50&7.7 and >7.7 does not correlate to earlier or later

relapse

Proportional hazards of GR50, 2Gy, AUC and IC50 on relapse risk

(Cox proportional hazard regression)

Variable HR (95%Cl) p-value Interpretation

GR50 1.24 (1.00-1.59) P=0.05 Higher GR50 correlates to a higher relapse risk

2Gy 1.5(0.99-1.12) P=0.11 Higher viability at 2Gy correlates to a higher relapse risk
AUC 1.00 (1.00-1.01) P=0.58 No direction of correlation of AUC and relapse risk

IC50 1.08 (0.93-1.23) P=0.30 Higher IC50 correlates to a higher relapse risk

Correlation of organoid and patient response in patients treated with

primary RT

For the six organoid models derived from patients receivingrpary RT, the same analysis
was performed as described above. Here median viability was 79a6% Gy. No significant
di" erences in patient clinical response were observégtween sensitive and resistant
organoids (Figure S2G), although sample size is knRatient who got RT on the neck relapsed

later compared with patients without neck RT (Figure S2H).

Combination therapy vs. monotherapy in vitro shows di " erential

responses

Five organoid models were generated from patients receivin@T One patient received RT
+ Cetuximab and 4 patients received RT + cisplatin. Organoidsviezated with RT alone,
chemotherapy alone or CRT (Figures S3A-SBO)f the tested models, T12 was the most
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sensitive to CRT (Figure S3B). T12 therapy response was cadpa both a RT only and a
CRT setting (Figure 4A). For CRT conditions, tyes$yof normalisations were applied, allowing
assessment of synergistic and additivé ects of cisplatin and RT (see STAR Methods for more
details). In the case of T12- the superidrext of CRT compared to RT alone was due to additive
e" ects, rather than the radio sensitizind'@ct of cisplatin (Figure 4A). These data highligkie
complexity of screening organoids for multimodal teéments and underscores the importance
and of assessing treatment components in combinatiolndeed, no clear correlation between
organoid and patient response was observed, with 2/4 CRTp{eitsn) patients relapsing, but
only one of the corresponding organoid models showing resistanevhile the other model
showed sensitivity (Figure S3C).

Chemotherapeutics as radiosensitizers HNSCC organoids

The radio-sensitising potential of Cisplatin, Carplatin and Cetuximab was assessed in in
patient-derived organoid$’. Organoids were exposed to increasing dosages ofdRher in
the presence or absence of sublethal doses of tHeemotherapeutics. The fixed sublethal
concentrations of cisplatin, carboplatin and Cetuximab were clesbased on data from our
previous study’ (see START Methods for more details).

A comparison of the 'tect of RT in the presence of cisplatin or carbopfatith the €' ect
of RT as a single agent, suggested that Boverall- the presence oéthgsnts enhanced the
e" ect of RT (synergistic"ect, Figure 4B and 4C,!lgpanels). In line with what is observed in
the clinict, both cisplatin and carboplatin served as radiossitizers. Perhaps unsurprisingly,
when compared to untreated organoids, the CRT comaiion was more toxic to cells than RT
alone (additive & ects, Figure 4B and 4C, right panels). The addddeaf these agents diers
between cultures derived from dierent patients. In contrast to the platinum compouts,
the presence of EGFR-inhibitor Cetuximab reducee t# ect of RT instead of enhancing
the RT &ect (first panel, Figure 4D). The ect of RT in the presence of chemo is drent
(statistically significantly) for all three tested chemothapeutics (Figure 4E). Although both
cisplatin and carboplatin enhance the"ect of RT (AUC RT[chemo] B AUC RT <0) , Cetuximab
protects against RT (AUC RT[chemo] B AUC RT >0 d&tesfit the observed inferior survival
of patients treated with Cetuximab + RT and highiighe value of organoid models to evaluate
combination treatments before implementation in the clinic.

It is important to note that, even though Cetuximab serves as a rqul@ector, thein vitro
additive €' ect of RT and Cetuximab was still more toxic thadmat of RT alone for most
patient-derived organoid models (additive'eect, Figure 4D, right panel). For all three tested
chemotherapeutics, CRT showed more killing than RT alone (Figure 4F).
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Figure 4. Synergistic versus additive €' ects of chemo- and radiotherapy in patient-derived
organoids
A. Relative viability of organoid culture T12 expas® increasing dosage of radiation (1-10 Gy) alaren
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combination with cisplatin. Error-bars represent stalard error of the mean (SEM). Technical replicates
n=4 for cisplatin-treated and n=6 for RT only. Eactirve is representative of 2 biological replicate
experiments. One-way ANOVA TukeyOs multiple compariest was used to compare RT only vs. RT +
cisplatin (synergistic) RT + cisplatin (additiv&)=p<0.01 ***=p<0.001. Thé ect of RT on organoid viability
was assessed when given alone or together with cheherapy. Lé panels: AUC RT expressed relative
to AUC [RT +chemo], which expresses thee of RT on viability in the presence of, but cocted for, a
fixed dose of chemotherapy. Green indicates the chetimerapy serves as a radiosensitizer, enhancing the
e" ect of RT. Red indicates the chemotherapy acts asdioprotector, decreasing the ‘eect of RT. Right
panels: AUC RT expressed relative to AUC [RT + chernete viability shows the result of the combinatati
treatment of RT and a fixed dose of chemo. Each mhalicates one organoid line where AUC was calcuthte
by exposing the organoids to 6 dosages of RT in techhiriplicate.

B. E ect of carboplatin on RT sensitivity of patient-dieed organoids.

C. Eect of cisplatin on RT sensitivity of patient-degd organoids.

D. E ect of Cetuximab on RT sensitivity of patient-degi organoids.

E. 95% confidence intervals showing AUC RT[chen®B [RT], thereby indicating thé ect the presence
of the chemo has on RT sensitivity, where theeet of chemotherapy alone is corrected for. The xis.
shows the & ect for carboplatin (carbo), cisplatin (cis) and @imab (cet), respectively. The outcome of
paired t-tests are depicted on the right side of tlgraph. ** 9p<0.01, ***=p=<0.001, ****=p<0.0001.

F. Identical to E, except now the y-axis indica®dC [RT+chemo] - AUC [RT], thereby reflecting treceof
RT+chemo, without correcting for the'@ct of the chemo itself. The outcome of paired tstis are depicted
on the right side of the graph. **p<0.01, ***=p=<0.001, ***=p<0.0001.

Exploring targeted therapies for HNC using organoid models

In HNSCC targeted therapy implementation has be@nited. Beyond Cetuximab (and more
recently immunotherapy), no targeted agents have &e approved by the European Medicines
Agency (EMA) However, genetic alterations detected in HNSCQCtiyaoverlap with other tumor
types for which targeted agents have been approvdebr example, the use of PIK3CA-inhibitor
Alpelisib has been approved for use in PIK3CA mutaetastatic breast cancéft, but not in HNSCC.
To assess the potential of such agents in HNSC@a8&nt-derived organoid cultures were exposed
to drugs targeting molecular pathways known to bé acted in HNSCC (Figure 5A). Only organoids
for which tumor identity was confirmed by sequenanwere screened. The compounds tested
were PIK3CA-inhibitor Alpelisib, FGFR-inhibitor AZ07, PARP-inhibitor Niraparib, NRAS-inhibitor
Tipifarnib, protein arginine methyltransferase 5 BMT5) inhibitor EZP015666 and mTOR-inhibitor
Everolimus. Organoids derived from"dérent donors showed variable responses to these ate

in vitro. For four organoid cultures (T23, T24, T33 and)TiBé assay was repeated, showing
correlation between biological repeats Raverage=.66, Figure S4A and S4B).

TP53 mutation status correlated with in vitro Nutlin-3&ssitivity (Figure 5BJ? validating our
in vitro drug screening platform. This screening response to Nutlin-3soacorrelated to the
observed & ect of a fixed dosage of 1M Nutlin-3 in culture (see Figure S1D).

Pre-clinical studies have previously identified FBKA mutation as a biomarker for Alpelisib
responsé?. In clinical trials, a more heterogeneous response Alpelisib treatment was
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observed. Consequently, the power of this biomarkier HNSCC patients response to alpeliseib
was questioned®. Considering these clinical findings, we rankedganoids for response to
Alpelisib based on AUC. PIK3CA mutant models wetesignificanlty more sensitive to Alpelisib
than PIK3CA wild-type models (Figure 5C, Figure SHI@3. discrepancy between the value of
a biomarker when studied either in pre-clinical stiies or clinical trials is most likely explained
by the (genetic) background of the tumors that cati ect drug response. Therefore, we sought
to introduce the most common activating PIK3CA mititan (E545K) into HNSCC organoids,
thereby generating isogenic cancer organoid paidi; ering only by one specific mutation. We
introduced single base changes in two patient-derivedgamoid models using CRISPR base-
editing technology. These organoid models (T2 and T3) weresgn as both showed dierent
baseline sensitivity to Alpelisib (Figure 5C). Resliting, clonal organoid cultures were genotyped
(Figure S4D) and clones carrying the desired PIKB@i#gtion were expanded and subsequently
tested for Alpelisib sensitivity. Compared twith éir isogenic wildtype counterparts, models
carrying PIK3CA mutations showed increased sengijivo Alpelisib (Figure 5D). However, the
di" erence in response between cultures derived front drent patients was larger than the
di" erence observed between isogenic pairs (Figure Biijeed, the Alpelisib response between
both isogenic pairs was not statistically signifiadly di" erent; however, in contrast there was
a statistically significant di erence in sensitivity between T2 and T3 (Figure. SE)ese results
underscore the potential of organoids to validatédé value of a particular biomarker for drug
sensitivity in the context of relevant patient hetegeneity. Moreover, organoid cohorts might
be useful to identify those patients more likely tespond, thereby providing a Osecond chanceO
for agents that show positiveeects, but only in a subset of patients.

Treatment with EZP01556, a PRMT5 inhibtfpshowed di erential responses in the panel of
organoids screened (Figure 5E). Homozygous losmethylthioadenosine phosphorylase
(MTAP), ben co-deleted with CDKN2A has been proposed to sexs a biomarker for response
to PRMTS5 inhibitor€®4’ Indeed, when correlating EZP01556 sensitivity with CDKN2#ust
in HNSCC organoids, CDKN2A null models showed increased sdtysitivthis agent (Figure
5E). In line with our earlier observation in pancreatic cancetls®, a subset of the CDKN2A
proficient models also showed sensitivity to EZP01556.

Taken together, these results revealed a potenti@eatment option for HSNCC patients,
where over 50% of cases are characterised by lo§SCOKN2A. Moreover, these findings
again underscored the importance of personalised approachesdentify the best drug for
each patient. Biomarkers such as CDKN2A status maigle treatments in patient cohorts
by identifying those likely to respond, but do not hold the power ¢lo this at the individual
patient level, as illustrated by the CDKN2A proficient models thkto respond to this agent.
Functional testing of patient-derived models such awganoids might be better suited to
identify such sensitivities for each individual patient.

85




Chapter 3
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Figure 5. Drug Screening of patient-derived HNSCCrganoids to targeted agents underscores
the importance of patient-specific genetic context when validatin g biomarkers

A. Response of 31 patient-derived organoid models $even targeted therapeutic agents. Sensitivity is
depicted as the Z score calculated for each individuhiug, to allow comparison of sensitivities between
di" erent drugs. Biological replicates are performedrfd 23, 24, 33 and 37, which are therefore depicted
twice. Red indicates relative resistance, blue indtes relative sensitivity, grey indicates absencedata.

B. Nutlin-3a sensitivity of organoid models relative their TP53 mutation status. Top row indicates TP53
mutation status determined by sequencing. Red indites a mutated status, blue indicates a wildtype
status, grey indicates no sequencing data is avail@bBottom row: sensitivity to Nutlin-3 depicted a&
score. Color coding: red indicates relative resistan@due indicates relative sensitivity.
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C. Alpelisib sensitivity of organoid models relagivo their PIK3CA mutation status. Top row indicatthe
presence or absence of a PIK3CA mutation. Red iagis a PIK3CA mutation was detected, where the
specific mutation is indicated by amino acid coding text. Blue indicates absence of a PIK3CA muatati
grey indicates absence of sequencing data. Bottoow: sensitivity to Alpelsib depicted as Z score. @ol
coding: red indicates relative resistance, blue indies relative sensitivity.

D. Alpelisib sensitivity of isogenic E545K PIK3@&ioid models, depicted as relative viability to DS
treated organoids. Viability is depicted as the avga of 3 technical replicates for each concentratiar
alpelisib tested. Isogenic pairs are indicated by tlsame color, but a dierent color shade.

E. Alpelisib sensitivity of isogenic E545K PIK3@fawoid models depicted by IC50 value. Each IC50 is
calculated from a screen with technical triplicat®r 9 concentrations of Alpelisib. IC50 was deternad in
biological triplicate, where each dots represents thresult of one experiment. Isogenic pairs are indied

by the same color, but a tierent color shade.

F. PRMT5-inhibitor sensitivity of organoid modelslative to their CDKN2A mutation status. Top row
indicates the presence or absence of a CDKN2A dmleRed indicates a loss was detected, Blue indes
absence of a CDKN2A loss, grey indicates absensegfiencing data. Bottom row: sensitivity to PRMT-5
inhibitor EZP0001556, depicted as Z score. Color ngdred indicates relative resistance, blue indiest

relative sensitivity.

DISCUSSION

Molecular diagnostics, where genetic alterationseused to guide patient diagnosis and
treatment decisions is gaining prominence. Novel therapies wihlective kinase inhibitors

are generally indicated based on the presence of a particular géobiomarker in the tumor

DNA®5C Although associations between biomarker and drugsponse are detected at the
population level, the presence of the applicable biomarker doeet guarantee a response
for the individual patient. For example, in patiestd' ected by HER2-amplified metastatic
colorectal cancer, only 30-50% respond to anti-HER®ibodies**L This underscores the
importance of better biomarkers to guide patient éatment, ideally on the individual patient
level. Here, we explored if patient-derived orgams can be used to better guide patient
treatments by serving as a diagnostic tool, usingganoid response as the biomarker.
Moreover, we explored the value of organoids asra{elinical model to test and characterise
already proposed biomarkers before they enter the clinic.

The potential of organoid models to guide treatmerih a personalised manner has been
explored beforé1°®2 Multiple reviews have described these studies andalysed their
similarities and df erences$®%2 Overall, correlation between patient and organoid response
is observed. Regardless, these studies investigdtéerent tumor types, disease stages,
treatments and furthermore vary in applied methodology to deteine organoid sensitivity.
As such, it is challenging to answer the question whether orgaisocan help guide therapy
decisions for all cancer patients. This is emphasised by a stofl Od et al. that showed in
patients with colorectal cancer, organoids can predict gaht response to irinotecan-based
therapies, but not to oxaliplatin and 5-FU respon'$e
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Correlation of organoid response and patient response

Here we have investigated the predictive potentiaf organoid response to RT and/or CRT
in patients with primary HNSCC. In the adjuvant atenent setting, organoid viability at 2
Gy was the organoid parameter that best correlated with clinicasponse (n=15, Figure 3C),
although the correlation was not statistically significant.of patients that received primary
RT, we did not observe a statistically significant correlatioativeen organoid response and
clinical relapse (n=6, see Figure S6A). This could potentiallgdiee=to the small sample size.
Taken together, larger studies are needed to confirm if organoids hold pgeéde potential.

There are multiple factors that could confound oremken potential correlation. The first
one, applicable in the context of adjuvant RT, iargery. Even a resistant tumor will not
relapse when completely and successfully removed by surgerycdel, the absence of the
tumor microenvironment in organoid models should be considea'2. RT treatment induces
immunogenicity through neoantigen presentation in the tumomicroenvironment®.
Therefore, the presence of immune cells might bequéred in a model to assess the full
e" ect of R7*% The & ect of immune cells on tumor cell killing post-RTr the €' ects of
immunotherapy on regional lymph nodes cannot be asssed in the current screening assay.
Indeed, administration of immune-checkpoint inhibitor Durvaluab following CRT has been
associated with an improved overall survival in pants with stage Ill non-small cell lung
canceP*%% For HNC, a similar strategy of combined immunaxdachemoradiotherapy has
not yet shown benefif®.

Measuring organoid response in vitro

Organoid viability was assessed at RT dosage raggfrom 1 to 10 Gy. This allowed for
calculations of metrics such as IC50, AUC and GR50. Similar to anoagip previously used
by Yao et dl, organoid viability at a fixed RT dose of 2 Gy w0 included as a metric, as 2 Gy
is the fraction dose used clinically for patientsith HNC. Of assessed metrics, viability at 2 Gy
correlated best with clinical response and allowag to use all organoid models in our analysis
(as GR-metrics could not be calculated for all orgad®, due to never reaching 50% viability).
Importantly, using a single dose for readout as opposed to adjemt of dosage$requires
less organoids and therefore, could decrease time to screenihtesting would be applied in

a diagnostic setting.

It remains to be determined which parameter is the best predictof response. In a pooled
analysis of 17 oncology organoid studies that assedsgganoid response to clinical outcome,
the most common parameter of organoid response usedsvthe AUE. Most informative
parameters may depend on treatment type (e.g., RS themotherapy vs. targeted therapies)
as well as the disease type. As more studies evihm organoid response and clinical
response in various oncology indications are reped, this will help to clarify the most optimal
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parameter per treatment and disease type. For transpareneye have reported IC50, AUC,
GR50 and viability at 2 Gy here.

Biomarker validation using patient-derived organoid models

Organoids were used to study the correlation between pesise to PIK3CA-inhibitor Alpelisib
and the presence of activation PIK3CA mutations.&kltiested in a cohort of organoid models,
no association between PIK3CA mutation status and Alpeligbponse could be found. We
hypothesised that the tumorOs genetic background may overrelsponse to a drug, even if
the relevant biomarker is present. To test this, Ex4Butations were introduced in organoids
derived from two dfi erent patients using CRISPR/Cas9 base-editing tembgy. Absolute
sensitivity to Alpelisib increased upon introductionf the mutation in both cases, and the
di" erence between the two patients remained bigger than tle erence between the isogenic
pairs. Indeed, in preclinical studies, PIK3CA mutatiseemed a promising biomarker in HNSCC
tumors, but clinical trials yielded disappointing results wheselecting patients for Alpelisib
treatment based on the presence of this biomarkérThese results illustrate how organoid
biobanks may be used to validate or characterise biomarkerddre they are explored in the
clinic to enhance chance of success of a drug candidate before it enters clinicastrial

Lastly, we used organoids to show that genetic loss CDKN2A seems to be predictive for
a good response to PRMTS5 inhibitors. Although itshaeen shown both pre-clinically and
clinically for other tumor type$°®*7 to our knowledge, we are the first to show this correlation
in HNSCC. These results therefore indicate a newrépy option for HNSCC, which can
potentially aid many patients, as > 50% of HNSCC show a loss of CDKN2A

LIMITATIONS OF THE STUDY

The sample sizes for clinical correlation, primary Ril=6) and adjuvant RT (& 15), are small,
and therefore results should be interpreted with caution. the adjuvant RT group, patientsO
surgery may confound outcome. For clinical analysimtientsO age and sex (ascribed at birth)
were collected, but ethnicity and socioeconomic status of pants were not collected. Age
and sex distribution of patients included in corration analysis was comparable to the entire
HNC biobank, which is a representative cohort oftjgats with HNC, as worldwide, the median
age for diagnosis is 66 years, and men have a 2- to 4-fold highkita develop HNSCE&The
study inclusion criteria were patients with HNC with a tumorrafnimuml cm and a planned
intervention with possible tissue collection. Tumors smaller thal cm were not suitable for
inclusion.
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CONCLUSION

Here we present a diverse biobank of organoids dexdl from patients with HNC that
phenotypically and genetically recapitulate the aginal tissue they are derived from. Organoid
response to RT correlates with clinical relapse status in the a@jot setting but not in the
primary setting. Finally, we demonstrate how organadan be utilized to explore biomarker
potential in the setting of targeted therapies, and we identiffRIRT5 inhibition as a potential
therapy option that can be explored for HNSCC.

90



REFERENCES

1. Drost, J., and Clevers, H. (2018). Organoids in canesearch. Nat Rev Cancgs, 407D418. 10.1038/
$41568-018-0007-6.

2. Tuveson, D., and Clevers, H. (2019). Cancer modeling niestsin organoid technology. Science
(1979)364 952P955. 10.1126/science.aaw6985.

3. van de Wetering, M., Francies, H.E., Francis, Bblunova, G., lorio, F., Pronk, A., van Houdt, W.,
van Gorp, J., Taylor-Weiner, A., Kester, L., et al. (20183pective derivation of a living organoid
biobank of colorectal cancer patients. Celb1 933D945. 10.1016/j.cell.2015.03.053.

4. Hou, S., Tiriac, H., Sridharan, B.P., ScampaviaMadoux, F., Seldin, J., Souza, G.R., Watson,
D., Tuveson, D., and Spicer, T.P. (2018). Advamclopment of Primary Pancreatic Organoid
Tumor Models for High-Throughput Phenotypic Drug 8ening. SLAS Disco®3, 574D584.
10.1177/2472555218766842.

5. Hill, S.J., Decker, B., Roberts, E.A., Horowitz, N.So,MuG., Worley, M.J., Feltmate, C.M., Nucci,
M.R., Swisher, E.M., Nguyen, H., et al. (2018). Predicfi@N& repair inhibitor response in short-
term patient-derived ovarian cancer organoids. CanmcBiscov8, 1404D1421. 10.1158/2159-8290.
CD-18-0474.

