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Abstract

Background: Cervical cancer represents one of the main causes of female, cancer-related
mortality worldwide. The majority of cancers are caused by human papillomaviruses such as
HPV16 and HPV18. As chemotherapeutic resistance to first-line platinum treatment is still a
predominant clinical challenge in advanced cervical cancer, novel treatment options including
combinatorial therapies are urgently required to overcome chemotherapeutic resistance.
Inhibition of A Disintegrin And Metalloproteinase (ADAM)-family members, heavily involved in
tumour progression of a vast range of solid tumours, strongly improved response to

chemotherapeutic treatment in other tumour entities including ovarian cancer.

Methods: We established two- and three-dimensional models derived from three traditional
cervical cancer cell lines and ectocervical cancer-derived organoids. Following
characterisation, these models were used to investigate their response to cisplatin treatment
in the absence and presence of ADAM inhibitors using viability assays and automated live cell

imaging.

Results: The pivotal role of the metalloprotease ADAM17 driving chemotherapy resistance was
detectable in all ectocervical cultures irrespective of the model system used, whereas ADAM10
inhibition was predominantly effective only in loosely aggregated spheroids. We showed
prominent differences regarding treatment responses between 2D monolayers compared to
3D spheroid and 3D organoid model systems. Particularly, the organoid system, regarded as
the closest representation of primary tumours, exhibited reliably the combinatorial effect of
ADAM17 inhibition and cisplatin in all three individual donors.

Conclusions: As two- and three-dimensional models of the same cell lines differ in their
responses to chemotherapy it is essential to validate treatment strategies in more advanced
model systems representing the patient situation more realistically. Ectocervical organoids
showed reliable results regarding treatment responses closely mimicking the primary tumours
and could therefore serve as an important tool for personalized medicine in cervical cancer.
These findings strengthen the role of ADAM17 as a potential novel target for combinatorial

treatments to overcome chemoresistance in cervical cancer.

Keywords: Cervical cancer; Organoids; Spheroids; ADAM17; Chemotherapy;
Personalized Medicine
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Introduction

According to the latest WHO data, one in four female gynaecological cancer deaths worldwide
can be attributed to cervical cancers [1]. Cervical carcinoma is highly associated with persistent
infections with oncogenic, high-risk human papilloma viruses (HR-HPV) [2], especially HPV16
and HPV18 [1, 2]. While surgical removal of the early-stage tumour is the standard of therapy,
advanced stages require radio- and chemotherapy. Since only around 25% of patients respond
adequately to existing chemotherapies [3], new strategies for the treatment of cervical cancer
cases are urgently needed.

Platinum resistance mechanisms in cervical cancer are manifold and include amongst others
the reduced uptake and enhanced efflux of chemotherapeutics, increased DNA repair, and
deactivation of pathways leading to apoptosis [4]. In other cancers, it has been shown that the
A Disintegrin and Metalloproteinase (ADAM) gene family is implicated in chemotherapeutic
resistance and the inhibition of family members is beneficial to improve platinum therapy in
vitro [5-8]. The ADAM gene family is involved in a variety of biological processes by activation
of several proteins such as growth factors via cleavage of membrane-bound precursor proteins
[5, 6, 9]. In cancer, ADAM10 and ADAM17 have been the most actively studied [10]. Both are
structurally and functionally related to each other. ADAM10s role in cancer progression and
initiation is less well understood but is thought to be related to increased cell migration and
invasion [10]. Elevated levels of ADAM10 have been associated with poor survival in cervical
cancer [11]. In contrast, ADAM17 has already been identified as a major mediator of therapy
resistance and prognosis in cancer [5, 6, 8, 12, 13]. In pathophysiological conditions, ADAM17
enhances the cleavage of growth factor ligands such as amphiregulin (AREG) and heparin-
binding EGF-like growth factor (HB-EGF) [12]. We have reported an increase in ADAM17
activity and substrate release in response to cisplatin treatment in ovarian cancer cell lines and
spheroids [5, 6]. Others reported that the expression of ADAM17 is associated with aggressive
progression and poor prognosis in cervical cancer [14].

The translatability of traditional two-dimensional models of cancer have been debated recently
[15], as those models lack features inherent of 3D tissues and organoids such as polarization
and compartmentalization. A common three-dimensional alternative model is the spheroid
model, composed of cancer cell lines or primary cells that aggregate in suspension or in
extracellular matrices [5, 15]. Spheroid models are often used to start off with, as they are
rather simple to implement and provide robust readouts [5]. Nevertheless, the arrangement of
cells is more or less random and phenotypes of spheroids are predominantly cell line specific.
Thus, some cell lines grow as dense spheroids including necrotic core formation and generate
nutrition and penetration gradients, whereas others form rather irregular loose cell aggregates
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86 lacking this zonal compartmentalisation. In order to form more structured and differentiated
87  structures closely representing the original tissue or tumours, a strong focus was laid on
88 generation of more complex models such as organoids. Recent developments have enabled
89 the culture of healthy cervical and cervical cancer organoids [16-18]. These organoids
90 represent an in vitro tool that preserves cellular heterogeneity and recapitulates tissue
91 architecture and functionality [16, 17]. It has been shown for various entities that the culture of
92  resected tumour material as organoids accurately represents the nature of the tumours [19-
93  21]. Initial studies show that the histological architecture of the cancer tissue, genetic signature,
94  tumour heterogeneity and thus also therapy response can be well mapped [19, 22].
95  Furthermore, we have earlier established three cervical cancer organoid lines [17, 18] and
96 shown that these lines elicit a differential response to yd T cells in co-culture compared to
97  healthy cervical organoids [16]. Few other studies using organoids have been presented for
98  cervical cancer [16, 19, 23] and an in vitro comparison of mono- and combination treatments,

99 for example with ADAM inhibitors, are currently missing.

