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

RosemaryMillen,1,13,14,*WillemW.B. De Kort,2,3,13 Mandy Koomen,1 Gijs J.F. van Son,1,4 Roán Gobits,1

Bas Penning de Vries,5 Harry Begthel,1 Maurice Zandvliet,6 Patricia Doornaert,7

Cornelis P.J. Raaijmakers,7 Maarten H. Geurts,1 Sjoerd G. Elias,5 Robert J.J. van Es,2,8 Remco de Bree,8

Lot A. Devriese,9 Stefan M. Willems,3,10 Onno Kranenburg,11 Else Driehuis,1,* and Hans Clevers1,12,*
CONTEXT AND SIGNIFICANCE

Organoids are structures grown

from patient tissues. Researchers

from the Hubrecht Institute have

generated a collection of these

patient samples from head and

neck cancers. By exposing these

structures to radiotherapy, the

authors showed that organoids

could have predicted how the

patients responded to therapy,

suggesting that organoids might

help to choose the best treatment

for each patient. This approach

can also help to identify or

validate new treatment options by

treating a panel of organoids with

multiple new drugs and studying

their effect. These study results

are important for patients with

head and neck cancer, as—

today—their treatment options

are limited, and there is no way to

predict if they will actually benefit

from their harsh treatments.
SUMMARY

Background: Organoids are in vitro three-dimensional structures that
can be grown from patient tissue. Head and neck cancer (HNC) is a col-
lective term used for multiple tumor types including squamous cell car-
cinomas and salivary gland adenocarcinomas.
Methods: Organoids were established from HNC patient tumor tissue
and characterized using immunohistochemistry and DNA sequencing.
Organoids were exposed to chemo- and radiotherapy and a panel of
targeted agents. Organoid response was correlated with patient clin-
ical response. CRISPR-Cas9-based gene editing of organoids was
applied for biomarker validation.
Findings: A HNC biobank consisting of 110 models, including 65 tumor
models, was generated. Organoids retained DNA alterations found in
HNC. Comparison of organoid and patient response to radiotherapy
(primary [n = 6] and adjuvant [n = 15]) indicated potential for guiding
treatment options in the adjuvant setting. In organoids, the radio-sensi-
tizing potential of cisplatin and carboplatin could be validated. How-
ever, cetuximab conveyed radioprotection in most models. HNC-tar-
geted treatments were tested on 31 models, indicating possible
novel treatment options with the potential for treatment stratification
in the future. Activating PIK3CA mutations did not predict alpelisib
response in organoids. Protein arginine methyltransferase 5 (PRMT5)
inhibitors were identified as a potential treatment option for cyclin-
dependent kinase inhibitor 2A (CDKN2A) null HNC.
Conclusions:Organoids hold potential as a diagnostic tool in personal-
ized medicine for HNC. In vitro organoid response to radiotherapy (RT)
showed a trend that mimics clinical response, indicating the predictive
potential of patient-derived organoids. Moreover, organoids could be
used for biomarker discovery and validation.
Funding: This work was funded by Oncode PoC 2018-P0003
INTRODUCTION

Organoids are three-dimensional structures that can be grown from patient-derived

stem cells and have been shown to recapitulate in vivo pathology and physiology.

Organoids can be maintained in vitro to serve as miniature disease models. Collec-

tions of tumor organoids (so-called ‘‘living biobanks’’) derived from a range of tumor

types have been shown to recapitulate the tumors from which they were derived,
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both genetically and phenotypically.1–9 Patient-derived organoids hold promise for

personalized medicine, as multiple studies have shown correlation between orga-

noid drug response and corresponding patient response.8,10–13

To address whether organoids hold potential to stratify treatment for patients with

head and neck cancer (HNC), we measured the response of organoids to either

radiotherapy (RT) or chemoradiotherapy (CRT) and compared this with the response

of patients diagnosed with primary HNC. HNC is a collective term for tumors arising

in the upper aerodigestive tract, including the oral cavity, larynx, and pharynx, and

salivary glands. The most common HNC is head and neck squamous cell carcinoma

(HNSCC). HNSCC is commonly associated with heavy smoking and drinking.14,15 An

increasing subset of HNSCC is associated with human papillomavirus (HPV) infec-

tion.14,15 Treatment of HNSCC consists of surgery, RT, and/or CRT, where the

chemotherapy is given as a radiosensitzer.16 In 2018, RT combined with the anti-

EGFR antibody cetuximab was introduced as an alternative treatment for patients

unsuitable for classic, platinum-based chemotherapy based on platinum com-

pounds. Yet, cetuximab has conversely been shown to act as a radioprotector in

HNC in vitro, both in cell lines as well as in organoid models,17,18 and thus its usage

as a chemosensitizing agent could be questioned. Indeed, more recent clinical

studies failed to reproduce the added value of cetuximab and have even found infe-

rior effects of cetuximab treatment in the majority of patients.19–21

Adequate biomarkers to determine which patients would benefit from a treatment

are lacking in HNC even though different therapies are available and more targeted

agents are being evaluated in clinical trials.22 Pre-clinically identified biomarkers

often fail once tested in patients. This likely relates to the fact that the pre-clinical

in vitromodels used for testing do not recapitulate the effect of the biomarker within

the genetic context of a real-world patient population. Therefore, validation of po-

tential biomarkers in more accurate models that better reflect patient heterogeneity

are urgently needed. This is exemplified by the above-mentioned studies on cetux-

imab.19–21 Human cancer-derived organoids may fill this void, potentially combined

with efficient gene-editing tools such as CRISPR-Cas9 to validate a genetic

biomarker effect on drug response. Gene editing using CRISPR-Cas9 technology

has previously been successfully applied in organoid models.23–27 Recently, next-

generation Cas9 proteins have been developed by disabling the nuclease activity

of Cas9 and fusing enzymes to Cas9 that modify individual bases in the DNA helix.

These fusion proteins are termed base editors and induce single base changes,

allowing for highly precise and efficient gene editing with very low off-target

rates.27–30 To our knowledge, gene editing in HNC organoids has not been reported

until now.28–31

In 2019, we published a biobank containing 31 HNSCC-derived organoids, as well as

the protocol to generate these organoid lines directly from patients’ tumor tissues.17

In this study, we expand this biobank with additional organoid models including

those derived from rarer forms of HNC. We furthermore explore the potential of or-

ganoids for biomarker validation and personalized medicine.
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RESULTS

Organoid biobank composition

From 2019 to 2022, 354 tissue samples were collected from 228 patients during

routine surgical resection or biopsy procedures. Tissues were subsequently pro-

cessed for organoid generation. This consisted of 194 tumor samples, 138 normal
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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 epithelium

(A) Composition of the generated HNC organoid biobank. Left pie chart depicts the anatomical location of primary tissue from which tumor organoids

were established. Second pie chart indicates the histological type of the tumor organoids established (n = 65) including squamous cell carcinoma (SCC)

(n = 60), adenocarcinoma (AC) (n = 1), and other types. Right pie chart displays other histological types: large cell carcinoma (LCC), mucoepidermoid

(MucoEC), adenoid cystic carcinoma (AdCC), and myoepithelial carcinoma (MyoEC), n = 1 for each. See also Table 1 and Figure S1A.

(B) Bar graph displays percentage of organoid models established on both media tested (n = 43), which grow superior growth in either M7 medium

(purple, M7 > HN) or HN medium (blue, HN > M7) or show comparable growth in both media (black, HN = M7). See also Figures S1B–S1D.

(C) Histological and immunohistochemical evaluation of hematoxylin and eosin (H&E), carcinoma cell marker AE1AE3, SCC marker cytokeratin 13

(CK13), basal cell marker tumor protein 63 (p63), and HPV detection protein 16 (p16) in tumor tissue and matching tumor organoid T41. Scale bars: 50 mm

(top) and 200 mm (bottom).

(D) Total HPV type 16 (HPV16; purple) and human ESR1 (hESR1; dark blue) DNA molecules detected in the tissue (solid bars) and organoid (striped bars)

by digital droplet PCR (ddPCR) in tumor organoid T41. Error bars indicate standard deviations.

(E) Immunohistochemical evaluation of periodic-acid Schiff with dispase (PAS-D; magenta), a-amylase (dark brown), and aquaporin-5 (AQP5; dark

brown) in organoids established from 2 patients with salivary-gland cancer (N19 and T73) and squamous cell-derived tumor organoid (T1) as negative

control. Scale bar: 200 mm.

(F) Immunohistochemical evaluation of CDX2 in T36, established from a patient with a rare intestinal-type AC (ITAC) derived from the nasal cavity. Scale

bar: 200 mm. See also Figure S1E.

(G) Fraction of g-H2AX-positive nuclei per organoid in untreated (solid bars) vs. mitomycin C-treated (striped bars) in T13 and T46 organoids. Error bars

indicate standard deviations.

(H) Immunofluorescent staining of anti g-H2AX-positive nuclei (green) counterstained with DAPI (blue) in FA-derived T46 and non-FA T13. Scale bar:

100 mm.
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(tumor-adjacent) samples, and 22 metastatic tumor samples. Organoid establish-

ment rates for these different tissue samples were 28.4%, 32.6%, and 4.5%, respec-

tively (Figure S1A). A subset of tumor tissue samples received in the lab were eval-

uated by a pathologist using hematoxylin and eosin (H&E) staining to determine if

epithelial (tumor) cells were present in the tissue used to generate organoids. If

epithelial cells were present, the success rate of organoid establishment increased

from 33.3% to 85.5% (n = 77, Fisher’s exact test, proportion 0.522, p < 0.001).

The resulting biobank consisted of 100 newly generated organoids, including 10 tu-

mor organoids that were previously established (n = 110).17 These models were

derived from 97 patients with HNC of various anatomical locations and histological

cancer subtypes (Figure 1A; Tables 1 and S1).
Organoid establishment and cryopreservation

After sufficient expansion, organoid models were cryopreserved 2–3 days after

passaging. 70.9% of cryopreserved models could be successfully recovered and

expanded from cryopreservation (Table S1). Single-nucleotide polymorphism

sequencing was used to exclude sample swaps where reference material was available

(Table S1). Primary cultures were expanded on both previously published Head and

Neck (HN) medium17 and on more recently published cervical SCC organoid medium

(M7).32 Of the cultures started on both medium types (n = 43), 60.5% and 11.6%

showed better growth on M7 or HN medium, respectively (Figure 1B). For 27.9%,

the medium choice showed no difference. Cultures established on M7 medium typi-

cally had an increase in organoid number and size and resulted in faster biobanking

(Figure S1B) but did not show an apparent different morphology (Figure S1C).
Established organoid models retain histopathological and molecular features

of primary HNC

To assess if histopathological features of HNC were retained in the established

organoid models, immunohistochemical staining for HNC markers was performed.