6. Sachs, N., de Ligt, J., Kopper, O., Gogola, EunBea, G., Weeber, F., Balgobind, A.V., Wind, K.,
Gracanin, A., Begthel, H., et al. (2018). A living biobarkedst cancer organoids captures disease
heterogeneity. Celll72 373D386. 10.1016/j.cell.2017.11.010.

7. Yan, H.H.N.,, Siu, H.C., Law, S., Ho, S.L., Ya.STsui, W.Y., Chan, D., Chan, A.S., Ma, S., Lam
K.O., et al. (2018). A comprehensive human gastaacer organoid biobank captures tumor
subtype heterogeneity and enables therapeutic screegi Cell Stem Ce23 882D897. 10.1016/j.
stem.2018.09.016.

8. Tiriac, H., Belleau, P., Engle, D.D., PlenkeDBschenes, A., Somerville, T., Froeling, F.E.Nrkiiart,
R.A., Denroche, R.E., Jang, G.-H., et al. (2018). Orgardditiny identifies common responders to
chemotherapy in pancreatic cancer. Cancer Dis@)\1112D1129. 10.1158/2159-8290.CD-18-0349.

9. Kim, M., Mun, H., Sung, C.O., Cho, E.J., Jeon,&hdn, S.M., Jung, D.J., Shin, T.H., Jeong, GI18,, Ki
D.K., et al. (2019). Patient-derived lung cancer organadsn vitro cancer models for therapeutic
screening. Nat Commu0. 10.1038/s41467-019-11867-6.

10. Vlachogiannis, G., Hedayat, S., Vatsiou, A., JandinFernfndez-Mateos, J., Khan, K., Lampis, A.,
Eason, K., Huntingford, I., Burke, R., et al. (Q0Ratient-derived organoids model treatment
response of metastatic gastrointestinal cancers. Scien¢1979)926 920D926. 10.1126/science.
aa02774.

11. Yao, Y., Xu, X., Yang, L., Zhu, J., Wan, J., Shen, L., Xj& FDEng, Y., Pan, M., et al. (2020). Patient-
Derived Organoids Predict Chemoradiation Responsésocally Advanced Rectal Cancer. Cell Stem
Cell26, 17-26.e6. 10.1016/j.stem.2019.10.010.

12. Od, S.N., Weeber, F., Dijkstra, K.K., McLean, CahgKS., van Werkhoven, E., Schipper, L.,
Hoes, L., Vis, D.J., van de Haar, J., et al. (2B&jent-derived organoids can predict response
to chemotherapy in metastatic colorectal cancer patientSci Transl Med 1, eaay2574. 10.1126/
scitransimed.aay2574.

13. Wensink, G.E., Elias, S.G., Mullenders, J., KoopmanoMS B., Kranenburg, O.W., and Roodhart,
J.M.L. (2021). Patient-derived organoids as a preilie biomarker for treatment response in cancer
patients. NPJ Precis Oncé| 30. 10.1038/s41698-021-00168-1.

91



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

92

Bray, F., Ferlay, J., Soerjomataram, |., Siegel, R.L., Tarfe, and Jemal, A. (2018). Global cancer
statistics 2018: GLOBOCAN estimates of incidence and ntiytaorldwide for 36 cancers in 185
countries. CA Cancer J Ch8, 394D424. 10.3322/caac.21492.

Leemans, C.R., Snijders, P.J.F., and BrakéntH. (2018). The molecular landscape of head and
neck cancer. Nat Rev Cancés, 2699282, 10.1038/nrc.2018.11.

Mody, M.D., Rocco, J.W., Yom, S.S., Haddad, R.l., andN6&b&021). Head and neck cancer. The
Lancet398 2289D2299. 10.1016/S0140-6736(21)01550-6.

Driehuis, E., Kolders, S., Spelier, S., L>hmuss#ar Willems, S.M., Devriese, L.A., de Bree,eR., d
Ruiter, E.J., Korving, J., Begthel, H., et al. @0Dral mucosal organoids as a potential platforfior
personalized cancer therapy. Cancer Discaw52D871. 10.1158/2159-8290.cd-18-1522.

Nestor, M., SundstrSm, M., Anniko, M., and TolmaghV. (2011)."Ect of cetuximab in combination
with alpha-radioimmunotherapy in cultured squamous cetlarcinomas. Nucl Med Bi8B, 103D112.
10.1016/J.NUCMEDBI0.2010.06.014.

Gebre-Medhin, M., Brun, E., EngstrSm, P., Cange, Hathmarstedt-Nordenvall, L., Reizenstein, J.,
Nyman, J., Abel, E., Friesland, S., Sj8din, Halet2021). ARTSCAN lll: A Randomized Phase I Stud
Comparing Chemoradiotherapy With Cisplatin Versus Cetuadd in Patients With Locoregionally
Advanced Head and Neck Squamous Cell Cancer. J Clin G388BDb47. 10.1200/JC0.20.02072.

Rischin, D., King, M., Kenny, L., Porceddu, Sattéfr, C., Macann, A., Jackson, J.E., Bressel,
M., Herschtal, A., Fisher, R., et al. (2021). Rarided Trial of Radiation Therapy With Weekly
Cisplatin or Cetuximab in Low-Risk HPV-Associated Orogphgeal Cancer (TROG 12.01) - A Trans-
Tasman Radiation Oncology Group Study. Int J Raddatcol Biol Phys11 876DH886. 10.1016/J.
IJROBP.2021.04.015.

Maddalo, M., Borghetti, P., Tomasini, D., Corv", R., Boaph, Petrucci, A., Paiar, F., Lastrucci, L.,
Bone, M.L., Greco, D., et al. (2020). Cetuximab Radliation Therapy Versus Cisplatin and Radiation
Therapy for Locally Advanced Head and Neck Cankeng-Term Survival and Toxicity Outcomes of
a Randomized Phase 2 Trial. Int J Radiat Oncol Biol Ritys469D477. 10.1016/J.1JROBP.2020.02.637.

Li, Q., Tie, Y., Alu, A., Ma, X., and Shi, H. (2023). Tattgextaply for head and neck cancer: signaling
pathways and clinical studies. Signal Transduct Target TBe81. 10.1038/s41392-022-01297-0.

Geurts, M.H., de Poel, E., Pleguezuelos-Manzan@ka, R., Carrillo, L., Andersson-Rolf, A., Boret
M., Brunsveld, J.E., van Boxtel, R., Beekman, &Ml. (2021). Evaluating CRISPR-based primemgliti
for cancer modeling and CFTR repair in organoids. Life Sci Allidnt8.26508/LSA.202000940.

Beumer, J., Geurts, M.H., Lamers, M.M., PuschhpoZhang, J., van der Vaart, J., Mykytyn, A.Z.,
Breugem, T.l., Riesebosch, S., Schipper, D., ef28121). A CRISPR/Cas9 genetically engineered
organoid biobank reveals essential host factors for coroneuses. Nature Communications 2021
12:112 1D12. 10.1038/s41467-021-25729-7.

Schwank, G., Koo, B.K., Sasselli, V., Dekkers,He®, |., Demircan, T., Sasaki, N., Boymans, S.,
Cuppen, E., van der Ent, C.K., et al. (2013). FunctionalirghZFTR by CRISPR/Cas9 in intestinal
stem cell organoids of cystic fibrosis patients. C8liem Celll3 653D658. 10.1016/j.stem.2013.11.002.

Drost, J., van Jaarsveld, R.H., Ponsioen, B., &rtib, C., van Boxtel, R., Buijs, A., Sachs, Neri@eer,
R.M., Oerhaus, G.J., Begthel, H., et al. (2015). Sequérntancer mutations in cultured human
intestinal stem cells. Natur&21, 43D47. 10.1038/nature14415.

Fujii, M., Matano, M., Nanki, K., and Sato, TL%2CE icient genetic engineering of human intestinal
organoids using electroporation. Nat Protot0, 1474D1485. 10.1038/nprot.2015.088.

Koblan, L.W., Doman, J.L., Wilson, C., Levy, J&., T., Newby, G.A., Maianti, J.P., Raguram, A.,
and Liu, D.R. (2018). Improving cytidine and adenine basioes by expression optimization and
ancestral reconstruction. Nat Biotechnd@6, 843D846. 10.1038/nbt.4172.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Gaudelli, N.M., Komor, A.C., Rees, H.A., Packer, M.$arB&dH., Bryson, D.l., and Liu, D.R. (2017).
Programmable base editing of A¥T to G¥C in genomi Without DNA cleavage. Natus&1, 464D471.

10.1038/nature24644.

Zafra, M.P., Schatq E.M., Katti, A., Foronda, M., Breinig, M., ScteeeiA.Y., Simon, A., Han, T,
Goswami, S., Montgomery, E., et al. (2018). Optimized bd&ers enable ¢ icient editing in cells,

organoids and mice. Nat Biotechn@6, 8885893. 10.1038/nbt.4194.

Komor, A.C., Kim, Y.B., Packer, M.S., Zuris, dAl. Liu, D.R. (2016). Programmable editing of a
target base in genomic DNA without double-stranded Dbldavage. Naturé&33 420D424. 10.1038/

naturel7946.

L>hmussaar, K., Oka, R., Espejo Valle-Inclan, J., Smitd, ¥, Wardak, H., Korving, J., Begthel, H.,
Proost, N., van de Ven, M., Kranenburg, O.W.,.¢2@R1). Patient-derived organoids model cervical
tissue dynamics and viral oncogenesis in cervicahcar. Cell Stem Cell8, 1380-1396.e6. 10.1016/J.

STEM.2021.03.012.

The Cancer Genome Atlas Network (2015). Comprehensivergancharacterization of head and

neck squamous cell carcinomas. Natubd7 576D582. 10.1038/nature14129.

Vassilev, L.T., Vu, B.T., Graves, B., CarvajaPddlaski, F., Filipovic, Z., Kong, N., Kammlait,
Lukacs, C., Klein, C., et al. (2004). In vivo atitim of the p53 pathway by small-molecule antagmis

of MDM2. Science (1973)3 844D848. 10.1126/science.1092472.

Llorente, J.L., L—pez, F., Sutrez, C., and Hermdeh. (2014). Sinonasal carcinoma: Clinical,
pathological, genetic and therapeutic advances. Nat R&lin Oncolll, 460D472. 10.1038/

nrclinonc.2014.97.

Nalepa, G., and Clapp, D.W. (2018). Fanconi anaemia anckcaan intricate relationship. Nat Rev

Cancerl8 168D185. 10.1038/nrc.2017.116.

Sachs, N., Papaspyropoulos, A., Zomerbvan Ommen, D.D, | HBSttinger, L., Klay, D., Weeber, F.,
HuelszbPrince, G., lakobachvili, N., AmatngalinD.Get al. (2019). Longbterm expanding human

airway organoids for disease modeling. EMB38] 10.15252/embj.2018100300.

Karthaus, W.R., laquinta, P.J., Drost, J., Gracanin,ah. Boxtel, R., Wongvipat, J., Dowling, C.M.,
Gao, D., Begthel, H., Sachs, N., et al. (2014). Identificati multipotent luminal progenitor cells in

human prostate organoid cultures. Cell59 163D175. 10.1016/j.cell.2014.08.017.

Stransky, N., Eglg A.M., Tward, A.D., Kostic, A.D., Cibulskis, ikacBenko, A., Kryukov, G. v.,
Lawrence, M.S., Sougnez, C., McKenna, A., etdl1)2The mutational landscape of head and neck

squamous cell carcinoma. Science (19783 1157D1160. 10.1126/science.1208130.

Agrawal, N., Frederick, M.J., Pickering, C.R., Bettegowda, CngCKa, Li, R.J., Fakhry, C., Xie, T.X.,
Zhang, J., Wang, J., et al. (2011). Exome sequenoinhead and neck squamous cell carcinoma

reveals inactivating mutations in NOTCHL1. Science (1383 1154D1157. 10.1126/science.1206923.
AndrZ, F., Ciruelos, E., Rubovszky, G., Campone, M., 8aiRlugo, H.S., lwata, H., Conte, P., Mayer,
I.A., Kaufman, B., et al. (2019). Alpelisib for3aK -Mutated, Hormone ReceptorbPositive Advanced

Breast Cancer . New England Journal of Medicd8§ 1929D1940. 10.1056/nejmoal813904.

Fritsch, C., Huang, A., Chatenay-Rivauday, C., SchneRe@dy, A., Liu, M., Kamann, A., Guthy,
D., Erdmann, D., De Pover, A., et al. (2014). Charactevizafithe Novel and Specific PI3K Inhibitor
NVP-BYL719 and Development of the Patient Stratificatibrategy for Clinical Trials. Mol Cancer

Ther13 1117D1129. 10.1158/1535-7163.MCT-13-0865.

Juric, D., Rodon, J., Tabernero, J., Janku, F., Burris,,’séhellens, J.H.M., Middleton, M.R., Berlin,
J., Schuler, M., Gil-Martin, M., et al. (2018). Phasidylinositol 3-KinasenbSelective Inhibition With
Alpelisib (BYL719) in PIK3CA -Altered Solid Tunm®esults From the First-in-Human Study. Journal

of Clinical Oncology6, 129191299. 10.1200/JC0.2017.72.7107.

93



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

94

Chan-Penebre, E., Kuplast, K.G., Majer, C.R., BoriackrSP.A., Wigle, T.J., Johnston, L.D., Rioux,
N., Munchhof, M.J., Jin, L., Jacques, S.L., €28I15). A selective inhibitor of PRMT5 with in varal
in vitro potency in MCL models. Nat Chem Biol. 10.1038/nchembio.1810.

Marjon, K., Cameron, M.J., Quang, P., Clasquift,,Nlandley, E., Kunii, K., McVay, M., Choe, S.,
Kernytsky, A., Gross, S., et al. (2016). MTAP DeletionsiceC@reate Vulnerability to Targeting of
the MAT2A/PRMT5/RIOK1 Axis. Cell Rep. 10.1016/j.celrep.2@s0

Kryukov, G. v, Wilson, F.H., Ruth, J.R., Paulk, J., TslerAi, Marlow, S.E., Vazquez, F., Weir, B.A.,
Fitzgerald, M.E., Tanaka, M., et al. (2016). MTAdRide confers enhanced dependency on the PRMT5
arginine methyltransferase in cancer cells. Scienggl 1214D1218. 10.1126/science.aad5214.

Mavrakis, K.J., McDonald, E.R. 3rd, Schlabach, MBiRy, E., Hobman, G.R., deWeck, A., Ruddy,
D.A., Venkatesan, K., Yu, J., McAllister, G., €@16). Disordered methionine metabolism in MTAP/
CDKN2A-deleted cancers leads to dependence on PREGBnce351 1208D1213. 10.1126/science.
aad5944.

Driehuis, E., van Hoeck, A., Moore, K., Kolders, S., lesrdiE., Gulersonmez, M.C., Stigter, E.C.A.,
Burgering, B., Geurts, V., Gracanin, A., et all920Pancreatic cancer organoids recapitulate
disease and allow personalized drug screening. Proc Methd Sci U SIAG 26580926590. 10.1073/
pnas.1911273116.

Meric-Bernstam, F., Hurwitz, H., Raghav, K.P.€WMiams, R.R., Fakih, M., VanderWalde, A.,
Swanton, C., Kurzrock, R., Burris, H., Sweeney, C., et®9)2Pertuzumab and trastuzumab for
HER2-amplified metastatic colorectal cancer: an updatedoet from MyPathway, a multicentre,
open-label, phase 2a multiple basket study. Lancet On26] 518. 10.1016/S1470-2045(18)30904-5.

Mosele, F., Remon, J., Mateo, J., Westphalen, C.B., Bdlesolkema, M.P., Normanno, N., Scarpa,
A., Robson, M., Meric-Bernstam, F., et al. (2020). Recordaiams for the use of next-generation
sequencing (NGS) for patients with metastatic cancers: pae from the ESMO Precision Medicine
Working Group. Annals of Oncology. 10.1016/j.annonc.20201@7.0

Gupta, R., Garrett-Mayer, E., Halabi, S., MarRj#t, DOAndre, S.D., Meiri, E., Shrestha, S. \\&uire,
Ranasinghe, S., and Schilsky, R.L. (2020). Pertuzumahtmstuizumab (P+T) in patients (Pts) with
colorectal cancer (CRC) with ERBB2 amplificatiorowerexpression: Results from the TAPUR Study.
https://doi.org/10.1200/JC0.2020.38.4_suppl.138, 132D132. 10.1200/JC0O.2020.38.4_SUPPL.132.

Driehuis, E., Kretzschmar, K., and Clevers, H2QR0Establishment of patient-derived cancer
organoids for drug-screening applications. Nat Protd8, 3380D3409. 10.1038/s41596-020-0379-4.

Formenti, S.C., Rudqvist, N.P., Golden, E., Cooper, Bip&vieerg, E., Lhuillier, C., Vanpouille-Box,
C., Friedman, K., Ferrari de Andrade, L., Wucherpfenniy/. Ket al. (2018). Radiotherapy induces
responses of lung cancer to CTLA-4 blockade. Nat %#d845D1851. 10.1038/s41591-018-0232-2.

Antonia, S.J., Villegas, A., Daniel, D., Vicente, D.,Wdora S., Hui, R., Kurata, T., Chiappori, A., Lee,
K.H., de Wit, M., et al. (2018). Overall Survival with Duraab & er Chemoradiotherapy in Stage

Il NSCLC. New England Journal of Medi@i§ 2342D2350. 10.1056/nejmoal809697.

Lee, N.Y., Ferris, R.L., Psyrri, A., Haddad, &hbrd, M., Bourhis, J., Harrington, K., Mu-Hsin Chang
P., Lin, J.-C., Abdul Razaq, M., et al. (2021)lutab plus standard-of-care chemoradiotherapy
versus chemoradiotherapy alone in patients with laty advanced squamous cell carcinoma of the
head and neck: a randomised, double-blind, placebo-controlled, tticentre, phase 3 trial.

Johnson, D.E., Burtness, B., Leemans, C.R., Lui, V.AU¥aB, J.E., and Grandis, J.R. (2020). Head
and neck squamous cell carcinoma. Nat. Rev. Dis. Prisn@r 92. https://doi.org/10.1038/s41572-
020-00224-3.

Gupta, S.M., and Mania-Pramanik, J. (2019). Md&auechanisms in progression of HPV-associated
cervical carcinogenesis. J Biomed 6. 10.1186/s12929-019-0520-2.



58.

59.

60.

Zhang, J.-H., and Oldenburg, K.R. (2009). Z-FadtoiEncyclopedia of Cancer, M. Schwab, ed.
(Springer Berlin Heidelberg), pp. 3227D3228. 10.1007/978-3456@8-1_6298.

Hu, J.H., Miller, S.M., Geurts, M.H., Tang, W., CheanlLN.$Zeina, C.M., Gao, X., Rees, H.A,, Lin, Z.,
et al. (2018). Evolved Cas9 variants with broad PAM compasitand high DNA specificity. Nature
556, 57D63. https://doi.org/10.1038/nature26155.

Andersson-Rolf, A., Mustata, R.C., Merenda, f,, Kj Perera, S., Grego, T., Andrews, K., Trenkble,
Silva, J.C.R., Fink, J., et al. (2017). One-stemeretion of conditional and reversible gene knockést
Nat Methodsl4, 287D289. 10.1038/NMETH.4156.

95



Chapter 3

SUPPLEMENTAL MATERIAL
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Figure S1 Organoid outgrowth and phenotypic characterization, rel ated to Figure 1.

A. Bar-graph indicating percentage of successfulug) or unsuccessful (purple) biobanking of organaid
isolated from tumor, normal or metastatic (met) tmues, either from a biopsy or resection procedure. B
Comparison of organoid outgrowth from three primargmors (T74, T25 and T32) on M7 (purple) and HN
(navy) media. Cross shape indicates when organoidsndiscarded due to lack of growth, circle shape
indicates when organoid was biobanked and verticlithe indicates an organoid passage.C.Brightfield
microscopy images of tumor organoid T74 grown from isolation M7 or HN media. Scale bars=100
$m.D.Brightfield images display 6 tumor organoid tuttes that are insensitive (T46, T23 and T35) orstive
(T36, T39 and T50) to Nutlin-3a (7-10 days) foltmyassage. Scale bars=1@f. E.Brightfield images of
ITAC organoid T36, highlighting the phenotypic'érence of the cystic adenocarcinoma organoid with
columnar cells (white arrows) compared to the solidsamous organoid phenotype. Scale bars=18@.
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Figure S2.Radiotherapy screening in organoids and ¢inical correlation in primary and
adjuvant setting, related to Figure 3.

A. Heatmap of AUC from 28 organoids that were uteevaluate reproducibility from 2 biological replite
experiments (E): 1 and 2 B. Correlation between Albtined in RT screening: E1, x-axis and E2, g-&ach
dot represents an organoid model, n=28. Pearsonm@dation was used to determine the R squared value.
C. Examples of kill curves obtained during E1 (gl and E2 (blue) of RT screens in organoids T33,ahd
T46 (top to bottom) D. Scatter dot plots and Kaplavieier curves corresponding to organoid models dexd/
from patients that received adjuvant RT. E.Kaplaredr curve showing the probability of relapse (inanths)

in patients who received adjuvant RT, stratified Ipatients with high nodal status: no (NO/1 nodalegts,
black line, n=4)) or yes (N2/N3 nodal status, reet] n=11)) at the time of irradiation. F. KaplareMr curve
showing the probability of relapse (in months) in iants who received adjuvant RT, stratified by patits
who had a radical surgical resection: No (blackdim=8)) or yes: (red line, n=7)). G.Response gdrwid
cultures corresponding to patients receiving primsuRT, categorised based on patient relapse statusdR
indicates a relapse, black indicates no relapse: Bient plots show response of organoids depicted for
di" erent response parameters:% viability at 2 Gy, AUT30 and GR50 [l¢o right). H. Kaplan- Meier curve
depicts the probability of relapse (in months) in p@nts who received primary RT, stratified by yedgk
line, n=3) or no (red line, n=6)) receiving irratiten to the neck. Drop in line indicates relapsepfindicates
censored data point.
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Figure S3. Chemo-radiotherapy screening in organoids deived from patients who received
chemoradiotherapy in the clinic, related to Figure 4A.