100 To ensure an intra cell line-specific comparison whether chemotherapeutic responses are
101  differentin diverse cervical cancer models. We established two- and three-dimensional models
102  derived from three traditional cervical cancer cell lines and ectocervical cancer-derived
103  organoids. Additionally, we developed a robust and reliable image-based readout system for
104  quantification of matrix-embedded individual organoids, representing a powerful tool to assess
105 therapeutic efficacy. Following characterisation, these models were used to investigate their
106  individual response to cisplatin treatment in the absence and presence of ADAM inhibitors
107  using a multiplexed combination of viability assays and the above-described automated live
108 cell analysis tool.

109 Materials & Methods
110 Isolation of cervical tissue and cervical organoid culture

111  Specimens of human ectocervix were obtained from volunteers undergoing surgery at the
112 Department of Gynaecology, Charité University Hospital, and August-Viktoria Klinikum, Berlin
113 (Ethics Approval EA1/059/15). Samples were processed within 3 hours after resection and
114  informed consent was obtained from all donors. Organoids were derived from tissue resections
115  as previously described [16-18, 24]. Organoids were passaged every 5-7 days at a 1:3-1:5
116  ratio and seeded in Matrigel seven days before experiments. Patient characteristics are given

117  in Supplementary Table 1.

118  Cell lines and 3T3-J2 irradiation
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119  SIHA (ATCC, HTB-35; RRID:CVCL _0032) and CaSki (ATCC, CRL-1550; RRID:CVCL_1100)
120  cell lines were maintained in RPMI 1640 medium supplemented with L-Glutamine, 25 mM
121 HEPES (Capricorn, RPMI-HA), 1 mM sodium pyruvate (Capricorn, NPY-B), 1x
122 Penicillin/Streptomycin (Gibco, 15070063) and 10% foetal calf serum (Sigma, F7524). 3T3-J2
123 cells (kindly provided by Craig Meyers; Howard Green laboratory, Harvard University;
124  RRID:CVCL_W667) and C33A (ATCC, HTB-31; RRID:CVCL_1094) cell lines were maintained
125  in DMEM supplemented with sodium pyruvate, stable Glutamine (Capricorn, DMEM-HPSTA),
126 1x Penicillin/Streptomycin, 10 mM HEPES and 10% foetal calf serum.

127  For generation of feeder cells, the 3T3-J2 cells were irradiated with 30 Gy in a Gammacell 40
128  Exactor. After irradiation, 1x108 irradiated 3T3-J2 were seeded per T25 Flask and incubated
129  overnight until all cells attached to the surface.

130 Whole mount immunofluorescence assays (IFAs) and microscopic analyses

131  Phase contrast and brightfield images were taken using an IX50 (Olympus) microscope.
132  Images were contrast adjusted and scale bars were added using FIJI [25]. For fluorescent
133  microscopy, organoids were processed as described before [16, 26]. Images were taken using
134 a confocal laser scanning microscope 880 microscope (Zeiss), equipped with Plan-
135  Apochromat 20x/0.8 M27 and analysed with ZEN blue software (v3.5) and FIJI. Antibodies and
136  dilutions are listed in Supplementary Table 2.

137 Isolation of nucleic acids and real-time quantitative-polymerase chain reaction (RT-
138 qPCR)

139  HPV status was assessed as described before [16]. Genomic DNA (gDNA) was isolated with
140  the Quick-DNA Miniprep (Zymo, D3024) according to manufacturer's instructions.

141  RNA was extracted from cells using Direct-zol-RNA-Microprep kit (Zymogen, R2063) including
142 on-column DNase-l treatment following manufacturer’s protocol. RNA (>300 ng) was reverse
143 transcribed using the Lunascript RT Supermix Kit (NEB, E3010).

144  RT-gPCR was performed with a StepOnePlus (Agilent) using the Luna Universal gPCR Master
145  Mix (NEB, M3003), and included initial enzyme activation for 3 minutes at 95 °C, followed by
146 40 cycles of 20 s at 95 °C, 30 s at 60 °C and 20 s at 72 °C. A minimum of 5 ng cDNA/20 ng
147  gDNA was used per well. Melting curve analysis was performed to verify amplicon specificity.
148  Relative expression was calculated using the ACT method. HPV status was assessed by
149  electrophoresis of the amplified products. Amplicons were separated on a 1.5% agarose gel
150 containing SYBR Safe Nucleic Acid Gel Stain in 0.5x Tris-borate-EDTA-buffer. Signal was
151  recorded using a ChemiDoc MP Imaging System (Biorad).
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152  Table 1: Primer sequences.

