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Foreword

With over 19.3 million new cases diagnosed worldwide and almost 10 million deaths in
2020, cancer remains a particularly deadly disease that imposes a global health burden (Figure
i). Currently, lung cancer is the leading cause of all cancer deaths (25.1%) [1]. According to the
report of the International Agency for Research on Cancer (IARC) on February 4t 2020, cancer
is now the most common form of death worldwide only second to heart disease [2]. The World
Health Organization (WHO) estimates that cancer deaths will see a 60% increase over the next

two decades to reach around 16 million deaths in 2040, if current trends continue [3].

Incidence Mortality

Breast
B 2 261 419 (11.7%)

Lun
1796 144 (18%)

Lun
2206 771 (11.4%)

Colorectum
935 173 (9.4%)
Other cancers
4942 847 (49.6%)
Other cancers

10 389 647 (53.9%) Colorectum
1931 590 (10%)

Liver
830 180 (8.3%)

Prostate
1414 259 (7.3%)
Stomach

Stomach 768 793 (7.7%)

1089 103 (5.6%) i Breast
684 996 (6.9%)

19.3 million 10 million
New Cases Deaths

Figure i. The top 5 cancers with highest incidence and mortality worldwide in 2020.
Estimated percentages of new cancer cases and cancer deaths cover all ages, all cancers
and both sexes. From http://gco.iarc/survival/survmark

To minimize the risk of cancer, changes in lifestyle are highly recommended. These include
abandoning smoking, adopting a healthy diet, maintaining a recommended body-mass index,
avoiding excessive UV exposure and acquiring appropriate vaccinations [4]. Early and accurate
diagnoses are vitally important to improve the survival rate. Once a patient has been
diagnosed with cancer, eight possible treatment options are available listed by the National
Cancer Institute (NCI): surgery, chemotherapy, radiation therapy, immunotherapy, targeted
therapy, stem cell transplant, hormone therapy and precision medicine [5]. However, most
cancer patients experience symptoms at late stages of the disease, with a delay in the
diagnosis, which narrows the range of treatment options and their efficacy. Such is the case

of gastric cancer (GC), to which this thesis is dedicated [6].



Foreword

Currently, only one potential anti-cancer agent out of 5000 to 10 000 is approved by the Food
and Drug Administration (FDA) and only 5% of therapeutic molecules entering phase | clinical
trials are ultimately approved [7]. One of the major challenges in the development of new

cancer treatments is the transfer of important advances from «bench to bedside» [8].

This thesis is dedicated to GC, also named stomach cancer. | mainly discuss the
development of a flexible three-dimensional (3D) culture system named spheroid as a
complex GC model. During the thesis, this model was first characterized and next served to
study cancer cells toxicity of an adjuvant drug candidate for repurposing in the treatment of
GC. Such a 3D culture model will also be used to understand the organization of distinct cell

types cohabitating within 3D structures using laser microscopy.
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I.1. Epidemiology, Incidence and Risk Factors

Gastric cancer (GC) is an important contributor to the global burden of cancer [1]. Less
than a century ago, it was the most common cancer in the world [2]. According to data from
Global Cancer Statistics in 2020, GC is the fifth most commonly diagnosed cancer (1 089 109
new cases) and the fourth leading cause of cancer-related deaths (768 793 deaths) worldwide
[3]. The decreasing trend of GC incidence in most populations is due to the decline in
Helicobacter pylori (H. pylori) infection rates [4] in addition to lifestyle modifications of dietary
and environmental risk factors, especially in developed countries. The incidence rates are
almost twice as high in men than in women. There is a marked geographical variability in the
incidence of GC, where it is highest in Central and East Asia followed by Latin America and
Eastern Europe [5]. Although Western Europe has intermediate to low rates of GC with 28 490
new cases in 2020, the mortality rate is still high with around 18 000 deaths in 2020 (mortality
rate: 63%) [6] (Figure I.1 and Figure 1.2).

Estimated age-standardized incidence rates (World) in 2020, stomach, both sexes, all ages
:'-'. A . & - .

ASR (World) per 100 000

2108
71-108
B 5071

3850 B ot oppicable
<33 No data

Figure I.1. Worldwide estimated age-standardized (ASR) incidence of gastric cancer in
2020.
From http://gco.iarc/survival/survmark
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Mortality rates from GC are higher in areas of high incidence such as Central and East Asia and

Latin America (Figure 1.2).

Estimated age-standardized mortality rates (World) in 2020, stomach, both sexes, all ages
o o ( o -

ASR (World) per 100 000

282
56-82
40-56

2840 B Notappicable
<28 No data

Figure 1.2. Worldwide estimated age-standardized (ASR) mortality of gastric cancer in
2020.
From http://gco.iarc/survival/survmark

Survival rates in GC are highly dependent on the stage at time of diagnosis as well as on the
surgical intervention [7]. The overall case fatality rate of GC is 71% compared to 48% for
colorectal cancer and 94% for pancreatic cancer. Advanced GC have a 5-year survival of less

than or equal to 5% [8].

H. pylori infection is the main risk factor of GC (associated with 78% of all GC) inducing
inflammation of the gastric mucosa. It carries an odds ratio of 6 for the development of GC
within 10 years of infection [9, 10]. GC and H. pylori infection association is likely related to
the geographical distribution and to the socio-economic levels of countries, where it is
stronger in certain regions of the world (East Asia) [11, 12]. In contrast, in other areas of the
world (Taiwan, India), H. pylori infection is high but GC incidence is low. Such differences could
be related to the interactions between H. pylori and different environmental factors as well
as the different geographical distribution of H. pylori strains [13]. Dietary factors (e.g. salted,

smoked, or chemically preserved foods) [14], smoking and alcohol consumption [15], Epstein-
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Barr virus (EBV) infection [16, 17], are all considered as GC risk factors.

In addition, 1 to 3% of GC are related to familial syndromes [18], and inherited mutations of
certain genes have been found to increase the risk of GC. Hereditary diffuse GC (HDGC) is an
autosomal dominantly inherited condition caused by a germ line mutation in the cadherin-1
(CDH1) gene [19], a gene that encodes a cell adhesion protein: E-cadherin. The average age of
GC diagnosis in patients carrying a pathogenic variant of CDH1 is 37 years [20]. Lynch
syndrome has also been identified to increase the incidence of GC [21]. It is an autosomal
dominant disease with a germ line mutation in one allele of one of the genes of the DNA
mismatch repair (MMR) system; mainly MutL Homolog 1 (MLH1) and MutS Homolog 2
(MSH2), the second event causing the malfunction of this system will be somatic [22]. Another
syndrome is the familial adenomatous polyposis, an autosomal-dominant colorectal cancer
syndrome caused by germ line mutations in the adenomatous polyposis coli (APC) gene, a
tumor suppressor gene [23, 24]. Patients carrying these mutations have a high risk of other
neoplasia, in addition to GC [25]. p53 germline mutation (R158G, G->C471), in one family, was
also associated with a cluster of predominant GC [26]. GCrisk factors are summarized in Figure

1.3.

Chronic Gastritis

Gastric
Cancer

Smokin e

P I

I ¢ |

BB

| 1 Genetic

P ! _ _Predisposition _ _

|, o] | . 111 - =S
- L T N,
l. - - ?“ I?'. »‘(. “l

Figure 1.3. Gastric cancer risk factors.
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I.2. Gastric Cancer Classification

The vast majority of GC are adenocarcinomas (approximately 95%). Less frequent
variants include lymphoproliferative, mesenchymal and neuroendocrine tumors [27]. Primary
adenocarcinomas of the stomach develop from the epithelial cells of the gastric mucosa.
Based on their anatomic location, they can be primarily classified into two subtypes: i) cardia
cancers arising in the upper cavity of the stomach adjoining the gastroesophageal junction

(GEJ) and ii) non-cardia cancers arise from the antrum (Figure 1.4).

Gastroesophageal
junction

Duodenum

Figure 1.4. The Siewert-Stein classification of gastroesophageal region cancers.

Type | gastric adenocarcinomas (GAC) are located within 1-5 cm above the anatomical
gastroesophageal junction (GEJ). Type Il tumors are arising from the short segment
between 1 cm above and 2 cm below the GEJ. Type Il adenocarcinoma are located 2 to 5
cm below the GEJ. From: Ajani, 2017 [27].

In the 1980s, Siewert-Stein established a classification system that differentiates tumors
arising at the distal esophagus type | from those arising at the GEJ type Il or subcardial type Il
[28] (Figure 1.4). Lauren’s criteria are widely used to classify gastric adenocarcinomas (GAC),
differentiating them histologically into intestinal and diffuse types [29] (Table I.1). The
intestinal subtype is characterized by visible glands and cohesion between tumor cells. The
diffuse subtype comprises poorly cohesive cells, diffusely infiltrating the gastric wall with little

or no gland formation (Figure 1.5).
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Table I.1. Differences between Lauren’s intestinal and diffuse types.
Adapted from: Assumpgao, 2020 [30].

Lauren’s Types Gastric Adenocarcinoma

Chapter |

Characteristic

Intestinal Diffuse
Incidence trend Declining Stable
Prevalence in endemicareas Higher Lower
Environmental influence Strong Weak
Age of occurrence old Young
Geneticfactors Weak Strong
Location of tumor Distal Proximal

Macroscopic growth pattern

Growth into the lumen

Tumor spreads along the gastric wall

Carcinogenesis

Well known

Unknown
Prognosis Better Worse
a =
E Pit cells.
= —1 Turnover:
1 = 3 days
=
— Isthmus
= N stem cell
PR A= region
3 =
= = Gland cells.
s Eg || Tumover:
== few days
g § _:; - 6 months
= 3 Gland base
~ 2, stem cell
7“\\‘ region
Corpus
unit
b
Normal Tumor

Proliferating cell
Mucus cell

Parietal cell

@ Chief cell
@ Tumor cell
@ FProliferating tumor cell
@ Pgc’ tumor cell
@ Signet ring cell

Figure 1.5. Organization of gastric glands.

a: Each gland is divided into four regions: the pit, isthmus, gland neck and gland base.
Stem cells reside in the isthmus and gland base where they divide and differentiate,
renewing the various cell types of the gland. From: Pompaiah, 2017 [31]. b: Diffuse GC
model, representation of the cell-type distribution in tumors. From: Seidlitz, 2019 [32].
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The 2019 edition of the American Joint Committee on Cancer (AJCC) specified that any tumor
with a distance > 2 cm from the GEJ (type lll), even if it involves the junction, should be staged
according to the TNM (tumor, nodes, and metastases) of GC system [33]. This international
TNM classification evaluates the extension of the tumor and thus defines the tumor stage.
This classification is important in management of the patient, both for the establishment of

prognosis and for adapting therapeutic strategies [34] (Figure 1.6).

Primary Tumor (T) Lymph Node Metastasis (N) Distant Metastasis (M)

MO - No distant metastasis

' | Submucosa

™

Mucosa

T1 — Tumour invades lamina propria,
muscularis mucosae or submucosa

Muscularis Propria
Submucosa

T2

Mucosa

T2 — Tumour invades muscularis propria

| Serosa
i Muscularis Propria

| Submucosa

Mucosa

T3 - Tumour penetrates subserosal
connective tissue

| Serosa
| Muscularis Propria
| Submucosa
|
T4 Mucosa |
‘ \
T4 - Tumour invades serosa (T4a) or N3 - Metastasis in 7-15 (N3a) or
adjacent structures (T4b) >16 (N3b) regional LNs M1 - Distant metastasis

Figure 1.6. TNM (tumor, nodes, and metastases) staging system of gastric cancer according
to the 8™ edition of American Joint Committee on Cancer (AJCC).
From: Cancer Research UK [35].
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The Cancer Genome Atlas (TCGA) research network separated GAC into four different
molecular subgroups: i) positive for the EBV, ii) a genomically stable (GS) subtype displaying
diffuse histology, iii) a chromosomal instable (CIN) subtype and iv) a microsatellite instable
(MSI) subtype [36] (Figure 1.7).

The molecular characterization of GEJ revealed their high similarity to the CIN subtype of GC

[37].

Cardia

CIN
* Intestinal histology
* TP53 mutation
* RTK-RAS activation

EBV
* PIK3CA mutation
* PD-L1/2 overexpression
* EBV-CIMP
* CDKNZ2A silencing
* Immune cell signalling

MSI
* Hypermutation
* Gastric-CIMP
* MLH1 silencing
* Mitotic pathways

GS
« Diffuse histology
*CDH1, RHOA mutations
* CLDN18-ARHGAP fusion
* Cell adhesion

Figure I.7. Molecular classification of gastric cancer (GC).

Comprehensive molecular characterization of gastric adenocarcinomas (GAC), performed
by TCGA consortium in 2014 defined four major genomic subtypes of GC: EBV-infected
tumors, tumors with microsatellite instability (MSI), genomically stable tumors (GS) and
chromosomally instable tumors (CIN). From: GC Genome Atlas, 2014 [36].

Epstein Barr Virus (EBV)-infected subtype

The EBV-positive subtype accounts for about 10% of GC. It is associated to the pathogenicity
of the virus and shows the presence of chromosomal aberrations and epigenetic
modifications: methylation of promoter regions of tumor suppressor genes. TCGA studies
have demonstrated a deregulation of the phosphoinositide 3-kinases (P13K) / serine-threonine
protein kinase (Akt) and januse kinase 2 (JAK2) signaling pathways in addition to the silencing

of cyclin-dependent kinase inhibitor 2A (CDKN2A) [38].
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Genomically stable subtype (GS)

The GS subtype represents 20% of GC but accounts for nearly 75% of HDGC. This subtype is
characterized by the presence of mutations in the Ras Homolog Family Member A (RHOA) and
CDH1 genes, as well as the fusion of the claudin 18 (CLDN18) and Rho GTPase Activating
Protein 26 (ARHGAP26) genes.

The RHOA gene encodes the RhoA GTPase that is involved in various signaling pathways
including the cell cycle, cytoskeleton organization and cell motility. Mutations in this gene lead
to tumor progression and metastasis due to increased motility and degradation of the
cytoskeleton. The CDH1 gene encodes the E-cadherin protein involved in cell adhesion. The
loss of its expression is a genetic marker of the diffuse type leading initially to neoplastic

formation due to the loss of adhesion and then early metastatic progression [39].

Chromosomally instable subtype (CIN)

The CIN subtype accounts for nearly 50% of GC worldwide. This subtype is characterized by a
high rate of aneuploidy. In addition to these chromosomal aberrations, 71% of the CIN-
positive subtype is characterized by the presence of mutations in the Tumor Protein P53
(TP53) gene. Many signaling pathways are deregulated in this subtype, including the human
epidermal growth factor receptor-2 (HER-2) pathway, which is currently the only theranostic

biomarker validated by the scientific community in GC [40, 41].

Microsatellite instabilities subtype (MSI)

GC with MSI are found in about 20% of patients. In this subtype, major genetic alterations lead
to the inactivation of genes involved in DNA mismatch repair (MMR). The most frequent
somatic anomaly is the hyper-methylation of the MLH1 gene promoter, whose inactivation

induces a high rate of somatic mutations in the genome at the origin of tumorigenesis [39].

An additional classification from the Asian Cancer Research Group (ACRG) divided GC
into MSI and MSS (microsatellite stable) subtypes [42]. TCGA and ACRG molecular
classifications are not yet consensual in the clinical context. In order to improve the
effectiveness of GC treatments, it would be important to associate the TNM classification with

the histopathology and the molecular classifications.
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1.3. Current Management of Gastric Cancer Patients

The goal of treatment approaches is to accomplish the proper post-operative action,
guarantying acceptable quality of life and long-term oncological outcomes [43]. Currently, the
prognosis of GC is closely related to the TNM stage [44, 45] (Figure 1.6). Once the patient’s
tumor staging has been determined, treatment options are selected by a multidisciplinary
team. Endoscopic resection is applicable to early-stage GAC, when the tumor is confined to
the mucosa and there is virtually no risk of lymph nodes metastases [46]. If tumors do not

have the requirements for endoscopic resection, surgery is the replacement modality.

Surgery

Surgery is the primary curative modality for GC. Depending on the location of the tumor, full
gastrectomy is preferred for distal tumors and partial gastrectomy for proximal tumors. In
addition to gastrectomy, lymph node resection is usually performed to remove all lymph
nodes in the vicinity of the stomach lymph node area [47, 48]. The survival benefit of
gastrectomy to reduce tumor volume in presence of distant metastases has not been
documented [49].

Studies have shown that surgery alone results in a high rate of tumor recurrence [50].
Therefore, GC patients are usually treated with both modalities: surgery plus pre- and post-

operative radiotherapy / chemotherapy.

Radiotherapy

Radiation techniques have improved over the years, with the exposure of healthy tissues
being reduced [51]. Studies have confirmed that concurrent chemotherapy / radiotherapy
was superior to chemotherapy or radiotherapy alone for tumor down-staging and pathological

reduction rate [52].