A. Dose-response curves show percentage of viabgaaoids (T12, T23, T27 and T49) following exposure
to increasing dosage of irradiation (1-10 Gy) alooein combination with cisplatin at a low (8M) and high
(5%$M) concentration, E1 (Experiment 1) on theé land E2 on the right. Error-bars represent standandor

of the mean (SEM) of 4 technical replicates in tgplatin- treated conditions and 6 technical reglates in
the RT only conditions, each curve is representatiof 2 biological replicates. B. Dose-response clgoé
organoids T12, T23, T27, T49 and T46 exposed twaion of cisplatin monotherapy. The percentagefo
viability is calculated per concentration of cisplat, normalized to solvent-only (untreated), errordss are
SEM of 4 technical replicates, each curve is repréative of 2 biological replicates. C.Heatmap regments
the Z-score AUC taken from 4 HNC organoids expdase®T only, cisplatin + RT and cisplatin only from
patients that received cisplatin + RT in the clinig-score AUC depicts the range of more sensitivegp
to least sensitive (red). Organoid sensitivity hbsen ranked from most to least sensitive to cispiat+ RT
(additive), clinical relapse (black) is indicated &te top.
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Figure S4. Targeted therapy in organoids, related to Figure 5.

A.correlation between Z-score normalised AUC valdiesthe seven drugs depicted in Figure 5A. Eacloico
indicates a df erent organoid culture. B. r2 for the correlatioregicted in panel A. color coding is identical to
A. C. Alpelisib sensitivity of organoids carryin@H#<3CA activating mutation (red) versus organomshout
PIK3CA activating mutation (blue). T-test, ns, pt811). D. Sanger sequencing results of generateanfr
one PIK3CA E545K mutant and a wildtype control. G¥A mutation induced is indicated in a red triaegl
Top row indicates the sequencing results of oneggfnerated mutants. Bottom row indicates sequencing
results of the wildtype parent culture.
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Supplementary table 2. Antibody Specifications, related to STAR METHODS

Primary
Antibody Supplier Catalogue Host Clone Lot Dilution  |Pretreatment/
number Species number Antigen
Retrieval
AE1AE3 Roche 5267145001 Mouse |AE1/AE3/PCK2 [J12362 |RTU CC1'16/'8 Ab/
6 ‘4 post Prot 3
CK13 Invitrogen MA1-5764 Rabbit |AE8 76403269 (1in 1000 |CC124'/32'ab
P63 Ventana 790-4509 Mouse |4A4 J14838 [RTU CC1'24/Ab
'32/AMP
P16NK4a Roche 6695256001 Mouse |E6H4 J19683 [RTU 48 CC1/'12 Ab
CDX2 Cellmarque  (760-4380 Rabbit |EPR2764Y V0002431 [RTU CC132716'Ab
a-amylase Sigma AB273-1VL Rabbit  [Polyclonal 1in 1000 |Citrate buffer
O/NRT
Aquaporin 5  |Origene TA321387 Rabbit  |Polyclonal 1in 800 |Citrate buffer
(AQP5) O/NRT
yH2AX Milipore MA1-2022 Mouse |3F2 1in 500
O/N4C
Secondary
Goat Thermofisher |A28175 Goat 1in 500
anti-mouse
AF-488
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CHAPTER 4

p-mTOR, p-ERK and PTEN expression in tumor
biopsies and organoids as predictive biomarkers
for patients with HPV negative head and neck
cancer.

W.W.B. de Kort, E.J. de Ruiter, W.E. Haakma, E. Driehuis,
L.A. Devriese, R.J.J. van Es, S.M. Willems

Head and Neck Pathology, Volume 17, 697-707 (2023)



ABSTRACT

Background

Survival rates of head and neck squamous cell camina (HNSCC) have only marginally
improved in the last decades. Hence there is a need for predictiventarkers for long-time
survival that can help to guide treatment decisiorsnd might lead to the development of
new therapies. The phosphatidylinositol 3-kinas@IBK)/AKT/mTOR signaling pathway is
the most frequently altered pathway in HNSCC, genes arem mutated, amplificated and
overexpressed causing aberrant signaling ecting cell growth and dierentiation. Numerous
genetic alterations of upstream and downstream famts have currently been clarified.
However, their predictive value has yet to be established. Therefae assess the predictive
value of p-mTOR, p-ERK and PTEN expression

Methods

Tissue microarrays(TMAQs) of HPV-negative patigitisoropharyngeal (n=48), hypopharyngeal
(n=16) or laryngeal (n=13) SCC, treated with primahgmoradiation (cisplatin/carboplatin/
cetuximab and radiotherapy), were histologically ained for p-mTOR, PTEN and p-ERK.
Expression was correlated to overall survival (Q83$ease free survival (DFS) and locoregional
control (LRC). Also p-mTOR was histologically stéaiin a separate cohort of HNSCC organoids
(n=8) and correlated to mTOR-inhibitor everolimussgonse.

Results

High p-mTOR expression correlated significantly Wwitvorse OS in multivariate analysis in
the whole patient cohort (Hazar Ratio(HR)1.06, 95%CI 1LaH) p=0.03) and in the cisplatin/
carboplatin group with both worse OS (HR1.09, 95%C02D1.16, p=0.02) and DFS (HR1.06,
95%Cl 1.00D1.12, p=0,04). p-ERK expression caerekgnificantly with DFS in univariate
analysis in the whole patient cohort (HR1.03, 95%CI0BQ.05, p=0.04) and cisplatin/
carboplatin group (HR1.03, 95%CI1.00D1.07, p=0.04). PTRM&sskon did not correlate with
OS/DFS/LRC. Better organoid response to everolicwselated significantly to higher p-mTOR
expression (Rs =-0.731, p=0.04).

Conclusion

High p-mTOR expression predicts and high p-ERK esgios tends to predict worse treatment
outcome in HPV negative HNSCC patients treated with chemaatidi, providing additional
evidence that these markers are candidate prognostic biorkars for survival in this patient
population. Also this study shows that the use oNISCC organoids for biomarker research has
potential. The role of PTEN expression as prognogiiemarker remains unclear, as consistent
evidence on its prognostic and predictive value is lacking.
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INTRODUCTION

Head and neck cancer is the 7th most common type of canworldwide with approximately
1.000.000 new cases in 2020Qver 95% of these cancers are squamous cell camia (SCCH*4

In current practice, therapy for head and neck squamous ceatadnoma (HNSCC) generally
depends on the anatomical location. For oral SCCe tandard treatment is primary surgery,
whereas pharyngeal and laryngeal SCCem undergo primary (chemo)radiation. At the time of
diagnosis, HNSCC has frequently spread to regidyadph nodes. Despite advances in surgical
techniques and adjuvant therapies, survival ratesive only marginally improved over the last
two decades. Therefore, there is a need for biomarkers prediw long-time survival that
can help to guide treatment decisions and might ledad the development of new therapiés.

The phosphatidylinositol 3-kinase (PI3K)/AKT/mTQOgling pathway is the most frequently
altered pathway in HNSCGCNormal activation of this signaling pathway fosters cell growth
survival, development and dierentiation®. In HNSCC, genes in the PI3K-pathway drero
mutated, amplificated and overexpressed causing aberrant saging®®. This & ects normal
cell growth, survival and dierentiation contributing to development and mainteance of

cancer. Numerous genetic alterations of upstream dudownstream factors have currently
been clarified. However, their predictive value has yet to be established.

The Omammalian target of rapamycinO(mTOR) is dateoPI3K/AKT/mTOR-pathway and
is a serine/threonine kinase which mediates cellulaomeostasis and growtH!2 mTOR is
activated by phosphorylation (p-mTOR). Aberrant mTOR sigmgis commonly observed in
cancer, making it an interesting therapeutic targetnTOR-inhibition as therapy for HNSCC
was reviewed in several clinical trials. Tumor response improveéaatreatment with mTOR-
inhibition in combination with other agent$®. Increased activation of mMTOR is associated
with worse survival in several types of cané®¥? Also for oral, tongue and esophageal SCC,
mTOR-expression is associated with worse surviiat.

Phosphatase and tensin homolog (PTEN) is a proteirtoded by the PTEN tumor suppressor
gene? PTEN is a natural inhibitor of the PI3K pathway and thereby adusuppressor gene.
Loss of PTEN results in PISBK/AKT/mTOR pathway ateréy. PTEN mutations have been
described in several tumor typé3°? Loss of PTEN on protein level correlates with a worse
prognosis in breast, prostate and lung cancéf®® In HNSCC, PTEN mutations are present in
5-10% of the patient®¥®%2 Also for tongue cancer, loss of PTEN on protein level is assatiate
with worse survivai®3

Apart from the PISK/AKT/mTOR pathway, the Ras/REIVERK pathway also contributes to cell
cycle proliferation. Phosphorylated ERK (p-ERK) ppborylates cytoskeletal proteins, kinases
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and several transcriptional factor®, leading to cellular survival, proliferation, tierentiation and
angiogenesig®. ERK expression correlated with worse survivaléveral types of cancéf*! In
nasopharyngeal carcinoma, high p-ERK expressionretates with worse survivét.

In this study, we assess the predictive value offffOR, p-ERK and PTEN expression in a cohort
of patients with HPV-negative oropharyngeal, hypopharyngealdalaryngeal SCC who were
treated with primary chemoradiotherapy. Moreover, we asses® th-mTOR expression and
mTOR inhibition response by everolimus in a cohort of HNSCC organoids.

MATERIALS AND METHODS

Patients and clinical data

This study uses a retrospective cohort of patiemdth HNSCC, treated at the University
Medical Center (UMC) Utrecht described previouslydeyRuiter et al. in 2020, Inclusion
criteria were: HPV-negative oropharyngeal, hypoplyaigeal and laryngeal SCC (1), treated
with radiotherapy and concomitant cisplatin, carbolatin or cetuximab with curative aim
(2) whereof both clinical response data and tumor tissue was aval#a(3). Exclusion criteria
were: previous radiotherapy in the head and neck ieq, complete surgical resection of tumor,
presence of distant metastases, presence of a progis-&d' ecting double or prior malignancy.
The following clinical data were collected: age, sex, tumor site, T and N stage.

All patients were treated with primary chemoradio#rapy. Standard treatment consisted
of 35 fractions of 2 Gy (total 70 Gy) on both the primary tumor anditpgslymph nodes. An
elective total dose of 46-57.75 Gy on other lympddes, combined with 3 cycles of cisplatin or
carboplatin administered intravenously every threeereks, or weekly cetuximab intravenously.

Tissue microarray construction and immunohistochemistry

Pre-treatment biopsies were collected from every piant and were formalin fixed and
para"in embedded (FFPE). To determine representative tmregions, sections of the
FFPE blocks were stained with hematoxylin and eosind assessed by a head and neck
pathologist (SW). From these tumor regions, three tissueasoof 0.6mm were obtained from
the FFPE blocks and collected in a tissue microarray (TMA). M Was constructed using
an automated tissue microarray instrument as descet before. TMA tissue sections $n)
were immunohistochemically stained with antibodies for the follving antigens: phospho-
MTOR (Ser2448; 49F9; 1:300; Cell Signaling), phodpAPK (ERK1/2) (p42/44; D13.14.4E;
1:400; Cell Signaling), PTEN (138G6; 1:100; Cell signaling). Abdiathwere visualized with
3,3-diaminobenzidine (DAB) chromagen and hematoxylin svased for counterstaining. Like
TMAODs, organoids were FFPE and stained for phosphor-mTOR as described above
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HPV detection

All patients in this study had a HPV-negative tumor. Tumors weta@ned for p16 INK4a by
immunohistochemistry (JC8, 1:1200, Immunologic) andnsidered HPV-negative if less than
70% of tumor cells stained positive. Presence of HPV-DNA was téstetb positive tumors
by PCR. These tumors were excluded if high-risk HPV-DNA was detected

Immunohistochemical analysis

The staining assessment was performed by a head aedk researcher (EDR) and a dedicated
head and neck pathologist (SW), who were blinded for clinicalaarhe. Discrepancies were
resolved by consensus. For each marker, stainingisity (0-3) and the percentage of stained
tumor cells (0-100%) were scored. Cells were coeséll positive for p-mTOR and PTEN if
expression was observed in the cytoplasm. Scoring of p-ERK wasdas expression in the
cytoplasm and in the nucleus. For organoids, expression of p@Rlwas scored in the same
way as described above.

Organoids and Everolimus

HNSCC organoids from oral cavity and larynx were cultured esatibed earlier by Driehuis
et al*¢ and Millen et af” Organoids were treated with everolimus (LC Laboratories,atay
no. E4040) an mTOR inhibitor. This drugscreen wasdatibed in detail by Driehuis et al.
previously*. The Biobank Research Ethics Committee of the l@rsity Medical Center Utrecht
(TCBio) approved the biobanking protocol: 12-093 HUB-Carammording to the University
Medical Center Utrecht (UMCU) Biobanking Regulation. All aerparticipating in this study
signed informed-consent forms and can withdraw their consent at any time.

Statistical analysis

For each TMA core, a H-score was calculated by iplyihg the intensity with the percentage of
positive cells resulting in scores ranging from 0€8& The H-score for each tumor was calculated
by averaging their corresponding TMA cores. Tumoesevexcluded from analysis if less than
two TMA cores were assessable. Of patients whereg¢iTMA cores were available, intraclass
correlation cog' icients (ICCs) were calculated. A model with twoynwraixed-€' ects was usetf.

The expression p-mTOR, p-ERK and PTEN was corretatederall survival (OS), disease-
free survival (DFS) and locoregional control (LROB was defined as the number of days
between the date of inclusion (first hospital visiiefore start of treatment) and date of death.
DFS and LRC were defined as the number of days between the lastfdagiotherapy and
recurrence of the disease or date of death. Patients were carsloat the date of last visit in
case of absence of an event.
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Expression of biomarkers was correlated with cliniovariables. The correlation between tumor
site and biomarker expression was assessed using a Kruskalis\test. For dichotomous
variables and biomarker expression Mann-Whitney é$tis were used. Correlation of age and
biomarker expression was assessed with a Spearmaafs correlation coé icient. Univariate
and multivariate cox proportional hazard regressions wereagsto assess the correlation of
biomarker expression with OS, DFS and LRC. Theivaulate model contained: biomarker as
predictor corrected for age, gender, T-stage andshkge. Statistical analysis was performed with
SPSS Statistics (IBM Corp. Released 2020. IBMSR&Sics for Windows, Version 27.0. Armonk,
NY: IBM Corp). The prognostic value of p-mTOR, I§-&Rl PTEN expression was visualized by
KaplanBMeier curves comparing tumors with high angvibiomarker expression stratified by
the median value (Figure 2, Supplemental Figure 2pSlemental figure 3). A spearmanQOs rank-
order correlation was run to assess the Correlatibatween p-mTOR and PTEN.

For organoids a H-score of p-mTOR was calculatedescribed above. Response to everolimus
was extracted using the Area Under the Curve(AUC) in the dosperese curve (Figure 3). A
spearmanOs rank-order correlation was run to asstss relationship between H-score of

p-mTOR expression and AUC of everolimus response in all HNSCC organoids.

RESULTS

Patient characteristics

A total of 77 patients with a mean age of 61.4 years wemelided for analysis: 48 with
oropharyngeal, 16 with hypopharyngeal and 13 with laryngeahcar. The 3- and 5-year OS
of the patient cohort was 46% and 31%, respectivelhe patient characteristics are described
in Table 1.

All patients were treated with radiotherapy in combination wittisplatin (n=53), carboplatin
(n=3) or cetuximab (n=21). A total of 8 HNSCC oogidswere established including oral cavity
(n=6), larynx (n=2).

Immunohistochemistry

Of each tumor, three tissue cores were includedlie TMA. However, some tissue cores were
lost during processing or didnOt contain"saient tumor cells. Cases were excluded if there
were less than 2 out of 3 cores assessable. Consequently, fof @R, 75 cases were eligible
for inclusion, for p-ERK 69 cases, and for PTEN 72 cases.

Representative images of TMA cores containing low and high expoessf each marker are
displayed in Figure 1. Boxplots were generated to represerg thistribution of the scoring
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data of each marker (supplemental Figure 1). The median Hresger marker of the patient
cohort and organoids with corresponding interquarglranges are displayed in supplementary
Table 1.

Table 1:Characteristics study population.

Characteristic n % of total n
Sex Female 31 (40.3%)
Male 46 (59.7%)
Tumor site Oropharynx 48 (62.3%)
Hypopharynx 16 (20.8%)
Larynx 13 (16.9%)
T-stage T1 1 (1.3%)
T2 4 (5.2%)
T3 27 (35.1%)
T4a 38 (49.4%)
Tab 7 (9.1%)
N-stage NO 9 (11.7%)
N1 6 (7.8%)
N2a 2 (2.6%)
N2b 23 (29.9%)
N2c 37 (48.1%)
Immunohistochemistry p-mTOR 75 (97.4%)
p-ERK 69 (89.6%)
PTEN 72 (93.5%)

Correlation clinicopathologic parameters

No significant correlations between clinicopathologic parasters and immunohistochemical
expression of p-mTOR, p-ERK and PTEN were obserWied.results of all correlations are
displayed in supplementary Table 2. None of the clinical variabéé®wed a correlation with
OS, DFS and LRC (Table 2).

p-mTOR expression

A 10-point p-mTOR H-score increase correlated digantly with a worse OS in univariate
analysis (HR 1.06, 95%CI 1.01 b 1.11, p=0.03)(@rlskeb analysis of the Cisplatin/Carboplatin
group showed this worse OS likewise (HR 1.08, 95%01 B 1.15, p=0.02)(Table 3). In
multivariate analysis a 10-point p-mTOR H-scoreriease remained independently correlated
with worse OS in the whole patient cohort (HR 1.86%CI 1.01 b 1.11, p=0.03)(Table 2) as well
as in the cisplatin/carboplatin group (HR 1.09, 95%CI 1.02 b 1.16, p=0.02)@)abl
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Chapter 4

10-point p-mTOR H-score increase did not correlatéth DFS and LRC in univariate and
multivariate analysis in the patient cohort (Table 2). Howeysub analysis of the cisplatin/
carboplatin group showed a significant correlatiowith worse DFS in multivariate analysis (HR
1.06, 95%CI 1.00 b 1.12, p=0.04)(Table 3). The prognosie alap-mTOR in a Kaplan-Meier
curve is displayed in Figure 2. Sub analysis per subsite is displayed in supplainéable 3.

Negative Low High

PTEN

Figure 1: Representative images of TMA cores with negatiay land high scores for p-mTOR,
p-ERK and PTEN expression.

ICCs were calculated for three TMA cores from e patients. Three TMA cores were available fanpOR
(n=57, 76%), p-ERK (n=48, 70%) and PTEN (n=51,IZ%pr p-mTOR cases was 0.83 (95%CI 0.73 £@.89)
p-ERK cases 0.78 (95%CI 0.65 b 0.87) and for P$&NIc88 (95%Cl 0.81 B 0.93). ICCs for all thrdeersar
are therefore considered godd
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Figure 2:Kaplan-Meier curves visualizing the association beten p-mTOR expression and OS, DFS
and LRC. The median score of expression was used as'datothe survival analysis.
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p-ERK expression

10-point p-ERK H-score increase correlated sigrafitly with worse DFS in univariate
analysis in the patient cohort (HR 1.03, 95%CI 1.0008, p=0.04(Table 2) and in the cisplatin/
carboplatin group (HR 1.03, 95%CI 1.00 B 1.07, p=0.04)(Tabte Bultivariate analysis 10-
point p-ERK H-score increase did not remain indepemtly correlated with DFS, although
trends were observed: whole patient cohort (HR 1.02, 95%C9 @49..05, p= 0.07(Table 2) and
cisplatin/carboplatin group (HR 1.03, 95%CI 1.00 B 1.06, p=0.08)(Table 3).

10 point p-ERK H-score increase did not correlate with OS and LR@i ib and multivariate
analysis. However trends were observed for worse LRC in unit@daalysis; whole patient
cohort (HR 1.03, 95%CI 1.00 B 1.06, p=0.08)(Table 2) and cisplatin/caibaptzup (HR 1.03
95%CI 1.00 b 1.08, p=0.08)(Table 3). The prognostic valu&RBKpin a Kaplan-Meier curve is
displayed in Supplemental Figure 2. Sub analysisr peibsite is displayed in supplemental
Table 3.