Organoid T41, derived from HPV+ tumor tissue, recapitulated the original tissue’s

expression of pan-cytokeratin AE1AE3 (epithelial cell marker), cytokeratin 13

(CK13; differentiated squamous cell marker), p63 (basal cell marker), and p16
Med 4, 290–310, May 12, 2023 293



Table 1. Clinical parameters of participating patients

Characteristic (no. patients) Whole biobank (n = 97) Tumor organoids (n = 66) Cohort, primary RT (n = 6) Cohort, adjuvant RT (n = 15)

Age, years

Median (range) 66 (22–90) 66 (22–90) 72 (59–90) 61 (29–76)

Sex, no. (%)

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

Female 35 (36) 21 (32) 3 (50) 4 (27)

Organoids, no. (%)

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

Normal 44 (40) – – –

Tumor organoids origin, no. (%)

Biopsy 27 (25) 21 (32) 6 (100) –

Resection specimen 83 (75) 45 (68) – 15 (100)

Location tumor organoids, 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, 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)

ND – 57 (86.4) 5 (83) 13 (87)

T stage, no. (%)

T0 – 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/T4a/T4b – 18 (27.3) – 8 (53.3)

N stage, no. (%)

N0 – 37 (56.1) 6 (100) 3 (20)

N+ – 29 (43.9) – 12 (80)

M stage, no. (%)

M0 – 65 (98.5) 6 (100) –

MX – 1 (1.5) – –

Adjuvant treatment

Cisplatin – – – 4 (27)

Relapse, no. (%)

Local – – 3 (50) 1 (7)

Regional – – 1 (17) 8 (53)

Distant – – 1 (17) 4 (27)

No relapse – – 3 (50) 6 (40)
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(surrogate marker for HPV infection) (Figure 1C). Molecular HPV testing using HPV-

specific digital droplet PCR confirmed HPV positivity of the organoid models (Fig-

ure 1D). In total, 8/9 (88.9%) organoid models established from HPV+ tissue could

be biobanked.
294 Med 4, 290–310, May 12, 2023
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As HNC is characterized by a high frequency of TP53 mutations,33 TP53 status of

organoids was assessed by in vitro treatment with Nutlin-3a. Nutlin-3a is a MDM2

antagonist that ceases growth of TP53 wild-type cells but leaves TP53 mutant cells un-

affected.34 63% of tested organoid cultures were insensitive to 10 mM Nutlin-3a (Fig-

ure S1D), a percentage in line with reported TP53 mutation frequencies in HNC.33

Organoid models of rare HNCs

In addition to organoids derived from HNSCC, organoid models were successfully

established from less common HNCs. These included salivary gland tumors, intesti-

nal-type adenocarcinoma (ITAC), and Fanconi anemia-induced HNSCC, described

in more detail below.

Four salivary gland tumor organoid models (derived from mucoepidermoid carci-

noma, large cell carcinoma, adenoid cystic carcinoma, andmyoepithelial carcinoma,

respectively) and five non-cancer salivary glandmodels (from tumor-adjacent normal

gland tissue) were established and biobanked (Table S1). Immunohistochemical

staining for salivary gland markers on N19 and T73 confirms that salivary gland-

derived organoids retain salivary gland tissue characteristics including production

of mucin (PAS-D) and a-amylase (a key component of saliva) and expression of

aquaporin-5 (AQP5), which are not present in the HNSCC-derived organoid model

T1 (Figure 1E).

Organoid T36 was established from a sinonasal ITAC, a tumor that histologically re-

sembles intestinal adenocarcinoma.35 T36 showed a mixed phenotype with cystic

structures similar to intestinal organoids and dense structures resembling squamous

epithelium-derived organoids (Figure S1E). Cystic structures express intestinal

epithelial marker CDX2 whereas the dense organoids do not (Figure 1F). Therefore,

we conclude that culture T36 is a mixture of both ITAC cells and nasal cavity squa-

mous epithelium.

Lastly, organoid T46 was derived from an HNC of a patient with Fanconi anemia.36

Fanconi anemia is caused by genetic defects resulting in Fanconi anemia pathway

inactivation, a pathway important for the repair of DNA double-stranded breaks.36

When organoids were exposed to mitomycin-C (MMC), a compound that induces

double-stranded DNA breaks, indeed, T46 showed increased sensitivity to MMC

compared with non-Fanconi anemia organoid T13 (Figures 1G and 1H).

Taken together, organoids can successfully be derived from a range of HNC tumor

types. Resulting organoid models retain key characteristics of these distinct tumor

types.

Genetic landscape of HNC organoids

Organoids were subjected to DNA sequencing to confirm that generated organoids

were derived from tumor cells and not from tumor-adjacent non-cancerous epithe-

lium, which is a previously described concern when establishing organoids.37,38 Thir-

ty-five organoid cultures were sequenced using either targeted next-generation

sequencing (NGS; n = 5) or whole-exome sequencing (WES, n = 30). Only organoids

carrying mutations in known tumor suppressors or oncogenes (see Figure 2A; 27 of

35 sequenced models) were considered tumor organoids and were taken along in

downstream genetic and drug-screening analyses.

Detected DNA alterations included a high frequency of mutations in known cancer-

associated genes TP53, NOTCH1, PIK3CA, FAT1, and APOB (Figure 2A). These
Med 4, 290–310, May 12, 2023 295
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Figure 2. Patient-derived HNC organoids recapitulate genetic alterations found in HNC

(A) Oncoplot of mutations detected by DNA sequencing of organoid models. Left: alterations detected in 30 organoid cultures that underwent whole-

exome sequencing (WES). Right: alterations detected in 5 organoid cultures that were sequenced using a targeted hotspot DNA sequencing panel.

(B) High-level copy-number variations (CNVs) detected in HNC organoids (top) compared with CNVs described in reference HNC datasets generated

by sequencing primary patient tumors.26,27 Red indicates a chromosomal amplification and blue a chromosomal deletion.

(C) Gene-level CNVs detected in HNC organoids. Gene copy number is indicated by color where red and purple indicate gene gain and blue indicates

gene loss.

(D) Circosplot describing SNVs detected in peripheral blood mononuclear cell (PBMC; germline, light blue, inner track), primary tumor tissue (red,

middle track), and organoid culture (dark blue, outer track) of T12. See Figure S2 for cirosplots for all sequenced samples.

(E) CNV scatterplot of alterations detected in germline (light blue), primary tumor tissue (red), and organoid culture (dark blue). Each dot represents a

genomic region of 5 MB. Copy number is indicated on the y axis. Autosomal and sex chromosomes are ordered from left to right.
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mutations are indeed described in HNC.33 Detected copy-number variations (CNVs)

were comparable to those described by independent studies of primary HNSCC

samples.39,40 CNV profiles of the organoids are characterized by loss of chromo-

somes 3p, 8p, and 17q and a gain of chromosomes 3q, 8q, and 20 (Figure 2B). Gains

of oncogenes including PIK3CA, FGF3, and FGF4 and loss of tumor suppressor cy-

clin-dependent kinase inhibitor 2A (CDKN2A) in the HNC organoid biobank were

detected (Figure 2C).39,40 Single-nucleotide variants (SNVs) and CNVs present in pa-

tient-derived organoids were comparable to those observed in the tumor tissue

from which they were derived (Figures 2D and 2E; Data S1). An enrichment of

CNVs in organoids could be observed when compared with tissue DNA (Figure 2E);

this is expected as cancer organoids consist entirely of tumor cells, whereas the pri-

mary tissue still contains tumor microenvironment cells including stromal and

immune cells. Taken together, the genetic landscape of the HNC tumor organoids

reflects DNA alterations observed in the tissue from which they are derived and cor-

responds to alterations described in HNC tumor databases.

Correlation between HNSCC organoid treatment and clinical response

To evaluate organoid sensitivity to RT, organoids were exposed to increasing doses

of radiation (1 to 10 Gy) (Figure 3A). For all organoid screens, organoid viability was

assessed using the CellTiter-Glo 3D assay. Differences in RT sensitivities were

observed between models derived from different patients (Figure 3B, showing eight

representative models). In total, 41 tumor organoids were successfully thawed,

expanded, and screened in biological duplicate for RT sensitivity (Figures S2A and

S2B). Correlation was observed between area under the curve (AUC) values ob-

tained from biological duplicates (r2 = 0.61; Figure S2C).

Of the 41 screened organoids models, 21 were derived from patients who received

primary (n = 6) or postoperative RT (n = 15). For these models, in vitro organoid

response was subsequently correlated with clinical patient response.

Correlation of organoid and patient response in patients treated with

adjuvant RT

Organoid models derived from patients receiving adjuvant RT were divided into

sensitive and resistant based on the median values of ‘‘viability at 2 Gy’’ and

‘‘GR50’’ in the 15 screened organoids. Organoids %84.2% viable at 2 Gy were

marked sensitive, and organoids that were >84.2% viable at 2 Gy were marked resis-

tant. For GR50-based classification, the median of 9.1 was applied as a cutoff (Fig-

ure 3C). Classification was also performed using AUC and IC50 as parameters of

response (Figure S2D) as others have previously used these metrics. Patients corre-

sponding to sensitive organoids showed longer relapse-free survival (Figure 3D).

These results indicated a correlation between in vitro organoid and patient clinical

response, which is statistically significant when categorized with GR50 (p = 0.01,

log rank test; Table 2) but not for viability at 2 Gy (p = 0.08, log rank test; Table 2).
Med 4, 290–310, May 12, 2023 297
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Figure 3. Radio- and chemoradiotherapy drug screening of patient-derived organoid models compared with clinical response

(A) Bright-field images of HNC organoids exposed to increasing radiation dosage (0, 1, 2, 4, 6, 8, and 10 Gy). Scale bar: 100 mm.