Chemotherapy

Conventional chemotherapies that include platinum (cisplatin and oxaliplatin),
fluoropyrimidine (5-fluorouracil, S-1 and capecitabine), irinotecan and taxanes (docetaxel and

paclitaxel) are used to treat GC patients (Table 1.2). In general, a combination of
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chemotherapies is more effective for overall survival compared to a sole chemotherapeutic

agent [53-55].

Table I.2. Active chemotherapeutic agents for gastric cancer.
Classified into Antimetabolite, Platinum Preparation, Topoisomerase Inhibitor, Taxane.
Adapted from: Yamashita, 2021 [56].

Fluorouracil (5-FU) 1st line chemotherapy

Levofolinate Calcium (Leucovorin- .
1st-line chemotherapy

V)
) ) Tegafur / Gimeracil / Oteracil 1st-line chemotherapy
Antimetabolite potassium (S1) (currently available for oral medicines)

1st-line chemotherapy

Gapectiabing (Xelada) (currently available for oral medicines)

Trifluridine / Tipiracil 2sd-line chemotherapy
hydrochloride (Lonsarf) (currently available for oral medicines)
Cisplatin (CDDP) 1st line chemotherapy
DNA Alkylant
Oxaliplatin (OHP) 1st line chemotherapy
Topoisomerase . :

i hibitor Irinotecan (CPT-11) 2sd-line chemotherapy

Docetaxel (DTX) 2sd-line chemotherapy
Microtubule Poison

Paclitaxel (PTX) 3rd-line chemotherapy

Targeted therapies

Selected patients may be eligible to targeted therapies. So far, the only approved targeted
therapies are the monoclonal anti-HER-2 antibody “trastuzumab” (first line setting) [41] and
the monoclonal anti-vascular endothelial growth factor receptor-2 (VEGFR-2) antibody
“ramucirumab” (second line setting) [57]. Other trials to target the HER-2 receptor have failed:
the LOGIC and TyTAN trials of lapatinib and the GATSBY trial of a trastuzumab—emtansine

antibody—drug conjugate [58-60].
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Immune checkpoint inhibitors

The recent encouraging results from use of the immune checkpoint inhibitors (ICI) have paved
the way to a new era of cancer immunotherapy. It has emerged as a promising strategy in
several malignancies [61—-63]. ICl such as programmed cell death-1 (PD-1) or programmed cell
death-ligand1 (PD-L1) monoclonal antibodies have improved the overall survival of GC: the
phase Il ATTRACTION-2 trial of “nivolumab” (human immunoglobulin four monoclonal
antibody against PD-1) demonstrated a survival benefit in Asian patients, which led to the
approval of “nivolumab” as a treatment for GC in Japan [64]. Another anti-PD-1 monoclonal
antibody, “pembrolizumab”, received accelerated approval for treatment of PD-L1-positive
GCin third or later-line treatment by the US Food and Drug Administration (FDA) on the basis
of results of a large phase Il trial [65]. Other clinical trials of anti-PD-1/PD-L1 therapies for GC
are summarized in Table I.3.

Ipilimumab as anti-cytotoxic T lymphocyte antigen-4 (CTLA-4) monoclonal antibody could be
another strategy of ICI to treat GC [67, 68]. ICl are ongoing as a new treatment tool for GC
patients. Multiple trials are in progress investigating the role of ICl in combination regimens

[66].
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Table 1.3. Pivotal clinical trials of anti-PD-1/PD-L1 therapies for gastric cancer.
PBO: placebo; BSC: best supportive care; XP: capecitabine + cisplatin; FP: 5-fluorouracil
and cisplatin; capeOX: capecitabine + oxaliplatin; FOLFOX: oxaliplatin + 5-fluorouracil +
tetrahydrofolic acid; SOX: S-1 + oxaliplatin; FLOT: 5-FU+ leucovorin + oxaliplatin +
docetaxel. Adapted from: Kawazoe, 2021 [66].

Agents

Chapter |

Target | Phase Trial Line (expeiimental] Control Result
PD-1 M (ﬁg%;gggg; 3rd or later Nivolumab PBO Positive
PD-1 I ('\I'(E]Y_glggi_gff) 3rd or later Pembrolizumab = Positive
PD-L1 | I (NJcAT\gEstI;jsgga) 3rd Avelumab 'rinozijggétaxa” Negative
PD-1 1l (r\‘l<§1Y'ONZ%T7EO-L(1)g§) 2nd Pembrolizumab Paclitaxel Negative
PD-1 M (ﬁgig?%zgggg) 2nd Pembrolizumab Paclitaxel Terminated
01 | 0| cromsoase) | Bt |pembrammabicn| P | Negative
PD-L1 11 (N?[%E%?Slgfm maintlesriance Avelumab CapeOX/FOLFOX | Negative
PD-1 1] (ﬁg%’;glggg 1st +Nivolumab SOX/CapeOX 5%7::;:35
e for OS
PD-1 M (I\IJ((EION_?%TlES-??Zlé) 1st +Pembrolizumab FP/C:;F.);?;/SOX Ongoing
PD-1 1l (;(E:(TP%EES;S???) 1st +Pembrolizumab FP/CapeOX Ongoing
PD-1 Il (I\IJ((E1Y'(’)\I?S)2T2El-j§(§) Neoadjuvant | +Pembrolizumab XP/FP/FLOT Ongoing
PD-1 1l (ﬁggggggg;) Adjuvant +Nivolumab S-1/CapeOX Ongoing
PD-1 | m &hgfgxf&gg Adjuvant Nivolumab PBO Ongoing
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Much progress has been made in understanding the pathogenesis of GC. The
optimization of the available treatments should go further. Then, the focus should be oriented
towards fine-tuning treatment strategies and developing new drugs. However, such strategies
may come at an important price. As a consequence, the development of a novel system that
reduces the price and time of drug discovery is ongoing in cancer research. Such is the case of
using three-dimensional (3D) cell culture models in drug discovery research. This will be

further detailed in chapter Ill.
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Il.1. Introduction

The tumor microenvironment (TME) favors the growth and the expansion of cancer cells.
It is complex and different from healthy tissue microenvironment. Inflammation appears to
be an initial step in creating TME, the activation of epithelial stem progenitors and the
recruitment of various immune cells are also associated to the process. TME is largely
considered as the origin of the initiation and the development of malignant tumors [1].
Generally, the TME modifies the proliferative and invasive capacity of cancer cells, and it
increases the aggressiveness and the progression of primary tumors [2]. It is getting clear that
the biology of cancer can no longer be studied by the sole analysis of tumor cells, but it must
also include the contributions of the TME [3]. The TME contains many cellular and stroma
components. These include immune and inflammatory cells (T and B lymphocytes; natural
killer cells (NK), dendritic cells (DC), tumor-associated macrophages (TAM), myeloid-derived
suppressor cells (MDSC), neutrophils), stromal cells (fibroblasts, cancer-associated fibroblasts
(CAF), mesenchymal stem cells (MSC), adipocytes, pericytes), blood and lymph vessels,

extracellular matrix (ECM) and secreted proteins [4—6] (Figure 11.1).

A4 Normal epithelial ~ , Basement _/ Extracellular Tumor cell
0 cel membrane =" matrix
Mast cell @& Endothelial < @ > Lymphatic By Pericyte
cell endothelial cell

o Macrophage - Fibroblast . Lymphocyte Protease

gl Protease inhibitor © Growth factor Y Growth factor receptor

Figure I1.1. Illustration of tumor microenvironment (TME).
Cancer cells surrounded by TME. Adapted from: Joyce, 2009 [7]; Koontongkaew, 2013
[8]; Xu, 2014 [9].

43



Chapter Il

Multiple studies in GC have established the association of TME content with the theranostic
status [10, 11]. For example, the poor prognosis of the diffuse GC subtype could be explained

by the high stromal infiltration and close interaction between cancer cells and CAF [12, 13].

In the following section, we will develop the characterization of CAF, the stromal cells that we

were interested to use in our model during this thesis.

11.2. Cancer-Associated Fibroblasts

CAF are a dominant stromal component, they contribute in many ways to tumor
progression. They can also have an antitumorigenic activity [14]. The definitive origin of CAF
and the conversion mechanisms are not yet known [15-17]. The origin of these cells can
include infiltrating fibroblasts, MSC, endothelial cells, etc. [18, 19]. Many activation
mechanisms of CAF have been proposed; they are summarized in Figure I.2. Markers were
described to distinguish CAF from normal fibroblasts such as alpha smooth muscle actin
(aSMA) and fibroblast activation protein (FAP) [20]. It is not possible to use a single
nomenclature to define CAF, hence the specific markers and origin remain controversial. A
distinction must be made between CAF derived from patient's own tumor and fibroblasts
present at the metastatic site for advanced tumors. This second situation is not easily
exploitable because it is less common to perform surgery on metastases than on primary

tumors [21, 22].

DNA damage TGFB Physiological stress
(chemotherapy (ROS and disrupted
and radiotherapy) metabolism)
Extracellular matrix Inflammatory signals
(stiffness and composition) / (IL-1, IL-6 and TNF)
Contact signals — <«— RTK ligands (PDGF and FGF)

(Notch and Eph-ephrins)

Normal fibroblast
CAF

activation

CAF

Figure 11.2. Multiple mechanisms of cancer-associated fibroblasts (CAF) activation.

TGFB: transforming growth factor-f; ROS: reactive oxygen species; IL: interleukin; TNF:
tumor necrosis factor; RTK: receptor tyrosine kinase; PDGF: platelet-derived growth
factor; FGF: fibroblast growth factor. From: Sahai, 2020 [22].
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CAF can regulate tumorigenesis by producing soluble molecules, including vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF), platelet-derived growth
factor (PDGF), epidermal growth factor (EGF), interleukins (IL) and transforming growth factor-
beta (TGF-B). They can also produce molecules that can suppress cancer growth [23] (Figure
[1.3). Tumor-inhibiting CAF could be present in the TME as a host defense mechanism to

restrain cancer progression [24, 25].

Restraining tumor angiogenesis

Tumor-inhibiting CAF \I .

EGF, FGF, IL-6,  Cell proln‘erat:on

v P 7 CXCL12, PDGF
¢ ......>EGF PDGF, IL-18, tumor invasion . ‘
4\ IL-6, IL-8, PGE2

and metastasis

TGF-,IL-6, FGF,

TNF-a. IL-18 EMT Gastrlccancer cells

Tumor-promoting CAF

Figure I1.3. The interplay between cancer-associated fibroblasts (CAF) and gastric cancer
(GC) cells.

CAF regulate tumor growth by secreting various molecules. EGF: epidermal growth factor;
FGF: fibroblast growth factor; IL: interleukin; CXCL12: C-X-C motif chemokine ligand 12;
PDGF: platelet-derived growth factor; PGE2: prostaglandin E2; TGFp: transforming growth
factor-B; TNF: tumor necrosis factor; EMT: epithelial-mesenchymal transition. Adapted
from: Oya, 2020 [26].

Altogether, it seems like CAF are widely heterogeneous and their subtypes have to be
considered as “states” rather than fixed cell types [27]. They can be classified into 4 broad
categories: immune, desmoplastic, contractile and aggressive [28] (Figure I.4). Such a
classification can clarify differences between existing CAF until a more comprehensive report,
which will help cluster CAF across different cancers to identify other subpopulations and their

characteristic markers.
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Figure 11.4. Proposed categories of cancer-associated fibroblasts (CAF).

The immune subpopulation is associated with C3: complement system components; ENG:
endoglin; IL-6: interleukin-6; PDGF-Ra: platelet-derived growth factor-receptor alpha and
PDPN: podoplanin expression. The desmoplastic subpopulation is specifically
characterized by a high expression of DCN: decorin; LUM: lumican and POSTN: periostin.
The contractile subpopulation is defined by a high expression of factors involved in
contraction of actin stress fibers. Aggressive CAF highly express COL10A1: collagen; VEGF-
A: vascular endothelial growth factor and VIM: vimentin. Both contractile and aggressive
subtypes show the highest expression of aSMA: alpha smooth muscle actin and are linked
to poor patient survival / outcome. Adapted from: Simon, 2021 [28].
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Based on previous studies, the histology of CAF accumulated in colon, esophagus, breast, and
liver cancer could reflect a poor prognosis [29—-31]. GC is highly infiltrated by CAF, especially
undifferentiated GC, where the presence of CAF support tumor growth and metastasis by
direct cell-to-cell contact or in a paracrine manner [32, 33]. IL-6 secreted by CAF has an
important role by promoting GC cells growth, since the knockout of IL-6 inhibits GC [34].
Therefore, exploring the function of CAF in GC through experimental models is highly
recommended. For this purpose, several methods to isolate CAF from GC tissues have been

established. CAF are not immortalized but can be used at low passage numbers.

CAF implication in GC metastasis

The main cause of GC low survival rate is metastasis [35]. Although, like cancer cells, CAF are
sensitive to chemotherapeutic agents, they are implicated in GC metastasis, because of their
known role in enhancing epithelial-mesenchymal transition (EMT), a phenomenon by which
cancer cells lose polarity and adhesion, and gain migratory and invasive capacity [36, 37].
Many secreted factors are involved, including IL-6 [38], FGF-9 [39] and C-X-C motif chemokine
ligand 12 (CXCL12) [40], in addition to CD9-positive exosomes from CAF [41]. In CAF treated
by chemotherapy, the glycoprotein 130 (gp130) was identified as a candidate factor

contributing to the increased migration of GC cells [42].

CAF and GC chemotherapy resistance

As developed earlier, chemotherapies are one of the main options of GC therapy.
Nonetheless, patients often show resistance to chemotherapy. The TME has been studied as
one of the important underlying mechanism of drug resistance in GC [43]. CAF are able to
cooperate with GC cells and provide them a protective niche allowing the escape from the
cytotoxic effects of chemotherapy [44]. Several mechanisms have been confirmed such as the

secretion of the IL-6 or the IL-7, in addition to the decrease of drugs intake [45, 46].

Targeting CAF for clinical benefit

From the characteristics presented above, targeting CAF would be beneficial in the treatment
of GC. Several therapeutic approaches targeting CAF have been proposed as novel agents,
such as PT630, a fibroblasts activation protein (FAP) inhibitor [47] or sibrotuzumab, an anti-

FAP [48], or other options [49, 50]. However, the survival benefit of targeting CAF remains

47



Chapter Il

uncertain, as several studies have reported controversial results [51-53]. Recent advanced
technologies in single-cell transcriptome profiling in several cancers revealed that CAF have
molecular and functional inter- and intra-cancer heterogeneity. Additional studies should
evaluate CAF specific markers in GC environment to best select CAF-targeting drugs against

GC [54, 55].

Altogether, the TME shows a very important role in the development of tumor cells and
deserves to be studied more. The main challenge is to overcome the difficulties of modeling
the TME and the capacity to control such models. TME represents a complex system, starting
from the ECM to the different types of cells that can be present to support tumor. Classic
cancer models, such as two-dimensional (2D) cultures, failed to mimic such complex
environment. Patient-derived xenograft (PDX) are a better system, getting cancer cells into
live mice, yet it is limited by standardizing difficulties and high associated costs. Development
of in vitro models and the use of three-dimensional (3D) culture technologies can be suitable
to better mimic the in vivo TME and help further understanding of the impact of each

component of the TME [56].
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I1.1. General Introduction
Cancer research and the development of anti-cancer drugs rely on preclinical cancer
models. A variety of cancer models have been developed as means to understand cancer

mechanisms, identify novel targets and select efficient cytotoxic drugs.

The historical in vitro cancer model used for analyzing the cytotoxic potential of novel
therapies is based, in solid cancers, on monolayers of adherent cells in two-dimensional (2D)
cultures (so called flat biology). Despite undeniable effectiveness, several limitations
characterize these approaches, including reduced cell-cell and cell-matrix interactions or
exposure to diffusible metabolites originating from other compartments, such as blood

vessels.

Animal models were widely used to bypass the limits of 2D cancer models, especially using
patients-derived xenografts (PDX). Although mouse-based systems may not offer the best
experimental set up, due to differences between humans and animals, syngeneic mouse
models or humanized mice can indeed be used to study tumor vs. stroma interactions.

Nevertheless, ethical, cost and regulatory issues limit the use of animal models.

To bridge the gap between in vitro and in vivo, three-dimensional (3D) culture systems have
been elaborated to present a more realistic approach to biological responses. Several 3D
culture models have been reported, predominantly multicellular tumor spheroids (MCTS /

spheroids) and patient-derived tumor organoids (PDTO / organoids).

In this chapter, the current status of in vitro and ex vivo 3D models of cancers will be developed

in 2 scientific reviews that were written during the thesis preparation.

The first review (in press in "Bulletin de Cancer" in November 2021) was prepared in response
to an invitation by the editor of the "Bulletin du Cancer" journal, the official journal of ‘Société
Francaise du Cancer’. This review inspects the use of spheroids and organoids as solid cancer
models by highlighting their differences and discussing their impact on drug development

(section Ill.2. Review 1).