PTEN-expression

10 point PTEN H-score increase did not correlate with OS, DFS Rad Though, a trend was
observed in the cisplatin/carboplatin group for worse OS in uniwatg (HR 1.09, 95%CIl 0.99 b
1.20, p=0.07)(Table 3) and in multivariate analysis (HR 03®CI 1.00 b 1.21, p=0.06)(Table
3). The prognostic value of PTEN in a Kaplan-Meier curve is disglaySupplemental Figure

3. Sub analysis per subsite is displayed in supplemental Table 3.

Everolimus organoid response

The mean AUC of the organoids was 177.2 (95%C98E2@33.4). The mean H-score op p-mTOR
expression in the organoids was 90.6 (95%CI 511.83%7). There was a statistically significant
negative correlation between H-score and AUCR.731, p=0.04 (SpearmanQOs rank order
correlation), indicating a lower AUC (less organoid viability ieeted as better response to
everolimus) correlates with a higher expression of p-mTOR measured as HegEogure 3).
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Figure 3. A:Example of an everolimus dose-response curve depicted imeblvith corresponding
Area Under the Curve (AUC) shown in red. Everolidus® increases on x-axis to the right. Organoid
viability decreases if value on Y-axis is lower. B: correlatf organoid response to everolimus (Y-
axis) to H-score p-mTOR expression (X-axis)

DISCUSSION

HNSCC-survival only marginally improved over the lagtcade$. Therefore, there is a
need for prognostic and predictive biomarkers for long-timerwival that can help to guide
treatment decisions and might lead to the development of newettapies”. In this study we
determined p-mTOR, PTEN and p-ERK expression and correlatsidh survival in patients
with HPV-negative oropharyngeal, hypopharyngeal and laryn8&C, treated with primary
chemoradiotherapy and assessed p-mTOR expression and evergimesponse in a subset
of HNSCC organoids.

In solid tumors, mTOR is!@n activated®. The prognostic value of mTOR expression is still
unclear. This study demonstrates in multivariate atysis that higher p-mTOR expression
correlates with worse OS in a homogeneous cohort#d HNSCC patients. Several other
studies also investigated the prognostic value of mTOR in HN$®©C€oral SCC, high p-mTOR
expression correlated with poor survival in two stigs®®2 Li et al. investigated p-mTOR
expression in patients with tongue SCC and foundiarse overall survival with higher p-mTOR
expressionrt®. For laryngeal SCC, one study showed that highGeXpression, a surrogate
marker of mMTORCL1 activation, correlated with improdesurvivab® This is not in line with
the studies mentioned above, however, the investigated marker veiiserent from p-mTOR.
Although several subsites of HNSCC were examined, results are inconclusive

Our study only included HPV-negative patients. HPdsitive patients are considered a
separate group of HNCC and appear to have an increased sufvitfalVilson et al. assessed
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the prognostic value of mTOR in both HPV-negativedaHPV-positive patients and found
that high mTOR expression correlated with worse outcome in Hi®¢ative patients, which
is in line with our findings. For HPV-positive patients they were abte to correlate mTOR
expression with outcom#’. This could be because HPV-positive patients harbor sigaifiity
less p53 mutations compared to HPV-negative patietitand, once activated, p53 is known
to inhibit the activity of mTOR. There are several studies that assessed the progtic
value of mTOR. Most of the studies included patients receivingtpperative chemotherapy
and/or radiotherapy, which is dierent from our study that only included patients ¢ated
with primary chemoradiotherapy. The results of this study areline with aforementioned
studies’*®®? indicating that mTOR expression correlates with worse overall survival.

In addition to p-mTOR expression in patients, we investigatetn@OR expression in a panel
of HNSCC organoids. Here we show that HNSCC organoids expmne3©OR on protein level

and that the expression, depicted in H-score, is comparableéhyp-mTOR expression in our
patient cohort (Supplemental Figure 1). As mTOR gotential target for targeted therapy we

assessed everolimus response in 8 HNSCC organoids and investigigpemTOR expression
correlated with everolimus response. Despite the athsample size we demonstrated a
correlation of p-mTOR expression and everolimus pesise. This finding underscores that
organoid-platforms are suitable to perform biomarker rearch, validation and assessment
of targeted therapies in HNSCE".

As PTEN loss is more en seen in an aggressive tumor-tyffet could explain the worse
survival in HNSCE3* Malfunctioning leads to overactivity of the AKTII®R signaling pathway,
and a correlation between loss of PTEN and worse sual/seems logical. However, the results
of this study do not support this hypothesis. Patits with lower PTEN tumor expression even
have a tendency to improved OS0.11). This could be explained by ignition ofgat¢ive
feedback loops by AKT/mTOR overexpression leadingigher PTEN expression in respoiise
In our cohort, sub analysis shows a statisticalligsificant positive correlation between
p-mTOR B and PTEN expression Rs = 0.245 p=0.04 which supports this hypothesis

Lee et al. found worse survival in case of PTEN lagpatients with oral tongue SCCs receiving
surgery®. Compared to this study, they investigated a"dirent treatment modality and a
di" erent subsite. Additionally, PTEN expression caheli per subsité? Also scoring systems
of PTEN expression 'tér. Lee et al. compare PTEN expression in tumor ammdmal tissue

to assess PTEN-lo¥s Zhao et al. use four percentage categories of PTEN expresshg c
combined with staining intensity* and our study uses a continuous scale for assessing the
percentage of PTEN expressing cells multiplied bg staining intensity ranging from 0-3. These
di" erent scoring systems indicate a lack of standarg@oach. Furthermore, in literature,
the terms OPTEN-expression® and OPTEN-lossO are ubadgei@ty and both arguments
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make it hard to compare results not supporting generalizability. dther tumor types, loss of
PTEN expression has been linked to advanced stage dis&&8e/hich in our study was not
assessable as we only included advanced stage HNSCC. Oveualies investigating PTEN
expression report dierent findings for HNSCC.

The Ras/Raf/MEK/ERK pathway also contributes to cgtlle proliferatiorf®. Activation results
in cellular survival, proliferation, dierentiation and angiogenesi®. P-ERK is one of the last
steps in the pathway making it an interesting therapeutic targdERK expression correlates
with worse overall survival in several types of can¢é@f!

For HNSCC, this study demonstrates that high p-ERK exprassiorelates with a worse DFS
only in univariate analysis and not in the multivariate model (p87). The value of p-ERK as
prognostic biomarker was analyzed in a few other studies. pKEgkpression correlated with
a worse overall survival in nasopharyngeal carcinofiagesophageal SC€and oral tongue
SCC In contrast, the study of Psyrri et al. showed an improwaerall survival with high ERK
expression in patients with oral cavity, oropharyngeal, hyplearyngeal and laryngeal SCC
Although this finding indicates the opposite, thierelation applies for the unphosphorylated
ERK expression. Computational biology studies indicate tBERK is inversely correlated with
p-ERKS, meaning low levels of ERK correspond with high levels of p-ERK.tWéln mind,
the findings of Psyrri et & are in line with the aforementioned studi¢%%4 Since this study
is partially in line with literature, p-ERK may be considered a pib¢e prognostic biomarker
for HNSCC.

A limitation of this study is the application of TMAOs that only ipdlyt represent the whole
character of the tumor, which is inevitable in dgilclinical practice & er obtaining tissue
biopsies. To overcome this issue, three TMA coresrenvtaken per patient whereby the
heterogeneity within the tumor biopsy is taken into accoufit

CONCLUSION

This study shows that high p-mTOR expression prégliand p-ERK expression tends to predict
worse treatment outcome in a cohort of advanced gja, HPV negative HNSCC patients
treated with chemoradiation, providing additional gidence that these markers are candidate
prognostic biomarkers for survival in this patient populatio Also this study shows that the
use of HNSCC organoids for biomarker research hateptial. The role of PTEN expression as
prognostic biomarker remains unclear, as consistegtidence on its prognostic and predictive
value is lacking.
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SUPPLEMENTAL MATERIAL

Supplemental Table 1

Markers Median score Interquartile range
Patient cohort p-mTOR 95 63 b 140
p-ERK 143 77D 253
PTEN 60 41 b 85
Organoids p-MTOR 70 38-103

Median values of scoring per marker with correspdnd interquartile ranges of patient cohort and

organoids.

Supplemental Table 2: Correlations between immunohistochemical markers and clinlozariables

p-mTOR p p-ERK p PTEN p
Age R=0.04 0.97 R=0.07 0.59 R=0.05 0.71
Sex Male 103 [63 B 147] 051 137 [83 b 268] 051 153 [90 b 280] 0.44
Female 83[63 B 120] 148 [77 B 227] 157 [77 B 227]
Tumor site  Oropharynx 103 [69 b 160] 120 [57 B 270] 130 [63 B 270]
Hypopharynx 80[53 P 113] 0.41 190[82 B 310] 0.58 195 [83 b 320] 0.67
Larynx 98 [62 B 132] 168 [127 B 220] 167 [110 B 213]
T stage T1-3 100 [65 B 125] 0.96 193 [93 b 258] 0.09 203 [85 b 280] 0.59
T4 91 [57 B 150] 117 [58 B 208] 120 [67 B 208]
N stage NO-1 117 [53 D 163] 0.52 110 [50 B 208] 0.24 112 [50 B 220] 0.46
N2-3 87 [67 B 140] 167 [83 B 258] 167 [85 B 260]

The correlation between markers and age was perfaethusing Spearman Rho correlation. The correlation
between markers and tumor site was performed usiguskal-Wallis test. The other correlations were
performed using Mann-Whitney U tests. Numbers disgelyin table are as follows: Median, 2§juartile,
75" quartile and p-value.
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126



p-ERK

100+ Overall Survival
50
— Low
— High
c L L 1
0 1 2 3
100 Disease Free Survival
& 4
2
=
© e
a L L1l
S 50+
5
2
S
=]
*n .
— Low
— High
c 1 L] 1
0 2 3
100+ Local Regional Control
- 1L 11 1 1 L
| L
50
— Low
— High
0 T T 1
0 1 2 3

Time (years)
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CHAPTER 5
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ABSTRACT

Aims

Oral squamous cell carcinoma (OSCC) frequently iea the jaw. The exact mechanism
of bone invasion remains unclear. This study invigttes (premature) osteoclasts and the
expression of dierentiation regulating proteins RANKL, OPG and RANéatients with OSCC.

Methods

Resection specimens from OSCC patients were divided into Blgi(No Invasion), E group
(Erosion) or | group (bone Invasion). Tissue sectiavere stained with Cathepsin K (osteoclast-
counting), RANKL, OPG and RANK. The staining intensity wasdsoardi' erent regions of
the tumor: front, center, back and normal mucosammunohistochemistry and qPCR for
RANKL/OPG/RANK were performed on five head and sgqakmous cell carcinoma (HNSCC)
organoids.

Results

The mean number of osteoclasts (I group) and preme¢ osteoclasts (E group) was
significantly higher compared to the NI grougp €0.003,p =0.036). RANKL expression was
significantly higher in the tumor front and tumor centecompared to normal mucosa (all
groups). In the 1 group, RANKL and RANK expresgamsignificantly higher in the tumor front
compared to the tumor back and there was a trend of higher RANKpression in the tumor
front compared to the E group and NI group. gPCRwkd a 20D43 times higher RANKL mRNA
expression in three out of five tumor organoids comgal to a normal squamous cell organoid
line. There was no correlation between protein andRNA expression in the HNSCC organoids.

Conclusions

These findings suggest that OSCCs induce bone iioraby stimulating osteoclast activation
by regulating the production of RANKL and RANK proteins.
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INTRODUCTION

Over 90% of all oral cancers are squamous cell carcinoma (OSEG@) contact with bone,
OSCC frequently invades the jaw. Cancers of therflobmouth, tongue or retromolar regions
invade the jaw in 62%, 42% and 48% of the cases, respecfiviFljthe case of bone invasion,
the tumor TNM classification for malignant tumors itagied to the highest T stage of I4SCC

is primarily treated with surger$ Patients with bone invasion have worse disease€ survival
and overall survival rates Moreover, the presence of bone invasion is clinically relevant as
it o! en requires a partial resection of the mandible, which has a mdjopact on quality of
life, aesthetics and functiof’.

Two patterns of mandibular destruction by tumor tissue are regiized: an invasive and an
erosive pattern. In the invasive pattern, the tumor breaks thugh cortical bone and islands
of tumor grow into cancellous spaces without an intervening layer ohoective tissue. The
erosive pattern is characterized by cohesive tumaogvth which separates from the bone by
an intervening connective tissue lay&rBone invasion starts with bone destruction, which
then allows the access of malignant cells. In OS@ts requires osteoclast dierentiation
and activation rather than direct growth of tumor cellinto the boné. Osteoclasts are
multinucleated cells that are dierentiated from mononuclear prefusion osteoclasts due to
expression of a Receptor Activator of Nuclear fackappa-B Ligand (RANKL). RANKL binds
its receptor RANK, expressed on hematopoietic ostlast progenitors and osteoclasts, which
induces the di erentiation of osteoclast8. Osteoprotegerin (OPG) is the decoy receptor of
RANKL. OPG is also known as Oosteoclastogenesis inhibitooy@a@PG that binds RANKL
prevents RANKL binding RANK thus blocking osteoclaSerintiation'?. RANK and RANKL
signaling is also known to contribute to bone invasion or bone mstasis in other types of
cancer that are not OSC&%

To further elucidate the mechanisms of bone invasionOSCC, this study assesses the number
of osteoclasts and expression of RANK, RANKL ar@ ifR panel of both OSCC patient tissues
and head and neck squamous cell carcinoma (HNSCC) orgimavith bone invasion of either
the invasive or the erosive pattern. These parameteare compared with a panel of OSCC
patients without bone invasion.
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MATERIALS AND METHODS

Selection of Patients and Clinical Data

This is a retrospective cohort study of patientsaited at the University Medical Center Utrecht
between January 2016 and December 2018. Inclusioiteria were: (1) patients with OSCC
of the upper/lower gum, cheek or mandible, (2) patients treatedth primary resection, (3)
enough tissue was available for tissue sections gdiltissue sections were deemed suitable by
a dedicated head and neck pathologist (SMW) foressing the front of the tumor to the bone.
As all included tissues were primary resectionsettissues did not receive radiotherapy and/
or chemotherapy before surgery. All tissues and data were hauadhccording to the General
Data Protection Regulation (GDPR). For all included patientpresentative formalin-fixed,
para' in-embedded (FFPE) resection blocks were collected. Thegmd4issue sections of the
FFPE blocks were stained with 1:3 diluted hemataryfor 4 min and with eosin for 1 min
(H&E). These stained H&E sections were classified bead and neck pathologist (SMW) into
three categories: No bone Invasion (NI group, tumor did nottige the bone), bone Erosion
(E group, tumor eroded the bony cortex but did not grow into theri® and bone Invasion
(I group, tumor did grow into the bone marrow, strands and islanafstumor were identified
between the bone trabeculae).

In addition, available tumor tissue of five HNSC®as cultured as organoids described by
Millen et al?2. Organoids are three-dimensional tissue cultures derivedrfretem cells of the
tumor. The 5 HNSCC organoid lines originated from the oral gagit= 1), oropharynx (n = 1),
nasal cavity (n = 1) and the larynx (n = 2). The oral cavity orghwas derived from a tumor
with bone invasion. One normal mucosa organoid wiasluded as control; this normal mucosa
organoid originated from a SCC resection specimen of the oralgoe, from which normal
mucosa was used for organoid isolation. The oropharynx orgahwas HPV type 16 positive;
all the other organoids were HPV negative.

Immunohistochemistry

To recognize and count the number of osteoclastissue sections were stained for Cathepsin K.
Alongside, tissue sections and organoids were stairfed RANKL, RANIKd OPG according to
the details displayed in Table 1. All antibody inteation was carried out at room temperature for
1 h. Aerwashing 8 secondary antibodies, sections were stained witf83Diaminobenzidine
(DAB) for 15 min and counterstained with 1:3 dilutdmatoxylin for 30 s.

Counting Osteoclasts and Pre-Osteoclasts

The average number of osteoclasts and mononuclear primary ostiasts (pre-osteoclasts)
were counted in the Cathepsin K stained sections by counting thiarfive, randomly picked,
500 micrometer wide, areas on the front of the bone close to tamor. The 500 micrometer-
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Jaw bone invasion of oral squamous cell carcinoma

wide compartments were chosen because this allowed the preserf multiple osteoclasts
while retaining the possibility to dierentiate osteoclasts and pre-osteoclasts (Figure 1). An
osteoclast was recognized as a large multinucleated cell. Monolear primary osteoclasts
and mature osteoclasts were terentiated. Two trained observers (WdK, MG) anckdidated
head and neck pathologist (SMW) manually counteethumber of osteoclasts independently.
If there was discordance in osteoclast countingtiveen the three observers, that specifi case

was assessed together and recounted to reach consensus.

Table 1.Antibody stains and dilutions.

Orderin Antigen Primary
Antibody Manufacturer 9 .g Antibody Secondary Antibody

Number  Retrieval S

Dilution

Cathepsin K Abcam, Cambridge, UK ab19027 pH®6 Citrate 1:500 Goat anti-rabbit HRP
RANKL Abcam, Cambridge, UK ab13918 pH6 citrate 1:100  Goat anti-rabbit HRP
RANK Abcam, Cambridge, UK ab9957  pH9 EDTA 1:100 Goat anti-mouse HRP
OPG Abcam, Cambridge, UK ab183910 pH9 EDTA 1:200  Goat anti-rabbit HRP

Figure 1.Cathepsin K staining. Multinucleated brown cellspieted are recognized as osteoclasts.

Blue depicted area in the bottom half is bone.

Scoring RANKL, RANK and OPG Intensity Staining
Cytoplasmic RANKL, OPG and RANK expression in ttomaor front, tumor center and tumor
back) were compared with expression in normal mucosa to sethére were df erences in
expression between tumor and normal squamous cell mucosa ahthere were di erences

in expression within the tumor towards the bone.

Each staining was scored in three tumor areas: tumor front, tunaenter and tumor back.
OTumor frontO was defined as the area closest tineading the bone, Otumor centerO as
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the central part of the tumor and Otumor backO &g tarea opposite to the tumor front.
RANKL staining was scored using a 4-stage intensity scale; 0 iegdt light, 2 medium and
3 strong (Figure 2ABC). OPG- and RANK staining both were scingdau3-stage intensity
scale; 0 negative, 1 light, 2 strong (Figure 2DDPI). RANKL weelsasing a 4-stage intensity
scale because the RANKL staining was more discriminative compp@anethe RANK and OPG
stainings. Per staining, every tumor area was scoieparately. Three observers scored tissue
sections independently (WdK, WH, SMW). In linénlite osteoclast counting, if there was
discordance between the three observers, expression of tepecific case was reassessed
together to reach consensus.

Figure 2. Representative staining intensity score, magnifidah 6(. RANKL staining intensity
A=1B=2C=3. OPG staining intensiy= 0E = 1F = 2. RANK staining intensi&=0H=1] = 2.
Important note. RANKL is scored on a scale from (d28re 0 for RANKL not shown), OPG and RANK
are scored on a scale from 0D2.
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Organoid Culture and RNA Isolation

Organoids were cultured as described by Millen efalln short, sampled pieces of HNSCC
tissue obtained during resections were mechanicaldiisrupted by cutting them into small
pieces and were digested enzymatically (0.125% Trypsin, aagaho. T1426, Sigma-Aldrich,
Saint Louis, Missouri, USA). Once tissues were macrd microscopically dissociated, cell
suspension was filtered through a 70 uM filter (eig no. CLS431751-50EA, Corning, Glendale,
Arizona, USA), resuspended in Cultrex (catalog n®33-010-02, Trevigen, Gaithersberg,
Maryland, USA) and plated in droplets of culture madi on 48-well suspension culture
plates (catalog no. M9312, Greiner, KremsmYnster, Austba)ing the first week of culture,
Caspofugin (0.5 mg/mL, Sigma-Aldrich, Saint Louisdduri, USA), an antimycotic, was present
and was removed her one week. Medium was changed every two to thoag's and organoids
were passaged between approximately 7 and 14 dayeaplating, depending on their growth
rate. For more details regarding organoid medium see Millen etal.

The Biobank Research Ethics Committee of the Unsigr Medical Center Utrecht (TCBio)

approved the bhiobanking protocol: 12-093 HUB-Cancer accordiaghte University Medical

Center Utrecht (UMCU) Biobanking Regulation. All donors m#ptting in this study signed
informed-consent forms and can withdraw their consent at any time.

RANKL, OPG and RANK immunohistochemistry was pedras described above. For protein
scoring the staining intensity of RANKL, OPG and RAMe used a 3-stage intensity scale;
0 (negative), 1 (light) and 2 (strong). To invesig the MRNA expression levels of RANKL,
OPG and RANK in the HNSCC organoids, a quantitgtdlgmerase chain reaction (QPCR)
was executed.

Organoids were cultured for twelve days, and RNAswllected & er passaging. For RNA
collection, organoids were collected from the culte plates by disrupting the basement
membrane extract using a p1000 pipette, centrifugati30Q g, 5 min at 4 jC and washed twice
in 10 mL medium. RNA was isolated according to protocol using R)&éisi Kit of Qiagen. In
short, the organoid pellet was lysed in 330 RLT bler, and subsequently incubated 5 min at
room temperature. The lysate was stored p80 jC until further use. On the day of processing,
lysate was thawed on ice and 35fL 70% ethanol was added. Suspension was loaded on
columns provided, washed once using 780 RW1 btier and twice using 508L RPE btier.
Membranes were spun dry to remove residual'ter, & er which the RNA was eluted in 30 uL
RNA-free water. RNA concentration was measured usingodrop and stored aj 80 jC until
further use. Only RNA samples with 260/280 ratiasging from 1.9592.05 and a concentration
> 10 ug/uL were used for subsequent analysis.
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cDNA Synthesis and Quantitative PCR

For cDNA synthesis, RNA eluate was thawed on ité gavolume equal to 500 ng was incubated
with 50 ug/mL Oligo (dT) 15 Primer (catalog no. C1101, Promega, Madis@towsin, USA)
in water for 5 min at 70 jC. To generate cDNA, GipE&everse Transcriptase (Promega,
catalog no. A5003) was used according to protocol. qPCR reastiwere performed in 384-
well format using IQ SYBR green (catalog no. 1708B&BRad, Veenendaal, The Netherlands)

in the presence of 0.6{mol/Lforward and reverse primer (Table S1) and 20 ng of cDNA. For

gPCR, samples were incubated for 2 min at 95 jC (initial denaforgtand for 40 cycles at: 15
s at 98 {C (denaturation), 15 s at 58 jC (annealing), and 15 si& #Xxtension). Results were
calculated by using the deltabdelta Ct method, also known as #ie® method. Expression
was expressed relative to expression of the housegéng gene actin and to RNA isolated
from a wildtype tongue epithelium. Melt peak analisswas performed to assure primers used
generated only one product. RANKL, OPG and RANkesgimn on mRNA level was compared
to RANKL, OPG and RANK expression on protein level (Figure S2).