(B) Organoid viability in percentage, relative to untreated controls, of eight 8 HNC organoid cultures exposed to increasing dosages of irradiation. Light

blue to navy colors depict sensitive cultures, and yellow to red colors depict more resistant cultures. Error bars indicate standard error of the mean (SEM)

of 6 technical replicates per biological replicate. Each curve depicts the average of two biological replicates. See also Figures S3A–S3C.
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Figure 3. Continued

(C) Left: scatter dot plot of organoid viability at 2 Gy. Purple squares indicate models classified as resistant (above median), and blue circles indicate

models classified as sensitive (below median). Response is evaluated by organoid viability percentage at RT dose of 2 Gy (n = 15). Each point represents

the mean of 2 biological replicate experiments. Median is indicated by solid red line. Right: Kaplan-Meier plot with probability of relapse (in months) of

patients treated with adjuvant RT stratified by organoid response. See also Figures S3D and S3E.

(D) Left: scatter dot plot of organoid GR50. Purple squares indicate models classified as resistant (above median), and blue circles indicate models

classified as sensitive (below median). Response evaluated by GR50 (n = 8). Each point represents the mean of 2 biological replicate experiments.

Median is indicated by solid red line. Right: Kaplan-Meier plot with probability of relapse (in months) of patients treated with adjuvant RT stratified by

organoid response. See also Figures S3D and S3E.
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Cox regression indicated that patients whose organoids were resistant based on

GR50 score had a hazard ratio of 1.24 (p = 0.05; Table 2), indicating increased risk

of relapse. Patients with a nodal status N0/N1 relapsed later compared with patients

with nodal status N2/N3 (Figure S2E). Patients with a pathology-confirmed radical

resection relapsed later compared with patients with an irradical resection

(Figure S2F).
Correlation of organoid and patient response in patients treated with primary

RT

For the six organoid models derived from patients receiving primary RT, the same

analysis was performed as described above. Here, median viability was 79.5% at 2

Gy. No significant differences in patient clinical response were observed between

sensitive and resistant organoids (Figure S2G), although sample size is small. Pa-

tients who got RT on the neck relapsed later compared with patients without neck

RT (Figure S2H).
Combination therapy vs. monotherapy in vitro show differential responses

Five organoid models were generated from patients receiving CRT. One patient

received RT + cetuximab, and 4 patients received RT + cisplatin. Organoids were

treated with RT alone, chemotherapy alone, or CRT (Figures S3A–S3C).36 Of the

tested models, T12 was the most sensitive to CRT (Figure S3B). T12 therapy

response was compared in both an RT-only and a CRT setting (Figure 4A). For

CRT conditions, two types of normalizations were applied, allowing assessment of

synergistic and additive effects of cisplatin and RT (see STAR Methods for more de-

tails). In the case of T12, the superior effect of CRT compared with RT alone was due

to additive effects rather than the radiosensitizing effect of cisplatin (Figure 4A).

These data highlight the complexity of screening organoids for multimodal treat-

ments and underscore the importance of assessing treatment components in com-

bination. Indeed, no clear correlation between organoid and patient response was

observed, with 2/4 CRT (cisplatin) patients relapsing but only one of the correspond-

ing organoid models showing resistance, while the other model showed sensitivity

(Figure S3C).
Chemotherapeutics as radiosensitizer HNSCC organoids

The radiosensitizing potential of cisplatin, carboplatin, and cetuximab was assessed

in patient-derived organoids.17 Organoids were exposed to increasing dosages of

RT either in the presence or absence of sublethal doses of the chemotherapeutics.

The fixed sublethal concentrations of cisplatin, carboplatin, and cetuximab were

chosen based on data from our previous study17 (see STAR Methods for more

details).

A comparison of the effect of RT in the presence of cisplatin or carboplatin with the

effect of RT as a single agent suggested that—overall—the presence of these agents

enhanced the effect of RT (synergistic effect; Figures 4B and 4C, left panels). In line
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Table 2. Statistical analysis of adjuvant RT group

Specification of sensitive/resistance organoid groups%median vs. >median based on RT response
(log rank test)

Variable Median p value Interpretation

GR50 %9.1 vs. >9.1 0.01 GR50 %9.1 correlates to later
relapseGR50 >9.1 correlates to earlier relapse

2Gy %84.2% vs. >84.2% 0.08 %84.2% viability at 2 Gy correlates to later
relapse>84.2% viability at 2 Gy correlates to
earlier relapsedifferences of groups not
statistically significant

AUC %540.8 vs. >540.8 0.44 AUCs %540.8 and >540.8 do not correlate to
earlier or later relapse

IC50 %7.7 vs. >7.7 0.53 IC50s%7.7 and >7.7 do 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% CI) p value Interpretation

GR50 1.24 (1.00–1.59) 0.05 higher GR50 correlates to a higher relapse risk

2Gy 1.5 (0.99–1.12) 0.11 higher viability at 2 Gy correlates to a higher
relapse risk

AUC 1.00 (1.00–1.01) 0.58 no direction of correlation of AUC and relapse
risk

IC50 1.08 (0.93–1.23) 0.30 higher IC50 correlates to a higher relapse risk

HR, hazard ratio; CI, confidence interval.
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with what is observed in the clinic,16 both cisplatin and carboplatin served as radio-

sensitizers. Perhaps unsurprisingly, when compared with untreated organoids, the

CRT combination was more toxic to cells than RT alone (additive effects;

Figures 4B and 4C, right panels). The added value of these agents differs between

cultures derived from different patients. In contrast to the platinum compounds,

the presence of EGFR inhibitor cetuximab reduced the effect of RT instead of

enhancing the RT effect (first panel, Figure 4D). The effect of RT in the presence of

chemotherapy is different (statistically significant) for all three tested chemothera-

peutics (Figure 4E). Although both cisplatin and carboplatin enhance the effect of

RT (AUC RT[chemo] – AUC RT < 0), cetuximab protects against RT (AUC RT[chemo] –

AUC RT > 0). These data fit the observed inferior survival of patients treated with

cetuximab + RT and highlight the value of organoid models to evaluate combination

treatments before implementation in the clinic.

It is important to note that even though cetuximab served as a radioprotector, the

in vitro additive effect of RT and cetuximab was still more toxic than that of RT alone

for most patient-derived organoid models. (additive effect; Figure 4D, right panel).

For all three tested chemotherapeutics, CRT showed more killing than RT alone

(Figure 4F).
Exploring targeted therapies for HNC using organoid models

In HNSCC, targeted therapy implementation has been limited. Beyond cetuximab

(and, more recently, immunotherapy), no targeted agents have been approved by

the European Medicines Agency (EMA).22 However, genetic alterations detected

in HNSCC partly overlap with other tumor types for which targeted agents have

been approved. For example, the use of PIK3CA inhibitor alpelisib has been

approved for use in PIK3CA mutant metastatic breast cancer41 but not in HNSCC.

To assess the potential of such agents in HNSCC, 31 patient-derived organoid cul-

tures were exposed to drugs targeting molecular pathways known to be affected in
300 Med 4, 290–310, May 12, 2023
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Figure 4. Synergistic vs. additive effects of chemo- and radiotherapy in patient-derived organoids

(A) Relative viability of organoid culture T12 exposed to increasing dosage of radiation (1–10 Gy) alone or in combination with cisplatin. Error bars

represent SEM. Technical replicates: n = 4 for cisplatin treated and n = 6 for RT only. Each curve is representative of 2 biological replicate experiments.

One-way ANOVA Tukey’s multiple comparison test was used to compare RT only vs. RT + cisplatin (synergistic) vs. RT + cisplatin (additive), **p < 0.01

***p < 0.001. The effect of RT on organoid viability was assessed when given alone or together with chemotherapy. Left: AUC RT expressed relative to

AUC [RT +chemo], which expresses the effect of RT on viability in the presence of, but corrected for, a fixed dose of chemotherapy. Green indicates the

chemotherapy serves as a radiosensitizer, enhancing the effect of RT. Red indicates the chemotherapy acts as a radioprotector, decreasing the effect of

RT. Right: AUC RT expressed relative to AUC [RT + chemo], where viability shows the result of the combinatorial treatment of RT and a fixed dose of

chemo. Each dot indicates one organoid line where AUC was calculated by exposing the organoids to 6 dosages of RT in technical triplicate. See also

Figures S4A–S4C.

(B–D) Effect of carboplatin (B), cisplatin (C), and cetuximab (D) on RT sensitivity of patient-derived organoids.

(E) 95% confidence intervals showing AUC RT[chemo] – AUC[RT], thereby indicating the effect the presence of the chemo has on RT sensitivity, where

the effect of chemotherapy alone is corrected for. The x axis shows the effect for carboplatin (carbo), cisplatin (cis), and cetuximab (cet), respectively.

The outcome of paired t tests is depicted on the right side of the graph. **p < 0.01, ***p % 0.001, ****p < 0.0001.

(F) Identical to (E) except now the y axis indicates AUC [RT + chemo] – AUC [RT], thereby reflecting the effect of RT + chemo without correcting for the

effect of the chemo itself. The outcome of paired t tests is depicted on the right side of the graph. **p < 0.01, ***p % 0.001, ****p < 0.0001.
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HNSCC (Figure 5A). Only organoids for which tumor identity was confirmed by

sequencing were screened. The compounds tested were PIK3CA inhibitor alpelisib,

FGFR inhibitor AZD4547, PARP inhibitor niraparib, NRAS inhibitor tipifarnib, protein

arginine methyltransferase 5 (PRMT5) inhibitor EZP015666, and mTOR inhibitor

everolimus. Organoids derived from different donors showed variable responses

to these agents in vitro. For four organoid cultures (T23, T24, T33, and T37) the assay

was repeated, showing correlation between biological repeats (R2 average = 0.66;

Figures S4A and S4B).

TP53 mutation status correlated with in vitro Nutlin-3a sensitivity (Figure 5B),34 vali-

dating our in vitro drug screening platform. This screening response to Nutlin-3a

also correlated with the observed effect of a fixed dosage of 10 mM Nutlin-3 in cul-

ture (see Figure S1D).