The second review (published in the journal "Cancers" in September 2020) presents an

overview of the important findings from analyses of spheroids and organoids, especially in the
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areas of molecular profiling, drug discovery, pathogen infection and personalized medicine

focusing on gastric cancer (section 1ll.3. Review 2).
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Version en Francais

La recherche sur le cancer et le développement de médicaments anticancéreux reposent sur
des modeles précliniques. Divers modeles de cancer ont été développés pour comprendre les
mécanismes du cancer, identifier de nouvelles cibles et sélectionner des médicaments

cytotoxiques efficaces.

Le modele historique de cancer in vitro utilisé pour analyser le potentiel cytotoxique de
nouvelles thérapies est basé, dans les cancers solides, sur des monocouches de cellules
adhérentes en cultures bidimensionnelles (2D). Malgré une efficacité indéniable, plusieurs
limites caractérisent ces approches, notamment la réduction des interactions cellule-cellule
et cellule-matrice ou I'exposition a des métabolites diffusibles provenant d'autres

compartiments comme les vaisseaux sanguins.

Les modeles animaux ont été largement utilisés pour contourner les limites des modeéles de
cancer 2D, en particulier en utilisant des xénogreffes dérivées de patients (PDX). Bien que les
systémes basés sur la souris n'offrent peut-étre pas la meilleure configuration expérimentale,
en raison des différences entre les humains et les animaux, des modéles de souris syngéniques
ou des souris humanisées peuvent en effet étre utilisés pour étudier les interactions tumeur
vs stroma. Néanmoins, des problemes éthiques, de colts et de réglementation limitent

['utilisation de modéles animaux.

Pour combler le fossé entre I'in vitro et I'in vivo, des systemes de culture tridimensionnels (3D)
ont été élaborés qui présentent une approche plus réaliste des réponses biologiques. Plusieurs
modeéles de culture 3D ont été rapportés, principalement des sphéroides tumoraux
multicellulaires (MCTS / sphéroides) et des organoides tumoraux dérivés de patients (PDTO /

organoides).

Dans ce chapitre, I'état actuel des modeles 3D in vitro et ex vivo de cancers sera développé

dans les 2 revues écrites pendant la préparation de la these.

La premiére revue (en presse dans le journal "Bulletin de Cancer" en Novembre 2021) a été
préparée en francais pour le "Bulletin du Cancer", le journal officiel de la Société Francaise du

Cancer. Cette revue examine |'utilisation des sphéroides et des organoides comme modeles
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de cancer solides en soulignant leurs différences et en discutant de leur impact sur le

développement de médicaments (section IIl.2. Review 1).

La deuxiéme revue (publiée dans le journal "Cancers" en Septembre 2020) présente une vue
d'ensemble des résultats importants des analyses de sphéroides et d'organoides, en
particulier dans les domaines du profilage moléculaire, de la découverte de médicaments, de
I'infection par des agents pathogénes et de la médecine personnalisée, en se concentrant sur

le cancer gastrique (section Ill.3. Review 2).
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11l.2. Review 1: Spheroids to Organoids: Solid Cancer Models for Anticancer
Drug Discovery

Authors: George Alzeeb”, Laurent Corcos”, Catherine Le Jossic-Corcos**

#INSERM U1078, Université de Brest, 22 avenue Camille Desmoulins, 29200 BREST FRANCE

*Correspondance: catherine.corcos@univ-brest.fr

Bulletin de Cancer 2021, in press; doi: 10.1016/j.bulcan.2021.09.019
Accepted: October 2021

Abstract: Cell culture is an important and necessary technology in oncology research.
Currently, two-dimensional (2D) cell culture models are the most widely used, but they cannot
reproduce the complexity and pathophysiology of tumors in vivo. This may be a major cause
of the high rate of attrition of anticancer drugs entering clinical trials, the rate of new
anticancer drugs entering the market being less than 5%. One way to improve the success of
new cancer drugs in the clinic is based on the use of three-dimensional (3D) cell culture
models, more able to represent the complex environment and architecture of tumors. These
3D culture systems are also a powerful research tool for modeling the evolution of cancer
from early stages to metastasis. Spheroids and organoids, the most adaptable models among
3D culture systems, are beginning to be used in pharmaceutical research and personalized
medicine. In this article, we review the use of spheroids and organoids by highlighting their

differences, discussing their impact on drug development, and looking at future challenges.

This review will be presented in this thesis as its published format in “Bulletin du Cancer”.
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Titre : Des sphéroides aux organoides : modeles de cancers solides pour la
découverte de molécules anticancéreuses

Résumé : La culture cellulaire est une technologie importante et nécessaire dans la recherche
en oncologie. Actuellement, les modeles de culture cellulaire en deux dimensions (2D) sont
les plus utilisés, mais ils ne peuvent pas reproduire la complexité et la pathophysiologie des
tumeurs in vivo. Ceci peut contribuer au fort taux d'attrition des candidats médicaments
entrant dans les essais cliniques, le taux de nouveaux médicaments anticancéreux entrant
dans le marché étant <5 %. Une voie d’amélioration repose sur |'utilisation de modeles de
culture cellulaire tridimensionnels (3D), plus a méme de représenter I'environnement et
I'architecture complexes des tumeurs. Ces systémes de culture en 3D constituent également
un puissant outil de recherche permettant de modéliser I'évolution du cancer depuis les
premiers stades jusqu'aux métastases. Les sphéroides et les organoides, les modeles les plus
adaptables parmi les systémes de culture en 3D, commencent a étre utilisés dans la recherche
pharmaceutique et dans la médecine personnalisée. Dans cette revue, nous faisons le point
sur l'utilisation des sphéroides et des organoides en soulignant leurs différences, en discutant

leur impact sur le développement des médicaments et en examinant les défis futurs.

Mots clés : cancer ; culture cellulaire ; sphéroides ; organoides ; criblage de molécules ;

médecine personnalisée.
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B Résumé

La culture cellulaire est une technologie importante et nécessaire dans la recherche en oncologie.
Actuellement, les modeles de culture cellulaire en deux dimensions (2D) sont les plus utilisés, mais ils
ne peuvent pas reproduire la complexité et la pathophysiologie des tumeurs in vivo. Ceci peut
contribuer au fort taux d'attrition des candidats médicaments entrant dans les essais cliniques, le taux
de nouveaux médicaments anticancéreux entrant dans le marché étant < 5 %. Une voie d'améliora-
tion repose sur |'utilisation de modeles de culture cellulaire tridimensionnels (3D), plus a méme de
représenter |'environnement et I'architecture complexes des tumeurs. Ces systémes de culture en 3D
constituent également un puissant outil de recherche permettant de modéliser I'évolution du cancer
depuis les premiers stades jusqu'aux métastases. Les sphéroides et les organoides, les modeles les
plus adaptables parmi les systemes de culture en 3D, commencent a étre utilisés dans la recherche
pharmaceutique et dans la médecine personnalisée. Dans cette revue, nous faisons le point sur
I'utilisation des sphéroides et des organoides en soulignant leurs différences, en discutant leur impact
sur le développement des médicaments et en examinant les défis futurs.

B Summary
Spheroids to organoids: Solid cancer models for anticancer drug discovery

Cell culture is an important and necessary technology in oncology research. Currently, two-
dimensional (2D) cell culture models are the most widely used, but they cannot reproduce the
complexity and pathophysiology of tumors in vivo. This may be a major cause of the high rate of
attrition of anticancer drugs entering clinical trials, the rate of new anticancer drugs entering the
market being less than 5 %. One way to improve the success of new cancer drugs in the clinic is
based on the use of three-dimensional (3D) cell culture models, more able to represent the
complex environment and architecture of tumors. These 3D culture systems are also a powerful
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research tool for modeling the evolution of cancer from early stages to metastasis. Spheroids and
organoids, the most adaptable models among 3D culture systems, are beginning to be used in
pharmaceutical research and personalized medicine. In this article, we review the use of
spheroids and organoids by highlighting their differences, discussing their impact on drug
development, and looking at future challenges.

Abréviations

2D Deux Dimensions

3D Trois Dimensions

AKR1(3 Aldo-Keto Reductase

CAF Cancer-associated fibroblast
FDA Food and Drug Administration
FID Frizzled

HIF Facteurs Inductibles par I'Hypoxie
HUVEC Human Umbilical Vein Endothelial Cells
KIF Famille de Kinésine

LRP Lipoprotéines

MCTS  Multicellular Tumor Spheroids

MEC Matrice Extracellulaire

MET Microenvironnement Tumoral

NK Natural Killer

PDTO  Patient-Derived Tumor Organoids

PDX Patient-Derived Xenograft

PRMT5 Protéine Arginine Méthyl-Transférase 5
TEM Transition Epithélio-Mésenchymateuse

Introduction

Avec environ 19,3 millions de nouveaux cas diagnostiqués et
presque dix millions de déces en 2020 dans le monde, le cancer
reste une maladie particulierement mortelle [1]. Malgré les
progrés dans le domaine de la prévention, du diagnostic et
du traitement au cours des derniéres décennies, de nombreux
obstacles restent a surmonter pour améliorer la survie des
patients atteints de cancer [2]. Actuellement, un seul agent
anticancéreux potentiel sur 5000 a 10 000 est approuvé par la
FDA (Food and Drug Administration), et seul cinq pour cent des
molécules a visée thérapeutique, toutes pathologies confon-
dues, entrant dans la phase | des essais cliniques, sont finale-
ment approuvées [3]. L'un des principaux défis du
développement de nouveaux traitements anticancéreux est
le transfert des importants progrés de la recherche vers la
clinique [4]. Il est généralement admis que les modeles expé-
rimentaux, in vitro et in vivo, sont des outils essentiels dans le
domaine de la recherche en oncologie. Cependant, les modéles
utilisés, dans les phases précoces, en particulier, reproduisent
mal la complexité et I'nétérogénéité des tumeurs, auxquelles
contribuent des facteurs génétiques intrinséques et le micro-
environnement, et sont incapables de stopper la progression de
la maladie et de prédire la réponse au traitement [5].

Le modele de culture cellulaire traditionnel en cancérologie des
tumeurs solides est celui de la culture de lignées cellulaires
cancéreuses en monocouche a deux dimensions (2D) (le cas des
cellules de cancers hématologiques, qui se cultivent en
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suspension, ne sera pas traité dans cette revue). Ce modele
continue de jouer un rdle important pour la compréhension des
mécanismes fondamentaux de la tumorigenése grace a sa
grande disponibilité, sa facilité de manipulation, sa reproducti-
bilité et son faible colt [6]. Toutefois, la culture en 2D impose
des contraintes géométriques et mécaniques non physiologi-
ques en raison de la nécessaire adhésion des cellules a un
support solide artificiel (généralement en polystyrene). Une
telle culture affecte la polarité des cellules et, donc, potentiel-
lement, les phénotypes tumoraux caractéristiques des tumeurs
d'origine [7]. Par conséquent, I'utilisation des modeles animaux,
plus physiologiques, s'est intensifiée, augmentant ainsi la durée
et le codt global du processus de découverte et de développe-
ment des médicaments. La xénogreffe de fragments de tumeur,
appelée « patient-derived xenograft » (PDX), chez la
souris immunodéprimée, est la plus utilisée pour étudier le
développement des cancers humains et leurs réponses aux
traitements [8].

Au cours des dernieres décennies, de nouvelles techniques de
modélisation des tumeurs solides ont été développées. Celles-ci
reposent sur la culture de cellules maintenues dans un envi-
ronnement tridimensionnel (3D), grace a l'utilisation de sub-
strats (boites/flacons de culture) a faible adhésivité cellulaire.
Ainsi, la culture en 3D permet d'utiliser, in vitro, des échantillons
complexes ou des mini-organes dans un environnement
controlé. Ces modeles ont également |'avantage de mimer le
comportement tumoral, qui dépend de signaux environnemen-
taux, et des interactions cellule-cellule et cellule-matrice extra-
cellulaire (MEC) [9]. Il est rapporté que les agents cytotoxiques
sont généralement plus actifs dans les cultures en 2D qu'en 3D,
conduisant, sans doute, a surévaluer leur activité par I'utilisation
de la 2D uniquement. En revanche, la culture en 3D permettrait
de mieux anticiper les phénomenes de résistance [10]. Outre la
résistance aux agents anticancéreux, les modéles de culture en
3D peuvent également aider a prévoir la pénétration des médi-
caments dans les tumeurs, une limite importante, et souvent
négligée, a l'origine d'échappement thérapeutique [11]. Deux
modeles de culture cellulaire en 3D sont principalement utilisés :
les sphéroides et les organoides [12]. La différence entre sphé-
roide et organoide est encore floue et |'utilisation d'un terme ou
de I'autre releve essentiellement de la préférence des auteurs.
Généralement, le terme de sphéroide désigne les structures 3D
simples préparées a partir des lignées cellulaires cancéreuses
immortalisées, tandis que le terme d'organoide est utilisé pour
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FIGURE 1
Comparaison sphéroides/organoides

Représentations schématiques d'un sphéroide et d'un organoide et tableau comparatif de leurs caractéristiques principales

les structures complexes et est souvent appliqué aux cellules
cancéreuses primaires et aux cultures de biopsies tissulaires. Les
progres techniques permettent d'enrichir ces modeles, en par-
ticulier par la co-culture de cellules épithéliales cancéreuses
avec des cellules stromales, ce qui permet de mieux représenter
la MEC et mimer la physiologie tumorale.

Dans cette revue, nous décrivons I'état actuel de |'utilisation de
la technologie de culture cellulaire en 3D pour modéliser cer-
tains aspects du cancer. Nous traitons deux des modéles les plus
couramment utilisés pour la recherche en oncologie, les sphé-
roides et les organoides, en particulier pour le criblage de
molécules anticancéreuses (figure 7). Nous soulignons égale-
ment les différences entre ces deux modeéles et relevons cer-
taines de leurs limites.

Les sphéroides tumoraux multicellulaires

Les sphéroides tumoraux multicellulaires (« multicellular tumor
spheroids », MCTS) sont des agrégats de cellules cultivées en 3D
dans une matrice (e.g. matrigel ou agarose) ou en suspension,
et développant des interactions complexes cellule-cellule et
cellule-MEC [13]. Dans les approches utilisant des matrices,
les sphéroides sont obtenus en favorisant la croissance cellulaire
dans des structures tridimensionnelles naturelles (collagene,
fibronectine, agarose, laminine, gélatine) ou synthétiques
(oxyde de polyéthylene ou polyéthyléne glycol) pour ressem-
bler aux interactions tumeur-MEC in vivo [14]. Dans les métho-
des de culture en suspension, aucun support artificiel n'est
utilisé pour favoriser la croissance cellulaire. Ces méthodes
ont pour effet d'empécher la fixation des cellules sur le support,
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les forcant ainsi a s'agréger (ou a mourir par anoikis) et a former
des sphéroides [15] (tableau I). Bien que plusieurs méthodes
permettent de générer des sphéroides (sur une surface non
adhérente, par lévitation magnétique, en culture par gouttes ou
« hanging drop »), toutes les lignées cellulaires ne sont pas
capables de former des sphéroides [16]. En effet, chaque lignée
cellulaire et chaque méthode choisie nécessitent une optimisa-
tion spécifique. La durée de la culture et la densité cellulaire sont
les deux parameétres les plus importants.

De nombreuses études font état de différences dans I'expres-
sion des genes et des protéines entre les sphéroides et les
cultures en 2D, résultant en des modifications du métabolisme,
de la communication cellulaire et de l'efficacité des médica-
ments [17]. Les sphéroides bien développés ressemblent a des
microtumeurs ou a des régions micrométastatiques avasculaires
observées in vivo [16]. Les tumeurs solides, qui présentent
souvent des régions ayant des taux de prolifération différents,
et des régions déficientes en oxygéne - en raison du manque
d'approvisionnement en sang dans les nodules tumoraux en
croissance - reproduisent une hypoxie, un centre nécrotique, un
gradient de nutriments (glucose, etc.) et une distribution hété-
rogéne de lactate et d'ATP, ce que la culture 2D ne peut pas
reproduire [15] (figure 2).