Statistics

To assess if there were"dirences in mean number of (pre)osteoclasts betwethinee patient
groups, a one-way ANOVA was used. There were no outliers asses by boxplot, data was
normally distributed as assessed by ShapiroBWilkOs pes0(05). For osteoclasts there was
homogeneity of variances as assessed by Levene®gpes0.05) and TukeyDKramer post
hoc testing was used. For premature osteoclasts there was nmbgeneity of variances as
assessed by LeveneOs tgst (0.003), therefore the Welch ANOVA was used with&ahiowell
post hoc testing.

As RANKL, OPG and RANK expression is ordinaldiagences in expression were analyzed
with non-parametric tests. To compare expression in the tumfwont, tumor center, tumor
back and normal mucosa the Friedman test was used as exp@s$ compared within the
same patient. Pairwise comparisons were performedtkva Bonferroni correction for multiple
comparisons. To compare expression between patient groyper tumor area, the Kruskalb
Walllis H test was used as expression is comparethlgen di' erent patients. Post hoc testing
was not performed as the KruskalbWallis H tests did not yield significant wlue

Ap-value of <0.05 was interpreted as statistically sificant. Statistical analysis was performed

with SPSS Statistics (IBM Corp. Released 2017. IBM SP&Si&dor Windows, Version 26.0.
Armonk, NY, USA: IBM Corp).
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RESULTS
Patients
In total 29 patients were included: 7 in the NI group, 12 in the Eigrand 10 in the | group.

Patient characteristics are described in Table 2.

Table 2.Patient characteristics

No Invasion Erosion Invasion
(n =7) (n=12) (n =10)
Age Median (range) 67 (43D88) 72 (60D79) 63 (40D79)
Gender Male:Female 1:6 8:4 5:5
Tumor site Lower gum 4 9 6
Upper gum 2 3 3
Cheek 1
Mandible * 1
Growth Pattern Cohesive 5 5 4
Non-cohesive 2 7 6
Peri-neural invasion ~ No 7 3 4
Yes 0 9 6
Angioinvasion No 7 12 9
Yes 0 0 1

* Primary intraosseous carcinoma (PIOC)

Number of Osteoclasts

The mean number of osteoclasts in the Cathepsint&irsed sections were 3.09 + 2.13 (NI group),
6.15 + 3.13 (E group) and 10.58 + 5.70 (I groug)ré 3). These dierences in means were
statistically significant ¢ =0.004 one-way ANOVA). Tukey post hoc tests revealsignificant
di" erence in the mean of the | group versus the NI group (7.49, 95%42b22.56p =0.003)
and a trend comparing the | group with the E group (4.43, 95%C13D8.98=0.058). The
di" erence in mean of the E group versus the NI group wwas statistically significant. The
mean number of premature osteoclasts was 1.06 + 0.91 (NI grd&iph + 2.10 (E group) and
6.03 £ 5.72 (I group) (Figure 3). Theseedénces in means were also statistically significant
(p=0.015 WelchO®s ANOVA). GamesBHowell post hoc tests revealeifiGasigi’ erence in
the mean number of premature osteoclasts of the E group versus theroup (2.00, 95%ClI
0.12D3.8% =0.036). Other group dierences were not statistically significant (I group versus
NI groupp =0.10, | group versus E groyp=0.38).
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Figure 3.Boxplots mean number of counted osteoclasts with Bapsin K staining. NI, No Invasion;
E, Erosion; |, Invasion. 'Dérences in means between three groups are statistically sigrant; le!
WelchOs ANOWWA=0.015), right one-way ANOVA=0.004);* indicates significant di erence in
group means assessed with post hoc testing.

RANKL, OPG and RANK Stainings

Tissue sections of all 29 patients were stained wiRANKL, OPG and RANK. OPG staining
failed due to technical issues for 2 patients refinly in an OPG intensity score for 27 patients.
Immunohistochemical scores are displayed in Table 3.

Expression in Tumor versus Normal Mucosa

Cytoplasmic RANKL, OPG and RANK expression in ifiomor front, tumor center and
tumor back) was compared with expression in normaducosa (Figure 4, Table S2). RANKL
expression, assessed by FriedmanOs test, was &ignily di’ erent in all patient groups
comparing normal mucosa, tumor back, tumor centend tumor front; NI groupx2(3)= 12.60,
p=0.006), E groupxR(3)=17.855,p <0.001) and | groupx@(3)=17.468,p=0.001). Post hoc
analysis revealed statistically significant'derences in RANKL expression between tumor front
and normal mucosa in all three groups; NI group (meamk 3.50 versus 1.00,=0.013), E group
(mean rank 3.25 versus 10:0.004) and | group (mean rank 3.57 versus 1p140.003). Also,
post hoc analysis revealed statistically significant'dirences in RANKL expression between
tumor center and normal mucosa in all three groups; NI group @meank 3.20 versus 1.00,
p =0.042), E group (mean rank 2.94 versus 1p360.022) and | group (mean rank 3.21 versus
1.14,p=0.016) (Figure 4, Table S2).
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Table 3.Immunohistochemical scores RANKL/RANK/OPG per patieoup. Each number indicates
number of patients with the corresponding expression score.

No Invasion (n =7) Erosion (n =12) Invasion (n =10)

RANKL Score 0 1 2 3 0 1 2 S 0 1 2 8
Normal mucosa * 5* 0 0 0 7 1 0 0 6 1 0 0
Back of tumor 0 3 3 1 0 5 7 0 1 3 5 1
Center of tumor 0 1 5 1 0 3 8 1 0 1 5 4
Front of tumor 0 1 4 2 0 3 8 1 0 0 6 4

No Invasion (n =6) Erosion (n =11) Invasion (n =10)
OPG Score 0 1 2 0 1 2 0 1 2
Normal mucosa ** 3 2 1 4 3 3 4 1 1
Back of tumor *** 1 4 2 0 4 7 0 4 5
Center of tumor 0 3 3 0 4 7 0 2 8
Front of tumor 0 2 4 0 6 5 1 4 5

No Invasion (n =7) Erosion (n =12) Invasion (n =10)
RANK Score 0 1 2 0 1 2 0 1 2
Normal mucosa **** 5 1 1 10 0 0 2 1 0
Back of tumor 6 1 0 9 3 0 9 1 0
Center of tumor 2 5 0 3 8 1 2 7 1
Front of tumor 2 4 1 2 7 3 1 7 2

* Expression of RANKL in normal mucosa could noabsessed for 2 patients without invasion, 4 patient
with erosion and 3 patients with invasion. ** Exmsion of OPG in normal mucosa could not be assessed
for 1 patient with erosion and 4 patients with ingon. *** Expression of OPG in the back of the tumo
could not be assessed for 1 patient with invasiorf** Expression of RANK in normal mucosa could not
be assessed for 2 patients with erosion and 7 patiemith invasion.

OPG expression was assessed by FriedmanOs test, and wagmititantly di* erent in the NI
group and the E group comparing normal mucosa, tumaack, tumor center and tumor front.
Although, the | group did significantly tier (x2(3)=10.705p =0.013), post hoc testing revealed
no statistically significant di erences in OPG expression (Figure 4, Table S2).

RANK expression, assessed by FriedmanOs test, was notcsigtlif di* erent in the NI group
and | group comparing normal mucosa, tumor back, tumor centard tumor front, but the E
group did significantly di er;x2(3)=19.857p <0.001. Post hoc analysis revealed a statistically
significant di' erence in RANK expression between the tumor frome@n rank 3.40) and
normal mucosa (mean rank 1.65p £0.015) (Figure 4, Table S2).
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Expression within the Tumor

RANKL expression, assessed by FriedmanOs testnetasignificantly di' erent in the NI
group and E group comparing tumor front, tumor center and tumback, but the | group did
significantly di' er;x2(2)=10.571p =0.005. Post hoc analysis revealed a statisticallyrsficant

di" erence in RANKL expression between the tumor front (mean ram0) and tumor back
(mean rank 1.30)=0.042) (Figure 4, Table S3).

OPG expression, assessed by FriedmanOs test, wasignificantly di* erent in all patient
groups comparing the tumor front, tumor center and tumor back (Figure 4, [Ea83).

RANK expression, assessed by FriedmanOs testjgvificantly di* erent in all patient groups
comparing the tumor front, tumor center and tumor back; NI grp (x2(2)= 7.538p =0.023),

E group ¥2(2)=13.923,p=0.001) and | groupx@(2)=14.000,p =0.001). Post hoc analysis
revealed a statistically significant dierence in RANK expression between the tumor front
(mean rank 2.46) and tumor back (mean rank 1.3850.024) in the E group and a statistically
significant di' erence in RANK expression between the tumor franeén rank 2.50) and tumor
back (1.25)1§=0.016) in the | group. For the NI group, post hesting revealed no statistically
significant di' erences in RANK expression (Figure 4, Table S3).

Expression between Invasion Categories

RANKL, OPG and RANK expression were not statistiigiyficantly dfi' erent when comparing
the patient groups; no invasion, erosion and invasi, per tumor side (tumor front, tumor
center and tumor back) (KruskalbWallis H test). However, theas @ trend of higher RANKL
expression in the tumor front in patients with bonewasion compared to patients with erosion
and without invasion £=0.10) (Figures 4 and S3, Table S4).

Organoid Staining and qPCR

Immunohistochemically, all organoids scored medium intengifor RANKL, OPG and RANK.
There was no dierence in RANKL, OPG and RANK expression between organafidarve
without bone invasion. Quantitative PCR showed a 20D43 timebkérigxpression of RANKL
in three out of five HNSCC organoids compared t@eession in the normal mucosa organoid
(Figures 5 and S1). For OPG and RANK, gPCR dilmwethigher mRNA expression compared
to expression in a normal mucosa organoid. There was no cotiielabetween RANKL/OPG/
RANK protein and RANKL/OPG/RANK mRNA expression in the HNSCC orgagid Sgi
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Figure 4. Stacked bar charts oRANKL/OPG/RANK staining intensity score. Legentthatright
displays color per staining intensity. X-axis diggk three patient groups with subdivision per
subsite; N: Normal mucosa, B: Back of tumor, C: Center of tyfioFront of tumor. Y-axis displays
number of patients. * Displays significant 'terence in comparison of N, B, C and F in FriedmanOs
test with multiple comparisons and Bonferroni corion. ** Displays significant dierence in
comparison of B, C and F in FriedmanOs test with multiple coispas and Bonferroni correction.
Important note: RANKL intensity scored 0B3, OPG and RANK intensity sdd2ed O
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Figure 5.Results of quantitative PCRindicates HPV positive organoid line. Red: indicaterganoid
line of wildtype tongue epithelium used as contraBlue: indicates organoid line with bone invasion;
Gray: indicates 4 organoid lines without bone invasion.

DISCUSSION

The presence of bone invasion in OSCC has climétal/ance because it may influence the extent
of mandibular or maxillary resection. In OSCC itkisown that osteoclast dierentiation and
activation contributes significantly to bone invasiorather than direct growth of tumors in bon&

In this study we aimed to unravel some of the underlying mechanissh®one invasion. We
showed that bone invasion is associated with a highesteoclast count compared to patients
without bone invasion, and found a strong trend bfgher osteoclast count comparing patients
with bone invasion and erosionp=0.06). The absolute number of premature osteoclastas
significantly higher in patients with bony erosion compared patients without invasion. A
possible explanation for these findings could be that bone-eresitumors recruit premature
osteoclasts which fuse and become multinucleated tixe osteoclasts resulting in bone
destruction whereby the tumor progresses to a bone-invadingor. Apart from our study,
two other studies report a OOmixedOO pattern where progrisspossible from the erosive
to the invasive patterd?3
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In contrast, Carter et al. showed an accumulatiof@steoclasts in the erosive phase, leading
to bone resorption ahead of the tumor, but a decrease in oste@tlamount in the invasive
phase where the tumor destructs the bone itséif A possible explanation for these"dérences

in results is the location where we measured the number of astiasts. We measured the
number of osteoclasts at the location where the tunenters the bone. The front of an invasive
tumor could already have passed this Oentering@ anel this front of the tumor destructs the
bone itself so the osteoclast count could be low. At the Qentddimgea we measured a high
osteoclast count, as the tumor accumulates osteoslks for entering the bone. Apart from head
and neck squamous cell carcinoma, two studies describe the apibf human breast cancer,
prostate cancer and bone metastasis to induce osteolysis by stimulatingeasasts®2¢,

Apart from the absolute number of osteoclasts, weviesstigated RANKL, OPG and RANK
that regulate osteoclast dierentiation. This study showed a significantly high RANKL
expression in tumors compared to normal mucosa, indicating thtaimor cells can express
RANKL. These findings are in line with the study of Chuang et al.hndl&o found increased
immunohistochemical RANKL expression in tumors compdrto normal mucos&. This
indication is confirmed in our g-PCR, where HNSCGGaooids from df erent subsites, and
HPV status, express higher RANKL compared to a norigmaht squamous cell organoid line.

Additionally, we showed there was significantly tigr RANKL expression in the tumor front versus
the tumor back in the invasion group. For the other groupsyisible trend is present of increasing
RANKL staining towards the tumor front. When comipar patient groups, a trend was visible of
high RANKL expression in the tumor front in thedyp compared to the E group and NI group
(p=0.10). Cui et al. also found higher RANKL expressigatients with bone invasion compared
to patients without bone invasio®. A possible hypothesis of this could be that thentor
encounters bone and increases RANKL expressiomdluée osteoclastogenesis for osteolysis
and hereby becomes an invasive tumor. A higher RANpBression in the tumor front compared
to the tumor back supports this hypothesis. In aditin to this, EImusrati et al. 2017 describe that
RANKL is expressed in tumors proximal to bone atalp an important role in bone invasion in
OSCe®. As previously described, RANKL expression inttimeor front was highest in patients
with bone invasion. However, these'derences were not statistically significant which ngdave
been caused by the limited sample size of our stuliievertheless, there was a visible trend.

Apart from OSCC, RANK and RANKL signaling is also known tobedatto bone invasion
or bone metastasis in myeloma, breast, hepatocelluldung and prostate cancéf®?! It is
known that osteoclastogenesis can be induced by squamous cellc@@ma, myeloma and
promyelocytic leukemia cells expressing RANKILL We found no significant tierences in
OPG expression related to bone invasion. Howevarphe study a higher OPG expression
correlated with infiltrative bone invasiof?.

145



It is interesting to consider RANKL as a potentladri@-invasion-inhibiting-target®, as OSCC
is capable of producing RANKL. Denosumab is a mdémaal RANKL inhibitor and is clinically
administered in patients with metastatic bone lesiod¥3 In patients that received Denosumab,
bone metastasis and/or skeletal-related events oatad significantly later compared to patients
receiving zoledronic acid. Despite bone invasion in OSCe€xrting a df erent anatomical subsite
compared to patients with osteolytic metastasis, thmechanism of bone invasion is comparable.
Good et al. investigated RANKL expression in selv@steolytic bone tumors and metastasis and
concluded that tumor tissue is capable of expressiRANKE, which is in line with our study.
In palliative treatment of a local recurrence or Ib@ metastasis, suppressing bone invasion
by RANKL inhibition could be interesting as bonesaling tumors prefer nutrient-rich bone,
which may lead to more tumor growth Inhibiting bone invasion could constrain tumor gwth.
Implementing Denosumab as a treatment in primary OSBQII" icult as in some cases the
tumor has already invaded the jawbone at the time ofaginosis. However, understanding the
mechanism of bone invasion, which this study explakes crucial to investigate new options
for implementing Denosumab. The role of Denosumabliead and neck cancer has yet to be
elucidated as, to our knowledge, no studies have @stigated this issue.

To investigate whether the protein expression of RKL, OPG and RANK correlated with mRNA
expression, we compared these two groups. There appeareatogelation between protein
and mRNA expression in the HNSCC organoids, meaning that RANGE& ,and RANK could
be regulated post-transcriptionally (Figure S2). However, withly five included organoids it

is hard to draw such firm conclusions. The limited sample siZeats the power of the study.
Moreover, the five organoid lines originated froni“cerent locations in the head and neck
area and one organoid was HPV positive. On the other hand, theyadirHNSCC organoids
and therefore basically comparable.

This study has several limitations. First, the lled sample size of the tissue slides hampers
drawing firm conclusions, which is due to the fact thtite number of cases encountered per year
is limited. Secondly, the sample size of the orgad®is small as described above, and thirdly the
way of analyzing the tissue slides with many paratees could introduce statistically significant
findings by chance that are not clinically relevanin conclusion, this study shows that bone-
invasive and erosive OSCCs have more osteoclastagion) and premature osteoclasts (erosion)
at the tumor front compared to OSCCs without invasiamd that OSCCs can express RANKL
regardless of bone invasion. Also, in patients withne invasion, RANKL and RANK expression in
the tumor front is significantly higher compared tthe tumor back and there is a trend of higher
RANKL expression in the tumor front compared to jeaits with erosion and without invasion.
Apart from this, this study describes the capabiliof HNSCC organoids to express RANKL on
protein and mMRNA levels. These findings suggest tb&CCs induce bone invasion by stimulating
osteoclast activation by regulating the production dRANKL and RANK proteins.
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Chapter 5

SUPPLEMENTAL MATERIAL
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Figure S1.Results of 2 quantitative PCR¥indicates HPV positive organoid line. Red: indicates
organoid line of wildtype tongue epithelium used asontrol; Blue: indicates organoid line with
bone invasion; Grey: indicates 4 organoid lines without bone invasion
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Figure S2.Protein versus mRNA expressidmmunohistochemical protein expression of RANKL,
OPG and RANK was compared with mRNA expression assessed with qPCR.
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Figure S3.Di" erences in expression between patient groups per tunside. Stacked bar charts of
RANKL/OPG/RANK staining intensity score. Legernldetight displays color per staining intensity.
X-axis displays three tumor sides with subdivision per gati group; NI: No Invasion, E: Erosion,
I: Invasion. Y-axis displays number of patients. Groups waeralyzed using Kruskal-Wallis H test,
di" erences between groups were not statistically sidiciant. Important note: RANKL intensity
scored 0-3, OPG and RANK intensity scored 0-2.
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Table S1 Primers for qPCR

primer name primer sequence length of product
Human RANKL(TNFSF11) Forward 1CAACATATCGTTGGATCACAGCA 161
Human RANKL(TNFSF11) Reverse 1IGACAGACTCACTTTATGGGAACC

Human RANKL(TNFSF11) Forward 2 CCCATAAAGTGAGTCTGTCC 256
Human RANKL(TNFSF11) Reverse 2 CAATACTTGGTGCTTCCTCC

Human OPG(TNFRSF11B) Forward 1ICACAAATTGCAGTGTCTTTGGTC 216
Human OPG(TNFRSF11B) Reverse 1 TCTGCGTTTACTTTGGTGCCA

Human OPG(TNFRSF11B) Forward 2 GAAGGGCGCTACCTTGAGAT 102
Human OPG(TNFRSF11B) Reverse 2 GCAAACTGTATTTCGCTCTGG

Human RANK(TNFRSF11A) Forward 1 TCCTCCACGGACAAATGCAG 92

Human RANK(TNFRSF11A) Reverse 1 CAAACCGCATCGGATTTCTCT
Human RANK(TNFRSF11A) Forward 2CACCAAATGAACCCCATGTTTAC 182
Human RANK(TNFRSF11A) Reverse 2GGACTCCTTATCTCCACTTAGGC

Table S2:Di" erences in expression in tumor compared to expression in normal mucosa

Friedman test Multiple comparison with Bonferroni correction
p-value Tumor front Tumor center  Tumor backside
Test statistic test versus Normal  versus Normal  versus Normal
statistic mucosa mucosa mucosa
RANKL
No invasion x2(3)=12.60 0.006 0.013 0.042 0.668
Erosion x2(3)=17.855  <0.001 0.004 0.022 0.054
Invasion X2(3)=17.468 0.001 0.003 0.016 1.000
OPG
No invasion x2(3)=6.480 0.09 * * *
Erosion X2(3)=3.766 0.288 * * *
Invasions  x2(3)=10.705 0.013 0.877 0.061 0.152
RANK
No invasion x2(3)=7.235 0.065 * * *
Erosion X2(3)=19.857 <0.001 0.015 0.116 1.000
Invasion X2(3)=7.174 0.067 * * *

Table S2:Statistical testing of RANKL/OPG/RANK expressiangaring tumor front, tumor center and
tumor backside with expression in normal mucosa. ke expression score is ordinal data and expressio

is compared within a patient, the non-parametric ErdmanOs test was used. If the FriedmanOs test was
statistically significant, multiple comparison wittBonferroni correction was executed. A p-valueSff05

was interpreted as statistical significant and issfilayed in bold.
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Table S3:Di" erences in expression within tumor

Friedman test

Multiple comparison with Bonferroni correction

p-value Tumor front Tumor center Tumor front
Test statistic  test versus Tumor versus Tumor versus Tumor
statistic backside backside center
RANKL
No invasion x2(2)=2.333 0.311 * * *
Erosion X2(2)=2.571 0.276 * * *
Invasion X2(2)=10.571 0.005 0.042 0.076 1.000
OPG
No invasion x2(2)=2.947 0.229 * * *
Erosion X2(2)=4.000 0.135 * * *
Invasions X2(2)=2.273 0.321 * * *
RANK
No invasion x2(2)=7.538 0.023 0.247 0.425 1.000
Erosion X2(2)=13.923 0.001 0.024 0.157 1.000
Invasion X2(2)=14.000 0.001 0.016 0.076 1.000

Table S3:Statistical testing of RANKL/OPG/RANK expression compgatimor front, tumor center and
tumor backside. As the expression score is ordidata and expression is compared within a patient,gh
non-parametric FriedmanOs test was used. If the Fried®mtest was statistically significant, multiple
comparison with Bonferroni correction was executed p-value oB0.05 was interpreted as statistical

significant and is displayed in bold.
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Table S4:Di" erences in expression between patient groups per tumor side

Mean Rank Kruskal Wallis Test
No invasion Erosion Invasion Test statistic p-value
RANKL n=7 n=12 n=10
Tumor-front 15.50 11.79 18.50 4.587 0.101
Tumor-center 14.57 12.63 18.15 3.102 0.212
Tumor-Backside 15.64 14.58 15.05 0.085 0.958
OPG n=6 n=11 n=10
Tumor-front 16.17 13.41 13.35 0.743 0.690
Tumor-center 11.75 13.59 15.80 1.536 0.464
Tumor-backside 8.50 15.45 14.44 4.397 0.111
RANK n=7 n=12 n=10
Tumor-front 12.93 15.58 15.75 0.733 0.693
Tumor-center 13.64 15.04 15.90 0.440 0.802
Tumor-backside 14.57 16.13 13.95 0.885 0.642

Table S4: Statistical testing of RANKL/OPG/RANK expressimmpmaring patient groups; no invasion,
erosion and invasion per tumor side (tumor frontumor center and tumor backside). As the expression
score is ordinal data and expression is comparedrfrali" erent patients, the non-parametric Kruskal-
Wallis H test was used. As none of these tests wagdistically significant, post-hoc testing was o
executed. A p-value &0.05 was interpreted as statistical significant ansl displayed in bold.
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ABSTRACT

Introduction

Patient derived organoids (PDOs) are &Dvitro models and have shown to better reflect
patient and tumor heterogeneity than conventional 2D cell line$o utilize PDOs in clinical
settings and trials for biomarker discovery or drugesponse evaluation, it is valuable to
determine the best way to optimize sample selectidior maximum PDO establishment. In
this study, we assess patient, tumor and tissue sampglifactors and correlate them with
successful PDO establishment in a well-documented cohort ofipats with head and neck
squamous cell carcinoma (HNSCC).