Pre-clinical studies have previously identified PIK3CAmutation as a biomarker for al-

pelisib response.42 In clinical trials, a more heterogeneous response to alpelisib

treatment was observed. Consequently, the power of this biomarker for HNSCC pa-

tients response to alpelisib was questioned.43 Considering these clinical findings, we

ranked organoids for response to alpelisib based on AUC. PIK3CA mutant models

were not signficantly more sensitive to alpelisib than PIK3CA wild-type models

(Figures 5C and S4C). This discrepancy between the value of a biomarker when stud-

ied either in pre-clinical studies or clinical trials is most likely explained by the (ge-

netic) background of the tumors that can affect drug response. Therefore, we sought

to introduce the most common activating PIK3CA mutation (E545K) into HNSCC

organoids, thereby generating isogenic cancer organoid pairs differing only by

one specific mutation.We introduced single base changes in two patient-derived or-

ganoid models using CRISPR base-editing technology. These organoid models (T2

and T3) were chosen as both showed different baseline sensitivity to alpelisib (Fig-

ure 5C). Postediting, clonal organoid cultures were genotyped (Figure S4D), and

clones carrying the desired PIK3CA mutation were expanded and subsequently

tested for alpelisib sensitivity. Compared with their isogenic wild-type counterparts,

models carrying PIK3CA mutations showed increased sensitivity to alpelisib (Fig-

ure 5D). However, the difference in response between cultures derived from

different patients was larger than the difference observed between isogenic pairs

(Figure 5E). Indeed, the alpelisib response between both isogenic pairs was not sta-

tistically significantly different; however, in contrast, there was a statistically signifi-

cant difference in sensitivity between T2 and T3 (Figure 5E). These results under-

score the potential of organoids to validate the value of a particular biomarker to
302 Med 4, 290–310, May 12, 2023
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Figure 5. Drug screening of patient-derived HNSCC organoids to targeted agents underscores the importance of patient-specific genetic context

when validating biomarkers

(A) Response of 31 patient-derived organoid models for seven targeted therapeutic agents. Sensitivity is depicted as the Z score calculated for each

individual drug to allow comparison of sensitivities between different drugs. Biological replicates are performed for T23, T24, T33, and T37, which are

therefore depicted twice. Red indicates relative resistance, blue indicates relative sensitivity, and gray indicates absence of data. See also Figures S5A

and S5B.

(B) Nutlin-3a sensitivity of organoid models relative to their TP53 mutation status. Top row indicates TP53 mutation status determined by sequencing.

Red indicates a mutated status, blue indicates a wild-type status, and gray indicates no sequencing data is available. Bottom row: sensitivity to Nutlin-3

depicted as Z score. Color coding: red indicates relative resistance, and blue indicates relative sensitivity.

(C) Alpelisib sensitivity of organoid models relative to their PIK3CA mutation status. Top row indicates the presence or absence of a PIK3CA mutation.

Red indicates a PIK3CA mutation was detected, where the specific mutation is indicated by amino acid coding in text. Blue indicates absence of a
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Figure 5. Continued

PIK3CA mutation, and gray indicates absence of sequencing data. Bottom row: sensitivity to alpelsib depicted as Z score. Color coding: red indicates

relative resistance, and blue indicates relative sensitivity. See also Figure S5C.

(D) Alpelisib sensitivity of isogenic E545K PIK3CA organoid models, depicted as relative viability to DMSO-treated organoids. Viability is depicted as

the average of 3 technical replicates for each concentration of alpelisib tested. Isogenic pairs are indicated by the same color, but a different color

shade. See also Figure S5E. Error bars: standard error of the mean.

(E) Alpelisib sensitivity of isogenic E545K PIK3CA organoid models depicted by IC50 value. Each IC50 is calculated from a screen with technical triplicate

for 9 concentrations of alpelisib. IC50 was determined in biological triplicate, where each dots represents the result of one experiment. Isogenic pairs

are indicated by the same color but a different color shade.

(F) PRMT5-inhibitor sensitivity of organoid models relative to their CDKN2A mutation status. Top row indicates the presence or absence of a CDKN2A

deletion. Red indicates a loss was detected, Blue indicates absence of a CDKN2A loss, and gray indicates absence of sequencing data. Bottom row:

sensitivity to PRMT-5 inhibitor EZP0001556, depicted as Z score. Color coding: red indicates relative resistance, and blue indicates relative sensitivity.
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drug sensitivity in the context of relevant patient heterogeneity. Moreover, organoid

cohorts might be useful to identify those patients who are more likely to respond,

thereby providing a ‘‘second chance’’ for agents that show positive effects but

only in a subset of patients.

Treatment with EZP01556, a PRMT5 inhibitor,44 showed differential responses in the

panel of organoids screened (Figure 5E). Homozygous loss of methylthioadenosine

phosphorylase (MTAP), often co-deleted with CDKN2A has been proposed to serve

as a biomarker for response to PRMT5 inhibitors.45–47 Indeed, when correlating

EZP01556 sensitivity with CDKN2A status in HNSCC organoids, CDKN2A null

models showed increased sensitivity to this agent (Figure 5E). In line with our earlier

observation in pancreatic cancer cells,48 a subset of the CDKN2A proficient models

also showed sensitivity to EZP01556.

Taken together, these results revealed a potential treatment option for patients with

HSNCC, where over 50% of cases show loss of CDKN2A. Moreover, these findings

underscore the importance of personalized approaches to identify the best drug

for each patient. Biomarkers such as CDKN2A status may guide treatments in patient

cohorts by identifying those likely to respond but do not hold the power to do this at

the individual patient level, as illustrated by the CDKN2A proficient models that also

respond to this agent. Functional testing of patient-derived models such as organo-

ids might be better suited to identify such sensitivities for each individual patient.
DISCUSSION

Molecular diagnostics, where genetic alterations are used to guide patient diagnosis

and treatment decisions, is gaining prominence. Novel therapies with selective ki-

nase inhibitors are generally indicated based on the presence of a particular genetic

biomarker in the tumor DNA.49,50 Although associations between biomarker and

drug response are detected at the population level, the presence of the applicable

biomarker does not guarantee a response for the individual patient. For example, in

patients affected by HER2-amplified metastatic colorectal cancer, only 30%–50%

respond to anti-HER2 antibodies.49,51 This underscores the importance of better

biomarkers to guide patient treatment, ideally on the individual patient level.

Here, we explored if patient-derived organoids could be used to better guide pa-

tient treatments by serving as a diagnostic tool, using organoid response as the

biomarker. Moreover, we explored the value of organoids as a pre-clinical model

to test and validate already proposed biomarkers before they enter the clinic.

The potential of organoid models to guide treatment in a personalized manner has

been explored before.8,10–12 Multiple reviews have described these studies and

analyzed their similarities and differences.13,52 Overall, correlation between patient
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and organoid response is observed. Regardless, these studies investigate different

tumor types, disease stages, and treatments and vary in applied methodology to

determine organoid sensitivity. Therefore, it is challenging to answer the question

of whether organoids can help to guide therapy decisions for all patients with can-

cer. This is emphasized by a study of Ooft et al. that showed that, in patients with

colorectal cancer, organoids can predict patient response to irinotecan-based ther-

apies but not to oxaliplatin and 5-FU.12

Correlation of organoid response and patient response

Here, we have investigated the predictive potential of organoid response to RT and/

or CRT in patients with primary HNSCC. In the adjuvant treatment setting, organoid

viability at 2 Gy was the organoid parameter that best correlated with clinical

response (n = 15; Figure 3C), although the correlation was not statistically signifi-

cant. For patients that received primary RT, we did not observe a statistically signif-

icant correlation between organoid response and clinical relapse (n = 6; see Fig-

ure S6A). This could potentially be due to the small sample size. Taken together,

larger studies are needed to confirm if organoids hold predictive potential.

There are multiple factors that could confound or weaken potential correlation. The

first one, applicable in the context of adjuvant RT, is surgery. Even a resistant tumor

will not relapse when completely and successfully removed by surgery. Second, the

absence of the tumor microenvironment in organoid models should be consid-

ered.12 RT treatment induces immunogenicity through neoantigen presentation in

the tumor microenvironment.53 Therefore, the presence of immune cells might be

required in a model to assess the full effect of RT.54,55 The effect of immune cells

on tumor cell killing post-RT or the effects of immunotherapy on regional lymph no-

des cannot be assessed in the current screening assay. Indeed, administration of the

immune checkpoint inhibitor durvalumab following CRT has been associated with an

improved overall survival in patients with stage III non-small cell lung cancer.54,55 For

HNC, a similar strategy of combined immunotherapy and CRT has not yet shown

benefit.55

Measuring organoid response in vitro

Organoid viability was assessed at RT dosage ranging from 1 to 10 Gy. This allowed

for calculations of metrics inclduing IC50, AUC, and GR50. Similar to an approach

previously used by Yao et al.,11 organoid viability at a fixed RT dose of 2 Gy was

also included as a metric, as 2 Gy is the fraction dose used clinically for patients

with HNC. Of assessed metrics, viability at 2 Gy correlated best with clinical

response and allowed us to use all organoid models in our analysis (as GR metrics

could not be calculated for all organoids due to never reaching 50% viability). Impor-

tantly, using a single dose for readout as opposed to a gradient of dosages11 re-

quires less organoids and therefore could decrease time to screening if testing

was be applied in a diagnostic setting.

It remains to be determined which parameter is the best predictor of response. In a

pooled analysis of 17 oncology organoid studies that assessed organoid response to

clinical outcome, the most common parameter of organoid response used was the

AUC.13 Most informative parameters may depend on treatment type (e.g., RT vs.

chemotherapy vs. targeted therapies) as well as the disease type. As more studies

evaluating organoid response and clinical response in various oncology indications

are reported, this will help to clarify the most optimal parameter per treatment and

disease type. For transparency, we have reported IC50, AUC, GR50, and viability at

2 Gy here.
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Biomarker validation using patient-derived organoid models

Organoids were used to study the correlation between response to PIK3CA inhibitor

alpelisib and the presence of activation PIK3CA mutations. When tested in a cohort

of organoid models, no association between PIK3CA mutation status and alpelisib

response could be found. We hypothesized that the tumor’s genetic background

may overrule response to a drug even if the relevant biomarker is present. To test

this, E545K mutations were introduced in organoids derived from two different pa-

tients using CRISPR-Cas9 base-editing technology. Absolute sensitivity to alpelisib

increased upon introduction of the mutation in both cases, and the difference be-

tween the two patients remained bigger than the difference between the isogenic

pairs. Indeed, in pre-clinical studies, PIK3CA mutation seemed a promising

biomarker in HNSCC tumors, but clinical trials yielded disappointing results when

selecting patients for alpelisib treatment based on the presence of this biomarker.43

These results illustrate how organoid biobanks may be used to validate or charac-

terize biomarkers before they are explored in the clinic to enhance the chance of suc-

cess of a drug candidate before it enters clinical trials.