Les sphéroides et le microenvironnement tumoral

Le développement et la progression des tumeurs reposent, en
grande partie, sur le dialogue entre les cellules tumorales, les
cellules stromales et immunitaires voisines et la MEC. Une
meilleure compréhension de la maniére dont les interactions
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TasLEAU |

Avantages et inconvénients des techniques de culture des sphéroides couramment utilisées

Les types de cultures Avantages Inconvénients
des sphéroides

Dans une matrice Les propriétés physicochimiques et biologiques sont

personnalisables
Une grande variété de matériaux naturels et synthétiques
peut étre utilisée
Des interactions forcées cellule-cellule et cellule-MEC
sont établies

La MEC est artificielle et des matériaux externes
sont nécessaires
Certains biomatériaux peuvent interférer avec la
réponse thérapeutique
Faible reproductibilité, taille difficile a controler
Le gradient d'oxygéne, de nutriments et de pH n'est pas
toujours reproduit
Inclus dans une matrice, les cellules sont
difficilement accessibles
Peu compatibles avec les techniques de
criblage a haut débit

En suspension La MEC est produite par les cellules et aucun biomatériau

externe n'est nécessaire
Des interactions naturelles cellule-cellule et cellule-MEC
sont établies
Les co-cultures sont possibles
Le gradient d'oxygéne, de nutriments et de pH est reproduit
Les sphéroides sont facilement accessibles
La majorité des techniques sont peu colteuses
Compatibles avec les techniques de criblage a haut débit

Des optimisations peuvent étre nécessaires pour la formation
des sphéroides uniformes
Les sphéroides peuvent se désagréger facilement
Peu de protocoles et d'essais sont normalisés

Sphéroide

Temps

Zone Zone Zone
Nécrotique Quiescente Proliférative

0,, Nutriments, ATP

CO,, Lactate

FIGURE 2

Représentation simplifiée d'un sphéroide et de la formation des différentes couches cellulaires : couche externe proliférative, couche
intermédiaire quiescente et un centre nécrotique. Les gradients d'oxygéne, de nutriments, d'ATP, de €02 et de lactate sont représentés
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cellulaires et moléculaires, au sein du microenvironnement
tumoral (MET), faconnent la biologie tumorale et, par consé-
quent, le résultat clinique, est nécessaire [18]. Afin de repro-
duire I'nétérogénéité cellulaire des tumeurs solides et de mieux
prendre en compte les phénoménes de résistance aux traite-
ments, dont ceux qui pourraient étre majorés, voire causés, par
les interactions cellules cancéreuses-cellules stromales, des
sphéroides pluricellulaires peuvent étre assemblés. Ils associent
des cellules épithéliales cancéreuses et des cellules stromales,
comme les fibroblastes associés au cancer, dénommés « cancer-
associated fibroblasts » (CAF), les cellules endothéliales ou les
cellules immunitaires [19]. Les interactions cellules-cellules au
sein des sphéroides affectent leur prolifération, leur survie et les
réponses aux traitements en renforcant la formation des jonc-
tions, I'activation de récepteurs d'adhésion (E-cadhérine) et la
sécrétion des protéines de la MEC [20]. Ces interactions, cou-
plées a la production de plusieurs protéines de la MEC (colla-
géne, fibronectine, laminine, élastine), augmentent la densité
des sphéroides et forment une barriere physique qui limite le
transport des médicaments au sein de la masse cellulaire [21].
Les sphéroides constitués de cellules tumorales et de CAF, le
type cellulaire le plus abondant dans la Transition Epithélio-
Mésenchymateuse (TEM), sont largement utilisés pour tester
des candidats médicaments. A titre d'exemple, des sphéroides
bicellulaires, associant cellules cancéreuses et CAF, ont déve-
loppé une résistance au paclitaxel liée a une modification
d'expression de la protéine (D26 impliquée dans le contréle
de la transduction du signal d'apoptose et de la réqgulation
immunitaire [22]. Plusieurs autres études ont démontré le
potentiel thérapeutique de molécules anticancéreuses, ciblant
les interactions entre CAF et cellules tumorales [23]. Dans un
modele de sphéroides, formés a partir des cellules cancéreuses
de la prostate et de CAF, il a été montré que les CAF induisaient
I'expression des genes de réqulation de la biosynthese du
cholestérol et des stéroides dans les cellules cancéreuses. Le
blocage de ces deux voies par la simvastatine et un inhibiteur de
I'aldo-keto-reductase (AKR1C3) ont eu un fort effet d'inhibition
de croissance [24]. Dans un autre exemple, I'acriflavine, un
composé connu pour inhiber des facteurs inductibles d'hypoxie
(HIF) et la TEM, conduisant a I'activation de p53 et a I'induction
de I'apoptose, a été identifié comme un inhibiteur de CAF dans
un modele de sphéroides associant des cellules de cancer
colorectal et des CAF. Les auteurs suggerent I'association, a I'ave-
nir, de l'acriflavine aux chimiothérapies du cancer colorectal
[25]. En outre, les sphéroides fournissent un modele in vitro
qui peut permettre de détecter la transformation de I'architec-
ture d'une tumeur pré-invasive en une tumeur maligne, qui
présente une perte progressive de l'architecture tissulaire [26].
Actuellement, il n'est pas possible d'utiliser une nomenclature
unique, basée sur des marqueurs partagés et des fonctions
similaires, pour définir les CAF. On doit distinguer deux cas de
figure : d'une part, I'utilisation des CAF dérivés de la tumeur du
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patient et, d'autre part, les fibroblastes présents au site métas-
tatique pour les tumeurs avancées, mais cette seconde situation
n'est pas aisément exploitable, car il est moins fréquent d'opé-
rer les métastases par rapport aux tumeurs primaires. Dans le
cas d'une médecine personnalisée, il serait particulierement
approprié de pouvoir disposer des CAF de la tumeur et des
fibroblastes - dont potentiellement des CAF - du site métasta-
tique. Deux excellentes revues font le point des connaissances
et des usages, d'une part, des fibroblastes [27] et, d'autre part,
des CAF [28]. Le principe de réalité fait que les expériences sont
réalisées avec des populations de CAF plus ou moins bien
caractérisées.

En outre, le développement d'un modéle pertinent de sphéroi-
des multicellulaires nécessiterait de connaitre les différents
types de cellules constituant la tumeur étudiée (cellules endo-
théliales, immunitaires en particulier) et leurs proportions. Ainsi,
une triple co-culture, associant cellules cancéreuses pancréati-
ques, fibroblastes et cellules endothéliales (« Human umbilical
vein endothelial cells », HUVEC), a permis de mettre en évidence
une diminution de la sensibilité des cellules cancéreuses a la
chimiothérapie, mimant ainsi la résistance aux traitements
observée in vivo [29]. La présence de cellules immunitaires T
et NK a pu étre associée a la mortalité de cellules du cancer
colorectal dans des sphéroides multicellulaires [30].

Les sphéroides et la découverte des molécules
anticancéreuses

Les modéles de culture cellulaire 3D permettent le criblage,
amoyen débit, de candidats médicaments et I'identification des
cibles cellulaires, deux étapes qui sont souvent les plus limi-
tantes pour la découverte de molécules au potentiel thérapeu-
tique [31]. Les modeles 3D montrent, cependant, leur
supériorité, par rapport aux cultures 2D, du fait d'une plus grande
proximité de leur profil d'expression génique avec celui des
tumeurs. Par exemple, KIFCT et KIF11, deux membres de la
famille de la kinésine-14 dont I'altération, généralement une
surexpression, a été rapportée dans plusieurs cancers (pou-
mons, ovaires, pancréas, seins, colon/rectum...) [32], sont
surexprimés dans les sphéroides par rapport aux cellules can-
céreuses gastriques parentales en 2D ; l'inhibition de I'expres-
sion de ces deux genes perturbe la formation des sphéroides
[33,34]. De plus, I'exploration des mécanismes d'échappement
immunitaire des tumeurs et le criblage d'agents, ou de combi-
naisons d'agents d'immunothérapie, ont permis de montrer que
le blocage de PD-1, par des anticorps spécifiques, renforce la
cytotoxicité des cellules T contre les sphéroides gastriques expri-
mant PD-L1 [35].

Cependant, l'intégration des sphéroides aux processus de cri-
blage a haut débit, pour prometteuse qu'elle soit, n'en est qu'a
ses débuts, mais |a relative simplicité des protocoles et la bonne
reproductibilité des résultats plaident largement en leur faveur
[36]. Les systémes d'imagerie a haut débit, tels que I'Incucyte™
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(Essen BioSciences) ou W8™ (Cellbynamics), permettant un
suivi et une analyse a long terme de la culture 3D, sont bien
adaptés a cette fin [37].

Bien que des approches non spécifiques de patient, comme le
modeéle des sphéroides associant des lignées cellulaires établies,
aient contribué a améliorer la recherche de candidats médica-
ments, les taux des molécules anticancéreuses approuvées,
aprés I'ensemble des phases de développement, restent tres
bas. La possibilité de caractériser, au cas par cas, les composantes
génétique et cellulaire individualisées de la tumeur permettrait
de sélectionner rapidement la meilleure option thérapeutique.

Les organoides tumoraux dérivés de
patients

Les organoides tumoraux, parfois appelés tumoroides, par
opposition aux organoides non tumoraux, dérivés des patients
(« patient-derived tumor organoids », PDTO) ou organoides,
sont des mini-organes reconstitués in vitro et inclus dans une
MEC. Ils sont préparés a partir de : i) tumeurs primaires dis-
sociées mécaniquement ou enzymatiquement ; ou de ii) cel-
lules souches primaires [38]. La structure et la fonctionnalité des
organoides refletent les caractéristiques spécifiques des tissus
d'origine, par leur architecture globale, la distribution de diffé-
rents types de cellules différenciées et leurs fonctions tissulaires
et cellulaires spécifiques [39]. Les protocoles de préparation des
organoides a partir de tissus normaux ont été adaptés pour
produire des organoides dérivés de plusieurs cancers humains.
En regle générale, ces protocoles consistent a dissocier les tissus
tumoraux en petits fragments (10 mm? environ). Les cellules
tumorales libérées des tissus sont reprises dans une matrice de
membrane basale extraite d'une tumeur de souris (Englebreth-
Holm Swarm) et contenant les principaux composants de la MEC,
comme la laminine et le collagene de type IV [40]. Cependant, la
variabilité de composition de cette matrice rend le contréle de
I'environnement de la culture plus difficile et peut réduire la
reproductibilité. Pour ces raisons, des hydrogels synthétiques
ont été récemment introduits [41].

De nombreuses caractéristiques ont encouragé I'utilisation des
organoides comme modeles du cancer, puisqu'ils sont issus
directement des patients et ne sont donc pas limités par les
différences entre especes, ce qui est le principal inconvénient
des modéles animaux. En outre, les organoides peuvent éga-
lement étre produits en quantité et cryo-conservés, ce qui
permet de créer des bibliothéques d'organoides représentatives
de différents types et sous-types de cancers, en faisant un outil
extrémement utile pour les études précliniques [42,43].

Les organoides comme modéles pour étudier la
sensibilité aux traitements et favoriser une
médecine personnalisée

Les différences interindividuelles de sensibilité aux médica-
ments anticancéreux sont souvent mal prises en compte, dans
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la plupart des études utilisant des lignées cellulaires établies en
2D, en raison du manque de cellules suffisamment représenta-
tives de profils génétiques différents. Le modele d'organoides,
élaboré a partir de tissu sain et de tissu cancéreux du méme
patient, permet d'identifier de possibles effets toxiques sur la
contrepartie saine des tumeurs. Ainsi, une bibliothéque, compo-
sée de vingt cultures d'organoides de cancers colorectaux géné-
tiquement différents et d'organoides dérivés de tissus normaux,
a été utilisée pour cribler des molécules permettant d'identifier
des traitements dépendant de la présence de mutations. L'inté-
gration des données génomiques et des réponses aux traite-
ments ont montré qu'un seul des organoides était sensible au
LGK974, un inhibiteur de la protéine WNT secrétée, la porcupine
[44]. Un autre avantage de la culture d'organoides pour modé-
liser des maladies réside dans leur capacité a mimer les patho-
logies observées au sein méme des organes. Par exemple, les
organoides de cancers gastriques humains, infectés par la bac-
térie Helicobacter pylori, reproduisent les signes typiques de
cette infection bactérienne chez I'Homme [45]. Le comparti-
ment immunitaire a également été caractérisé dans ces mode-
les ou des lymphocytes T (D3*, (D8" et (D3"/(D4" ont été
observés, ainsi que des cellules B, des cellules natural killer
(NK) et des macrophages [46]. Enfin, les organoides ont été
utilisés pour modéliser des métastases, et, en particulier, pour
étudier les différents processus d'invasion [47], (figure 3). Au
total, un grand nombre de données ont démontré la pertinence
de I'utilisation d'organoides tumoraux dans la thérapie person-
nalisée du cancer [48] (tableau II). Récemment, un panel de
76 molécules thérapeutiques potentielles, testées sur 30 orga-
noides de cancer du pancréas, a permis d'identifier un inhibiteur
de PRMT5 (protéine arginine méthyl-transférase 5),
I'EZP015556, comme un potentiel médicament pour inhiber
les tumeurs MTAP (un gene généralement non exprimé dans
le cancer du pancréas) - négatives [49]. En réalisant un criblage
de médicaments sur des organoides de cancer primaire du foie
humain, l'inhibition de ERK a été identifiée comme une appro-
che thérapeutique potentielle [50].

Contrairement aux modeles classiques en cancérologie, qui
nécessitent une grande quantité de matériel biologique
(comme les souris PDX), les organoides peuvent étre cultivés
a partir d'un petit échantillon, dérivé d'une biopsie, avec un taux
de réussite élevé pour la modélisation personnalisée des
tumeurs [51]. De plus, différents organoides peuvent étre géné-
rés a partir de plusieurs zones de la tumeur pour étre plus
représentatifs de I'hétérogénéité tumorale. Les organoides pré-
sentent ainsi un excellent systtme pour modéliser des sous-
types de cancers présentant des mutations génomiques uniques
[52]. Au total, ce nouveau modele a un grand potentiel pour la
personnalisation des traitements du cancer, en particulier pour
les études de corrélation géne-médicament, le criblage précli-
nique de molécules anticancéreuses et la prédiction des répon-
ses au traitement. Néanmoins, ce modele présente aussi des
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Principales applications des organoides
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* PI: propidium iodide; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

limites pratiques avant de pouvoir en généraliser I'utilisation.
Premiérement, la culture des organoides peut étre colteuse par
le nécessaire ajout de facteurs de croissance spécialisés qui sont
nécessaires pour différencier et maintenir les cultures. Ce pro-
bléme devrait s'atténuer avec le temps, a mesure que de
nouvelles méthodes plus efficaces seront mises au point. Par
exemple, I'hydro-solution, contenant des hétérodimeres des
récepteurs de la famille Frizzled (FZD) et des lipoprotéines de
basse densité (LRP5/6), favorise la croissance des organoides,
constituant une alternative qui ne contient pas de sérum [53].
De plus, la stabilisation des protéines WNT, par l'intermédiaire
des lipides, peut étre considérée comme un autre moyen de
culture des organoides dans un milieu sans sérum [54]. Deu-
xiemement, des développements des techniques d'imagerie et
de détection sont nécessaires pour suivre le comportement
(croissance) et les réponses (toxicité) des organoides, en parti-
culier pour les cellules situées au centre de la structure. Enfin,
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I'absence de composants du stroma, la rareté des vaisseaux
sanguins et de cellules immunitaires dans ces cultures consti-
tuent une autre limitation. Les études futures viseront a lever ces
restrictions, avec des co-cultures incorporant des éléments cel-
lulaires (et microbiens) supplémentaires [55]. L'utilisation de
cellules souches pluripotentes, pour développer des organoides
dotés d'un systéeme nerveux fonctionnel [56] ou de vaisseaux
sanguins [57], pourrait compléter avantageusement l'intérét
des organoides, en particulier pour évaluer la résistance aux
traitements.

Les méthodes courantes de culture des organoides se font dans
un environnement relativement statique ot s'accumulent des
déchets biologiques produits par le catabolisme cellulaire [58].
Les technologies des « organes sur puces » ou « organ-on-chip »
permettent de contourner certaines limitations, en apposant un
courant fluidique, créant ainsi un microenvironnement dyna-
mique a méme d'assurer les fonctions nécessaires pour
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reproduire des pathologies complexes [59,60]. Bien que les
développements de cette méthodologie en fassent une appro-
che prometteuse pour ['évaluation préclinique des médica-
ments, il est encore prématuré de la proposer en
remplacement des cultures de sphéroides ou d'organoides [61].

Conclusion

Les progrés des techniques de culture cellulaire en 3D offrent la
possibilité a la fois de mieux identifier des candidats médica-
ments et de mieux comprendre et prédire la survenue de résis-
tance tumorale aux anticancéreux. Cependant, I'harmonisation
des techniques est nécessaire pour assurer une meilleure repro-
ductibilité des données, avant que les modeles 3D puissent étre
considérés comme la référence pour le développement des
stratégies thérapeutiques anticancéreuses. Il sera, notamment,
important de mieux caractériser les éléments de structuration
des sphéroides et des organoides, comme la maniere dont les
populations cellulaires s'assemblent et comment ['expression
des genes ou les profils métabolomiques, par exemple, sont
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Abstract: Gastric cancer (GC), which includes cancer of the esophagus, the oesophagogastric
junction, and the stomach fundus, is highly deadly with strong regional influence, Asia being
the most affected. GC is often detected at late stages, with 30% of metastatic cases at
diagnosis. Many authors have devised models to both unravel the mechanisms of GC
development and to evaluate candidate therapeutics. Among these models, 2D-cell cultures
are progressively replaced by 3D-cell cultures that recapitulate, much more comprehensively,
tumor cellular and genetic heterogeneity, as well as responsiveness to environmental
changes, such as exposure to drugs or irradiation. With respect to the specifics of GC, there
are high hopes from such model systems, especially with the aim of identifying prognostic

markers and novel drug targets.
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Simple Summary: It is getting more and more clear that cancer cell culture models are switching from
two-dimension to three-dimensional, in order to better reflect in vivo situations where tumor cells have
to cope with a highly interactive three-dimensional microenvironment. Several such culture models
have been reported, predominantly multicellular tumor spheroids (MCTS) and patient-derived tumor
organoids (PDTO). These are used both to investigate fundamental aspects of cancer development
and as test systems for innovative therapies against gastric cancer, the fifth most common cancer and
the third leading cause of cancer-related deaths worldwide. The authors review the actual state of
research in this field to provide an overview of the contribution of MCTS and PDTO, especially in the
areas of molecular profiling, drug discovery, pathogen infection, and personalized medicine.