Methods

Tumor and non-tumorous adjacent tissue samples weobtained from HNSCC patients
during routine biopsy or resection procedures at the Univessiledical Center Utrecht. The
tissue was subsequently processed to establish PDOs. Thepdaipurity was determined as

the presence of epithelial cells in the culture on the day of orgahsolation as visualized

microscopically by the researcher. PDO establishment wasoreled for all samples. Clinical
data was obtained from the medical records and was correlatedRDO establishment and
presence of epithelial cells.

Results

Organoids could be established in 133/250 (53.2%jrary tumor site tissues. HNSCC organoid
establishment was significantly more successful iftgents were younger than the median age
of 68 years (74/123 (60.2%) vs. 59/127 (46.5%), p=0.03). Fbsetsif samples, the presence
of epithelial cells in the organoid culture on thday of organoid isolation was recorded in
112/149 (75.2%) of these samples. When culturesengalected for presence of epithelial cells,
organoid establishment increased to 76.8% (86/112 samples).

Conclusion

This study found a trend between age and successful organmidgrowth in patients with
HNSCC younger than 68 years and emphasizes the valuéiofemt sampling regarding PDO
establishment.
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INTRODUCTION

The 5-year survival rates of head and neck squamawgdl carcinoma (HNSCC) have only
modestly improved over the past three decades from &5 66%¢. Numerous predictive
and prognostic biomarkers have been investigated to predict sival and guide treatment
decisiong®4 However many of these biomarkers have been investigated using tradal 2D
cell line models, which do not harbor the compleregetic and phenotypic heterogeneity
that exists in these tumorsn viva Therefore, there is a need to improwe vitro models to
validate biomarkers that better reflect patient andumor heterogeneity more accurately.
Patient derived organoids (PDO) may fill this gap.

Organoids are microscopic 3D structures that can be grown frpatient derived stem cells
of healthy or tumor tissues Organoids were first established from intestinapithelium, and
replicated the morphology of the crypt-villus structures presein vivq demonstrating the
ability to recapitulate the native tissue pathophysiologin vitrd®® For several tumor types,
living biobanks of PDOOs have been establistéthnd correlations between patient® and
PDO drug response have been reporteéP?

Although PDOs have promising potential for persorzad medicine, establishing PDOs can be

laborious and costly. PDO establishment is more time-consumizompared to conventional

2D cell lines, and technically more 'dicult, requiring trained personnef?% To utilize PDOs n
in clinical trials, it is important to know the sumess rates of establishing PDOs and if this
correlates to clinical factors associated with the patient thieare derived from. The reported

pooled success rates for PDO establishment from npl# tissue and tumor types varies from
56.5-78.5%. Herein, we assessed the correlation of patierssiie sampling and tumor-factors

to PDO establishment in a previously published cohort of HNSCC patféhts

159



MATERIALS AND METHODS

Patients and clinical data

This study analyzed organoids derived from a prospive cohort of patients with cancers
of the head and neck area in the University Medical Center UttgetMCU) as described in
previously?!s. The study protocol was approved by the Biobank Research Et@iosimittee
of the University Medical Center Utrecht (12-093B4CQancer). All donors participating in this
study signed informed-consent forms and could withaw their consent at any time. Informed
consent was obtained before tissue acquisition, patients megiven a minimum of 24 hours
to consider participation.

Patients were eligible for inclusion if 1) patientgave consent for the 12-093 HUB-cancer
protocol, 2) patients had a type of HNSCC, 3) tissue acquisition was sucdafiging biopsy
for diagnostic histopathology or resection, 4) the laboratp of the Hubrecht institute tried
to establish organoids for the sampled tissues.

Tissue acquisition

Primary tumor and/or lymph node metastatic tissue artdmor adjacent non-malignant tissue
was obtained from HNSCC patients during either baypor resection procedures as part of their
routine diagnostic or treatment regimen. For tissue acquisih during diagnostic biopsies,
an extra biopsy of suspected malignant tissue was taken fostkiudy during the procedure.
For resection specimens, a small piece of tissueswsampled from the resected specimen
at the tissue facility in the department of patholyy. Tissue samples were immediately
collected in +/+/+ organoid medium which consisted of advancBEM/F12 (AADMEM/F12:
Life Technologies, cat # 12634-034), supplemented withGlxtaMAX (Thermofisher; Gibco,
cat # 35050061), Penicillin-streptomycin (Life Technologieat, # 15630-056), 10 mM HEPES
(Life Technologies, cat # 15630D056) (+/+/+ mediurd) 0 mg/mL Primocin (Invivogen, cat #
ant-pm1). A er transportation to the laboratory, organoid isolabn was mostly performed on
the same day as the tissue sampling, however in some cases isolatias performed within

3 days with an outlier of 10 days

Organoid isolation

The PDO culturing in this study has been describedyioesly®*°. In short, tissue samples were
mechanically cut into pieces (1-3 mthand digested for 20-40 mins in 0.125% Trypsigii$,
cat # T1426) in +/+/+ medium supplemented with 381 Y-27632 (Abmole Bioscience, cat. no.
M1817) at 37;C. During incubation, mechanical foveas used every 10 minutes to aid digestion
by triturating the tissue pieces with a p1000 pigtet Tissue was subsequently triturated using
a flame-sterilized pipette with a p10 tip on the enOnce pieces of tissue appeared macro- and
microscopically dissociated, +/+/+ medium was topped up t6 inL and the suspension was
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filtered through a 70 mM filter (Corning, cat # CI33751-50EA). Tubes were centrifuged at
300g, 5 mins and the supernatant was aspirated. Using ice-colb 2@ mg/mL-1 cold Cultrex
growth factor reduced basement membrane extract (BM#ipe 2 (Trevigen, cat # 3533-010-02)
in +/+/+ medium, the pellet was resuspended. BME/organoidmserssion was plated in 10-20
mL droplets on the base of a preheated 48-well seggion culture plate (Greiner, cat # M9312).
Plates were inverted and incubated at 37{C for at least 15-30 minalltmw solidification of
BME. Aer solidification, pre-warmed culture medium supphaented with 10$M Y-27632 and
caspofungin (0.5 mg/mL, Sigma Aldrich) was added to the plated #rey were incubated in

a 37C/5% CO2 incubator. Two types of culture media were usetil8CC organoids: A head
neck(HN) cancer mediufor cervical squamous cell medium(M7) as previously descriied

Organoid culturing

Organoids were subsequently grown from the primary materiakiulture media. All primary

material was established on both HN and M7 mediuondetermine which medium was optimal

for each organoid line. If an organoid line had an improved growth on atjgalar medium,

this medium was subsequently used. HN and M7 medium were bogbpsemented with 0.5

mg/mL caspofungin for the first week of organoid ¢ute and then removed. HN medium was

also supplemented with 1M of Y-27632 for the first week of organoid culture and was then
removed. However M7 medium was constantly supplented with 10$M of Y-27632. Medium

was changed every two to three days and organoids were passansaveen approximately

7 and 14 days lzer plating, depending on their growth rate. n

To passage organoids, BME droplets were disrupted by resuspenttiagntire well content
using a P1000 pipette. This was transferred to 15 mL Falcon tuidesre up to 15 mL of +/+/+
was added and then centrifuged (300g, 5 min).ek centrifugation, the organoid pellet was
resuspended in 1-3 mL TrypLE Express (Life Technologiessiiza, CA, USA, cat. no. 12605-
010) and incubated for 3-10 mins at 37;C. The digeswas constantly monitored by checking
the tube under the microscope. Organoids were sheared mecigafly using a P1000 pipette
with an extra P10 tip placed on the tip! &r organoids were disrupted into single cells, tubes
were topped up to 15 mL of +/+/+ to inhibit the PlyE digestion, and centrifuged. Supernatant
was removed down to the pellet and cells were repemded in 70% BME in +/+/+. The density
of organoids were checked under the microscope bedglating, if organoids were too dense,
more 70% BME in +/+/+ was added. Multiple domes of 10-20 mL wetedpta pre-heated
suspension culture plates (Greiner, cat # M9312). Plates werertadeand incubated at 37C
for at least 15 mins for BME solidification! ér solidification, pre-warmed HN or M7 media
supplemented with 10$M Y-27632 was added to the plates and they wereubated in a
37C/5% CO2 incubator. For cultures growing on HNdiae Y-27632 was removed from the
medium & er 2-3 days and organoids were subsequently cultured in medithout Y-27623.
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For M7 medium, Y-27632 was constantly in the media, and wagefloee not removed aer
passaging.

To show that organoids contain tumor cells, the organoid cultsrare exposed to nutlin-3a
as described in Millen et dp. Nutlin-3a is an MDM2 antagonist that ceases grovathTP53
wildtype cells (non-tumor epithelial cells) but leses TP53 mutant cells (tumor epithelial cells)
una" ected. Cultures are exposed to nutlin-3a for a period of 7-10gand it is determined
to be a tumor-derived organoid if growth continues in the presenof nutlin-3a and normal-
derived organoid if it dies in the presence of nutlin-3a.

Clinical data

Clinical data was extracted from the medical recadThe following clinical parameters
were collected: Sex, age, prior cancer treatment &ta (defined as chemo- and/or radio-
therapy). For tissue sampling details: type of satimy (biopsy or resection), date of sampling
(i.e. time in days between sampling and organoidlation), and for tumor details: tumor
type, tumor location, TNM-stagé (if available pTNM otherwise cTNM), tumor diameiar
centimeters, HPV-status, histopathological grade (@eal well, Grade 2 moderately and Grade
3 poorly dI' erentiated), presence of bone invasion, presence of angio-ireas presence of
perineural growth and growth pattern (cohesive vs. non-cohesjvelPV status was positive
if it was pathologically confirmed. Bone invasion was positifétiwas stated positive in the
pathological report.

Analysis

For the analysis, each organoid line was analyzed as a sepatage. For 15 patients, more
than one HNSCC tissue specimen was collected. For example: a piops initially collected

for diagnosis, a resection of the primary or recent tumor was subsequently performed.
The primary outcome was organoid establishment (yes/no) andsadefined as Osuccessful®
(or OyesO) if organoids reached Passage 1 (P1) and ash@yndf ifiot grow and could not be
passaged. P1 was defined as organoids that grew from isolati®@)(of primary tissue and
were large enough to passage. Group drences were assessed for organoid establishment
regarding the collected clinical variables on patient data, sampling data andntor data.

The presence of epithelial cells in the organoid culture at PO \a&ailable from the samples

of 2019 onwards. Per tissue processing, and upon plating the organsi¢P0), the researcher
recorded presence of epithelial cells with microspi examination and presence was defined
as OyesO if either single cells or clumps of epithelial cells weser in the culture. If these

were not observed, these were defined as Ono epithelial cells presentO.
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Statistics

The outcome variables are reported dichotomouslyh& continuous variables, age at surgery
and tumor diameter, were split into two groups basexh the median. The continuous variable
Onumber of days between sampling and isolationO sydi$ into two groups (day 0 versus
day 1 onwards). All of the other variables were noral. Group dif erences per variable
regarding organoid establishment and epithelial cell presenegre assessed using the test
of two proportions with a chi-square test of homogeneity. Benfoni correction for multiple
comparisons was executed. Statistical significaneeas considered if p<0.0167 for patient
factors (three comparisons), if p<0.025 for samplifegtors (two comparisons) and if p<0.0083
for tumor factors (six comparisons).In case of an ifiscient sample size, FisherOs exact test
was used. Statistical analysis was performed with SPSSiStias (IBM Corp. Released 2020.
IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY: IBM Corp).

RESULTS

521 collected tissue samples for which organoid abtishment was attempted were included

in this study. Tissues that were not derived frosquamous cell carcinoma were excluded

from this analysis (n=24) and organoid cultures that had a migcopically visible fungal or

bacterial infection between isolation (P0) and Pd<12). Tissues from 250 samples originated

from primary tumor site (primary tumor n=200, recurrent n=1&c®nd primary n=26, third n
primary n=6 and fi h primary n=1), 27 originated from SCC-containingtastatic lymph nodes

and 208 originated from normal mucosa adjacent theé HNSCC tumor. Patient characteristics

are displayed in Table 1.

HNSCC organoid establishment and sample purity

Organoids could be established in 133/250 (53.2%irary tumor site tissues (Table 1). For the
samples from 2019 onwards (n=149) data about the ggace of epithelial cells was confirmed.
This was done on the day of isolation where epitielcells were observed in the culture

by bright-field microscopy in 112/149 (75.2%) of these sanspld there were epithelial cells

present at PO, organoid establishment success rate increased to 76.8%9418&amples).
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Table 1:Patient and tumor characteristics for correspondingrganoid cultures. Values are numbers
with (%) unless otherwise stated.

SCC tumor lines Normal mucosa

Characteristics

N=250 lines N=208
Organoids Established 133 (53.2) 141 (67.8)
Organoids Established if epithelial cells 86/112 (76.8)
present (n=112)
Tumor nature Primary 200 (80.0)
24 primary onwards 33(13.2)
Recurrent 17 (6.8)
Age (year) Median (range) 68 (22 b 92) 69 (22 b 92)
Sex Males 170 (68.0) 135 (64.9)
Females 80 (32.0) 73 (35.1)
Pre treatment No 208 (83.2) 168 (80.8)
Yes = Chemotherapy 1(0.4) 2 (1.0
= Radiotherapy 27 (10.8) 27 (13.0)
= Radiotherapy + Chemo 12 (4.8) 10 (4.8)
= Radiotherapy + Cetuximab 2(0.8) 1(0.5)
= Total 42 (16.8) 40 (19.2)
Sampling Biopsy 75 (30.0) 12 (5.8)
Resection 175 (70.0) 196 (94.2)
Organoid isolation Day 0 169 (75.8) 127 (70.9)
day a ersurgery pgy 1 47 (21.2) 47 (26.3)
Day 2 - 10 7(3.1) 5(2.8)
Tumor Oral cavity 151 (60.4)
location Oropharynx 22 (8.8)
Hypopharynx 22 (8.8)
Larynx 48 (19.2)
Other* 7(2.8)
HPV status Positive 12 (4.8)
Negative / not determined 238 (95.2)
T-stage T1 26 (10.4)
T2 88 (35.2)
T3 56 (22.4)
T4 80 (32.0)
N-stage NO 132 (52.8)
N1 28 (11.2)
N2 49 (19.6)
N3 41 (16.4)



Table 1:Patient and tumor characteristics for correspondingrganoid cultures. Values are numbers
with (%) unless otherwise stated. (continued)

. SCC tumor lines Normal mucosa
Characteristics

N=250 lines N=208

Bone invasion No / Not reported 195 (78.0)

Yes 55 (22.0)
Peri neural No 102 (53.1)
invasion Yes 90 (46.9)
Angio invasion No 152 (85.4)

Yes 26 (14.6)
Tumor Well 11 (10.8)
di” erentiation Moderately 74 (72.5)

Poor 17 (16.7)
Growth Cohesive 63 (36.4)
Pattern Non-Cohesive 110 (63.6)
Tumor Diameter  Median (range cm) 3.0 (0.7 B 9.50)

*Other comprises: Parotis (n=1), Nasopharynx (n#l3sal cavity (n=5). Pathological TNM-status wasdis
if possible otherwise the clinical TNM-stage was used.

HNSCC organoid establishment correlation factors n
Patient factors

PDO establishment tended to be more successful iatipnts who were younger than the

median age of 68 years (74/123 (60.2%) vs. 59/48750), p=0.03) Table 2 and Figure 1. There

was no df erence in successful establishment of organoids heten males and females (93/170

(54.7%) vs. 40/80 (50.0%), p=0.49) nor for patie¢hts received previous anti-cancer treatment

compared to patients without prior treatment (11/208 (52.9%) vs. 23/(54.8%), p=0.82).

Tissue sampling factors

The majority of resection tumor specimens originated from theab cavity, while the biopsy
specimens were mostly derived from oropharyngealpopharyngeal and laryngeal samples.
There were no significant dierences in PDO establishment between biopsy- and resection-
specimens: 42/75 (56.0%) vs. 91/175 (52.0%), patobbetween the organoids isolated at the
day of surgery or later: 96/169 (56.8%) vs. 29/54 (53.7%), p=0.69 (Tabler2 Eigu
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Table 2. HNSCCC groupnalysis of organoid establishment per clinical factdrests of proportions
used were the chi-square tests of homogeneity. Ssdical significance aer Bonferroni correction
was considered if p<0.0167 for patient factors (three compans), if p<0.025 for sampling factors
(two comparisons) and if p<0.0083 for tumor factqssx comparisons) NA: Not applicable as there
are several proportion dierences between more than two groups.

Factor with total Number of organoid lines established
Proportion

number of cases Total
vl Groups (% of total within group) ) Di" erence

0
Patient Factors
Sex Males Females
n=250 93 (54.7) 40 (50.0) 133(53.2) 0.047 0.49
Age (split median) <68 years +68years
n=250 74 (60.2) 59 (46.5) 133(53.2) 0.137 0.03
Pretreatment No Yes
n=250 110 (52.9) 23 (54.8) 133(53.2) 0.019 0.82
Sampling factors
Method Biopsy = Resection
n=250 42 (56.0) 91 (52.0) 133(53.2) 0.04 0.56
Days to org isolation 0 1-5
n=223 96 (56.8) 29 (53.7) 125(56.0) 0.031 0.69
Tumor factors
Tumor locatiort Oral Cavity OropharynxHypopharynx Larynx
n=243 80(53.0) 14 (63.6) 9(40.9) 27(56.3) 130 (53.5) NA 0.48
HPV status Negative  Positive
n=250 126 (52.9) 7(58.3) 133(53.2) 0.054 0.72
T stage T1 T2 T3 T4
n=250 12 (46.2) 53(60.2) 28(50.0) 40(50.0) 133(53.2) NA 0.42
N stage NO N1 N2 N3
n=250 66 (50.0) 16 (57.1) 28 (57.1) 23(56.1) 133(53.2) NA 0.76
Bone invasion No Yes
n=250 108 (55.4) 25 (45.5) 133(53.2) 0.099 0.19
Peri neural invasion No Yes
n=192 52 (51.0) 48(53.3) 100 (52.0) 0.023 0.74
Angio invasion No Yes
n=178 78 (51.3) 14 (53.8) 92(51.7) 0.028 0.81
Di" erentiation Grade | Grade Il Grade Il
n=102 6 (54.5) 36(48.6) 10(58.8) 52 (51.0) NA 0.73
Growth pattern Cohesive Non-Cohesive
n=173 35(55.6) 55 (50.0) 90(52.0)0 0.056 0.48
Tumor diameter <3cm +3cm
n=184 45 (50.6) 49 (51.6) 94 (51.0)0 0.016 0.89

*Excluding location tumor Oother® (n=7)
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Clinical parameters

Of the 250 SCC samples, 151/250 (60.4%) tumor tssuginated from the oral cavity, 22/250
(8.8%) from the oropharynx, 22/250 (8.8%) from thgpopharynx, 48/250 (19.2%) from
the larynx, and 7/250 (2.8%) from other tumor sites documentedTable 1. There were no
di" erences regarding PDO establishment for: Tumor location, H®atus, T-stage, N-stage,
Bone invasion, perineural invasion, angioinvasion, tumor gegdyrowth pattern and tumor
diameter (Table 2, Figure 1).