Target Nucleic | Orientation | Sequence Source/ID
acid

HPV16 | gDNA For AGCTGTCATTTAATTGCTCATAACAGTA | [27]
Rev TGTGTCCTGAAGAAAAGCAAAGAC

HPV18 | gDNA For CGAACCACAACGTCACACAAT [27]
Rev GCTTACTGCTGGGATGCACA

GAPDH | gDNA For GGTATCGTGGAAGGACTCATGAC (18]
Rev ATGCCAGTGAGCTTCCCGTTCAG

ADAM10 | cDNA For TTTCAACCTACGAATGAAGAGGG 73747882c2 [28]
Rev TAAAATGTGCCACCACGAGTC

ADAM17 | cDNA For TTTCACGTTTGCAGTCTCCAA 73747888c3 [28]
Rev AGAAGCGATGATCTGCTACCA

GAPDH | cDNA For CTCCTGTTCGACAGTCAGCC [29]
Rev CCCAATACGACCAAATCCGTTG

153 IDs for gPCR Primers were derived from https://pga.mgh.harvard.edu/primerbank/index.html

154  Chemotherapeutic treatment and live cell imaging of spheroids and organoids

155  The imaging protocols were adapted from previous studies [5, 16]. For Spheroids, 5,000 SIHA,
156 7,000 CaSki and 10,000 C33A cells were seeded in ultra-low attachment (ULA), black-
157  transparent 96-well plates (Corning, 4520). An overview of tested cell numbers is given in
158  Supplementary Figure 1. After 24 (CaSki) to 96 (C33A and SIHA) hours of growth, cells were
159  incubated with 0.5x CellTox Green cytotoxicity dye (Promega, G8741), cisplatin (obtained from
160 the Clinical Pharmacy Services, UKSH, Campus Kiel), 3 uM ADAM10 inhibitor Gl 254023X
161  (Aobious, 3611) and/or 3 uM ADAM10/17 inhibitor GW 280264X (Aobious, 3632) [30, 31] or
162 the same volume of DMSO solvent control. A positive control of 2 pg/ml of Puromycin
163  (InVivoGen, ant-pr-1) was included. Live Cell Imaging measurements were performed using
164 the CELLAVISTA 4 automated cell imager in combination with the SYBOT X-1000 with
165 CYTOMAT 2 C-LiN system (all SYNENTEC). Wells were imaged every six hours for a total of
166 48 hours and afterwards fluorescence data and images were analysed and subsequently
167  extracted with the YT-Software (SYNENTEC) using the Spheroid Count (2F) application. The
168 following settings were used: Exciter: Blue (475/28) - Emissionfilter: Green Filter 530nm
169  (530/43). In short, the application detects the spheroids in the brightfield image, and analyses
170  the average fluorescence intensity (background-corrected) within this spheroid mask.

171 Cervical cancer organoid lines were pre-cultured for seven days in Collagen | pre-coated T25
172 flasks. Cells were then enzymatically digested with 1 ml TrypLE, pelleted at 300 xg, in
173  Advanced DMEM/F-12 and resuspended in 1 ml of Matrigel at a concentration of
174  50.000 cells/ml. Cells were seeded in 10 pl Matrigeldomes in Costar Flat White Clear Bottom
175  96-well plates (Corning, 3903). The Matrigel was allowed to polymerize for 30 min at 37 °C
176  and 100 pl of pre-warmed cervical organoid medium was added to the wells. The ~500 single
177  cells per Matrigeldome resulted in the formation of 50-100 organoids. After growth of 7 days,
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178  the organoids were treated and imaged similarly to the spheroids by addition of 0.5 x CellTox
179  Green cytotoxicity dye with cisplatin, 3 pM ADAM10 inhibitor GI254023X and/or 3 uM
180 ADAM10/17 inhibitor GW280264X or DMSO in 100 pl of pre-warmed cervical organoid
181  medium. Wells were imaged every six hours for a total of 96 hours and afterwards fluorescence
182  data and images were analysed and subsequently extracted with the YT-Software using the
183  Spheroid Quantification (2F) application. The settings were modified to detect all organoids in
184  the bright field channel and subsequently, the average intensity of the green channel
185  (background-corrected) within each single organoid was analysed.

186  Caspase and viability assays

187  For two-dimensional cell lines, a multiplexed caspase/viability assay was performed as
188  described before [5] using the Multiplex Assay ApoLive-Glo (Promega, G6411) kit.

189  For spheroids and organoids, the CellTiter-Glo 3D Cell Viability Assay was performed following
190  manufacturer’s instructions. After live cell imaging, excessive supernatant from the plates was
191  removed. To quantify viability, the reagent was thawed overnight and allowed to equilibrate for
192 30 min at room temperature (RT). After equilibration, the reagent was mixed 1:1 with PBS and
193  pipetted onto the wells. Well contents were mixed and allowed to stabilize at RT for 30 min.
194  Afterwards, luminescence was detected using an Infinite M200 Pro or Sparks plate reader
195 (Tecan).