Lastly, we used organoids to show that genetic loss of CDKN2A seems to be predic-

tive for a good response to PRMT5 inhibitors. Although it has been shown both pre-

clinically and clinically for other tumor types,45–47 to our knowledge, we are the first

to show this correlation in HNSCC. These results therefore indicate a new therapy

option for HNSCC, which can potentially aid many patients, as >50% of HNSCCs

show a loss of CDKN2A.33
Limitations of the study

The sample sizes for clinical correlation, primary RT (n = 6) and adjuvant RT (n = 15), are

small, and therefore results should be interpreted with caution. In the adjuvant RT

group, patients’ surgery may confound outcome. For clinical analysis, patients’ age

and sex (ascribed at birth) were collected, but ethnicity and socioeconomic status of

patients were not collected. Age and sex distribution of patients included in correla-

tion analysis was comparable to the entire HNC biobank, which is a representative

cohort of patients with HNC, as worldwide, the median age for diagnosis is 66 years,

and men have a 2- to 4-fold higher risk to develop HNSCC.56 The study inclusion

criteria were patients with HNCwith a tumor of minimum 1 cm and a planned interven-

tion with possible tissue collection. Tumors smaller than 1 cm were not suitable for

inclusion.
Conclusions

Here, we present a diverse biobank of organoids derived from patients with HNC that

phenotypically and genetically recapitulate the original tissue they are derived from.

Organoid response to RT correlates with clinical relapse status in the adjuvant setting

but not in the primary setting. Finally, we demonstrate how organoids can be utilized

to explore biomarker potential in the setting of targeted therapies, and we identify

PRMT5 inhibition as a potential therapy option that can be explored for HNSCC.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Pan Keratin (AE1/AE3/PCK26) Primary Antibody Roche Cat#760-2135; RRID: AB_2810237

Cytokeratin 13 Monoclonal Antibody (AE8) Thermofisher Scientific Cat## MA1-5764; RRID: AB_1075159

Transformation-related protein 63 (p63) Ventana Medical Systems Cat#790-4509; RRID: AB_2335989

CINtec� Histology anti-p16INK4a Roche Cat# 705-4793; RRID: AB_2833232

CDX 2, caudal type homeobox transcription factor 2 Cell Marque Cat# 235R-17; RRID:AB_1516803

Anti-alpha-Amylase antibody produced in rabbit Sigma-Aldrich Cat# A8273; RRID:AB_258380

Aquaporin 5 (AQP5) Rabbit Polyclonal Antibody Origene Cat#TA321387; RRID: N/A

Phospho-Histone H2A.X (Ser139) Monoclonal Antibody (3F2) Thermo Fisher Scientific Cat# MA1-2022; RRID:AB_559491

Goat anti-Mouse IgG (H + L), Superclonal Recombinant
Secondary Antibody, Alexa Fluor� 488

Thermo Fisher Scientific Cat# A28175; RRID:AB_2536161

Bacterial and virus strains

Competent cells Dh5 alpha Thermo Fisher Scientific Cat: 18265017

Biological samples

Primary patient tumor and tumor adjacent material obtained
at resection of biopsy performed as start of clinical care

N/A

Chemicals, peptides, and recombinant proteins

Y-27632 dihydrochloride Abmole Cat # M1817 CAS# 129830-38-2

A83-01 Tocris Bioscience 2939

B27 supplement, 503, serum-free (Thermo Fisher Scientific,
cat. no. 17504-044)

Thermo Fisher Scientific 17504-044

BSA Sigma-Aldrich 10-735-094-001

Caspofungin diacetate Sigma-Aldrich SML0425

BME Type 2, RGF Cultrex Pathclear R&D Systems 3533-005-02

CHIR-99021 Sigma-Aldrich SML1046

Dispase II protease Sigma-Aldrich D4693

Forskolin R&D Systems 1099

N-acetyl- L -cysteine Sigma-Aldrich A9165

Nicotinamide Sigma-Aldrich N0636

Noggin-Fc fusion protein conditioned medium U-Protein Express BV N002

Penicillin–streptomycin Thermo Fisher Scientific cat. no. 15140-122

Primocin Invivogen ant-pm1

Prostaglandin E2 (PGE2) Tocris Bioscience 2296

Recombinant human FGF-10 Peprotech 100-26

Recombinant human FGF-2 Peprotech 100-18B

Recombinant human EGF Peprotech AF-100-15

Recovery cell-freezing medium Invitrogen 12648-010

RSPO3-Fc fusion protein conditioned medium U-Protein Express BV R001

Nutlin-3a Cayman Chemical Cat# 10004372, CAS# 548472-68-0

rIL-2 Biological Resource Branch Preclinical
Biologics Repository

N/A

Cisplatin UMCU hospital pharmacy N/A

Carboplatin UMCU hospital pharmacy N/A

Cetuximab UMCU hospital pharmacy N/A

Mitomycin C Sigma-Aldrich M4287-2MG, CAS #50-07-7

Everolimus LC Laboratories Cat# E4040, CAS# 159351-69-6

Niraparib Selleckchem Cat#S2741, CAS# 1038915-60-4

Alpelisib LC Laboratories Cat#A4477, CAS#1217486-61-7

AZD4547 ApeXbio Cat# A8250, CAS# 154447-36-6

EZP01556 Sigma Cat# SML1421,CAS# 1616391-65-1

(Continued on next page)
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Tipifarnib Sigma Cat# SML1668, Cas#
192185-72-1

Opti-MEM Gibco 31985062

Critical commercial assays

Reliaprep gDNA Tissue Miniprep System Promega Cat#A5052, N/A

Invitrogen� Qubit� dsDNA HS and BR Assay Kits Thermo Fisher Scientific Cat# 10616763, N/A

TaqMan� OpenArray� Genotyping
Barcode Panel 60,
QuantStudio� 12K Flex plate

Thermo Fisher Scientific Cat#4475394

SureSelectXT Target Enrichment System
for the Illumina Platform v7 library preparation kit

Thermo Fisher Scientific N/A

CellTiter-Glo 3-D assay Promega Cat #G9681

GoTaq G2 Flexi DNA polymerase kit Promega M7805

PureLink PCR Purification Kit Invitrogen K3100-02

Quick-DNA microprep kit Zymo Research D3021

ddPCR Supermix for Probes without dUTP Bio-Rad cat. no #1863023

ESR1 primer Bio-rad dHsaCP100040

Deposited data

WES data, EGA study ID:EGAS00001007076. N/A

Experimental models: Cell lines

Patient-derived organoids established
from primary patient material

N/A

Oligonucleotides

50-ATCATCTGTGAATCCAGAGGGG-30 IDT FW PIK3CA E545K

50-AGTGTCTGTGTGGGAGAAACAA-30 IDT RV PIK3CA E545K

50-CCGTATCACCAACAGCAGGGTA-30 IDT Seq FW PIK3CA E545K

5’-/5Phos/GTTTTAGAGCTAGAAATAG
CAAGTTAAAATAAGGC-30

IDT PIK3CA_E545 Cloning FW

50-CTCTCTGAAATCACTGAGCACGGT
GTTTCGTCCTTTCCACAAG-30

IDT PIK3CA_E545 cloning RV

Recombinant DNA

pCMV_AncBE4max_P2A_GFP vector Addgene #112100

AmpR-U6-gRNA expression vector Addgene #47511

Software and algorithms

Bio-rads QuantaSoft Software N/A

GraphPad Prism software version 9.3.1 N/A

IBM SPSS version 26.0 N/A

R version 4.2.2 N/A

Benchling N/A

Other

Elekta Precise Linear Accelerator 11F49, Elekta N/A

Electroporator Nepagene NEPA21

Multi-drop Combi Reagent Dispenser Thermo Scientific 5840300

Digital Dispenser Tecan d300e

Luminescence detector Tecan SPARK

Standard tube dispensing cassette Thermo Scientific 24072670

D4+ dispense head cassette Tecan 30097371

T8+ dispense head cassette Tecan 30097370

Glasstic slide with hemocytometer counting
grid (Kova International, cat. no. 87144E)

Kova International 87144E
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Rosemary Millen, rosie.millen@roche.com.
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Materials availability

This study generated a biobank of organoids derived from head and neck cancer pa-

tients from both tumor and normal tissues, all details of each model are listed in

Table S1. Organoids grown from patient tissue can be requested via www.

huborganoids.nl. Future distribution of organoids to any third (academic or com-

mercial) party will have to be authorised by the METC UMCU/TCBio at request of

the HUB in order to ensure compliance with the Dutchmedical research involving hu-

man subjects’ act.

Data and code availability

d WES data have been deposited at EGA and are publicly available as of the date of

publication under study ID: EGAS00001007076. This paper analyzes existing,

publicly available data (sequencing datasets of HNSCC) which are cited in the text.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Participants information on age and sex (ascribed at birth) was physician reported

and is listed in Tables 1 and S1. Information on gender, socioeconomic status,

ethnicity and race/ancestry was not collected.

Both primary and lymphonodular metastatic tumor and adjacent non-malignant tis-

sues were obtained from head and neck cancer patients undergoing tissue biopsy or

surgical resection at the University Medical Center Utrecht (UMCU) as part of their

routine diagnosis and/or treatment. In addition, blood was drawn in sodium heparin

on the day of tissue acquisition. Informed consent was obtained from patients before

tissue acquisition, and patients could withdraw their consent at any time. The 12-093

HUB-Cancer protocol used for biobanking has been approved by The Biobank

Research Ethics Committee of the University Medical Center Utrecht (TCBio).

The collection of patient tissue and data has been performed in accordance with the

guidelines of the European Network of Research Ethics Committees (EUREC)

following European, national, and local law. Organoids grown from patient tissue

can be requested via www.huborganoids.nl. Future distribution of organoids to

any third (academic or commercial) party will have to be authorised by the METC

UMCU/TCBio at request of the HUB to ensure compliance with the Dutch medical

research involving human subjects’ act.