Primary tumor site SCC vs Metastatic SCC

For SCC tissues from the primary tumor site, PDGabkshment was slightly more successful
compared to metastatic SCC, (133/250 (53.3%) vs21244.4%), p=0.39). However, diences
in proportions were not statistically significant.

Primary tumor vs Secondary (or more) primary and recurrent
PDO establishment was not more successful for prim&CC tissues, compared to secondary
(or more) or recurrent SCC, (108/200 (54%) vs. 25/50 (50%), p=0.61).

Normal mucosa organoid establishment

Normal mucosa organoids could be established in 1208 (67.8%) samples of tumor-adjacent

epithelium. In this cohort, there were no derences in the success rate of PDO establishment

for: sex, median age, pre-treated vs. untreated tunscand isolation on day of surgery or later n
(Table 3). There was a strong trend towards an improved succets@dPDOs from resection

samples as compared to biopsies: 136/196 (69.4%) vs. 5/12 (41.7%),60E@ble 3).
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Chapter 6

Organoid establishment
B Yes No

Sex

Age

Pretreatment

Sampling method

Isolation day

HPV

Tumor
location

Tumor stage

Nodal stage

Bone invasion

Perineural ivasion

Angioinvasion

Differentiation

Growth pattern
Non-Cohesive

Tumor < 3.00cm
Diamater =3.00cm

100 200
Number of patients

Figure 1 HNSCC groupOrganoid establishment correlating to clinical-, samplg- and tumor-
parameters. X-axis shows number of patients. Y-atisws di erent clinical parameters. * indicates
a trend towards a statistical significant ierence using the test of two proportions with a chi-
square test of homogeneity. Pretreatment was defined: Patient received radiotherapy anywhere
on the body and/or chemotherapy ever. Isolation day meansyBdetween surgery and organoid
isolation. Tumor and Nodal stage according to the TNM criteria.
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Table 3 Normal MucosaAnalysis of organoid establishment per clinical fac. Tests of proportions
used were the chi-square tests of homogeneity. Stdical significance &er Bonferroni correction
was considered if p<0.0167 for patient factors (8& comparisons) and if p<0.025 for sampling
factors (two comparisons). NA: Not applicable astie are several proportion dierences between

more than two groups.

Number of organoid lines established

Factor with total number Proportion
of cases available Grolps Galoftotal Total %)  Di" erence &
within group)
Patient Factors
Sex Males Females
141 (67.8 0.011 0.87
n=208 91 (67.4) 50 (68.5) (67.8)
Age (split median) <69years +69years
141 (67.8 0.048 0.46
n=208 73 (70.2) 68 (65.4) (67.8)
Pretreatment No Yes
141 (67.8 0.127 0.12
n=208 118 (70.2) 23 (57.5) (67.8)
Sampling factors
Method Biopsy Resection
141 (67.8 0.277 0.06*
n=208 5 (41.7) 136 (69.4) (67.8)
i in** -
Days to org isolation 0 1-5 125 (69.8) 0073 0.35

n=179

86 (67.7) 39 (75.0)

*fisher exact test because of low sample size biggs **Data of this parameters was not availablerfo

all tissues.

Tissue sample purity

In biopsies, there were significantly more epithelial cellsgsent in the culture on the day of
organoid isolation compared to resection specimeti$5/52 (86.5%) vs. 67/97 (69.1%), p=0.02,
Table S1). Likewise, in the primary/local recurrent HNSCC sasypthere were significantly
more epithelial cells present in the culture on thaay of isolation compared to the metastatic
HNSCC samples (112/149 (75.2%) vs. 15/27 (55.6%)04)~ There was a strong trend that
cultures from patients below the median age of 68 years had mopéteelial cells present in
the culture on the day of isolation (82.6% vs 68.8960.05, Table S1). The other clinical factors

revealed no dl erences in presence of epithelial cells in the culture on the daysefation,

neither for SCC tissues nor for normal mucosa tissuTable S1+S2). Figure 2 displays H&E
stainingOs of 4 sampled tumor tissues before tharsof organoid culturing. For Figure 2A and
2B epithelial cells were present at PO, for Figure 2C and 2Cheliétl cells were not present

in the culture at PO.
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Chapter 6

Figure 2: Hematoxylin and eosin stain of 4 tumor samples befoorganoid culturing; A: Tumor
sample of Larynx; B: Tumor sample of oropharynx;TGmor sample of Lymph Node metastasis; D:
Tumor sample of Oral Cavity; For 2A and 2B epithelial cellsewgesent in the culture at PO; For
2C and 2D epithelial cells were not present in the culture at PO.

DISCUSSION

It is relevant to know if there are patient- and/otumor-factors in tissue sampling that
influence PDO establishment, as this could help Gu¢ researchers navigate organoid
biobanks. However, to date, there have been no stesl in HNSCC to assess such factors.
This study assessed clinical factors regarding PDO establighinaed found a trend of PDO
establishment being more successful in younger paits with HNSCC, below the median age
of 68 years, although this was just not statistitakignificant (p=0.03). This could be explained
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by the fact that cell division rates decrease with ageThe study of Larsen et al. published
their supplemental data on age of 77 HNSCC organoids of which dr2 wiobankable&®. The
mean age in deciles for the biobankable organoidsas6.67 and the mean age in deciles
for the 65 non-biobankable organoids was 7.09. These findiags in line with our trend. In
the whole cohort, which consisted of several orgaidotumor types, age was not Herent
for the biobankable and non-biobankable organoids For future HNSCC organoid studies,
this could be considered, as this may support susséul organoid outgrowth. This seems
clinically applicable as elderly patients with comorbiditiesra already ¢ en refrained from
chemotherapy®. As this cohort of patients only contained HNS@t& median age associated
with successful organoid outgrowth, may vary betwereother tumor types. Therefore, age
as a factor for successful organoid culture should also be explored in othpesyof cancer.

There was no dierence in PDO establishment between patients that received cleehand/
or radiotherapy compared to untreated patients. This reassuring, as many cancer regimens
include surgery as well as adjuvant systemic therapy, hightighy that the use of systemic
therapy in HNSCC has no impact on organoid outgrawin line with this, Ob et al. (colorectal
cancer), Larsen et al. (several tumortypes)and Sharick e{@hncreatic cancer) also did not
find a correlation between previous chemotherapy and PDO outgith®®2527 Interestingly,
another study on colorectal cancer found a reduced PDO outgtinf patients had received
neoadjuvant chemoradiotherapy prior to tissue samiplg compared to non-adjuvant and
chemotherapy-only groups®. We did not find dierences in PDO establishment between
primary/locally recurrent tumors and metastatic turars, which is in line with two other
studies”?4 Again, this is reassuring for future organoid sted that plan to establish organoids
from metastatic tissue, as this may not'&ct outgrowth. Like Larsen et al. we did not find
di" erences in PDO establishment based on tumor $tze

We found a significantly higher presence of epithalicells in biopsies compared to
surgical resection specimens for HNSCC PDOs (86/5%9.1%, p=0.02), although there
was no di erence in PDO establishment itself. For prostatencar, sampling with radical

prostatectomy compared to transurethral resection of the pstate resulted in an improved

PDO establishment for the radical prostatectomy grotipLikewise, for colorectal cancer,
the rate of successful PDO culture was lower for endoscopigbies compared to surgical

resection specimeff. Similar to our findings, dierentiation grade did not influence PDO
establishment in prostate cancef.

The influence of &icient sampling of the tumor on organoid establishemt may be bigger
than the influence of the clinical factors themseds. Here we show an increase in PDO
establishment from 53.2% to 76.8% if organoid cultures weoaiid to have epithelial cells
present in the culture at PO. Moreover, in a subsaialysis, we previously found an increase in
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the success rate of HNSCC organoids from 33.3%%t6% in cases where epithelial cells were
present in the collected tissues, assessed by H&fning of the tissue sample (n = 77, FisherOs
exact test, proportion 0.522, p < 0.0€"1)For metastatic gastro-intestinal cancer organoids
Vlachochiannis et al. also describe that the estalfiment rate strongly correlated with
tumor cellularity in the original tissue biopsy. Likewise in prostate organoids, a significant
correlation between tumor cell percentage in the iginal tissue sample and prostate organoid
establishment was reporteé. This indicates that €icient sampling is important for optimizing
PDO establishment. Figure 2 emphasizes the importance foicent sampling.

Interestingly, in this analysis, we showed a stditzlly significant dI' erence between biopsies
and resections, with biopsy-derived organoid cultures tygilly having more epithelial cells
present on the day of isolation compared to resegtis specimens. For biopsies, the sample is
taken directly by the surgeon whereas for surgical resectpthe tissue is removed from the
body whereupon it is sampled at a later point byetpathology department. This dierence in
presence of epithelial cells on the day of isolati@ould be due to diiculty to recognize tumor
versus normal tissue during sampling of the resected specimen vi&inaor that is in situ in
the body during a biopsy procedure. Additionally, we found #pélial cells more frequently
in the culture at PO for primary tumor tissues coraped to metastatic tumors in lymph nodes
(75.5% vs 55.6%, p=0.03). A tendency that the success rate oeBallishment is better for
primary tumor site samples, suggests samplingieiency is better at the primary tumor site
compared to HNSCC lymph node metastasis.

In this study, organoids were deemed successfuthiéy reached P1, and most organoids
included in the analysis were started on both HNc&M7 media types to determine the optimal
media for each organoid line. Therefore, thé ect of the media composition on successful
outgrowth is not a factor in our analysis, and it is more importaifita culture has epithelial
cells present on day of isolation or not. Larsen et al have investigétee €' ect that various
growth factors have on functional growth and phenotypes in tumorganoids derived from
various tumor types. They found that although EGkhstilated proliferation in most cultures,
there was no significant dierence in growth between the 5 various media conidits that
were tested. In particular, they assessed the success rateazfchand neck organoids when
established on complete versus minimum media type, and found nbelience.

In conclusion, this study found a positive trend beeen age and successful organoid
outgrowth in patients with HNSCC younger than 68ays and emphasizes the value of
e" iciently sampling tumors to achieve successful PB&ablishment. This study highlights the
importance of future organoid studies to evaluateinlcal factors that may influence organoid
outgrowth, and investigating this in other tumor types.
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SUPPLEMENTAL MATERIAL

Table S1.
Factor with total Number of cultures with epithelial cell presence .
Proportion
number of cases
vl Groups (% of total within group) Total (%) DI erence
Patient Factors
Sex Males  Females
n=149 78 (74.3) 34 (77.3) 112 (75.2) 0.03 0.70
Age < 68 years +68 years
n=149 57 (82.6) 55 (68.8) 112 (75.2)  0.138 0.05
Pretreatment No Yes
n=149 87 (74.4) 25(78.1) 112 (75.2)  0.037 0.66
Sampling factors
Method Biopsy Resection
n=149 45(86.5) 67(69.1) 112 (75.2) 0.174 0.02
Days to org
isolation Day 0 Day 1-5
n=146 88 (77.9) 23(69.7) 111 (76.0)  0.082 0.33
Tumor factors
Tumor location Oral CavityOropharynx Hypopharynx Larynx
n=142 53(69.7) 12(85.7) 15(88.2) 28(80.0) 108 (76.0) NA 0.25
HPV status Negative  Positive
n=149 107 (74.8) 5(83.3) 112 (75.2) 0.085  1.00*
T stage T1 T2 T3 T4
n=149 12(92.3) 37(725) 26(74.3) 37(74.0) 112 (75.2) NA 0.56*
N stage NO N1 N2 N3
n=149 58 (74.4) 15(78.9) 14 (70.0) 25(78.1) 112 (75.2) NA 0.89*
Bone invasion No Yes
n=149 86 (78.2) 26 (66.7) 112 (75.2)  0.115 0.15
Peri neural invasion  No Yes
n=110 37 (64.9) 40 (75.5) 77 (70.0) 0.106 0.23
Angio invasion No Yes
n=101 56 (69.1) 13 (65.0) 69 (68.3) 0.041 0.72
Di" erentiation Gradel Grade?2 Grade 3
n=79 3(42.9) 41(70.7) 10 (71.4) 54 (68.4) NA 0.36*
Growth pattern Cohesive Non-Cohesive
n=96 18 (66.7) 49 (71.0) 67 (69.8) 0.043 0.68
Tumor diameter <3.15cm +3.15cm
n=104 34 (65.4) 37(71.2) 71(683) 0.058 0.53

HNSCCC groupAnalysis of epithelial cell presence on day of igtbn per clinical factor. Tests of
proportions used were the chi-square tests of homogengitStatistical significance laer Bonferroni
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correction was considered if p<0.0167 for patiertctors (three comparisons), if p<0.025 for sampling
factors (two comparisons) and if p<0.0083 for tumfactors (six comparisons) NA: Not applicable asit#
are several proportion dierences between more than two groups.

*fisher exact test because of low sample size.

Table S2.
Eactor with total Number of cultures with epithelial cell presence
Proportion
number of cases Groups ' P value
. Di" erence
available (% of total within group) Total (%) I
Patient Factors
Sex Males Females
99 (74.4 0.096 0.24
n=133 65 (71.4) 34 (81.0) (74.4)
Age (split median) < 69 years +69 years 99 (74.4) 0.003 0.97
n=133 47 (74.6) 52 (74.3) ' ' '
Pretreatment No Yes
99 (74.4 0.088 0.33
n=133 78 (76.5) 21 (67.7) (74.4)
Sampling factors
Method Biopsy Resection
99 (74.4 0.118 0.47*
n=133 7(63.6) 92 (75.4) (744
Days to org isolation 0 1-5
96 (73.8 0.146 0.08
n=130 64 (69.6) 32(84.2) ( )

Normal Mucosa: Analysis of epithelial cell presence on day of igbbn per clinical factor. Tests of
proportions used were the chi-square tests of homemeity. Statistical significance laer Bonferroni
correction was considered if p<0.0167 for patieactors (three comparisons) and if p<0.025 for sarng|
factors (two comparisons). NA: Not applicable aetie are several proportion dierences between more
than two groups.

*fisher exact test because of low sample size.
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CHAPTER 7

Summary and general discussion



SUMMARY AND GENERAL DISCUSSION

Head and neck cancer (HNC) is th& Most common type of cancer worldwide with around
1.000.000 new cases and 465.000 deaths in 2G2NC is a collective term for tumors arising
from the upper aerodigestive tract, i.e. the oraheity, pharynx, larynx, nasal cavity, paranasal
sinuses and the salivary glands. Over 95% of theaacers are squamous cell carcinomas
(HNSCC) that develop from the mucosal epithelitihDespite the dierent treatment options
and the advances in targeted therapy developmenhe 5-year HNC survival has only modestly
improved over the last three decades to around 66% for all subsited atages combineél
Robust biomarkers, that predict survival outcome anhelp with treatment decisions
are lacking and only few biomarkers have been canfied in clinical trials. Furthermore,
biomarkers are dlicult to test in traditional in vitro models as thén vivo tumor structure
and 3D morphology is missing. Accordingly, better models miing a more accurate tumor
heterogeneity, are needed. Organoids may fill thisid. As mentioned in the introduction
organoids can be used for both cancer biology research and personalizedioieel.

The understanding of molecular pathogenesis of HNSBas considerably improved in the
last decades. This resulted in new strategies fagdting HNSCC, especially targeted therapies
e.g. targeting EGFR, which is overexpressed intiagority of HNSCCsAlthough primary and
acquired resistance is a challenge, these targeted therapieséd@otential. Biomarkers are
pivotal for the introduction and use of targeted therapies. Asviewed inChapter 2, many
biomarkers for targeted therapy in the EGFR-PI3KFAKTOR pathway have been researched
but only few were confirmed in clinical trials. Aolbust biomarker predicting treatment
outcome is still lacking. Current research is hindered by small gdensizes, heterogeneous
study populations, and discrepancies in treatment protocolé. more systematic approach
to biomarker research, including incorporation intoliical trials and patient-centred trial
designs, is needed. Overall, while several biomarkers have beeestigated, their clinical
validation remains limited, emphasizing the need focontinued research to advance
personalized medicine in HNSCC treatment. Integration of mukippiomarkers and the use
of patient-derived HNC-organoids"a@r promising avenues for improving predictive acacy.

Driehuis et al. described the first long-term cuite of organoids derived from HNSCC and
normal corresponding tissué In Chapter 3 we describe an expansion of the previously
described biobank of organoids derived from HNSQ®@lalso add other histological types of
HNC. Here we present an expansion of the earlier published bikbaf HNC organoids from
31 to 110 models. In the adjuvant radiotherapy setting for HNLS@e describe a correlation
where organoids which were more resistant to radiotherapyrecesponded to patients who
relapsed earlier compared to patients of which orgaids were sensitive to radiotherapy.
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Despite the small sample size (n=15) a correlatisrpresent. We did not find a correlation
between cisplatin sensitivity in organoids and relapse of patients.

We screened a subset of these organoids for respatasediotherapy with or without cisplatin,
carboplatin and cetuximab. In general, both cisplatand carboplatin increased sensitivity to
radiotherapy, as corresponds to findings in clinical practfcéflhe EGFR inhibitor cetuximab
however reduced the sensitivity to radiotherapy, which is in linétkvcurrent literature that
describes a worse survival for patients treated with cetuxitmand radiotherapy compared
to cisplatin and radiotherapy?®!! All this confirms, that organoids reflect tumor behaviour of
HNSCC in the clinical situation. However, it is important to note teaen though cetuximab
served as a radioprotector, the in vitro additive’ ect of radiotherapy and cetuximab was
still more toxic than that of radiotherapy alone for most patient-derived orgaidanodels.

In addition, inChapter 3 we also describe the response to multiple targeteéderapies for a
subset of HNC organoids. For preclinical targetdtetapies, patient response to therapy is
unknown as these agents are not yet introduced ctaily. Exploring organoid response for
new targeted therapies is helpful to acquire drugreen data that can help future screening
and research towards implementation of targeted thapies. This not only applies to preclinical
therapies but also for existing therapies. Moreover, weaused HNSCC organoids for biomarker
research: Preclinical studies describe PIK3CA mwas as biomarker for targeted therapy
alpelisib'z. We determined alpelisib response in HNSCC orgdsoPI3KCA mutant organoids
did not respond significantly better compared to memutant organoids. We introduced the most
common PIK3CA mutation (E545K) in two organoid limsing CRISPR base-editing technology
creating two isogenic pairs diering only by one specific mutation. The"dérence in alpelisib
response between the two patients was bigger thametdi' erence within the isogenic pairs. This
finding underscores the potential of organoids to termine the value of a particular biomarker
to drug sensitivity in the context of relevant patie heterogeneity.

In chapter 4 we investigated protein expression of p-mTOR, p-E®K PTEN as prognostic
biomarkers in HPV negative HNSCC patients treatétth wrimary chemoradiotherapy. We found
a significant worse overall survival in patients thihigh p-mTOR expression which is in line with
other HNC studie’$®'® Moreover, protein p-mTOR expression in a paneHMSCC organoids
correlated to mTOR-inhibitor everolimus responsetinese organoids. We show the potential of
HNSCC organoids for predicting everolimus responseséd on p-mTOR expression.

Chapter 5 describes a retrospective cohort study that tries to clarifyettmechanism of jaw
bone invasion in patients with oral squamous cell m@noma. The findings of this study
suggest that oral squamous cell carcinoma induces bone invasiaredo the stimulation of
osteoclast activation by regulating the productionf RANKL and RANK proteins. In this study
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we show the ability of HNSCC organoids to express RANKL, OPG &t é&Aprotein level
and on mRNA level as determined by gPCR. These findings are thestiss for biomarker
research and targeted therapy regarding bone invasiin HNSCC. It is interesting to consider
RANKL as a potential Obone-invasion-inhibiting-&t(g, as HNSCC is capable of producing
RANKL. Suppressing bone invasion by denosumab (amaotoncal RANKL inhibitor) could be
interesting as bone-invading tumors prefer nutriesrich bone, which may lead to more tumor
growth?s, However the role of denosumab in HNC has yet to be elucidated.

In chapter 6 we correlated clinical parameters to organoid outgwth. Organoids of older
patients tended to grow worse compared to younger patientsurhermore we did not find
other clinical factors that correlated with organadi outgrowth. Moreover, we show an increase
in organoid establishment to 75.2% if cultures weselected on the presence of Sicient
epithelial cells in the culture on the day of isolation. These fingsmimply that a significant
part of our tissue samples did not have enough epithelial cells to grow organoids in adea
and make it clear that there is still room for optimizing the tissue collection.

Organoids in personalized medicine

Several studies highlight the potential of organosdregarding personalized medicine. For
multiple cancer types correlations are present between patie and organoid responsgd?°
which in turn can be used in clinical practice t@i®en the potency of patient response to
therapy. For oncology purposes this would also bewantageous to prevent unnecessary
side €' ects of ine ective chemo-, radio-, or targeted-therapy.

For HNSCC, this thesis describes a potential catiein between organoid response to
radiotherapy and clinical outcomes, particularly ithe adjuvant treatment setting. However,
the small sample size limits the statistical signifince of these findings, highlighting the need
for larger studies to confirm the predictive poter@l of organoids. Also we show that organoids
yield the possibility to analyse the separat€' ects of radiotherapy and chemotherapeutics,
which is not possible in patients.