Abstract: Gastric cancer (GC), which includes cancer of the esophagus, the oesophagogastric junction,
and the stomach fundus, is highly deadly with strong regional influence, Asia being the most affected.
GC is often detected at late stages, with 30% of metastatic cases at diagnosis. Many authors have
devised models to both unravel the mechanisms of GC development and to evaluate candidate
therapeutics. Among these models, 2D-cell cultures are progressively replaced by 3D-cell cultures
that recapitulate, much more comprehensively, tumor cellular and genetic heterogeneity, as well as
responsiveness to environmental changes, such as exposure to drugs or irradiation. With respect
to the specifics of GC, there are high hopes from such model systems, especially with the aim of
identifying prognostic markers and novel drug targets.

Keywords: gastric cancer; spheroids; organoids; personalized medicine

1. Introduction

Gastric cancer (GC) is the fifth most common cancer and the third leading cause of cancer-related
deaths worldwide, according to data from Global Cancer Statistics 2018 [1]. Adenocarcinomas of the
esophagogastric junction (AEG) overlap histologically with GC and constitute an entity with rising
incidence rates [2,3]. Lauren’s criteria are the most widely used to classify gastric adenocarcinomas,
differentiating them histologically into intestinal and diffuse types [4]. Environmental factors such
as Helicobacter pylori (H. pylori) infections, the greatest risk factor for GC [5], diet, and lifestyle
are often associated with the intestinal type, while the diffuse type is more often associated with
genetic abnormalities [6]. The Cancer Genome Atlas (TCGA) research network separated gastric
adenocarcinomas into four different molecular subgroups: (i) positive for the Epstein—Barr virus
(EBV) with frequent PIK3CA mutations and CDKN2A silencing, (ii) a microsatellite instable (MSI)
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subtype with a hyper-mutation phenotype, (iii) a genomically stable (GS) subtype displaying diffuse
histology and frequent CDH1 and RHOA mutations, and iv) a chromosomal instable (CIN) subtype
displaying aneuploidy and frequent mutations of TP53 as well as activation of the receptor tyrosine
kinase (RTK)-RAS pathway [7]. The molecular characterization of AEG revealed their high similarity
to the CIN subtype of GC [8]. The prognosis of GC is poor and most advanced forms of the disease still
remain incurable [9]. Hence, GC treatment remains a major challenge and relies on surgical resection
as the primary curative modality, i.e., for localized forms. Nonetheless, complementary approaches,
such as neo-adjuvant and adjuvant chemotherapy (5-fluoruracil, oxaliplatin, docetaxel and epirubicin),
have shown improved survival rates [10-12]. In addition, genetic alterations represent molecular targets
for novel treatment options. So far, the only approved targeted therapies are: (i) anti-human epidermal
growth factor receptor-2 monoclonal antibody “trastuzumab” and (ii) anti-vascular endothelial
growth factor receptor-2 monoclonal antibody “ramucirumab” [13,14], while other therapeutic
targets like Programmed cell Death protein 1 (PD-1) inhibition are under clinical investigation [15].
Although treatment effectiveness has improved during the past decade, GC survival rates remain
poor [16]. This calls for an urgent need to develop innovative therapies available to GC patients.

The conventional in vitro cancer model used to screen novel therapies is the monolayer

”

two-dimension (2D) cancer cell line (CCL) culture [17]. 2D culture models impose unnatural geometric
and mechanical constraints by adhering cells to an artificial substrate (plastic or glass). Such a culture
affects cell polarity and therefore, potentially, tumor phenotypes. Three-dimensional (3D) culture
systems have been developed to better mimic the functional aspects of tissues [18]. This results from
(i) the organization of cells in layers with different proliferation rates, (ii) the formation of diffusion
gradients of nutrients, oxygen and metabolic wastes, (iii) the specifics of cell-cell interactions, (iv) the
expression of specific genes and (v) induction of chemoresistance [19-21]. Several 3D culture models
have been reported [22], predominantly multicellular tumor spheroids (MCTS) [23] and patient-derived
tumor organoids (PDTO) [24,25]. The main characteristics of these 3D models are presented in Table 1.

Table 1. Comparison between spheroids and organoids. (++ favorable, + possible),
See references [26-30] for examples of studies that used either spheroids or organoids methodologies.

3D Culture Models Spheroids Organoids
Origin Cancer cell lines Patient tumor
Protocol Easy to use Delicate
Architecture Simplified Closer to organ
Reproducibility High Medium-high
Cellularity Defined cell type Different cell types
Cancer subtype modeling + ++
Biological material produced Abundant Abundant
Genetic manipulation ++ ++
Co-culture ++ +
High-throughput drug screening ++ +
Prediction of clinical drug response in vitro + ++
Cost Low Medium
Biobanks Unavailable Available

MCTS models promote the formation of well-developed spheroids that resemble avascular tumor
sites or micrometastatic regions in vivo [31]. Different co-culture approaches have been developed,
including mixed populations of tumor cells and cancer associated fibroblasts (CAF), which showed
increased ability to form spheroids [32]. Several studies validated the anticancer therapeutic potential
of targeting the interactions between CAF and carcinoma cells [33]. However, using CCL to produce
MCTS renders this approach hardly patient specific because most tumors contain highly heterogeneous
subsets of cancer cells [34]. In vivo animal testing research is often employed for observing the effects on
aliving subject. The gold standard in vivo model for tumor development and analysis is patient-derived
xenograft (PDX) [35]. Such a model conserves the clinical tumor architecture, the genotypic and
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phenotypic characteristics of the primary tumor as well as interactions with the microenvironment
and the characteristics of patient’s tumor, recapitulating the inter-tumor heterogeneity [36]. However
this still does not provide immediate clinically actionable data [37]. In addition, their use is quite
expensive and time consuming, and raises ethical issues, at times where alternative in vitro/ex vivo
models are gaining momentum. These reasons make in vivo models unsuitable for routine testing
purposes and encourage the application of 3D cultures that permit recapitulating several mechanisms
of drug resistance found in tumors in vivo.

Huge efforts in preclinical personalized therapy testing were explored by the recent development
of PDTO as ex vivo models of human cancers, including GC [38]. Organoids are 3D cultures of multiple
organ-specific cells of different types that can retain the morphologies and gene expression profiles of
their organs of origin [39]. Organoids enable drug screening for personalized therapies as they provide
genotypic stability and constitute a valuable tool to study pathogen infections [40,41]. A comparison
of the main specificities of 2D, 3D, and PDX animal models is presented in Table 2.

Table 2. Comparison between 2D, 3D cell culture and PDX animal models [42-45].

Test System Main 2D Cell Culture [42,43] 3D Cell Culture [44]  PDX Animal Model [45]
Features
Physiological relevance Limited Better than 2D standard Most Rhysmloglcal
culture environment
Model complexity Limited Complex Very complex

Gene expression

Stable at early passages

Close to in vivo tumors

Close to in vivo tumors

No but co-cultures of

No but co-cultures of

Immune system cancer cells and immune  cancer cells and immune No
cells possible cells possible
Efficient drug screening Yes Yes No
Disease modeling Naive Feasible Sophisticated methods
Data provider Easily exploitable Easily exploitable Hardly exploitable
. Contrp fled Yes Yes No
microenvironment
Reproducibility Favorable Not so favorable Unsuited
Some expensive
Cost Low materials and special High
equipment required
Ethical a.nd regulatory No No No
issues

In this review, we present the current status of in vitro / ex vivo 3D models of human GC as a
surrogate to in vivo tumors. We describe established MCTS and PDTO methods in GC models and
present an overview of important findings from different spheroids- and organoids-based studies,
especially in the fields of molecular profiling, drug discovery, pathogen infection and personalized
medicine. Lastly, we also attempt to propose ways for improving the relevance of next-generation
3D models.

2. Three D Multicellular Tumor Spheroid Model

Since Sutherland et al. established MCTS in the 1970s [46], this model has been one of the most
commonly explored and characterized among the currently available 3D in vitro tumor models [47].
MCTS are aggregates of CCL grown with or without scaffolds representing avascular tumor nodules or
micro-metastases [48]. Spheroids with diameters larger than 400-500 pm sustain oxygen and nutrient
gradients associated with specific functional domains (proliferative outer layer, quiescent intermediate
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layer, and the necrotic center) [49] (Figure 1). As a result, protein and gene expression profiles of MCTS
are closer to those of tumors than 2D tumor cell cultures [50]. In addition, MCTS can be constructed
from tumor cells alone or combined to other cell types that can produce an extracellular matrix (ECM).
They can be used to analyze the influence of 3D-specific cell-cell interactions on tumor progression,
cell invasion or angiogenesis. As such, they are well suited to recapitulate the complexity and the
cellular heterogeneity of tumors, a hallmark of cancer that may explain resistance to chemotherapy and
participate in metastatic invasion. Hence, different 3D-co-culture approaches have been developed to
analyze the interaction of tumor cells, fibroblasts, stem cells, adipocytes, or other cells present in the
tumor microenvironment and to study the influence of these interactions on tumor progression or cell
invasion [51-53].

CAF

co, and catabolites

Immune cell

Quiescent cells )
Ozand nutrients

Necrotic
center

. Drug concentration

and acidity

Figure 1. Simplified representation of a spheroid with different layers (proliferative outer layer,
a quiescent intermediate layer, and the necrotic center) and gradients (oxygen, nutrients, CO;, catabolites,
and drug concentration). Co-culture spheroid is represented by the addition of cancer-associated
fibroblast (CAF) and immune cell.

2.1. MCTS Production Methodologies

Spheroid formation methodologies can be divided into two major categories: (i) scaffold-based
models that take advantage of diverse natural (collagen, fibronectin, agarose, laminin, gelatin) [54],
or synthetic (polyethylene oxide or polyethylene glycol) [55] materials to mimic in vivo tumor-ECM
interactions [56] and (ii) scaffold-free models, which include mainly non-adherent, suspension,
and hanging drop cultures, result in preventing cells attachment to the support, thereby forcing them to
aggregate and form spheroids [49]. The plates used for this method are made non-adherent by coating
them with an inert, non-cytotoxic and non-degradable substrate: agarose or poly-2-hydroxyethyl
methacrylate (poly-HEMA) [57]. The principle of suspension culture methods is to keep the
cells in suspension, either by agitation or by increasing medium viscosity (by addition of
carboxy-methyl-cellulose) [58], but the spheroid size cannot be controlled, which can pose a problem
when used in drug testing [59]. Finally, the hanging drop method involves cell suspension drops
deposited on the underside of an adherent tissue culture lid. Cells aggregate at the bottom of the drop
by gravity and form spheroids of uniform sizes [60]. However, the drops cannot exceed a volume of
50 puL in order to resist gravity [61]. The non-adherent surface method has been widely used for GC
studies [62] (Table 3).
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Table 3. Description, advantages and disadvantages of commonly used MCTS culture techniques. (* Refers to studies on colorectal cancer).

50f19

Spheroids Production

Methods Description Advantages Disadvantages References
Simple Difficulty of cell recovery
3D construction that provides Mimic in vivo microenvironment Scaffold consistency can be variable across lots
Scaffold-based models an ECM capable of Cell-ECM interactions Nonuniform control (composition, size) [27,63]
supporting cells Long-term culture Co-culture delicate
Directly visualize and analyze Not suitable for drug testing
Simple
Available pre-coated plates
Uniform spheroid size control .
Low throughput production
Prevent attachment Ease of cell recovery . .
Non-adherent surfaces Defined co-culture cellular ratio [64-67]
to the support Long:-term culture Requires transfer of spheroids for analysis
Co-culture feasible 4 P y
Useful for drug screening
Directly visualize and analyze
High shear force
. . High throughput production Nonuniform control (composition, size)
. Keeps the cells in suspension . ., . . ; N
Suspension culture . . . Homogeneous media composition Not easily suitable for drug testing [23]
to avoid sedimentation : . .
Long-term culture Requires special equipment
Requires a centrifugation step
Small size of spheroids
Simple Low throughput production
. . Gravity based spheroid . o Tedious spheroid handling and transfer "
Hanging drop technique formation Uniform spheroid size control Difficulty of long-term culture [68-70]

Co-culture feasible

Defined co-culture cellular ratio
Not suitable for drug testing
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2.2. Applications of MCTS in Gastric Cancer

2.2.1. Gene Expression Profiling

Genetic and epigenetic alterations contribute to the development and progression of multifactorial
diseases such as GC [71]. Investigating the gene expression profiles of GC paves the way towards
identifying novel diagnostic or prognostic biomarkers and developing future individualized medicine
strategies. In vitro 3D experiments have gone a long way in understanding the molecular aspects
of complex diseases [72]. CD44, a cell surface adhesion marker expressed by cancer stem cells
(CSC) [73] has been reported as overexpressed in GC spheroids [64]. Oue et al. showed that KIFC1
and KIF11, two members of the kinesin-14 family, were overexpressed in spheroids compared to
parental cells [74,75], while their knockdown inhibited spheroid formation [74,76]. In a similar context,
this group also reported the under-expression of the claspin (CLSPN) gene, which codes for a
nuclear protein involved in DNA replication and S-phase regulation, in spheroids [77]. Recently,
Lee et al. demonstrated, using a limiting dilution protocol in a microwell-based culture chip, that gene
expression of spheroid-forming cells was closely related to histological diffuse and intestinal type [78].
They observed an increase in expression levels of SOX2, a transcription factor expressed in stem cells),
CD44 and E-cadherin in the diffuse type spheroid cell lines (SNU-638 and SNU-484) [79]. In addition,
the expression of ERBB3 increased in spheroids made from intestinal type cell lines (MKN-28 and
NCI-N87) [79]. miRNA expression was also investigated in GC MCTS models. Magalhaes et al
observed that the expression of has-miR-29c-5p, which regulated the expression of DNMT3A, CDC42,
RCC2, and CDK®6, was lower in the 3D model compared to 2D [26]. Changes in the microenvironment
of the in vitro cells by 3D cultures can also impact on gene expression by modifying alternative
splicing [80]. Indeed, a study by Branco da Cunha et al. showed an alternative splicing product of
CD44 in GC spheroids, where the standard CD44 isoform (CD44s) was substituted by CD44 variant
6 (CD44v6) [81]. This increased progressively with the advancement of GC stages, from gastric
pre-neoplastic lesions to advanced carcinoma [82]. Consequently, targeting the genes that distinguish
MCTS from monolayer cell cultures introduces promising anticancer therapies. However, current
studies on gene expression profiles of GC spheroids only scratch the surface and further studies need
to be conducted to further clarify this process.

2.2.2. Gastric Cancer Stem Cells: Biomarkers Identification

Cancer stem cells (CSC) are defined as a subpopulation of cancer cells that have a high capacity
of self-renewal and differentiation into mature tumor cells, where multiple pathways are involved
such as Notch, Wnt, Hedgehog and PI3K [83,84]. CSC constitute less than 5% of total tumor cells but
they may play a crucial role as initiators of the heterogeneous lineage of cancer cells that constitute the
tumor [85,86]. Because of their intrinsic resistance to anticancer drugs, CSC remains after chemotherapy
or radiation therapy could be responsible for relapse after treatment. In addition, a poor prognosis
of GC was associated with the expression of stem cell markers and related proteins, including CD44,
SOX2 and OCT4/3 [87]. Nonetheless, gCSC markers have not been unambiguously identified [87].
For example, Rocco et al. reported that CD44*/CD133* cells, detectable in primary GC, did not exhibit
stem-like properties [88]. In this section, we will focus on studies that apply MCTS models to provide
additional and better evidence of specific cell markers to identify gCSC.