METHOD DETAILS

Human specimens

For surgical resection, a small piece of tumor and adjacent non-malignant tissue

were sampled after surgery from the resection specimen at the tissue facility of

the pathology department. For biopsies, from patients who needed a biopsy for di-

agnostics an extra biopsy of suspected malignant tissue was taken for this study dur-

ing the procedure. For all patients, EDTA blood pellets were stored and used for

reference DNA isolation (see whole 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 previously described.17,52 In short,

tumor and normal surgical resections and HNC biopsies were collected in Advanced
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DMEM/F12 (AdDMEM/F12: Life Technologies, cat # 12634–034), supplemented

with 1x GlutaMAX (Thermofisher; Gibco, cat # 35050061), Penicillin-streptomycin

(Life Technologies, cat # 15140–122) and 10 mM HEPES (Life Technologies, cat #

15630–056) (+/+/+ medium) and 100 mg/mL Primocin (Invivogen, cat # ant-pm1).

Tissue samples were cut into small pieces (�1-3 mm2). One to three pieces were

collected for DNA isolation (stored at –20 for subsequent DNA isolation), histology

(placed in formalin) and tumor infiltrating T-cell (TIL) expansion (see below). The re-

maining tissue pieces were minced into smaller fragments and digested for 20-

40 mins by incubating it at 37�C in 0.125% Trypsin (Sigma, cat # T1426) in +/+/+ me-

dium supplemented with 10 mMY-27632 (Abmole Bioscience, cat. no. M1817). Every

10 mins, mechanical force was used to aid digestion by triturating the tissue pieces

with a p1000 pipette. Following incubation, tissue was triturated using a flame-ster-

ilized pipette with a p10 tip on the end. Once pieces of tissue appeared

dissociated, +/+/+mediumwas topped up to 15mL and this suspension was filtered

through a 70 mM filter (Corning, cat # CLS431751-50EA). Tubes were centrifuged at

300g, 5 mins. After centrifugation the supernatant was aspirated and the cell pellet

was resuspended in ice-cold 70% 10 mg$mL-1 cold Cultrex growth factor reduced

BME type 2 (Trevigen, cat # 3533-010-02) in +/+/+ medium. Organoids in BME

were plated in 10-20 mL droplets on the bottom of a pre-heated 48-well suspension

culture plate (Greiner, cat # M9312). Plates were inverted and incubated at 37�C for

at least 15-30 mins for the solidification of BME. After solidification, pre-warmed cul-

turemedium supplemented with 10 mMY-27632 and caspofungin (0.5 mg/mL, Sigma

Aldrich) was added to the plates and they were incubated in a 37�C/5% CO2 incu-

bator. Two types of culture media were used for HNSCC organoids: HN medium

as described previously2 or cervical SCC medium (M7) as previously described.32

For one organoid culture (T36) derived from an intestinal-type adenocarcinoma,

CRC medium was used.3

Organoid culturing and biobanking

Organoids were grown from the primary material in culture media supplemented

with 0.5 mg/ml caspofungin and 10 mM Y-27632 for one week. After organoids had

formed and were in culture for at least one week, 0.5 mg/ml caspofungin and

10 mM Y-27632 were removed from the medium. To determine which media was

optimal for each organoid line, all primary material was established on HN and

M7 medium. The culture was expanded in the media that worked best for that sam-

ple. An overview of which culture is grown on which media is provided in Table S1.

Medium was changed every two to three days and organoids were passaged be-

tween approximately 7 and 14 days after plating, depending on their growth rate.

For passaging, BME droplets with organoids were disrupted by resuspending the

well content using a P1000 pipette and transferred to 15 mL Falcon tube, topped

up to 15 mL with +/+/+ and centrifuged (300g, 5 min). Pellets were resuspended

in 1-3 mL TrypLE Express (Life Technologies, Carlsbad, CA, USA, cat. no. 12605-

010) and incubated for 3-10 mins at 37 �C. Digestion was closely monitored, by

checking the tube under the microscope, and organoids were sheared mechanically

using a P1000 pipette with an extra P10 tip placed on the tip, every few mins. After

organoids were disrupted into single cells, tubes were topped up using +/+/+ to

stop the TrypLE digestion, and centrifuged. Supernatant was removed and cells

were resuspended in 70% BME in +/+/+. Organoid density was always checked un-

der the microscope before plating, if organoids were too dense, more 70% BME

in +/+/+ was added. 10-20 mL domes were plated on pre-heated suspension culture

plates (Greiner, cat # M9312). Plates were inverted and incubated at 37�C for at least

15 mins for BME solidification. After solidification, pre-warmed culture medium
e4 Med 4, 290–310.e1–e12, May 12, 2023
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supplemented with 10 mMY-27632 was added to the plates and they were incubated

in a 37�C/5% CO2 incubator. After 2 to 3 days, Y-27632 was removed from the me-

dium and organoids were cultured in media without Y-27623 for organoids grown on

HN medium, however Y-27632 was constantly in M7 media. Organoids were

passaged up to passage 5, to ensure each organoid culture was capable of robust

expansion. During the expansion process and prior to biobanking, a sample of the

organoid culture was grown in the presence of 10 mM Nutlin-3a. Nutlin-3a was

added directly after passage and kept on the cells for two passages to determine

TP53 mutational status.

Biobanking and freezing of organoids

Organoids were biobanked at various passage numbers, with an attempt to freeze

multiple vials per passage. As a rule of thumb, at least 1 vial with organoids was

frozen at the earliest passage where possible. For each sample at least 5 vials

were frozen for biobanking. For freezing, organoids were collected from the culture

plates by disrupting the BME droplets using a P1000 pipette, washing with +/+/+

and centrifuging at 300 g, 5 min at 4�C. Subsequently, supernatant was removed

and the pellet was resuspended in Cell Banker 1 (Amsbio, cat # 11910). 1 mL Cell

Banker was used per 1 well of a 12 well plate, with 100 mL BME containing organoids.

Organoids were then transferred to cryovials and stored at –80�C for 24 hours,

before being transferred to liquid nitrogen for long term storage.

Thawing organoids

Organoids were removed from liquid nitrogen and placed on dry-ice. Cryovials were

placed in the 37�C water bath and thawed until a small ice block remained. Organo-

ids were transferred to 10-mL of pre-warmed +/+/+ medium, using a p1000 pipette

in a drop-wise fashion. Tubes were centrifuged at 300 g, 5 min at 4�C. Supernatant
was gently aspirated and pellet was resuspended in 70% BME in +/+/+. Organoid

density was checked under a bright-field microscope. If density was high, more

70% BME in +/+/+ was added. Organoids were plated in wells of pre-warmed

48-WP, after 20-30 mins of incubation at 37�C, pre-warmed growth medium was

added to wells. After 24 hours, organoid viability was checked under a bright-field

microscope. If a lot of organoid death had occurred, organoids were harvested,

washed (as described above) and replated in fresh BME. Organoids were expanded

by passaging at least two times prior to a drug screen.

DNA isolation

DNA from tissue, organoids and whole blood was isolated using the Reliaprep

gDNA Tissue Miniprep System (Promega, Catalogue # A2052) according to the

manufacturer’s protocol. For organoid DNA, BME droplets with organoids were dis-

rupted by resuspending the well content using a P1000 pipette and transferred to a

15 mL Falcon tube, topped up to 15 mL with +/+/+ and centrifuged (300g, 5 min).

Supernatant was aspirated and the organoid pellet was frozen and stored at –20
�C for subsequent DNA isolation using the Reliaprep gDNA Tissue Miniprep System

(Promega, Catalogue # A2052) according to the manufacturer’s protocol. DNA

concentrations were measured using Invitrogen�Qubit� dsDNA HS Assay Kit (Invi-

trogen, Cat # 10616763).

SNP fingerprinting

DNA (5ng/mL) isolated from organoids was submitted to USeq (Utrecht Sequencing

Facility) along with paired blood and/or tumor tissue from each patient for SNP

fingerprinting. There, TaqMan OpenArray Barcode Panel 60, including 57 auto-

somal and 3 Y-chromosomal SNPs was used to identify SNPs. SNPs were checked
Med 4, 290–310.e1–e12, May 12, 2023 e5
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manually by 2 independent researchers to confirm a SNP match between organoid

and blood/tissue of the same patient.

Whole exome sequencing (WES) processing

After confirmation of an SNP match between the organoid and blood/tissue of the

same patient, organoid, blood and tissue DNA samples were submitted to Macro-

gen Europe for WES using the Illumina platform. The SureSelectXT Target Enrich-

ment System for the Illumina Platform v7 library preparation kit (Agilent Technolo-

gies) was used to prepare the sequencing library following the manufacturer’s

instructions. Libraries were sequenced on an Illumina NovaSeq 6000 system. Illu-

mina software (bcl2fastq) was used to convert to FASTQ format for further analysis.

Whole exome sequencing (WES) analysis

For the WES analysis, the NF-IAP pipeline (https://github.com/ToolsVanBox/NF-

IAP) was modified to suit exome data rather than whole genome data. Fastq files

were mapped to the human genome (hg38) using bwa mapping software as

described in the pipeline. Next, the pre-processing and genotyping of the samples

was performed using the Genome Analysis Toolkit (GATK) HaplotypeCaller, with an

adapted version of the pipeline (https://github.com/Hubrecht-Clevers/NF-IAP_

exome). Per sample generated variant calls were filtered using the Somatic Mutation

Rechecker and Filtering (SMuRF) pipeline (https://github.com/ToolsVanBox/

SMuRF) to filter out likely non-pathogenic mutations and germline variants using

default settings and marking the blood derived samples as germline controls. Ob-

tained variant call files were converted to the MAF-format for further analysis using

a perl script, converting only mutations with a mean variant allele frequency of above

0.1 and allele depth of >10 (https://github.com/Hubrecht-Clevers/Convert_maf).

Variants were further characterised using the R package Maftools. Genome wide

copy number changes were assessed using an adapted version of the Freec software

described in the NF-IAP pipeline (https://github.com/Hubrecht-Clevers/Freec_

exome). Copy number ratios were normalised to either a matched normal control,

or, when no matched germline was available, to a technical control of a known germ-

line sample. Data is stored at EGA under study ID: EGAS00001007076.

Blood processing

Blood was collected in two 8mL Lithium-Heparin tubes on the day of surgery/biopsy.