196 SDS-PAGE and Immunoblotting

197  For SDS-PAGE analysis, cells were harvested, pelleted, and washed with ice-cold PBS. For
198  organoids, Matrigel was removed by incubation with cell-recovery solution (Corning) for 1 hour
199 at 4 °C. All cells were lysed in RIPA-buffer (50 mM Tris-HCI pH 8.0, 1 % NP-40 (Sigma,
200  492018), 0.5 % sodium deoxycholate (Sigma, D6750), 0.1 % SDS (Carl Roth, 0183), 150 mM
201  NaCl, and 5 mM EDTA). After assessing the protein content using the Pierce Rapid Gold BCA
202  Protein Assay Kit (Thermo, A53225) samples were diluted with 6 x Laemmli buffer (60% Tris-
203 HCIpH 6.8, 10 % SDS, 30 % glycerol (Carl Roth, 3783) and 0.01 % Bromophenol blue (Sigma,
204 B0126) containing 10 % B-mercaptoethanol (Carl Roth, 4227). Samples were boiled at 95 °C
205  for 5 minutes. 10 ug of protein per condition was blotted onto Amersham Protran nitrocellulose
206 membranes (Fisher Scientific, 10600016) using standard techniques and transfer quality was
207 validated by Ponceau S (Sigma, P3504) total protein staining. The membranes were blocked
208  for 1 hourin 1 x RotiBlock (Roth, A151) and incubated with primary antibodies overnight. After
209 three washing steps, membranes were incubated with respective peroxidase-conjugated
210 secondary antibodies and signals were detected using chemiluminescence with a ChemiDoc
211 MP Imaging System (Biorad). Antibodies and dilutions are listed in Supplementary Table 2.
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212  Statistical analysis and panel composition

213  Basic calculations were performed using MS EXCEL 2019 (Microsoft). Figures were plotted
214 using Prism 10.1.2 (GraphPad) or R 4.1 P values < 0.05 were considered as statistically
215  significant. Asterisks indicate statistical significance values as follows: * p < 0.05, ** p < 0.01,
216 " p < 0.001, **** p < 0.0001. The panel composition and annotations were created using
217  Affinity Designer 2.1.1 (Serif) or R 4.1.

218 Results

219 ADAMA17 inhibition sensitizes cervical cancer cell lines to cisplatin treatment

220  Forinitial two-dimensional experiments, we selected three commonly used cervical cancer cell
221  lines; C33A, CaSki, and SIHA cells. To confirm HPV integration in all lines, they were tested
222 for HPV16 and HPV18 integration, the two most common HR-HPVs. C33A cells were
223 confirmed negative for both viruses, while CaSki and SIHA cells were both positive for HPV16
224 (Figure 1A) as described before [32]. Afterwards, all cell lines were subjected to a titration with
225 cisplatin in the presence and absence of the ADAM10 inhibitor G1254023X (Gl) or the
226 ADAM10/17 inhibitor GW280264X (GW). After two days of incubation, viability and cell death
227  quantified by Caspase 3/7 activity were assessed (Figure 1B & C). All three cell lines reacted
228  differentially to the treatment. SIHA cells were strongly resistant to cisplatin with an IC50 of
229  17.37 uM, C33A showed intermediate resistance with an IC50 of 9.595 uM, while CaSki cells
230  were rather sensitive to cisplatin indicated by an IC50 of 3.943 uM (Figure 1B). When treating
231 the cells with a combination of ADAM10 inhibitor Gl in combination with cisplatin, 1C50s
232 increased in all cell lines (12.81 uM, C33A; 6.679 uM, CaSki; 23.84 uM, SIHA), indicating that
233 inhibition of ADAM10 in 2D monolayers rather increased their resistance potential to cisplatin.
234 In contrast, inhibition of both proteases using the combinatorial ADAM10/17 inhibitor GW
235  strongly enhanced cellular response to cisplatin exhibited by significantly, decreased IC50
236  values (1.388 uM, C33A; 0.173 uM, CaSki; 10.52 uM, SIHA)(Figure 1B). In addition, Caspase
237  3/7 activity was significantly increased by more than 2-fold in all cell lines after ADAM10/17
238 inhibition in comparison to cisplatin monotreatment in concentrations > 15 uM (Figure 1C),
239  whereas sole inhibition of ADAM10 by Gl did not affect the response to cisplatin. Taken
240  together, the three cell lines showed cell line-dependent responses to cisplatin treatment.
241 Combination treatment with GW sensitized cells to cisplatin treatment, while same treatment
242  with Gl increased cell viability.

243  Characterization of cervical spheroids

244  As the translatability of two-dimensional models to in vivo responses is debated [15, 33], we

245  implemented advanced three-dimensional cell culture models to validate our treatment effects
8
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246 (Figure 2). Cell lines grown as 3D cultures in ultra-low attachment plates showed different
247  spheroid morphologies; while C33A and SIHA cells aggregated loosely, CaSki cells formed
248  compact spheroids rapidly as described previously (Figure 2A, B, Supplementary Figure 2)
249  [34]. To assess potential changes of 2D vs 3D cultures we assessed protein expression of
250 multiple markers for either tissue origin or cancer characteristics, like Marker of Proliferation
251  KI67 (KI67), Cytokeratin 5 (KRT5), Tumour Protein 53 (P53), and ADAM17 (Figure 2C).
252  Interestingly, all spheroid (3D) cultures showed increased expression of KI67 in contrast to
253  traditional 2D culture. Only CaSki cells expressed Cytokeratin 5 (KRT5), indicating ectocervical
254 origin. Interestingly, despite being also derived from squamous epithelium, C33A and SIHA
255  cells showed no KRT5 expression, as was pointed out before [35, 36]. P53 expression was
256  high in C33A spheroid culture and low in both types of CaSki cultures. No significant p53
257  expression was detected in SIHA cells as described before [32]. We detected expression of
258  ADAM17 in all cervical cancer cell lines and abundance of the pro-form (P) of ADAM17 was
259  comparable between lines and culture conditions, while the active form (A) was expressed
260  more prominently in the spheroid conditions. To assess the level of transcriptional expression
261  between 2D and 3D we performed RT-qPCR of ADAM10 and ADAM17 (Figure 2D,
262  Supplementary Figure 2). The overall number of transcripts was comparable. However, CaSki
263 cells expressed significantly more transcripts after spheroids generation, while no significant
264  difference was found in C33A and SIHA cells (Figure 2D, Supplementary Figure 2).