Takaishi et al. identified gCSC for the first time, using CD44 as a marker from a panel of human
gastric CCLs. CD44" cells could self-renew and form MCTS in a serum-free medium. CD44 knockdown
reduced spheroid colony formation [89]. Han et al. reported that CD44"/EpCAM™* (Epithelial Cell
Adhesion Molecule) cells grew exponentially in vitro as cancer spheres and had greater resistance to
anticancer drugs than other subpopulations of cells. These results suggested that CD44*/EpCAM*
cells could be used as a model system for gCSC research [90], although these markers are not specific
of gCSC. It resulted that spheroid body formation has been increasingly used as a functional approach
for enriching in stem cell markers. Liu et al. were the first to develop spheroid body cells from
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human gastric CCL ‘MKN-45". They demonstrated that these cells could generate greater numbers
of new spheroid bodies than the parental cells and that spheroid body-forming cells were capable of
self-renewal and proliferation, which are important CSC characteristics [91]. In addition, when cultured
in stem cell conditioned media, these spheroid body-forming cells showed a significant overexpression
of CD44 and ABCG2 (adenosine triphosphate binding cassette transporter G2) compared to the parental
cells [92]. Furthermore, Zhang et al. found that spheroid cells from gastric CCL could self-renew and
may also play roles in tumor initiation, chemo-resistance, and migration [87]. As already mentioned [79],
using a limiting dilution protocol and a microwell-based culture chip to produce spheroids, Lee et al.
demonstrated that these spheroids had larger populations of cells with stem cell-like properties,
compared to spheroids formed by conventional tumor spheroid culture methods [78]. It is worth noting
that these methods are hindered by poor single-cell seeding and low throughput. Other molecules
have been reported as CSC-associated markers in GC. While Jiang et al. suggested that CD90 could be
used to identify and isolate gCSC [93], Tian et al. documented a high expression of SOX2 in gastric
MCTS and demonstrated the important role of SOX2 in sustaining stem cell properties [94]. In addition,
using the MCTS method to isolate gCSC, Ptch and Glil (Sonic hedgehog (SHH) pathway target genes)
were shown to be more expressed in MCTS cells than in adherent cells, suggesting that the SHH
pathway was essential for the maintenance of CSC in human GC [95]. Ohkuma et al. demonstrated,
using 3D invasion assays, that gastric CD71™ cell subpopulations had higher migratory and a more
invasive potential compared to CD71" cells, suggesting that low expression of CD71 could mark
subpopulations of gCSC [96]. In addition, Yoon et al. found increased activity of RhoA in diffuse gCSC
and a decreased spheroid formation after RhoA inhibition [97]. Despite this evidence, more studies are
needed to further identify and characterize common gCSC biomarkers, especially as a means to better
discriminate between CSC subpopulations, which will help to introduce better GC therapies [28,98].

2.2.3. Drug Discovery

Standard 2D cell cultures have largely contributed to the development of many cancer
therapies. However, the limitations of this model in reproducing in vivo tumor complexity and
pathophysiology [99] may be one cause of the high attrition rate for cancer drugs entering early clinical
trials [100]. Admittedly, culturing cells in 3D differentially impacts on their sensitivity to cytotoxic
agents, as compared to 2D cultures, and usually makes them more resistant to treatment [101]. In this
section, we will provide an overview of the implications of MCTS models in the development of
anticancer drugs as well as in the discovery of novel treatment targets in GC.

As discussed earlier in this review, gCSC are involved in tumor maintenance, resistance to
treatments and tumor progression. Novel treatment modalities targeting gCSC have been developed
using 3D models. Courtois et al. analyzed MCTS spheroid formation revealing CSC-presence and
showed that metformin, an anti-diabetic drug with anti-proliferative effects, targeted gCSC, indicating
that use of metformin could be a promising strategy to inhibit tumor growth [102]. Akrami et al.
showed that ibuprofen, a nonsteroidal anti-inflammatory drug, prevented the initiation and the
progression of GC [103]. They suggested that the anticancer effect of ibuprofen on gCSC was linked
to inhibition of the Wnt/3-catenin signaling pathway [104]. After demonstrating its importance
in sustaining CSC properties, Tian et al. proposed SOX2 as a potential target for GC therapy [94].
Similarly, Nishikawa et al. suggested that ALDH in gCSC may turn into a novel treatment target [105].
In addition, Koh et al. found that pantoprazole downregulated JAK2/STAT3 signaling, while inhibiting
cellular migration or invasion in GC at the same time [106]. Because the efficacy of anticancer drugs
relies on their ability to penetrate tumors efficiently, MCTS models are an ideal platform in view
of their capacity to generate an ECM that obstructs drug penetration [107]. From that perspective,
Sha et al. have constructed a recombinant protein named anti-EGFR-iRGD consisting of an anti-EGFR
VHH (the variable domain from the heavy chain of the antibody to epidermal growth factor receptors)
fused to iRGD, a tumor-specific binding peptide with high permeability. Anticancer activity and
penetration of anti-EGFR-iRGD were evaluated with the MCTS model. Results from this study showed
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improvements in MCTS penetration as well as anti-GC efficacy when the anti-EGFR was fused with
iRGD [27]. In addition, anti-EGFR-iRGD could enhance the efficacy of chemotherapeutic drugs, such as
doxorubicin, bevacizumab, and placitaxel, in the inhibition of GC [27,108]. Furthermore, sSTRAIL-iRGD,
a recombinant protein with a high permeability index, displayed an anti-tumor effect in MCTS,
with limited systemic toxicity [63,109]. Immunotherapy has had its fair share of applications using
MCTS. Examples include exploring tumor immune escape mechanisms and screening immunotherapy
agents or combinations pre-clinically. MCTS were also used for the evaluation of penetration and
cytotoxicity of immune cells [110]. Zhou et al. established MCTS from a human gastric CCL to
evaluate the cytotoxicity resulting from PD-1 blockade [111], a strategy to improve cancer therapy in
the immuno-oncology field [112]. MCTS were formed in a medium containing IFN-y and TNF-« to
obtain PD-L1-expressing spheroids. The spheroids were then incubated with T cells in the absence
or presence of PD-1 blockade. PD-1 blockade enhanced T-cell cytotoxicity against gastric spheroids
expressing PD-L1 [111]. The potential of 3D culture models for the development of new anticancer
strategies has evolved lately [113], demonstrating that CSC are more resistant to drugs than other
malignant cells in the tumor aggregate [114]. Nonetheless, the heterogeneity of MCTS models could
lead to reproducibility problems, leading to disputable biological information not well suited to test
and select appropriate potential anticancer drugs [115].

3. Gastric Organoids

Although generic approaches, such as MCTS models, have participated in improving GC treatment,
patient survival rates remain poor and there is still an urgent need to develop novel effective therapies
with a model that would allow taking into account the genetic make-up of the individual tumor
and provide immediate treatment selection. So-called organoids are one relevant option, although
there is still no consensus on the definition of ‘organoid’ [39]. In general, organoids are in vitro 3D
culture models grown from stem cells of primary tissues [116]. They can recapitulate key features and
functions of their organs of origins such as architecture and gene expression profiles [117]. The many
potential applications of this novel technology are beginning to be explored and used in many research
areas, particularly in cancer research. The organoids co-culture approach can mimic the tumor immune
microenvironment preserving T cell receptor and immune check point [118]. The first PDTO was
established in 2011 when Sato et al. developed a long-term in vitro culture protocol for primary human
epithelial cells isolated from small intestinal adenomas, metaplastic Barret epithelium and colon cancer
tissues [119]. This innovation goes back to the identification of a particular intestinal stem cell marker,
the leucine-rich repeat-containing G protein-coupled receptor 5 (Lgr5) by Barker et al. in 2007 [120].
Sato et al. next reported the first protocol that allowed establishing adult stem cells-derived organoids
using Lgr5* stem cells from intestinal crypts [121]. Since then, this protocol was applied to develop
organoids from different organs including the pancreas [122], liver [123], esophagus [124], prostate [125],
lung [126], breast [127], brain [116], and others [128]. Gastric organoids development was based on
the localization of highly proliferative Lgr5* gastric stem cells at the base of pyloric glands [129],
shortly after the identification of Lgr5 as an intestinal stem cell marker [120]. This identification
was facilitated by the fact that the gastric epithelium, like the intestinal epithelium, is constantly
renewed and filled with rapidly proliferating stem cells. Stange et al. found, at the gland base of
the gastric corpus, specialized chief cells marked by ‘Troy’. They demonstrated that a single Troy™
chief cell could generate gastric organoids [130]. In the following, we describe briefly the culture
of patient-derived gastric cancer organoids (PDTO) and review important findings from organoids
applications in GC studies.

Gastric organoids can be established from normal and cancerous gastric tissues. They are embedded
into an ECM (matrigel) in a manner that recapitulates 3D in vivo conditions [129,131]. Methods used
for culturing organoids from normal tissues have been adapted to successfully produce organoids from
several human cancers [132]. PDTO can be propagated from surgical tumor specimens or endoscopic
biopsies [133] (Figure 2). In general, protocols used to culture gastric organoids start from rinsing
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and mincing tumor tissues into small pieces (2-5 mm?). Released tumor cells from bulk tissues are
then resuspended in matrigel [134] and overlaid with culture medium supplemented with essential
components such as epidermal growth factor (EGF), noggin, R-spondinl, Wnt, fibroblast growth
factor (FGF), gastrin, transforming growth factor (TGF), nicotinamide, insulin-like growth factor (IGF),
and p38 inhibitor glycogen synthase kinase (GSK) [135]. These supplements make organoids culture
environments very complex and different from conventional 2D culture media, which may limit strict
comparisons in cell behavior. Gastric organoids tend to have a conserved architecture, with gastric
glands budding around a central lumen [39]. However, contamination by epithelial and stromal cells,
as well as the scarcity of cancer cells, represent a major challenge in culturing PDTO [130,136]. Primary
PDTO appear like a mosaic of normal and cancer cells. Mechanical or enzymatic disruption allows
passing organoids to maintain the culture for many months and even be cryo-preserved. In addition,
PDTO biobanks were created either from primary [131,137] or metastatic tumors [138]. These biobanks
offer a biological access to human GC, facilitate drug screening, validate biomarkers, and enable
personalized medicine. However, statistical issues are raised, since too small a repertoire of banked
cells might not be representative enough of the genetic heterogeneity of GC.

Cryo-consg,,
Q,

Personalized
medicine

[

] Organoids culture

BIOBANKS

Gene editing

Figure 2.  Graphical representation of gastric organoids applications and implication in
personalized medicine.

3.1. Applications of Organoids in Gastric Cancer

3.1.1. Helicobacter Pylori Infection

H. pylori is a highly harmful human pathogen that infects approximately 60% of the
world’s population [139]. H. pylori infection causes chronic gastritis, the major risk factor for GC
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development [140,141]. Injection of the cytotoxicity-associated gene A (CagA) by H. pylori into
gastric epithelial cells induces pathogenesis [142]. Additionally, CagA upregulates Sonic Hedgehog
(Shh), the regulator of gastric epithelial differentiation and function [143,144]. The majority of data
generated on H. pylori pathogenesis was obtained from gastric CCL or in vivo animal models. However,
the mechanisms of H. pylori infection that trigger GC initiation are poorly described. Bartfeld et al.
developed a system to culture human gastric organoids from adult stem cells (aSCs) that can be
productively infected by H. pylori [135]. Similarly, McCracken et al. reported the de novo generation of
human gastric organoids through the direct differentiation of human pluripotent stem cells (hPSCs),
to be used to model the pathophysiological response of the gastric epithelium to H. pylori [30].
Two hallmarks of H. pylori infection, the enhancement of gastric epithelial cells proliferation and the
activation of nuclear factor-kB signaling, were discovered in 2D cell culture and were then validated in
H. pylori-infected gastric organoids [135,145]. In addition, Wroblewski et al. showed that (3-catenin
was involved in the proliferation mechanism in H. pylori-infected organoids [146]. The activation of
-catenin and snail altered the expression and the localization of claudin-7, a protein implicated in
the formation of tight junctions between epithelial cells [146]. In addition, Bertaux-Skeirik et al. have
explored a new role of CD44 in H. pylori-induced proliferation, based on the fact that CD44 acts as a
co-receptor for c-Met [147]. H. pylori-induced gastric pathology was contributed by the pathogen’s
ability to colonize, alter and manipulate Lgr5" progenitor-stem cells [148]. Moreover, Holokai et al.
developed a human gastric organoid—immune cell co-culture system that allowed studying PD-L1
and PD-1 interactions, located on the gastric epithelial cells and the host’s immune cells, respectively,
during H. pylori infection. They suggested that H. pylori infections modulate the PD-L1 immune
checkpoint which may protect gastric epithelial cells against an immune response [149].

3.1.2. Gastric Cancer Tumorigenesis

To date, the links between genotypes and phenotypes in the development of GC are poorly
understood. Several transgenic animal models of GC tumorigenesis have been developed [150].
However, these models have all shown limitations linked to genetic background irrelevance,
animal resistance and the inability to allow questioning the mechanisms that characterize the aggressive
metastatic tumors. Recently however, organoids proved helpful for understanding the functional
roles of driver gene mutations in the initiation and progression of cancers including colorectal [151]
and gastric cancers. Knocking out CDH1, a tumor suppressor gene, Nanki et al. enhanced the
transformation potential of normal gastric organoids to a diffuse GC morphology, indicating the
implication of CDH1 in morphological and migratory features of GC. They showed occurrence of
divergent genetic and epigenetic routes for developing WNT and R-spondin niche independency.
In addition, they suggested that the loss of CDH1 and TP53 induced R-spondin independency uniquely
during gastric tumorigenesis [137]. Another study by Sethi et al. showed that knocking out both
CDKN2A and TP53 in dysplastic gastric organoids promoted cancer phenotypes [29]. Chen et al.
investigated the role of epithelium-stroma interaction in the progression and the maintenance of
gastric organoids. They demonstrated that Trp53~/~ macrophages present in the early stroma affected
wound healing and tumor promotion. Additionally, they identified R-spondin 3 as an endogenous
source supplied by fibroblasts that could sustain the growth niche in gastric tissue homeostasis and
early cancer development [152]. Wang et al. demonstrated that silencing C8o0rf76 (chromosome 8 open
reading frame 76), a booster of GC cell proliferation, suppressed tumor growth in PDTO [153]. Hence,
the organoid model proved highly pertinent to identify several human molecular pathways associated
with disease progression.

3.1.3. Drug Sensitivity and Personalized Medicine

Intratumor heterogeneity [154] accounts for a large part of the limited benefits of current treatments.
PDTO is a powerful ex vivo tool to take into account the genetic heterogeneity of primary tumors [155].
Drug exposure of organoids established from tumors obtained from seven patients treated with
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epirubicin, oxaliplatin, and 5-fluorouracil was correlated with the response of the primary tumor in
each patient [156]. In a similar study, Li et al. demonstrated that malignant ascites-derived organoids
preserved the histological architecture and the genomic landscape of the corresponding malignant
ascite tumor cells, a common manifestation in advanced GC [157]. Vlachogiannis et al. showed the
clinical potential of PDTO for selecting the best treatment option in cancers using a compound library
of drugs. They also showed their capacity to recapitulate patient responses. Treatment with lapatinib,
a tyrosine kinase inhibitor that targets the EGFR and HER?2 tyrosine kinases, was effective against
ErbB2-amplified PDTO compared to wild-type PDTO [138]. The evolution of translational research,
through its applications with PDTO models, makes it emerge as a crucial strategy in personalized
medicine programs [131,158]. New clinical trials are required to further validate the benefits of GC
PDTO in personalized medicine, i.e., assessing the correlation between the in vivo primary tumor
response and the ex vivo drug-mediated cytotoxicity. The OPPOSITE trial [159] is aimed at filling
this gap.

4. Concluding Remarks

In this article, we attempted to provide an overview of the development of the major 3D cell culture
models of human GC. This rapidly evolving field, which comprises mainly spheroid and organoid
structures, aims at providing an ex-vivo alternative to the quite demanding and expensive PDX in vivo
system. Hence, MCTS systems are well suited to analyze the interactions between the cells that compose
the tumor, including CSC, CAF, immune and endothelial cells. As such, they are also convenient to
analyze the effects of cytotoxic drugs, as well as to identify novel biomarkers. Alternatively, organoids
have proven quite useful to address issues such as the contribution of PD-L1/PD1 from immune
cells to the susceptibility to infection by helicobacter pylori or the specific roles of genes and gene
pathways in gastric tumorigenesis and the response of cancer cells to chemotherapeutic drugs. Hence,
these ex-vivo cell culture systems already represent plausible alternatives to PDX or to other animal
models. Still, harmonization of techniques is needed to ensure better data reproducibility from the use
of 3D models, before these can be seen as the gold standard for the preclinical screening of therapeutic
strategies for GC.
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Chapter llI

lll.4. General Conclusions

Well-established and characterized 2D culture models were and remain an essential tool
in cancer research. They permit understanding the mechanisms that operate in live cells. The
limitations of such models have encouraged researchers to develop 3D culture models to
better mimic the complex physiopathological features of the tumor in vitro avoiding animal
experimentation in fundamental research in early preclinical studies.
In the last 10 years, such novel models have drawn much attention. Moving from 2D to 3D
culture models demonstrated strong improvements in molecular profiling, drug discovery,
and pathogen infection. Still, the harmonization of techniques is needed to ensure better
reproducibility in using 3D models, before these can be seen as the future gold standard in
the preclinical screening of therapeutic strategies for GC. Additional applications could also be
developed in order to provide spheroid structural information, to determine the way cell
populations get assembled, to characterize gene expression and metabolomics of MCTS and
PDTO. This could be in part approached by laser microscopy, flow cytometry and colorimetric
techniques. Such heterogeneous data could be used to develop mathematical models capable
of predicting in vitro growth and treatment response. Finally, organoids appear to be the key
model that will allow the implementation of personalized medicine in clinics. Although initial
promising studies of immunocompetent organoids were reported, further development and
optimization of protocols are needed. A major challenge of 3D culture models remains the
establishment of an intact TME and optimal culture conditions for all co-cultured cell types
including immune cells.
It remains, despite the wealth of data generated by these models, that users face important
limitations. More tuning studies have to be conducted to entirely characterize 3D models, in

particular the most complex models such as organoids or microfluidic 3D cultures.