Although we think the use of HNSCC organoids ismpising for correlating organoid response
to patient response, several challenges still exigtr wide clinical implementation. Several
factors may confound the correlation between orgaitresponse and patient outcomes,
including the impact of surgery and the absence of the tumor micnegonment in organoid
models. Additionally, the optimal parameter for predicting sponse remains uncertain and
may vary depending on treatment type and disease characteigst There are several ways
to calculate organoid response. For radiotherapy, we assessed orgdmniability at dosages
ranging from 1 B 10 Gray. From this range GR5@, 488 AUC could be calculated. In addition
we used organoid viability at 2 Gray as separate parameter sintita¥ao et al® but it is still
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unknown which is the most reliable parameter to pdéct organoid response. In literature, the
most commonly used parameter for predicting orgarsbresponse is the Area Under the Curve
(AUCY (as e.g. is depicted in chapter 3 figure 3A).

On the other hand, all parameters are somewhat comparable as they extracted from the
same experiment. For clinical implementation cut-ovalues for organoid response are needed
but are hard to determine without big patient cohostand generalized drug-screen protocols.

Also, although HNSCC is treated primarily with surgery andcbie(no)radiotherapy, the use
of immunotherapy for recurrent metastatic HNSCC has been introdd in 201&°2¢ HNSCC
organoids consist solely of adult stem cell derived epithel@lls devoid of the presence of
blood vessels, nerves, extracellular matrix, immuells and cell interactions. For colorectal
- and non-small cell lung cancer, co-cultures haveen described with organoids and immune
cells and serve as a tool to study the tumor microenvironméntHowever, for HNSCC, these
co cultures have not been described yet.

To implement HNSCC organoids clinically it is nedde optimize organoid outgrowth. Hurdles
in the following domains have to be overcome befoam organoid can be screened for response
to therapy:

I Inclusion

1 Sampling

I Culturing

I Screening
Patients must want to participate in thénclusion domain. Forsampling, there shouldnOt
be logistic errors and the sampled tissue must contain epitta cells. Duringculturing the
organoids have to be passaged multiple times where the right cé@imhs are important and
swapping errors are lurking with many organoid lisein a laboratory. For organoid drug
screening, experiments should be standardized and shouldegbitain technical errors. Also
the organoid lines should be matched to the correpatient. As such, organoid culturing is an
extensive and laborious process. As describedirapter 6 success percentages of organoid
establishment range from 56.5-78.5%@nd in our HNSCC organoid cohort success rates are
53.2%. For screening, percentages are lower due ® lilurdles that need to be taken explained

above. Therefore it is desirable to optimize orgaidacultures and know if there are parameters
which €' ect organoid growth.
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Organoids in cancer biology research

Apart from linking organoid response to patient rpsnse, tumor organoids can be used
to improve the knowledge about the development ofaacer, enhance the understanding
of tumor heterogeneity, expand tissues of rare caars, investigate mechanisms of drug
resistance, contribute to drug discovery and development and support biarker research.

Organoids yield the possibility to test numerous dgs including new targeted therapies
which are not yet clinically approved. Also testing drugs on orgai®is beneficial because
it is fast and prevents unnecessary sidé ects in patients. In the end, clinical trials to test
drugs in patients are still needed but organoids can gsibly reduce the number of trials
and can be helpful in the first phases of drug development. Howeveraddressed before,
the microenvironment of HNSCC organoids i$ drent and the organoids are not exact nor
complete replicas of the patientsO tumor and coultoretically respond di erently. Also
the sampled tumor tissue from biopsies or resection specimenuld not reflect the tumor
perfectly as it is known that HNSCCs can show irtineror heterogeneitie$®. This also applies
for studying cancer biology. Organoids could draw opporttieis for studying the biology of
di" erent tumors but the question remains if the cancerganoid behaves as a patientsO tumor
as the microenvironment of the tumor is absent in organofds

Future perspectives

Organoid research is a relatively young, promising researetdi As discussed, success rates
of organoid culturing are far from 100% and futuresearch should focus on obtaining a
higher success rate for organoid culturing. It is importanthave a dedicated team for tissue
sampling and organoid culturing as there are manyfulles to take before an organoid can be
correlated to a patient. It can possibly help if sating tissue for organoid culturing becomes
a routine task for the surgical team. In this thesis, tissuerfr biopsies was sampled by the
surgeon and tissue from resections was sampled from the r&ts@n specimen at the tissue
department & er the surgery. For tissue samples obtained from resectioesmen it could
be worthwhile to investigate if sampling tissue dicgly from patients, immediately at the start
of the resection could increase organoid success rates. Thsue would be fresher and the
recognizability of the tumor by the surgeon is maybe higher résg in possible adequate
number of epithelial cells in more tissue samples. The rise offAuitl Intelligence (Al) could
support and accelerate organoid research in several domait& Al could optimize culture
conditions with analysing datasets to determine the optimal nditions for organoid growth
and real time monitor cultures for the best combinations of grolvfactors, nutrients, and
physical conditions. Al-powered robots can automate repetie tasks like medium changes,
cell passaging and monitoring, to reduce human errarcrease & iciency and adjust culturing
terms based on upfront B and culture collected data.
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Besides focusing on increasing success rates fagjamoid culturing it is also important to reach
consensus on drug-screen protocols. Collaboration betweenlénks of di erent hospitals
is important and can enable bigger patient cohorffer analysing the best parameter, with
corresponding cut-& values, for drug-screens which eventually couldateto generalized
protocols despite the di erences in ethical legislation which hampers easy collaboration.

Culturing organoids generates large amounts of data and Al cafpho manage and analyse
these data, extracting meaningful insights in a sttured manner which could easily be shared
for collaboration. Al algorithms can identify patterns and oelations in complex datasets

that might be missed by human researchers, leaditm new discoveries about organoid

development and function.

Future organoid research should focus on improvitige organoid micro environment. Co
culturing organoids with di erent cell types e.g. immune cells could gain valuable insights in
a more patient-like microenvironment.

Concluding remarks

HNC organoids yield promising possibilities for In@rker research as they phenotypically

and genetically recapitulate the original tissue they are deed from. As shown, organoids

can aid in biomarker and targeted therapy resear@nd we do believe there is additive

value for the use of organoids in the research atrdatment of HNC. The main drawback

for the use of organoids is the poor reflection of the complextor microenvironment yet

without extracellular matrix, nerves, blood vessel, immune cedlsd cell interactions which
is indispensable for the development and treatment of cancer.

Second, although we show correlations between patientand organoids regarding
radiotherapy response, clinical implementation in the HNC figklstill challenging. Robust
clinical correlations in large cohorts lack due to the laborious ess of organoid culturing
and lack of collaboration between biobanks.

To conclude, the use of patient derived HNC orgasieishows promising opportunities for
cancer research and holds potential as personalizededicine tool. Ongoing research is
essential to address existing challenges and optimize their apabdity in guiding treatment
decisions for HNC patients.
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CHAPTER 8

Appendices



NEDERLANDSE SAMENVATTING

Hoofdstuk 1 start met een algemene inleiding over hoofd-halskanker (HHK) egamoeden.
HHK is een verzamelnaam voor tumoren die ontstaande mondholte, farynx, larynx,
neusholte, paranasale sinussen en speekselklieradHK is wereldwijd de 7e meest
voorkomende vorm van kanker met ongeveer 1.000.00@uwe gevallen en 465.000
sterfgevallen in 2020 Meer dan 95% van deze kankers zijn plaveiselcelcarcinomeICjRIE
zich ontwikkelen vanuit het slijmvliesepitheé?* Risicofactoren voor het ontwikkelen van HHK
zijn roken en excessief alcoholgebruik met een synistigch €' ect’. Naast deze risicofactoren
is een infectie met hoog risico humaan papillomaus (HPV) geassocieerd met een hoger
risico op met name orofaryngeale kankgt HPV-positieve orofarynxcarcinomen hebben een
betere prognose en komen voor bij een jongere populatie in verélg met HPV-negatieve
orofarynxcarcinomen, die veroorzaakt worden door alcohol- eri/tabaksgebruil®1?
De incidentie van HPV-negatief HHK neemt langzaainnaede door een afname van de
prevalentie van rokeft. Daarentegen neemt de incidentie van HPV-positieve HHK&tdéet
onderscheid tussen HPV-negatieve en HPV-positietKHheeé geleid tot een andere aanpak
voor de stadi‘ring en behandeling van deze tumoréh

Behandeling van HHK bestaat kan bestaan uit chirggiadiotherapie en/of systeemtherapie.
Behandeling hangt af van grootte en locatie van demor. Ondanks de verschillende
behandelingsopties en vooruitgang in de ontwikkelgn van gerichte therapie, is de
5-jaarsoverleving van HHK de afgelopen drie decensliechts minimaal verbeterd tot ongeveer
66% voor alle locaties en stadia sam&nDaarom zijn er veel biomarkers onderzocht die de
overlevingskans voorspellen en helpen bij behandeldissingen wat om onnodige bijwerkingen
en kosten zou kunnen voorkomépP!’ Desondanks, ontbreken robuuste biomarkers en zgn
weinig biomarkers bevestigd in klinische studiesoBndien zijn biomarkers moeilijk te testen
in traditionele in-vitromodellen, omdat de in-vivaumorstructuur en 3D-morfologie ontbreekt.
Hierdoor zijn betere modellen nodig die een nauwkégere tumorheterogeniteit weerspiegelen.

Organoeden zijn driedimensionale structuren gekwetekit pluripotente of volwassen
stamcellen uit weefsel van een patiettt De driedimensionale structuur van organosden
maakt een betere nabootsing van de in vivo micro-omgeving mogelifkganoesden kunnen
uit meerdere celtypen bestaan en een zekere mate van zgHoisatie hebben die lijken op
de architectuur van het echte orgaan. Bovendien kunnen orgaden een zekere mate van
orgaanspecifieke functionaliteit vertonen en de mogelijkitechebben om in vivo functionele
en structurele kenmerken van het oorspronkelijke weefde reproduceren®. De mogelijkheid
om pati‘ntspecifiek weefsel in 3D te kweken, maaktganosden geschikt voor het bestuderen
van de fysiologie van organen en de pathofysiologie van gerelateerdeteiek

190



Naast het kweken van organoesden uit gezond weefsehet ook mogelijk om organosden te
kweken uit kankerweefsel. In het afgelopen decenniumijn tumororganoeden, voornamelijk
afkomstig van volwassen stamcellen, ontwikkeld voor vele tumortyg&nTumororganosden
kunnen worden gebruikt voor twee belangrijke gebiedémkankeronderzoek: kankerbiologisch
onderzoek en gepersonaliseerde geneeskunde. Voor onderzoeteirkankerbiologie kunnen
tumororganosden worden gebruikt verschillende doételen; verbeteren van het begrip van de
ontwikkeling van kanker en tumorheterogeniteit, Uireiden van weefsels van zeldzame kankers,
mechanismen onderzoeken van geneesmiddelenresisteEntbijdragen aan de ontdekking
en ontwikkeling van geneesmiddelen en biomarkerondmek. Voor gepersonaliseerde
geneeskunde kunnen tumororganoeden de respons ophbadelingen voorspellen en bijdragen
aan gepersonaliseerde screening van geneesmiddeleonnbehandelingsoptimalisatie.

Op het gebied van oncologie tonen meerdere studies@laties aan tussen geneesmiddelen-
respons in kankerorganosden en de geneesmiddelerpess bij de pati‘nten waarvan de
organoesden afkomstig zijft??> Voor HHK introduceerde Driehuis et al. de eerste biobank van
plaveiselcelcarcinomen van het hoofd-halsgebi&d Deze HHK-organosden reproduceren
de moleculaire kenmerken die bekend zijn voor HHK en reagerersakitiend op cisplatine,
carboplatine, cetuximab en radiotherapie. Deze studie leidd# tle vervolgstudie waarin de
een uitgebreidere biobank voor HHK-organoeden wegdgenereerd, die in dit proefschri
wordt beschreven. In dit proefschriwordt de potentie van organoeden in het HHK velerder
uitgewerkt.

Het inzicht in de moleculaire pathogenese van HHKdis afgelopen decennia aanzienlijk
verbeterd. Dit heé geleid tot nieuwe strategie‘'n voor de behandelingam HHK. Deze nieuwe
therapie‘n zijn met name gericht op de Epidermaler@ei Factor Receptor (EGFR) welke in
de meeste HHKs overexpressie verto@htHoewel primaire en verworven resistentie een “
uitdaging vormen, hebben deze gerichte therapie‘ngtentie. Biomarkers zijn cruciaal
voor de introductie en het gebruik van gerichte therapie‘rHoofdstuk 2 beschri} een
systematische review van de literatuur waavordt besproken dat er veel biomarkers voor
doelgerichte therapie in het EGFR-pad zijn onderhicmaar slechts enkele zijn bevestigd
in klinische studies. Een robuuste biomarker die de behandetoiinst voorspelt, ontbreekt
nog steeds. Huidig onderzoek wordt belemmerd dokleine steekproeven, heterogene
onderzoekspopulaties en discrepanties in behandefgiocollen. Een meer systematische
aanpak van biomarkeronderzoek, inclusief integratie in klinise studies en pati‘ntgerichte
onderzoeksopzetten, is nodig. Hoewel er al verstgride biomarkers zijn onderzocht, blijhun
klinische validatie over het algemeen beperktoofdstuk 2 benadrukt de noodzaak voor het
doen van verder onderzoek om met name de al onderzochte barkers klinisch te valideren.
Integratie van meerdere biomarkers en het gebruittvHHK organoeden bieden veelbelovende
mogelijkheden voor het verbeteren van gepersonaliseerde behandeling.
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Hoofdstuk 3 beschri] een uitbreiding van de eerder beschreven biobank van HHkaomgden
van 31 naar 110 modellen waarbij naast het plaveiselcelcarcimoook andere histologische
typen van HHK organoeden werden gekweekt. In dewdinte radiotherapiesetting voor
HHK beschrlj hoofdstuk 3 een correlatie waarbij organosden die resistentararen tegen
radiotherapie, correspondeerden met pati‘nten die erder een recidief kregen in vergelijking
met pati‘nten waarvan de organoeden gevoelig wareror radiotherapie. Ondanks de kleine
steekproefgrootte (n=15) is er een correlatie aanwezig. Erdvgeen correlatie beschreven
tussen cisplatinegevoeligheid bij organosden en recidief bij pati‘me

Een subgroep van deze HHK organoesden werd gescremmdespons op radiotherapie met of
zonder cisplatine, carboplatine en cetuximab. Ovieet algemeen verhoogden zowel cisplatine
als carboplatine de gevoeligheid voor radiotherapievat overeenkomt met bevindingen in
de klinische praktijk’. De EGFR-remmer Cetuximab verminderde echter deogbgheid voor

radiotherapie, wat in lijn is met de huidige litetaur die een slechtere overleving bescHriyoor

pati‘nten die behandeld worden met cetuximab en radiotrapie in vergelijking met cisplatine
en radiotherapie®®3’ Dit alles bevestigt dat organosden het tumorgedyaan HHK in de klinische
situatie weerspiegelen. Het is echter belangrijk onp ée merken dat, hoewel cetuximab als
radioprotector fungeerde, het in vitro additieve"eect van radiotherapie en cetuximab samen
leidde tot meer celdood dan dat van radiotherapie aé@ voor de meeste organosdemodellen.

Hiernaast beschrlj hoofdstuk 3 ook de respons op meerdere doelgerichte therapielmor een
deel van de HHK organoesden. Voor preklinische deeighte therapie‘n is de pati‘ntrespons
op de therapie onbekend, aangezien deze middelen rmugt klinisch zijn geentroduceerd. Het
onderzoeken van de organosdrespons voor nieuwe dgaiichte therapie‘n is nuttig om data
te verkrijgen die toekomstige screening en onderZoeaar de implementatie van gerichte
therapie'n kunnen ondersteunen. Dit geldt niet allen voor preklinische therapie‘n, maar
ook voor bestaande therapie‘n.

Tevens beschrij hoofdstuk 3 het gebruik van HHK-organoiden voor biomarkeronderzoek.
Preklinische studies beschrijven PIK3CA-mutaties als bioneainkoor de doelgerichte therapie
alpelisib®s. De respons van HHK organosden op het geneesmiddel alpe&i¢ remmer) en
de PISKCA mutatiestatus werden bepaald. Organosden met B&8KCA mutatie reageerden
niet significant beter in vergelijking met organosden zonderzkemutatie. Hiernaast werd de
meest voorkomende PIK3CA-mutatie (E545K) in tweeKHilganoeds geentroduceerd met
behulp van CRISPR-base-editing technologie, waardoor tisggene paren ontstonden die
slechts in ZZn specifieke mutatie verschilden. Wetschil in alpelisib-respons tussen de twee
pati‘nten was groter dan het verschil in response binnen de isogeparen. Deze bevinding
onderstreept het potentieel van organosden om de ale van een bepaalde biomarker voor
geneesmiddelgevoeligheid te bepalen.
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Hoofdstuk 4 beschri}j de eiwitexpressie van p-mTOR, p-ERK en PTEN algnostische
biomarkers bij Humaan Papillomavirus (HPV) negateMHK-pati‘nten die werden behandeld
met primaire chemoradiotherapie. Er werd een sigitént slechtere algehele overleving
gevonden bij pati‘nten met een hoge p-mTOR-expressiDit is in lijn met andere HHK
studies’®3* Bovendien correleerde de eiwitexpressie van p-mTOR in eenepaan HHK-
organosden met de respons op de mTOR-remmer everabim deze organosden. Dit beschrij
het potentieel van HHK-organosden om de everolimus-respons tergpellen op basis van
p-mTOR-expressie.

Hoofdstuk 5 beschrij een retrospectieve cohortstudie die het mechanismean
kaakbotinvasie bij pati‘nten met mondholte plaveis&elcarcinoom probeert te verhelderen.
De bevindingen van deze studie suggereren dat plesedcelcarcinoom van de mondholte
botinvasie induceert door stimulatie van osteoclastéigatie door de productie van RANKL- en
RANK-eiwitten te reguleren. In deze studie wordt aangetdatiat HHK-organosden RANKL,
OPG en RANK tot expressie kunnen brengen op einggniven op mRNA-niveau (bepaald met
kwantitatieve PCR). Deze bevindingen vormen de eerste stappeor Wdoomarkeronderzoek
en doelgerichte therapie met betrekking tot botinwde bij HHK. Het onderdrukken van
botinvasie met denosumab (een monoklonale RANKL-remmer) irgaressant kunnen zijn,
aangezien botinvasieve tumoren de voorkeur geven aan voedingdrgk, wat kan leiden tot
meer tumorgroef®. De rol van denosumab bij HHK moet echter nog worden opgehelderd.

Hoofdstuk 6 beschri} klinische parameters van pati‘nten welke gecorreéed werden
aan het succesvol uitgroeien van organosden. Orgaden van oudere pati‘nten groeiden
over het algemeen slechter dan die van jongere pati‘nten. Ernden geen andere klinische
factoren gevonden die correleerden met het succesvol uitgiee van organosden. Ook werd
er gekeken naar de aanwezigheid van epitheelcellarhet ontvangen weefsel voor het kweken
van organosden. Het succespercentage voor het kweken varaomden steeg tot 75,2% als
weefsels werden geselecteerd op basis van de aanigbkeid van voldoende epitheelcellen in
de kweek op de dag van isolatie. Deze bevindingeapliceren dat een aanzienlijk deel van de
verzamelde weefsels onvoldoende epitheelcellen béteom organosden te laten groeien wat
duidelijk maakt dat er nog ruimte is voor optimalisatie van de weefselverzameling

In hoofdstuk 7 is ruimte voor algemene discussie en conclusiesmvde voorgenoemde
hoofdstukken. HHK-organoeden bieden veelbelovende ogelijkheden voor
biomarkeronderzoek omdat ze het oorspronkelijke wésel fenotypisch en genetisch
nabootsen. Zoals aangetoond, kunnen organosden heipbij onderzoek naar biomarkers en
doelgerichte therapie. Dit proefschribeschri} dat het gebruik van organosden toegevoegde
waarde hee in het onderzoek naar en de behandeling van HHKt Helangrijkste nadeel
van organoeden is de slechte weerspiegeling van lgetmplexe tumor micromilieu met het
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ontbreken van extracellulaire matrix, zenuwen, bloedten, immuuncellen en celinteracties,
die onmisbaar zijn voor de ontwikkeling en behandeling van kanker.

Ten tweede, hoewel we correlaties aantonen tussen pratien en organoeden met betrekking
tot de respons op radiotherapie, is klinische impteentatie in het HHK-veld uitdagend.
Robuuste klinische correlaties in grote cohorten ontbreken vaege het moeizame proces
van organoedenkweek en het gebrek aan samenwerking tussen biobanken.

Concluderend biedt het gebruik van HHK organoideaelbelovende mogelijkheden voor
kankeronderzoek en heke het potentieel als hulpmiddel voor gepersonalised® geneeskunde.
Voortdurend onderzoek is essentieel om bestaandedsgingen aan te pakken en de
toepasbaarheid van HHK organosden te optimaliseren.
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waardoor we elkaar regelmatig zien.

Lievepapa enmama, dank voor jullie liefde en kansen die jullie me geboden hebben in het

leven. Ik heb een ontzettend fijne, liefdevolle jeugd gehad en lebvrijheid gekregen om te
kunnen doen en laten wat ik wilde. Af en toe werden de teugels da strakker getrokken

199




maar nooit op een vervelende manier en ik heb altijd het gevoel geldat jullie vertrouwen
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