Circulating tumor DNA (CtDNA) was isolated within 2 hours of whole blood collec-

tion. Lithium-Heparin tubes were centrifuged at 1600xg, 10 mins, room temperature

(RT) with the brake off. Plasma was taken off with a p1000 pipette and 1mL was trans-

ferred to Eppendorf tubes. Eppendorf tubes were then centrifuged at 13, 830x g for

10 mins, RT. Plasma supernatant was collected and stored in 1 mL aliquots at -80�C.

Peripheral mononuclear blood cells (PBMCs) were processed at the same time as

ctDNA plasma isolation using Lymphoprep� (Stemcell Technologies, catalogue

no. 07851) according to the manufacturer’s protocol (Stemcell Technologies).

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 normal tissue was fixed using 4%

formalin and incubated at least 24 h on a rocker at room temperature. Subsequently,

the material was dehydrated and embedded in paraffin. Organoids were collected

after several passages, fixed and embedded in paraffin following the same proced-

ure. Paraffin blocks were cut onto glass slides and subject to H&E and IHC staining,
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the details of primary antibodies and antigen retrieval conditions used for IHC stain-

ing are provided in Table S2. IHC for AE1AE3, CK13, P63, P16NK4a and CDX2 was

performed by the diagnostic pathology department at the UMCU using an auto-

mated IHC staining system, all according to the manufacturer’s protocol. IHC for

PAS-D, ɑ-amylase and AQP5 was performed manually. Slides were scanned and

imaged using the VS120 virtual slide microscope (Olympus). For a subset of tissues,

H&E sections were assessed by a pathologist to determine tumor percentage and/or

epithelial cell percentage. The presence of tumor/epithelial cells was correlated with

organoid outgrowth.
Organoid treatment to induce DNA damage experiments

The organoid line that was established from a patient with Fanconi anemia (T46) was

cultured as described above and 5 days later exposed to either: cisplatin (5 uM),

Mitomycin-C (0.5 uM) or left untreated for 24 hours. Organoids were harvested

with the media in each well, using a pipette to break up the BME droplets and trans-

ferred to a 1.5-mL Eppendorf tube pre-coated with FBS. Organoids were left to

settle by gravity, and supernatant was removed gently, after which where whole-

mount immunofluorescence staining was performed as described below.
gH2Ax immunofluorescence staining and quantification

Organoids were pre-permeabilized in 0.5% Triton-X in PBS for 10 mins at room tem-

perature in a 1.5 mL Eppendorf tube. For all washes, organoids were left to sediment

in the Eppendorf tube by gravity before removing any supernatant. Organoids were

fixed with 4% formalin for 1 hour at room temperature and permeabilized in PBS with

2% BSA, 0.5% Triton-X and 0.2% Tween-20 for 1 hour. Organoids were blocked in

PBS with 2% BSA, 0.2% Triton-X and 0.2% Tween-20 for 30 mins at room tempera-

ture. Organoids were incubated with primary anti-mouse yH2AX antibody (Milipore,

catalogue no. 05-635) diluted in a blocking buffer overnight at 4�C on a roller.

Organoids were washed 4 times with PBS and a secondary goat anti-mouse AF-

488 (Thermofisher, catalogue no. A28175) was added plus DAPI solution 1 mg/mL

(Thermofisher, catalogue no. 62248) and incubated in the dark for 2-3 hours, at

room temperature on a roller. Organoids were washed 4 times and then a mounting

medium was added and this was transferred to a glass slide. A raised-coverslip was

whole-mounted, using Vaseline to ensure the coverslip did not make full contact with

the glass slide. Slides were imaged on the confocal SP8 (Leica) microscope using the

DAPI and 488-channel at 20x and 63x objective. Quantification of the collected im-

ages was performed using ImageJ. Images were converted in a RGB stack, threshold

was adjusted to 75-225. Images were converted to a mask with watershed. To

perform analysis, we used the analyze particles option and counted objects.
HPV ddPCR

PCRmixture was generated containing 1x ddPCR Supermix for Probes without dUTP

(Bio-Rad, cat. no #1863023) containing 18 pM of previously described HPV primers57

and 0.25 mM HPV16 FAM-probe, 1 ml human ESR1 primer (Bio-rad , assay ID

dHsaCP1000403) in a total of 18 mL. 4 ml of DNA was added (DNA input concentra-

tion ranging from 20 to 100 ng/ml). PCR mixture was mixed and droplets were

subsequently generated using the ml DX200 Droplet generator (Biorad, cat. No.

#186-4002). PCR program used was 10 min at 95 �C followed by 40 cycles of 30 sec-

onds at 94 �C and one minute at 57 �C. After 40 cycli, the sample was incubated for

10 mins at 98 �C, and stored at 4 �C until readout. Readout was performed using the

QX200 Droplet Reader. Analysis was performed using Bio-rads QuantaSoft

Software.
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Drug screening: Preparation and plating

Organoids that were biobanked were thawed and expanded using the methods

described above for organoid culture. Two days (D-2) prior to dispensing organoids

for drug screening, organoids were passaged and cultured in HNC medium or cer-

vical SCC medium depending on the line and were supplemented with 10 mM

Y-27632. Organoids growing on HNC medium that were expanded for Cetuximab

drug screening were cultured from this point onwards in medium without EGF. On

the day 0 (D0) of the drug screen, 1 mg/mL dispase II (Sigma-Aldrich, catalogue

no. D4693) was added to each well containing organoids and their growth medium

and incubated for 30 mins at 37�C. Following incubation, BME domes were disrup-

ted by resuspending the contents of the wells. Material was collected and trans-

ferred to 15 mL Falcon tubes. Dispase was diluted by topping up with +/+/+ and

centrifuged at 300g, 5 mins, 4�C. After removal of the supernatant, pellets were sus-

pended in 10 mL +/+/+ and centrifuged at 300g, 5 mins, 4�C. Organoid suspensions

were subsequently filtered through 70 um nylon cell strainers (BD Falcon). The num-

ber of organoids in the flow through was counted using a KOVA�Glasstic� Slide 10

with Grids (Fisher-Scientific, catalogue no. 22-270141). Organoids were resus-

pended at a density of 25, 000 organoids/mL in 5% BME/ ice-cold growth medium.

Organoids were dispensed in 384-well plates (Corning, catalogue no. 4588) using

the Multi-drop Combi Reagent Dispenser (Thermo Scientific, catalogue no.

5840300). Drugs were added using a Tecan D300e Digital Dispenser (see below).

Plates were sealed with BreathEasy stickers (Merck, catalogue no. Z380059) and

placed in a 37�C/5% CO2 incubator that was kept shut until drug screen readout

on day 5 (D5).

On Day 0, a CellTiter-Glo 3D (CTG) assay was performed, as described below, for

each condition dispensed to determine organoid viability and calculate the Growth

Rate metrics over the course of the drug screen.3,12

Drug screening: Chemotherapy dispense

On D0, following organoid dispense into 384 well plate, chemotherapy was

dispensed using the Tecan 300e digital dispenser. The chemotherapy agents used

were: cisplatin 1 mg/mL (Accord healthcare limited), carboplatin 10 mg/mL (Accord

healthcare limited) and Cetuximab (Erbitux) 5 mg/mL (Merck). As these solutions

were aqueous, for accurate dispensing with the Tecan 300e digital dispenser, these

solutions required the addition of 0.3% Tween-20 (Merck, catalogue no. P1379) in

PBS (Thermofisher, catalogue no. 10010023) prior to dispensing. Four technical rep-

licates of cisplatin at 3 mM and 5 mM, carboplatin at 5 mM and 15 mM and 5 technical

replicates of Cetuximab at 5 mg/mL and 30 mg/mL were dispensed. The rationale

behind these dosages was to treat with a dose that has an effect, but does not kill

all the cells, thereby allowing sufficient test window to study the effect of radio-

therapy. Using these criteria, we reviewed drug sensitivity of our previously pub-

lished panel of organoids treated with these drugs to define the above mentioned

concentrations. Staurosporine 1 mM (Merck, catalogue no. 19-123MG) was

dispensed at 0.1 mM, as a positive control for cell death. All other wells received

0.3% Tween-20 in sterile PBS (solvent-only) as RT-only and negative controls.

For targeted therapy screening, the following drugs were added following organoid

dispense:

Nutlin-3a (Cayman Chemical, catalogue no. 10004372), Everolimus (LC Labora-

tories, catalogue no. E4040), Niraparib (Selleckchem, catalogue no. S2741), Alpeli-

sib (LC Laboratories, catalogue no. A4477), AZD4547 (ApeXbio, catalogue no.
e8 Med 4, 290–310.e1–e12, May 12, 2023



ll
OPEN ACCESSClinical and Translational Article
A8250), EZP01556 (Sigma, catalog no. SML1421) and Tipifarnib (Sigma, cat no.

SML1668). All drugs were dissolved in DMSO and dispensed from stock concentra-

tions of 10 mM and dispensed in a log-concentration gradient using the Tecan

d300e dispenser. All wells were normalized for solvent used. DMSO percentage

never exceeded 1%. Drug exposure was performed in triplicate for each concentra-

tion shown.
Radiotherapy screening

On D1 of the screen, RT plates were irradiated using a linear accelerator (Elekta Pre-

cise Linear Accelerator 11F49, Elekta). During irradiation, plates were submerged in

water at room temperature with the water level reaching just below the surface of the

plate. For each dose, a separate plate was used. Plates were irradiated with a single

dose of 1, 2, 4, 6, 8 and 10 Gy, in order to generate a dose-response curve. Dose

values were determined according to standard clinical dosimetry procedures. An un-

irradiated plate (0 Gy) was used as a negative control. To calculate percentage

viability, in Microsoft Excel, the CTG signal was normalized against the unirradiated

plate as a percentage.
Drug and radiotherapy screen readout and data analysis

For all organoid screens, organoid viability was assessed using the CellTiter-glo 3D

assay� measuring ATP as the signal of organoid viability.After 5 days of initial drug

exposure or 4 days of irradiation exposure, organoid viability was measured using

the CellTiter-Glo 3-D assay (Promega, catalogue no. G9681) according to the man-

ufacturer’s protocol. For this, 20 ul of CTG was added to each well. Luminescence

was measured using a Spark microplate reader (Tecan) with an integration time of

500 ms. Data was normalized using a positive control for cell death (Staurosporine

1 mM, with organoids in 5% BME in culture medium for 0% viability) and a negative

control (solvent without drugs, with organoids in 5% BME in culture medium) for

100% viability. Quality of drug screens were assessed using Z’ factor scores,58 in

which Z’ scores higher than 0.3 indicate a drug screen of good quality. To calculate

Z’ score:

Z 0score = 1 � 3 � SDðneg: controlÞ+ 3 � SD�
pos: control

�

averageðneg: controlÞ � average
�
pos: control

�

As a further measure of quality control, intensity and variation of luminescence signal

between wells treated with RT was evaluated by 2 independent researchers. If Z’

score was <0.3, there was a lot of variation between wells and a low luminescence

signal was observed; the experiment required an additional repeat. The GR metric

was used to calculate GR50 scores. Analysis was calculated in Microsoft Excel and

graphs were generated in GraphPad Prism software (version 9.3.1). T tests were per-

formed using GraphPad prism.
Clinical correlation

Organoids of patients that received RT and/or chemotherapy were suitable for clin-

ical correlation. Relapse data was assessed for each patient treated with RT and CRT.