265 C33A and CaSki spheroids are sensitized to cisplatin by ADAM10 and ADAM17
266  inhibition

267  To assess whether the transformation into spheroids changes the response to treatment, we
268  subjected the spheroid cultures of all three cell lines to cisplatin treatment in the presence and
269 absence of ADAM inhibitors. Viability was assessed by ATP quantification and live cell
270  imaging. During the 48 hours long incubation, the spheroids were imaged every 6 hours with
271  an automated imaging system in the presence of CellTox Green dye to stain dead cells. The
272 live cell imaging revealed that the cell lines reacted cell line-dependent to cisplatin treatment
273 (Figure 3). ADAM17 inhibitor GW significantly increased cytotoxicity in CaSki cells, while in
274  C33A and SIHA cells no differences between conditions were observed (Figure 3A,
275  Supplementary Figure 3). Quantification of cytotoxicity for all three cell lines and cisplatin
276  concentrations is shown in Supplementary Figure 4.

277  After live cell imaging, cell viability was assessed by quantification of ATP. Responses of
278  spheroids were similar to two-dimensional cultures (Figure 3B). CaSki cells remained highly
279  sensitive to cisplatin. C33A and SIHA cells exhibited comparably high IC50s of 18.85 uM and
280  26.25 pM cisplatin, respectively (Figure 3B). In contrast to 2D cultures, Gl sensitized cells to

9
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281  cisplatin treatment. Inhibition of ADAM10 nearly halved the IC50 for C33A and almost by a
282  factor of 10 for CaSki cells. The combined inhibition of ADAM10 and ADAM17 was even more
283  effective in both spheroid cultures. Interestingly, while C33A and CaSki cells showed a strong
284  response to ADAM10 and ADAM17 inhibition, even in the absence of cisplatin, SIHA cells were
285  not affected by ADAM inhibition as changes in both conditions were negligible (Figure 3B).

286  Characterization of cervical cancer organoids as patient-specific model

287  To better depict tissue architecture and tumour heterogeneity in comparison to cancer cell
288 lines, we have established organoids from cervical cancer before [16-18]. All lines could be
289  propagated in collagen-coated cell culture flasks or extracellular matrices, like Matrigel, and
290  were positive for ectocervical marker KRT5 (Figure 4A). Two of the lines, Pat1 and Pat2 show
291 integrated HPV16, while Pat3 is positive for HPV18 (Figure 4B). We again assessed
292  differences in protein expression between 2D and 3D cultures. Interestingly, all patient lines
293  showed differences between 2D and 3D culture (Figure 4C). KI67 and P53 were only
294  detectable in 3D cultures in all lines. Pro-forms of ADAM17 were comparable between cultures.
295 The active form of ADAM17 showed differential expression in both 2D to 3D culture, and
296  between patient samples, with 3D culture generally showing less expression (Figure 4C).
297  KRT5 displayed multiple bands in 2D culture in Pat1 and Pat3, and in both culture methods of
298  Pat2, indicating patient specific differences. To confirm expression differences of ADAM10 and
299 ADAM17 we also conducted transcriptomic analysis by RT-qPCR (Figure 4D, Supplementary
300 Figure 2). We could confirm the decrease of ADAM10 and ADAM17 expression at the
301 transcriptomic level. ADAM10 and ADAM17 were significantly decreased in all patient cells
302  after converting from 2D to 3D, except for ADAM10 in Pat3 (Figure 4D, Supplementary Figure
303 2). However, ADAM10 expression was also lowest in Pat3 (Supplementary Figure 2).

304 Cervical cancer organoids are sensitized to cisplatin by ADAM17 inhibition

305 To investigate whether these lines can model patient-specific differences to
306 chemotherapeutics, we modelled the responses to cisplatin monotherapy and combinatorial
307 treatment with ADAM inhibitors by live cell imaging (Figure 5). In comparison to untreated
308  controls, cisplatin treated organoids showed increased cytotoxicity (Figure 5A. Supplementary
309 Figure 3 and 4). Combinatorial inhibition of ADAM10 or ADAM17 with cisplatin significantly
310 increased cytotoxicity in all patient lines. Following live cell imaging, again viability assays were
311  performed. In these, all our organoid lines showed IC50s = 14 (Figure 5B). Pat2 showed the
312 highest IC50 with 26.21 pM (Figure 5B). Combinatorial treatment with the ADAM10 inhibitor
313 Gl sensitized all three different organoid lines to cisplatin. While in organoids from Pat1 the
314  IC50 was decreased from 15.36 uM to 10.86 uM, it was reduced from 26.21 uM to 18.23 uM

315 in Pat2, and nearly halved for Pat3 from 14.61 puM to 7.809 uM (Figure 5B). Importantly, when
10
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316  incubated with the ADAM10/17 inhibitor GW the IC50s further decreased. Pat1’s IC50 for
317  cisplatin halved from 15.36 to 6.33 during combinational treatment (Figure 5B). Pat2 which
318 showed high resistance to cisplatin monotreatment displayed a reduction of the IC50 from
319 26.21 to 8.443 uM cisplatin (Figure 5B), resulting in a comparable level to Pat1. Pat3-derived
320 organoids exhibited high sensitivity to ADAM17 inhibition as monotreatment with GW already
321  reduced viable cells by 40%. The IC50 in combinational treatment was reduced by around 90%
322 from 14.61 pM to 1.323 uM (Figure 5B).