Should we start assuming a major transition from 2D to 3D cell culture in GC research? The
work performed in this thesis was mainly focused on developing a flexible 3D model of
spheroids cultured in suspension focusing on GC, choosing the most suitable technique of
culture that allowed controlling different culture parameters. This model will be used to test

the toxicity of a drug combination (statin and taxane) (See Chapter IV). Additionally, the
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spheroids will serve to study the interaction and the organization between cancer cells and

TME components (CAF in our first approach) (See Chapter V)
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Version en Frangais

Des modeles de culture en 2D bien établis et caractérisés ont été et restent un outil essentiel
dans la recherche sur le cancer. lIs permettent de comprendre les mécanismes opérant dans
les cellules in vivo. Les limites de ces modeles ont encouragé les chercheurs a développer des
modeéles de culture 3D pour mieux imiter les caractéristiques physiopathologiques complexes
de la tumeur in vitro en évitant |'expérimentation animale dans la recherche fondamentale
lors des premiéeres études précliniques.

Au cours des dix derniéres années, ces nouveaux modeles ont suscité beaucoup d'intérét. Le
passage de modeles de culture en 2D a des modeles en 3D a permis d'améliorer
considérablement le profilage moléculaire, la découverte de médicaments et l'infection par
des agents pathogenes. Cependant, I'harmonisation des techniques est nécessaire pour
assurer une meilleure reproductibilité dans I'utilisation des modeéles 3D, avant que ceux-ci
puissent étre considérés comme le futur model standard dans le criblage préclinique des
stratégies thérapeutiques pour le cancer gastrique. D'autres applications pourraient
également étre développées afin de fournir des informations sur la structure des sphéroides,
de déterminer la maniere dont les populations cellulaires s'assemblent, de caractériser
I'expression des genes et la métabolomique des sphéroides et des organoides. Ceci pourrait
étre abordé en partie par la microscopie en 3D, la cytométrie de flux et les techniques
colorimétriques. Ces données hétérogenes pourraient étre utilisées pour développer des
modeéles mathématiques capables de prédire la croissance in vitro et la réponse au traitement.
Enfin, les organoides semblent étre le modéle clé qui permettra la mise en ceuvre de la
médecine personnalisée en clinique. Bien que des études prometteuses initiales sur les
organoides immunocompétents aient été rapportées, un développement et une optimisation
supplémentaires des protocoles sont nécessaires. Un défi majeur des modeéles de culture 3D
reste |'établissement d'un microenvironnement tumoral intact et des conditions de culture
optimales pour tous les types cellulaires co-cultivés, y compris les cellules immunitaires.
Malgré la richesse des données générées par ces modeles, des limitations importantes se
posent encore aux utilisateurs. Des études plus pointues doivent étre menées pour
caractériser entiérement les modeles 3D, en particulier les modeles les plus complexes

comme les organoides ou les cultures 3D en systemes microfluidiques.
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Devons-nous proposer une transition majeure de la culture cellulaire 2D vers la culture 3D
dans la recherche sur le cancer gastrique ? Le travail effectué dans cette thése a été
principalement axé sur le développement d'un modele 3D flexible de sphéroides cultivés sans
adhésion au support en se concentrant sur le cancer gastrique, et en choisissant la technique
de culture la plus appropriée qui permet de controler différents parameétres de culture. Ce
modeéle sera utilisé pour évaluer la toxicité d'une combinaison thérapeutique (statine et
taxane) (voir chapitre IV). En outre, les sphéroides serviront a étudier l'interaction et
I'organisation entre les cellules cancéreuses et les composants de la matrice extracellulaire

(CAF dans notre premiére approche) (voir chapitre V).
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Chapter IV

IV.1. General Introduction

This chapter presents part of the research work that | have been doing during the
preparation of this thesis. This work analyses drug-induced cytotoxicity using a medium-
throughput technique to determine the effectiveness of a drug combination to treat gastric
cancer (GC) cell lines cultured in 3D. The obtained results have been included in a research

article in press in "Scientific Reports" in January 2022.

These results will be shown under their submission form to the journal, including different
sections of the article: introduction, discussion, materials and method, supplementary data

and references in the section below: IV.2. Research Article 1.

Aim of this work

Although treatment efficacy has improved during the past decade, GC survival rates remain
poor. This calls for an urgent need to develop novel therapies to treat patients with GC. Drug
repurposing has become a powerful and efficient alternative strategy for the discovery of

novel therapeutic options, especially in an adjuvant context.

Statins are competitive inhibitors of the 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
(HMG-CoA Red) enzyme, hence reduce circulating cholesterol levels and the incidence of
cardiovascular diseases [1]. They block protein prenylation by depletion of intermediate
metabolites like farnesyl pyrophosphate (FPP) and geranyl geranyl pyrophosphate (GGP).
These are critical factors required for the post-translational modification and activation of
various small monomeric GTPases onco-proteins, including from the Ras and Rho families,
which regulate cellular mechanisms such as cytoskeletal reorganization, transformation,
migration and proliferation [2]. The inhibition of Ras / Rho-prenylation may suppress
downstream pro-oncogenic signaling pathways, such as the PI3K / Akt / mTOR and MAPK /
ERK pathways, that are overactive in many types of cancers [3]. A large amount of in vitro and
in vivo data have suggested that micromolar concentrations of statins bear anti-tumor activity
potential, since they decreased cellular proliferation, inhibited metastasis and induced

apoptosis [4, 5].
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The synergism between lovastatin and chemotherapeutic agents has also been reported in
different cancers showing increased cell death, reduced tumor growth or metastases [6]. In a
previous study, our team reported that the association of lovastatin and docetaxel, an anti-
cancer taxane compound used to treat GC and other solid tumors, provided a more than
additive apoptotic response of the human HGT-1 GC cell line grown in standard 2D cultures

[7].

As mentioned in Chapter Ill, 3D culture systems have been demonstrated to efficiently predict
the in vivo efficacy of therapeutic agents. In this part of the thesis research work, our goal was
to ask if the previous observations made in 2D-grown cells, would still hold for HGT-1 and AGS

(another human GC cell line) cells grown in 3D.

To this end, we established a 3D cell culture model of spheroids, either as a single cell type, or
combined with cancer-associated fibroblasts (CAF). We made use of the IncuCyte™ live
imaging and analysis system to determine the growth and the cytotoxicity or apoptosis
inducing potential of lovastatin and docetaxel. The results showed that the combination of
docetaxel and lovastatin was an efficient strategy to engage human GC cells grown as 3D-

spheroids into apoptosis.

IncuCyte™: a simple microscope for long-term imaging inside an incubator

While multiple culture methods were developed for 3D cell culture (Chapter l1ll), tools
for analysis of these structures are still very limited. Most current assays are designed as
endpoint tests, where cells have to be fixed or lysed for analysis. Thus, only one single data
point is obtained, whereas one needs to follow dynamic changes in the culture over time.
Since human cells typically divide once per day (or less in 3D models), growth monitoring
requires imaging over several days or weeks under optimal physiological conditions [8].
Imaging of living samples remains challenging because of several technical difficulties, such as
the phototoxicity linked to fluorescence emission and the necessity to execute imaging in
environmental conditions that are as close to the physiological ones (carbon dioxide, oxygen,
temperature and humidity). These limitations are critical when samples are mammalian cells
that are affected by the surrounding atmosphere. To overcome these limitations, a

microscope (developed by Essen BioScience, IncuCyte™ microscope) was introduced into the
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cell culture incubator. In contrast to histopathology or scanning electron microscopy, this
approach is non-destructive. The IncuCyte™ spheroid module, an integrated system for real-
time visualization and automated analysis of spheroid growth was used in our work, with

spheroids grown in 96-well ultra-low attachment (ULA) microplates [9].

The IncuCyte™ system allows automated data acquisition of brightfield, phase contrast and
two types of fluorescence (red and green), with objectives that can be changed automatically
(4%, 10x, 20x). Time-lapse images can be acquired from two filters simultaneously and
combined with brightfield / phase contrast images, which allows the study of spheroid
morphology and growth. Hence, a comprehensive visualization of spheroid morphology,
intercellular compaction (loose aggregates or compact spheroids) and size characteristic for
each cell type can be obtained. These are parameters of interest to characterize cell viability
and 3D structure [10]. Beside difficulties associated with imaging, another issue arises with 3D
microscopy, i.e. the difficulty to analyze and compare quantitative data. For this purpose,
computer programs were developed in combination with image acquisition hardware. By
proposing a direct analysis of the generated data, a tool like the IncuCyte™ is very robust and
it should prove well suited to high-throughput screening of drugs [11]. Nevertheless, incubator
microscopes are not designed to obtain z-stack images, which would help determine the
actual 3D organization of spheroids. This bears importance, in particular for multicellular
spheroids whose intimate cellular arrangement may be specific for a given type of cancer cell
put to interact with support cells like fibroblasts. For this reason, we turned to another image

acquiring 3D modality, two-photon laser microscopy (Chapter V) [12].
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Version en frangais

Ce chapitre présente une partie des travaux de recherche que j'ai menés lors de la préparation
de cette thése. Ce travail analyse la cytotoxicité d'une combinaison de médicaments vis-a-vis
de lignées cellulaires de cancers gastriques (CG) cultivées en 3D, selon une technique a moyen
débit (plagues 96 puits). Les résultats obtenus ont été inclus dans un article de recherche en

presse dans le journal "Scientific Reports" en Janvier 2022.

Ces résultats seront présentés sous leur format de soumission a la revue, comprenant
différentes sections de l'article : introduction, discussion, matériel et méthodes, données

supplémentaires et références dans la section ci-dessous : IV.2. Research Article 1.

But de ce travail

Bien que l'efficacité des traitements se soit améliorée au cours de la derniére décennie, les
taux de survie au CG restent faibles. Cela pointe I'urgence de développer de nouvelles
thérapies. Le repositionnement des médicaments est devenu une stratégie alternative
puissante et efficace pour la découverte de nouvelles options thérapeutiques, en particulier

dans un contexte adjuvant.

Les statines sont des inhibiteurs compétitifs de I'enzyme 3-hydroxy-3-méthyl-glutaryl-
coenzyme A réductase (HMG-CoA Red), réduisant ainsi le taux de cholestérol circulant et
I'incidence des maladies cardiovasculaires. lls bloquent la prénylation des protéines par
réduction des taux de métabolites intermédiaires comme le farnésyl pyrophosphate (FPP) et
le géranyl géranyl pyrophosphate (GGP). Ce sont des composés requis pour la modification
post-traductionnelle et |'activation de GTPases monomériques, y compris des familles Ras et
Rho, qui régulent les mécanismes cellulaires tels que la réorganisation du cytosquelette, la
transformation, la migration et la prolifération cellulaires. L'inhibition de la prénylation de Ras
/ Rho peut bloquer les voies de signalisation pro-oncogéniques en aval, telles que les voies
PI3K / Akt / mTOR et MAPK / ERK, qui sont hyperactives dans de nombreux types de cancers.
Un grand nombre de données in vitro et in vivo ont suggéré que des concentrations
micromolaires de statines avaient une activité anti-tumorale, en raison de leur capacité a

diminuer la prolifération cellulaire, inhiber les métastases et induire I'apoptose.
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La synergie entre la lovastatine et les agents chimiothérapeutiques a également été rapportée
dans différents cancers montrant une mort cellulaire accrue, une croissance tumorale réduite
ou l'incidence de métastases diminuée. Dans une étude précédente, notre équipe a démontré
gue l'association de lovastatine et de docétaxel, un composé taxane anticancéreux utilisé pour
traiter les cancers gastriques et d'autres tumeurs solides, a induit une réponse apoptotique
plus qu'additive de la lignée cellulaire gastrique humaine HGT-1 cultivée en conditions 2D

standard.

Comme mentionné au chapitre Ill, il a été démontré que les systémes de culture 3D prédisent
efficacement |'efficacité in vivo des agents thérapeutiques. Dans cette partie du travail, notre
objectif était de tester si les observations précédentes faites dans des cellules cultivées en 2D,
seraient toujours valables pour les cellules HGT-1 et AGS (une autre lignée cellulaire humaine

CG) cultivées en 3D.

A cette fin, nous avons établi un modéle de culture cellulaire 3D de sphéroides, soit en tant
gue type cellulaire unique, soit en combinaison avec des fibroblastes associés au cancer (CAF).
Nous avons utilisé le systéme d'imagerie et d'analyse en direct IncuCyte™ pour déterminer la
croissance et la cytotoxicité de la lovastatine et du docétaxel. Les résultats ont montré que la
combinaison docétaxel + lovastatine était une stratégie efficace pour engager les cellules CG

humaines, cultivées sous forme de sphéroides 3D, dans I'apoptose.

IncuCyte™: un microscope simple pour I'imagerie en temps réel a l'intérieur d'un incubateur

Alors que de multiples méthodes de culture sont développées pour la culture des cellules
en 3D (chapitre Ill), les outils d'analyse de ces structures sont encore limités. La plupart des
tests actuels sont congus comme des tests en point final, ou les cellules doivent étre fixées ou
lysées pour étre analysées. Ainsi, on n'obtient qu'un seul point de données au lieu de suivre
les changements dynamiques de la culture dans le temps. En se divisant généralement une
fois par jour (ou moins dans un modeéle 3D), le suivi de la croissance des cellules humaines
nécessite une acquisition des images sur plusieurs jours ou semaines dans des conditions
physiologiques optimales. L'imagerie des échantillons vivants reste un défi a cause de
plusieurs difficultés techniques, telles que la phototoxicité liée a I'émission de fluorescence

ainsi que la nécessité d'exécuter l'imagerie dans des conditions environnementales aussi
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proches que possible des conditions physiologiques (dioxyde de carbone, oxygéne,
température et humidité). Ces limitations sont critiques lorsque les échantillons sont des
cellules de mammiferes qui sont affectées par I'atmosphére environnante. Pour surmonter
ces limitations, un microscope (développé par Essen BioScience, le microscope IncuCyte™) est
introduit dans l'incubateur de la culture cellulaire. Contrairement a I'histopathologie ou a la
microscopie électronique a balayage, cette approche est non-destructive. Le module
sphéroide de I'IncuCyte™, un systéme qui permet pour la visualisation en temps réel et
I'analyse automatisée de la croissance des sphéroides, a été utilisé dans nos travaux, avec des

sphéroides cultivés dans des microplaques-96 puits a faible adhésion.