Patients that were only treated with surgery were not suitable for clinical correlation.

The following parameters from the patients were collected: Age, gender, cancer

type, tumor location, tumor sublocation, TNM-stage, HPV-status, treatment

including dates and dosages, surgery dates and relapse data with dates. Clinical

outcome was defined as relapse: yes or no. The date of relapse was defined at the

first sign of clinical relapse confirmed radiologically or pathologically. When there

were no clinical signs of relapse, the radiological or pathological confirmation
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date was taken as the relapse date. February 17th 2023was the last day relapse status

was recorded for all cases.

Kaplan meier analysis

The parameters generated from the organoid RT screens included: AUC, IC50, GR50

and the viability of the organoids after 2 Gy of RT and were correlated with clinical

outcome. Viability after 2 Gy was used as an organoid parameter to compare with

clinical response, as 2 Gy is the fraction dose of RT used to treat HNC patients.

For every RT-parameter, the group was divided by the median (%median vs. >me-

dian). These two groups were compared in the context of relapse status (Kaplan me-

ier curves Figure 3). Differences between groups were calculated with a Log-rank

(mantel-cox) test, if p%0.05 the differences were deemed statistically significant.

Follow-up stopped at February 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 viability of organoids at 2 Gy a cox propor-

tional-hazards regression with Firth’s penalised (partial) likelihood maximisation was

executed. Outcomes were Hazard Ratios on relapse.

Calculation of synergistic and additive effect of radio- and chemotherapy

All tested organoid cultures were exposed to a radiation dose of 1, 2, 4, 6, 8 and

10 Gy as described above. This was done in presence of 3 and 5 mM cisplatin, 5

and 15 mM carboplatin and 5 and 30 mg/mL Cetuximab, or in the absence of any

chemotherapy. Assay was performed in technical quadruplicate for cisplatin and car-

boplatin and quintuplicate for Cetuximab conditions. These concentrations were

chosen based on sensitivities observed during optimisation of the assay in a panel

of patient-derived organoids. For each donor, one dosage of chemotherapy was

chosen, following the following criteria:

(1) Viability without RT exposure should be >70% (to assure the effect of RT in the

presence of the drug can be observed).

(2) If both doses of chemotherapy showed >70% viability in the no RT condition,

the concentration was chosen that was closest to 70% viability.

(3) If both doses of chemotherapy showed <70% viability in the no RT condition,

the lowest concentration was included if viability was >55% in the no RT con-

dition. If the lowest concentration showed <55% viability, the culture was

excluded for the analysis described in Figure 4.

Readout and viability calculations were further performed as above. Only drug

screens with Z’ scores >0.3 were included in further analysis. To assess additive ef-

fects of chemotherapy and RT, viability was normalised to untreated controls. To

assess the synergistic effect of chemotherapy and RT, viability was normalised to

the chemotherapy only conditions. This way, the viability represented the effect of

RT, in the presence of, but corrected for, the effect of the chemotherapy. This al-

lowed for a systematic assessment of whether the chemotherapy had a radioprotec-

tive effect. AUC of each condition was calculated using GraphPad prism v9. Paired

t-tests were performed using GraphPad prism v9 to assess whether the effect of

RT was significantly different when given in the presence of chemotherapeutics.

sgRNA cloning and design

The sgRNA to introduce the E545K mutation in PIK3CA was designed using Bench-

ling and subsequently ordered as lyophilised oligos (Integrated DNA Technologies,
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IDT). The E545K sgRNA was cloned into an AmpR-U6-gRNA expression vector (a

kind gift from Keith Joung, Addgene, #47511) using a PCR based protocol

described by Hu et al.59 In short, the sgRNA expression vector was constructed by

one-piece blunt-end ligation (T4 ligase) of a PCR product (Q5, NEB) containing

the 20-nucleotide sequence corresponding to the sgRNA designed for PIK3CA

E545K induction. Plasmids for sgRNA expression were constructed using one-piece

blunt-end ligation of a PCR product containing a variable 20-nucleotide sequence

corresponding to the desired sgRNA targeted site.
Electroporation of organoids for DNA delivery

Organoids were disrupted into single cells using TrypLE. Subsequently, cells were

resuspended in 90 mL of Opti-MEM medium (Gibco, cat. # 31985062). 10 mg of

the PiggyBac transposon system (2.8 mg transposase + 7.2 mg hygromycin resistance

containing transposon),60 7.5 mg of a plasmid containing the C>T base editor

(pCMV_AncBE4max_P2A_GFP (A kind gift from David Liu, Addgene, #11210035)

and 2.5 mg of the target sgRNA plasmid was added in a total of 10 mL Opti-MEM.

Cells and DNA were incubated at RT for 10 min and subsequently electroporated

in a electroporation cuvette (BTX, cat. # 45-0125) on the NEPA21 with settings

described by Fujii et al.27 After electroporation, 400 mL of Opti-MEM was added

and cells were left to recover in the cuvette for 30 mins at RT. Subsequently material

was collected and centrifuged. Cell pellet was plated as normal, in �20 mL drops of

70% BME. After solidification of the BME, a pre-warmed culture medium containing

10 mM RKI Y-27632 was added after 30 mins. The plate was placed in an incubator at

37ºC and 5% CO2 and medium was refreshed every 2-3 days.
Selection of edited organoids

At least five days after electroporation, and when organoids had reached an average

diameter of >80 mm, 0.1 mg/mL Hygromycin B-gold solution (InvivoGen, cat. no. ant-

hg-1) was added to the culture medium. A control well (electroporated with sgRNA

but no Cas9) was taken along and selection was continued until all organoids of the

control condition had died. On average, this took 10-14 days. The hygromycin-resis-

tant organoids were manually picked from the domes using a brightfield microscope

and p20 pipette, and transferred to separate 1.5 mL Eppendorf tubes (Eppendorf,

cat. no. 0030120086). Addition of 100 ml TrypLE allowed passaging of the individual

organoids that were sheared, pelleted and resuspended in 50 ml 70% BME in +/+/+.

Of the 50 ml cell suspension, 40 ml was plated for expansion. the remaining 10 ml was

stored at -20�C for gDNA isolation (see below). Clones were subsequently expanded

using routine passaging conditions until biomass was expanded sufficiently for gen-

otyping, drug screening and biobanking.
Genotyping of individually picked clones

DNA was collected from the remaining biomass in the tubes used for the first pas-

sage of organoids (see above). Tubes were thawed, and DNA was isolated using a

Quick-DNAmicroprep kit (Zymo Research, cat. no. D3021), by adding the lysis buffer

directly to the cell pellet. The target regions were amplified with PCR using a

GoTaq G2 Flexi DNA polymerase kit (Promega, cat. no. M7805) using 5’-

ATCATCTGTGAATCCAGAGGGG-3’ (FW) and 5-AGTGTCTGTGTGGGAGAAAC

AA-3’ (RV). Upon completion of the PCR, the amplified target region was isolated us-

ing a PureLink PCR Purification Kit (Invitrogen, cat. no. K3100-02) and sent for EZ-Seq

Sanger sequencing (Macrogen) with sequencing primer 5-CCGTATCACCAACA

GCAGGGTA-3’. Sanger sequencing analysis was performed using B Benchling

alignment software.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Kaplan meier analysis

The parameters generated from the organoid RT screens included: AUC, IC50, GR50

and the viability of the organoids after 2 Gy of RT and were correlated with clinical

outcome. Viability after 2 Gy was used as an organoid parameter to compare with

clinical response, as 2 Gy is the fraction dose of RT used to treat HNC patients.

For every RT-parameter, the group was divided by the median (%median vs. >me-

dian). These two groups were compared in the context of relapse status (Kaplan me-

ier curves Figure 3). Differences between groups were calculated with a Log-rank

(mantel-cox) test, if p%0.05 the differences were deemed statistically significant.

Analysis were executed in IBM SPSS version 26.0. Follow-up stopped at February

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 viability of organoids at 2 Gy a cox propor-

tional-hazards regression with Firth’s penalised (partial) likelihood maximisation was

executed. Outcomes were Hazard Ratios on relapse. Analysis were executed in R

version 4.2.2.
Drug and radiotherapy screen readout and data analysis

Quality of drug screens were assessed using Z’ factor scores,58 in which Z’ scores

higher than 0.3 indicate a drug screen of good quality. To calculate Z’ score:

Z 0score = 1 � 3 � SDðneg: controlÞ+ 3 � SD�
pos: control

�

averageðneg: controlÞ � average
�
pos: control

�

As a further measure of quality control, intensity and variation of luminescence signal

between wells treated with RT was evaluated by 2 independent researchers. If Z’

score was <0.3, there was a lot of variation between wells and a low luminescence

signal was observed; the experiment required an additional repeat. The GR metric

was used to calculate GR50 scores. Analysis was calculated in Microsoft Excel and

graphs were generated in GraphPad Prism software (version 9.3.1). T tests were per-

formed using GraphPad prism.
Calculation of synergistic and additive effect of radio- and chemotherapy

To systematically assess whether the chemotherapy has a radioprotective effect.

AUC was calculated using GraphPad prism v9. Paired t-tests were performed using

GraphPad prism v9 to assess whether the effect of RT was significantly different when

given in the presence of chemotherapeutics.
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