323  In summary, combinational treatment using ADAM10/17 inhibitors strengthened the effect of
324 cisplatin in ectocervical organoids. Cervical cell lines differed in their responses to
325 chemotherapy between two- and three-dimensional models of the same cell lines. Inhibition of
326 ADAM17 showed a potent effect on cisplatin sensitivity in all models and culture conditions.
327  These findings strengthen the role of ADAM17 as a potential novel target for combinatorial

328 treatments to overcome chemoresistance in cervical cancer.
329 Discussion

330 During the past decades, the importance of advanced patient-derived model systems,
331  particularly for cancer therapy, is continuously growing. Here, we present a comparison of
332  multiple cellular model systems to study novel combinatorial treatments to overcome
333  chemotherapy resistance in cervical cancers focusing on the inhibition of the metalloproteases
334 ADAM10 and ADAM17. Even though we showed prominent differences regarding treatment
335 responses between two-dimensional monolayers compared to three-dimensional spheroid-
336 and three-dimensional organoid model systems, the pivotal role of the metalloprotease
337 ADAM17 driving chemotherapy resistance was detectable in all cultures irrespective of the
338  model system used. Particularly, the organoid system, regarded as the closest representation
339  of primary tumours [21], presented reliably the combinatorial effect of ADAM17 inhibition and
340 cisplatin in all three individual patients. These findings strengthen the role of ADAM17 as a
341  potential novel target for combinatorial treatments to overcome chemoresistance in cervical

342 cancer.

343  Alike other cancers, chemoresistance in cervical cancer presents one of the major clinical
344  challenges [4]. Therefore, the generation of novel treatments or treatment combinations
345  together with or besides chemotherapy and radiation is fundamentally needed. Recently,
346  antiangiogenic agents like bevacizumab and the checkpoint inhibitor pembrolizumab (Clinical
347  trial NCT04221945)[3] were added to the standard platinum-paclitaxel-based first line
348  chemotherapy, leading to an increase in progression-free survival in advanced cervical cancer.
349  Other strategies include the combination of platin-based therapeutics with PARP inhibitors,
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350 HPV vaccinations, and Ribonucleotide reductase (RNR) inhibitors [37]. Nevertheless, the rate

351  of non-responders is still substantial [38].

352  The metalloproteases ADAM10 and ADAM17 have been studied extensively in the past
353  decades [39]. Next to the regulation of inflammatory processes they play an essential role in
354  tissue regeneration and pathologically in tumour development. Malignant cellular behaviour,
355  such as invasion, proliferation, and angiogenesis, was associated with enhanced expression
356  or activation of these ADAM-members in vitro and resulted in enhanced tumour growth in vivo
357 [10]. Tissue expression of ADAM17 correlated with severe outcomes in mammary carcinoma
358 patients and underlined its critical role in cancer [40]. Most of the pathological effects of these
359 proteases in relation to cancer can be explained by an enhanced growth factor release like
360 Amphiregulin (AREG), heparin binding-EGF like growth factor (HB-EGF) or epithelial growth
361 factor (EGF). By binding to their respective receptors like epithelial growth factor receptor
362 (EGFR), Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2/HER2), HER3 and other receptor
363  tyrosine kinases. Activation of well-known downstream cascades like the MAP Kinases or
364  Phosphatidylinositol-4,5-Bisphosphate 3-Kinase (PI3K)/ AKT Serine/Threonine Kinase (Akt)
365 finally leads to enhanced tumour cell survival, inhibition of apoptotic signalling or enhanced
366 metastasis [10, 39].

367 In cervical cancer, infection with HR-HPV plays an essential role in disease initiation and
368 consequently, almost all cervical cancers are HPV-positive, mostly with HPV16 and HPV18
369 [2]. The oncogenicity is mainly instigated by subunits E6 and E7 that cause Tumour protein 53
370  (TP53) degradation, inhibition of Cyclin Dependent Kinase Inhibitor 1A (CDKN1A/P21) and RB
371  Transcriptional Corepressor 1 (RB1), and E2F Transcription Factor (E2F) activation leading to
372 continuous cell cycle activation and decreased apoptosis [41]. In head and neck cancer, it has
373  been described that HPV-negative and -positive cancers differ in deviant pathway activation
374  and their responses to chemotherapeutics [42]. While in cervical cancer HPV-positive cancer
375 represents the majority, responses to chemotherapy differ to HPV-negative cancers mainly
376  due to differences in mutational signatures [43]. In contrast to head and neck cancer, is it
377  believed that HPV-positive cervical cancer is less chemoresistant as DNA damage repair is
378 altered due to genetic HPV-induced changes in pathways involving, amongst others, TP53,
379  Cyclin Dependent Kinase Inhibitor 2A (CDKN2A/p16), and Lysine Acetyltransferase 5
380 (KATS5/TIP60) [44]. In contrast to chemotherapy, we have earlier demonstrated that HPV-
381 oncogene E6E7-transformed healthy cervical cells, and HPV-positive cervical cancer cells
382  exhibit higher cytotoxicity mediated by yd T cells when in co-culture [16]. Interestingly, also
383 ADAM10 and 17 have been shown to be induced by HPV infection [11, 45]. Next to the well-
384  known pro-tumorigenic characteristics of ADAM17, it was demonstrated, that in cervical
385 cancer, expression of ADAM17 is actually required for the HPV entry platform assembly via
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386  CD9, transforming growth factor alpha (TGFa) and phosphorylated Mitogen-Activated Protein
387 Kinase 1 (MAPK1/ERK) [45]. Therefore, and based on our prior study focussing
388 chemoresistance in ovarian cancer we aimed to unravel a potential mechanism of

389  chemotherapy associated activation of these proteases in cervical cancer.

390 The role of ADAMs in chemotherapy resistance has been described earlier for other entities
391  such as cervical cancer, liver cancer, colorectal cancer and bladder cancer [5-8, 10, 46]. In line
392  with our previous studies focussing on chemoresistance in ovarian cancer [5-7], we showed
393  strong combinatorial effects of ADAM17 inhibition and cisplatin treatment in cervical cancer.
394 Interestingly, these effects were most prominent in two-dimensional cultures, three-
395 dimensional ectocervical cultures of CaSki cells as well as in primary ectocervical organoids,
396  but less pronounced in spheroids of SIHA and C33A. Differences in treatment responses in
397 2D vs. 3D have been reported frequently and can be explained by various mechanisms leading
398 from differential target expression patterns to differences in diffusion rates through media,
399  outer cell layers or extracellular matrices [47]. For our particular set of cell lines, others showed
400 similar divergences in treatment responses [48]. In line, with our data on SIHA and C33A, it
401  has been reported that tumour spheroids show elevated chemoresistance in comparison to
402  two-dimensional cultures [49]. Based on current literature, tight spheroids generally tend to
403  represent rather chemoresistant phenotypes compared to loosely formed aggregates. We
404  observed this phenomenon in our OvCa spheroids likewise, but not in our cervical model [5].
405  Although CaSki cells, formed tight spheroids, they responded with higher cytotoxicity to
406  cisplatin treatment compared to loose aggregate forming SIHA and C33A cells [49]. Therefore,
407  we hypothesise that in our model setup there are other more dominant factors affecting
408 chemoresistance apart from hypoxic gradients and diffusion of chemotherapeutics, which
409  underscores the effects of 3D organization in the biology of cells.

410  Surprisingly, from the three cell lines, only CaSki cells expressed KRT5, a marker for
411  ectocervix. However, all of them are described to be derived from squamous cell carcinoma.
412 While endo- and ectocervical cancers differ in their mutational signatures and behaviour, the
413  absence of essential markers of tissue origin indicates significant deviations from initial tissue-
414  derived programming that could influence resistance mechanisms and cellular behaviour.
415  These changes are indicative of the differences in junctional protein expression between cell
416  lines. Supporting this, SIHA and C33A have been shown to lack expression of major cell-to-
417  cell junctional compartments such as E-Cadherin (CDH1) [50]. Additionally, CaSki showed
418  distinct cellular invasion patterns compared to SIHA cells that invade significantly slower [34].
419 It can be speculated that inhibition of ADAM10 is more effective in 3D spheroid cultures as
420 ADAM10 plays a major role in cell migration and invasion, and thus in restructuring of cell-to-
421  cell connections. Supporting this, cleavage of CDH1, N-Cadherin (CDH2), L1 Cell Adhesion
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422 Molecule (L1CAM), and CD44 by ADAM10 has been reported [10]. While both, ADAM10 and
423  ADAM17, have been shown to modulate cell-to-cell and cell-to-matrix interactions [10, 51],
424  (differential expression was not uniform between cell lines and patients after conversion from
425 2D to 3D. Further studies should investigate other ADAM family members that have been
426  implicated in the observed processes by others [52].

427  Until recently, cervical cancer modelling using organoids has been largely underrepresented
428  incomparison to other entities, such as ovarian carcinomas [19, 53, 54]. While cancer organoid
429  protocols share similarities, most include varying cocktails of growth factors and hormones,
430 such as epithelial growth factor (EGF), WNT Family Member ligands, and/or Hepatocyte
431  Growth Factor (HGF). It is likely that specific culture conditions favour specific mutational loads
432  and the importance of culture conditions on chemoresistance and marker gene expression has
433  been pointed out recently [54]. So far, few other groups have described the establishment of
434  cervical cancer organoids [23, 55, 56]. In our study, patient-derived organoids show clear
435  deviations from immortalized cell lines. All of our isolates show resistant phenotypes that are
436  affected by ADAM10/17 inhibition. Interestingly, while all our organoid isolates exhibited
437  resistant phenotypes to cisplatin treatment, others found varying responses based on tumour
438  origin and phenotype [55, 56].

439  Several groups and companies focussed on the generation of ADAM17 targeting antibodies
440 or ADAM17 inhibitors like INCB7839 (summarized in Wang, Xuan [46]), of which some reached
441  Phase Il trials. Most of those studies had to be terminated because of side effects or lack of
442  drug efficacy. Clinical studies focussing on ADAM17 inhibition often suffer from high toxicity
443  and high structural homology of the catalytic domains of ADAM-family members. Recently the
444  focus has shifted on the non-catalytic domains that appear to be more promising [46, 57].
445  Therefore, our individualised organoid systems, complemented with our newly developed
446  automated readout tools to predict treatment responses, would present an important tool to
447  foster personalised therapy in cervical cancer. In hindsight of our study and the results of others
448  [54-56], the optimization of cervical cancer organoid establishment pipelines with the aim of
449  personalized medicine and treatment options should focussed, especially if surgery is
450  excluded as therapeutic option. The direct correlation of driver mutations, protein expression
451  and activation to potential therapy options should be emphasized and pave the way to novel
452  target driven therapies. The involvement of ADAM10/17 inhibitors during treatment could
453  enhance the chemotherapeutic efficacy of first line treatment such as cisplatin therapy.
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487  Figure legends:

488  Figure 1: Combinatorial Effect of ADAM10/17 inhibition on two-dimensional monolayers
489  A) Characterization of HPV integration status of C33A, CaSki, and SIHA cells. RT-qPCR
490  experiments show mean (x SEM) from 3 independent experiments. B) Viability and C)
491  Caspase activity quantification of C33A, CaSki, and SIHA cells after treatment with Cisplatin
492  with/without 3 uM ADAM10 inhibitor G1254023X or ADAM10/17 GW280264X inhibitor for 48
493  hours. Data shows mean (x SEM) of = 3 independent experiments per cell line. Statistical
494  significance to DMSO solvent control was determined using a Two-Way-ANOVA with Tukey’s
495  correction for multiple testing. ns not significant * p < 0.05, ** p < 0.01, ** p < 0.001, *™** p <
496  0.0001.

497  Figure 2: Characterization of C33A, CaSki, and SIHA spheroid cultures. A) Brightfield
498 images of two- and three-dimensional cultures of cervical cell lines. C33A and SIHA cells show
499  formation of loose aggregates in contrast to CaSki cells that form dense spheroids. B) Time
500 course of spheroid aggregation pattern of individual cell lines. Aggregation of CaSki spheroids
501 was completed after 24 hours. C) Comparison of protein expression of marker genes between
502 two- and three-dimensional cultures by western blot. P indicates ADAM17 pro-form, and A
503 indicates the active form. D) Comparison of transcriptional expression of ADAM10 and
504 ADAM17 by RT-gPCR. Experiments show mean (+ SEM) of 3 independent experiments. Scale
505 bars indicate 100 um (2A, upper panel) or 300 um (2A, lower panel and 2B).

506 Figure 3: Combinatorial effect of ADAM inhibition on three-dimensional cervix cancer
507 cell spheroid cultures. A) Accumulation of cytotoxicity as measured by live cell imaging with
508 CellTox Green over time. Exemplary cisplatin concentrations with/without 3 uM ADAM10
509 inhibitor GI254023X or ADAM10/17 GW280264X inhibitor are shown; 10 uM for C33A, 1 uM
510 for CaSki and 20 uM for SIHA cells. Data shows mean (x SEM) from 3 independent
511  experiments per cell line. Representative images are displayed below. Scalebar indicates 100
512  um. Enlarged images are given in Supplementary Figure 3. Other cisplatin concentrations are
513 given in Supplementary Figure 4. B) Viability quantification of C33A, CaSki, and SIHA
514  spheroids after treatment with Cisplatin with/without 3 pM ADAM10 inhibitor GI254023X or
515 ADAM10/17 GW280264X inhibitor for 48 hours. Data shows mean (x SEM) of 3 independent
516  experiments per cell line. Statistical significance to DMSO solvent control was determined
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517  using a Two-Way ANOVA with Tukey’s correction for multiple testing. ns not significant ** p <
518 0.01, ** p < 0.001, **** p < 0.0001.

519 Figure 4: Characterization of cervical cancer organoids. A) Representative fluorescent
520 images of three-dimensional and brightfield images of two- and three-dimensional cultures of
521  ectocervical cancer-derived organoids. Ectocervical marker cytokeratin 5 (KRT5) is stained in
522  green, nuclei are stained with Hoechst33342 (blue). Scale bars indicate 100 um. B)
523  Characterization of HPV integration status of all three organoid lines. RT-qPCR experiments
524  show mean (x SEM) from 3 independent experiments. C) Comparison of protein expression of
525 marker genes between two- and three-dimensional organoid cultures by western blot. P
526  indicates ADAM17 pro-form, and A indicates the active form. D) Comparison of transcriptional
527  expression of ADAM10 and ADAM17 by RT-gPCR. Data shows mean (x SEM) of 3
528 independent experiments.

529  Figure 5: Cervical organoids show patient-specific responses to monotherapy with
530 cisplatin and combinational treatment with ADAM inhibitors. A) Accumulation of
531  cytotoxicity measured by live cell imaging with CellTox Green over time. A representative
532  cisplatin concentration (10 uM) with/without 3uM ADAM10 inhibitor G1254023X or ADAM10/17
533 inhibitor GW280264X is displayed. Data shows mean (£ SEM) from individual organoids of =
534 3 independent experiments per patient. Up to 243 organoids per condition were assessed.
535 Exemplary images are displayed below. Scalebar indicates 300 um. Enlarged images are
536 given in Supplementary Figure 3. Other cisplatin concentrations are given in Supplementary
537 Figure 4. B) Viability quantification of single organoids after treatment with Cisplatin
538  with/without 3 uM ADAM10 inhibitor GI254023X or ADAM10/17 GW280264X inhibitor for 96
539  hours. Data shows mean (£ SEM) of = 3 independent experiments per patient. Statistical
540  significance to DMSO solvent control was determined using a Two-Way ANOVA with Tukey’s
541  correction for multiple testing. ns not significant * p < 0.05, ** p < 0.01, **** p < 0.0001.
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