Le systéme IncuCyte™ permet l'acquisition automatisée des images en lumiére blanche,
contraste de phase et deux couleurs de fluorescence (rouge et vert), avec des objectifs qui
peuvent étre changés automatiquement (4x, 10x, 20x). Des images prises a intervalles
réguliers peuvent étre acquises a partir de deux filtres simultanément et combinées avec des
images en contraste de phase, ce qui permet d'étudier la morphologie et la croissance des
sphéroides. Ainsi, une visualisation complete de la morphologie des sphéroides, de la
compaction intercellulaire (agrégats fragiles ou sphéroides compacts) et de la taille
caractéristique de chaque type de cellule peut étre obtenue. Ce sont des parameétres d'intérét
pour caractériser la viabilité des cellules formant la structure 3D. Une des difficultés liées a
I'imagerie est d'analyser et de comparer les données quantitatives. A cette fin, des logiciels
d'analyse ont été développés en combinaison avec les appareils d'acquisition d'images. En
proposant une analyse directe des données générées, un outil comme I'IncuCyte™ est robuste
et bien adapté au criblage a haut débit des médicaments. Néanmoins, les microscopes
d'incubation ne sont pas congus pour obtenir des images en profondeur, qui permettraient de
déterminer l'organisation 3D réelle des sphéroides. Ceci est important, en particulier pour les
sphéroides pluricellulaires dont I'arrangement cellulaire peut étre spécifique d’un type donné
de cellule cancéreuse mise en interaction avec des cellules de soutien comme les fibroblastes.
Pour cette raison, nous nous sommes tournés vers une autre modalité d'acquisition d'images

3D, la microscopie a deux photons (chapitre V).
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Authors: George Alzeeb !, Danielle Arzur %, Valérie Trichet 2, Matthieu Talagas®*, Laurent

Corcos >®, Catherine Le Jossic-Corcos 1'*

1 Univ Brest, Inserm, EFS, UMR 1078, GGB, F-29200 Brest, France

2 Inserm, Univ Nantes, UMR 1238 Phy-Os “Bone Sarcomas and Remodeling of Calcified Tissues”, F-
44035 Nantes, France

3 Univ Brest, Laboratoire Interactions Epithéliums-Neurones, F-29200 Brest, France.

4 Department of Dermatology, University Hospital of Brest, F-29200 Brest, France.

> Inserm, Univ Brest, EFS, UMR 1078, GGB, F-29200 Brest, France

6 CHU de Brest, Inserm, Univ Brest, EFS, UMR 1078, GGB, F-29200 Brest, France

* Correspondence: catherine.corcos@univ-brest.fr; phone 33 2 98 01 79 02

Accepted to be published in the journal ‘Scientific Reports’: 06 January 2022

Abstract: Gastric cancer (GC) is the third cause of cancer-related mortality worldwide and is
often diagnosed at advanced stages of the disease. This makes the development of more
comprehensive models and efficient treatments crucial. One option is based on repurposing
already marketed drugs as adjuvants to chemotherapy. Accordingly, we have previously
developed the combination of docetaxel and the cholesterol-lowering drug, lovastatin, as a
powerful trigger of HGT-1 human GC cells’ apoptosis using 2D cultures. Because 3D models,
known as spheroids, are getting recognized as possibly better suited than 2Ds in toxicological
research, we aimed to investigate the efficacy of this drug combination with such a model. We
established monocellular spheroids from two human (GC) cell lines, HGT-1 and AGS, and
bicellular spheroids from these cells mixed with cancer-associated fibroblasts. With these, we
surveyed drug-induced cytotoxicity with MTT assays. In addition, we used the IncuCyte™ live
imaging and analysis system to follow spheroid growth and apoptosis. Taken together, our
results showed that the lovastatin+docetaxel combination was an efficient strategy to
eliminate GC cells grown in 2D or 3D cultures, lending further support in favor of repurposing

lovastatin as an adjuvant to taxane-based anticancer treatment.

This article will be presented in this thesis as its submitted format to Scientific Reports.
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1. Introduction

With over one million new cases annually, gastric cancer (GC) is the fifth most diagnosed
malignancy. The high mortality rate makes it the fourth most common cause of cancer-related
deaths, with 768 793 deaths worldwide in 2018 [1]. There are marked geographical
differences in the incidence of GC. It is highest in Central and East Asia (71% of cases) followed
by Eastern Europe (10%) and Latin America (6%) [2].
GC is difficult to detect at an early stage, in absence of highly specific warning signs, and
roughly 30% of patients have metastases at diagnosis, which results in poor prognosis [3].
Surgical resection is the main treatment for localized forms. Nonetheless, complementary
approaches, such as adjuvant chemotherapy, have shown better survival rates [4, 5].
However, for advanced GC, improving treatment efficacy remains a major challenge and calls
for an urgent need to develop innovative therapies [6]. Inhibition of programmed death-1 (PD-
1) / programmed death-ligand 1 (PD-L1) axis with immune checkpoint inhibitors (ICl) has
recently been emerging as a novel treatment strategy for advanced GC [7]. Combined
treatment is often the basis of current chemotherapy regimen, by which anti-tumor agents
show stronger effects [8]. This may extend to drug repurposing as an alternative strategy [9].
Statins are widely used for the treatment of hypercholesterolemia [10]. Lovastatin, like other
statins, reduces serum cholesterol levels through inhibition of the 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMG-CoA Red), a rate-limiting enzyme in the mevalonate
pathway [11]. In addition, a large amount of in vitro and in vivo data have suggested that
statins bear anti-tumor activity potential, since they decreased cellular proliferation, inhibited
metastasis and induced apoptosis [12—16] including in human breast cancer [17], esophageal
carcinoma [18], melanoma [19] cells, or breast cancer stem cells [20]. The synergism between
lovastatin and chemotherapeutic agents, such as doxorubicin and idarubicin, has also been
reported in different cancers [21-23].
Two-dimensional (2D) cell cultures have largely contributed to the development of many
cancer therapies. However, the types of cell-cell and cell-matrix interactions generally
dictated, for epithelial cells, by the necessity to adhere to a solid support, may make 2D
models sub-optimal in absence of micro-environmental constraints and dynamic interactions
as they occur in tumors [24]. To better mimic the functional aspects of tissues and present a
more realistic model of biological responses, three-dimensional (3D) culture systems have

been increasingly recognized as more reliable in vitro test models [25]. Multicellular tumor
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spheroids (MCTS), which associate one or more cell types, are one of the most extensively
explored models in preclinical oncology research [26]. The potential of MCTS in predicting the
in vivo efficacy of different chemotherapeutic agents has been clearly evidenced, and the
responses to treatment in the MCTS model could be closer to the in vivo situation [27, 28].
Indeed, various factors such as cell-cell interactions, metabolic status and expression of drug-
resistance genes may be different between 2D and 3D cultures and could affect evaluation of
drug activity [29]. An important characteristic of solid tumor microenvironments is their
heterogeneous cellular composition [30]. The cross-talk between cancer cells and stroma
components, such as fibroblasts, endothelial and immune cells, influences various features
related to tumor progression or cell invasion [31, 32]. The model of hetero-type MCTS
overcomes some of the limitations of 2D co-cultures and provides a closer resemblance to
tumors [33].

Several spheroid engineering methodologies have been developed, following the pioneering
studies by Sutherland et al. who established MCTS in the 1970s [34]. Novel technologies
combining round-bottom geometry with ultra-low attachment (ULA) surface chemistry
allowed standardizing 3D cultures and generated reproducible MCTS, which qualifies this
model for medium-high throughput screening of anticancer drugs [35]. Recently, assays that
measure the effects of drugs in real-time have been designed to mimic in vivo drug responses
[36, 37]. Medium-high throughput imaging systems, such as IncuCyte™ (Essen BioSciences),
are well-suited for this purpose, as they enable the long term follow-up of growth or death of
3D cultures [38].

In a previous study, our team reported that the association of lovastatin and docetaxel, an
anticancer taxane compound, which affects microtubule dynamics [39, 40] and is used to treat
GC and other solid tumors [41], provided an over-additive apoptotic response of the human
HGT-1 GC cell line grown in standard 2D conditions [42]. Since the 3D model has been
recognized as often more resistant to cytotoxic drugs than the 2D model [43, 44], we decided
to ask if our previous observations that demonstrated the potential benefit of associating
lovastatin + docetaxel as a strong trigger of cancer cell death, would still hold for two human
GCcell lines, HGT-1 and AGS, grown in 3D. To this end, we established a spheroid model, either
as a single cell type, or combined with cancer-associated fibroblasts (CAF). We made use of
the IncuCyte™ live imaging and analysis system to determine the growth and the cytotoxicity

or apoptosis inducing potential of lovastatin and docetaxel.
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2. Results

Docetaxel and lovastatin are cytotoxic to human gastric cancer HGT-1 and AGS cells in 2D

model

We have shown previously that lovastatin enhanced the apoptosis induction brought about
by docetaxel in HGT-1 human gastric cancer (GC) cells in 2D [42]. In the present study, we
selected, for further in vitro experiments, the same concentrations of 5nM docetaxel (D 5nM),
12.5uM lovastatin (L 12.5uM) or a combination of 5nM docetaxel + 12.5uM lovastatin (D+L).
To evaluate the cytotoxicity of the drugs, 2D cultured HGT-1 cells were treated with D 5nM, L
12.5uM and D+L for 36 h (Figure 1V.1(a)) and 48 h (Figure IV.1(b)), and cytotoxicity was
determined using MTT assays. The results showed a significant reduction of cell viability down
to 57% (p<0.001) and 65% (p<0.01), respectively, by D 5nM and L 12.5uM treatments at 36 h,
and down to 47% (p<0.001) and 28% (p<0.001) after 48 h of treatment. The exposure to both
drugs had a cumulative effect on cell viability that was reduced down to 39% (p<0.001) for 36
h of treatment and to 20% (p<0.001) for 48 h. We have also evaluated the cytotoxicity effect
of D 5nM and / or L 12.5uM of AGS cells after 48 h of treatment. Similar results were obtained

for AGS cells (Supplementary Figure 1V.1).

113



Cell Viability (% of control)

Chapter IV

Figure IV.1.
b
% % % % X
| | | |
150+ : 150+ 7
| | | |
% % % X ¥
| | | |
% X ns 3 % % *
| Il Il | = | 1l Il |
100 S 100+
(M.
(]
X
2
== 3
50 57 S 50 =
E= = 47
39 0
20
0- T 0 T T
Ctl  D5nM  L125uM D+l Ctl  D5nM L125uM DL

36h

48h

Figure IV.1. Toxicity of docetaxel and lovastatin in human gastric cancer HGT-1 cells in 2D

culture.

The cells were incubated at 37 °C for 36 (a) and 48 (b) h of treatment with 5nM docetaxel
(D 5nM), 12.5uM lovastatin (L 12.5uM) and 5nM docetaxel + 12.5uM lovastatin (D+L). Cell
viability was determined by the MTT assay. The results are shown as the mean + SD of
n=3 independent experiments with four technical replicates in each. ns, p > 0.05; *p

<0.05; **p £0.01; ***p < 0.001, one-way ANOVA followed by Tukey analysis.

HGT-1 and AGS gastric cancer cells efficiently develop as MCTS

The non-adherent surface method has been widely used in GC studies for its advantage to
allow production of spheroids of uniform sizes, an essential requirement for cytotoxicity
screening. HGT-1 cells were seeded (500 cells / well) into 96-well ultra-low attachment plates
and cultured under standard conditions to develop into spheroids. MCTS formation was rapid

and highly reproducible using the HGT-1 cell line as well as with AGS cells (Figure 1V.2) grown
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in ultra-low attachment dishes. AGS spheroids were more compact than HGT-1 spheroids. AGS
spheroids, but not HGT-1 spheroids showed a few necrotic cells in the central areas as
expected from compact spheroid structures. A few mitotic figures were visible on spheroid
sections (Supplementary Figure IV.2). To get equal sizes of 6 days-old spheroids, we generated
AGS spheroids by seeding 1000 cells / well, instead of 500 for HGT-1 cells. Incubation for 6
days alone and without matrix was sufficient to form tightly packed spheroids. Six days-old
HGT-1 spheroids were uniform with a diameter of about 540 + 45 um and about 6.5 + 0.2 x
103 cells each. Six days-old AGS spheroids were in the same size range with about 14 + 0.3 x

103 cells each.

Figure IV.2.

a HGT-1 2D b HGT-1 3D

C AGS 2D d

Figure IV.2. Phase contrast and bright field photographs of HGT-1 and AGS cells in 2D or
3D cultures.

Bright field photographs of HGT-1 (a: 2D, b: 3D-after 6 days of culture) and AGS (c: 2D,
d: 3D-after 6 days of culture) human GC cell lines.
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Docetaxel and lovastatin strongly reduce HGT-1 MCTS growth

To characterize the effects of the drugs on the growth of HGT-1 MCTS, we assessed their
effects in real-time. Six days-old HGT-1 spheroids were treated with D 5nM, L 12.5uM and D+L.
Spheroid sizes, recorded using the IncuCyte™ live imaging and analysis system, showed that
D 5nM, L 12.5uM and D+L induced reduction in spheroid growth after 48 h, as shown by bright
field photographs of spheroids in Figure 1V.3(a). The effects of the drugs on growth reduction
of HGT-1 spheroids, were analyzed in real-time after up to 144 h. The most effective inhibition
of growth was achieved using both drugs (Figure 1V.3(b)). Hence, real-time area monitoring
showed that docetaxel reduced the size of GC MCTS, and this effect was strongly enhanced by

lovastatin.
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Figure IV.3. Effects of docetaxel and lovastatin treatments on the growth of HGT-1
spheroids.

(a) Bright field photographs of 6 days-old HGT-1 MCTS at 0 h and 48 h of treatment with
5nM docetaxel (D 5nM), 12.5uM lovastatin (L 12.5uM) and 5nM docetaxel + 12.5uM
lovastatin (D+L), captured with the IncuCyte™ live imaging. (b) Real-time growth
monitoring (Area 10° x um?) of HGT-1 MCTS was performed using the IncuCyteTM live
imaging and analysis system. Six days-old spheroids (starting as 0 on the graph) were
treated with 5nM docetaxel (D 5nM) (black squares), 12.5uM lovastatin (L 12.5uM) (black
triangles) or 5nM docetaxel + 12.5uM lovastatin (D+L) (black X) for up to 144 h. Control
(Ctrl) MCTS are shown as white lozenges. The results are shown as the mean + SD of n=3
independent experiments with four technical replicates in each. ***p < 0.001, one-way
ANOVA followed by Tukey analysis.
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Docetaxel and lovastatin trigger strong cytotoxicity in HGT-1 and AGS MICTS

To examine the cell killing effects of docetaxel and lovastatin in a 3D culture system of GC cells,
we performed MTT assays, with some modifications compared to the standard assay (see the
Materials and Methods section). Six days-old HGT-1 spheroids were treated for 48 h by D 5nM,
L 12.5uM and D+L before adding the MTT reagent. As compared to control, treatment with D
5nM or L 12.5uM resulted in reduction of MCTS viability down to 62% (p<0.01) and 43%
(p<0.01) of control, respectively. The association of D 5nM and L 12.5uM showed the strongest
cytotoxicity against HGT-1 MCTS and reduced cells viability down to 30% (p<0.01) (Figure
IV.4(a)). Dynamic recording of the effect of drugs shows that control, untreated spheroids kept
growing over time, whereas treated spheroids stopped growing and eventually regressed
(Supplementary Videos, cytotoxicity files). These results indicated that docetaxel and
lovastatin possessed strong cell killing activity in 3D spheroids of HGT-1 cells, similarly to 2D-
grown cells (Figure I1V.1). These results were correlated with MCTS HGT-1 growth, where all
treatments reduced spheroid sizes as shown in Figure IV.3. We have also examined the cell
killing effects of D 5nM, L 12.5uM and D+L on 6 days-old AGS MCTS using the same MTT assay.
Similar results were obtained 48 h after treatment for 3D-grown AGS cells (Supplementary
Figure IV.3).

In order to appreciate the effects of the drugs by other means, we generated an HGT-1 sub-
population labeled with a RedTomato tag. Such cells should allow for a simplified
measurement of cytotoxicity since dead cells are expected to lose RedTomato expression,
allowing direct reading of the drop in RedTomato fluorescence intensity by IncuCyte™ as an
indicator of decreased cell viability, as reported in the case of GFP protein drop in cells dying
in response to drugs [45]. HGT-1 and HGT-1-RedTomato cells were equally sensitive to the 2
cytotoxic drugs in monolayer cultures (Supplementary Figure IV.4). Red fluorescence
photographs of 6 days-old spheroids treated by D 5nM, L 12.5uM and D+L at 0 and 48 h are
shown in Figure 1V.4(b). Direct measurement of RedTomato mean intensity of 6 days-old
spheroids after exposure to D 5nM and L 12.5uM for 48 h produced results that overlapped
well with those obtained in the MTT assay. While D 5nM and L 12.5uM reduced fluorescence
intensity down to 53% (p<0.001) and 39% (p<0.001), respectively, the strongest effects were
obtained upon addition of both compounds (20%, p<0.001) (Figure 1V.4 (c)).
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Figure 1V.4. Cytotoxicity of docetaxel and lovastatin for HGT-1 MCTS.

(a) Cell viability was determined by the MTT assay after 48 h of treatment with 5nM
docetaxel (D 5nM), 12.5uM lovastatin (L 12.5uM) and 5nM docetaxel+12.5uM lovastatin
(D+L) of six days-old HGT-1 spheroids. The results are shown as the mean + SD of n=3
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independent experiments with four technical replicates in each. ns, p > 0.05; *p < 0.05;
**p < 0.01, one-way ANOVA followed by Tukey analysis. (b) Red fluorescence
photographs of 6 days-old spheroids formed by HGT-1cells expressing RedTomato at 0 h
and 48 h of treatment with D 5nM, L 12.5uM and D+L captured with the IncuCyte™ live
imaging. (c) Fluorescence signal generation by 6 days-old HGT-1-RedTomato MCTS
exposed to 5nM docetaxel (D 5nM), 12.5uM lovastatin (L 12.5uM) and 5nM docetaxel +
12.5uM lovastatin (D+L) for 48 h. The results are shown as the mean = SD of n=3
independent experiments with four technical replicates in each. **p <0.01; ***p <0.001,
one-way ANOVA followed by Tukey analysis.

Docetaxel and lovastatin trigger HGT-1 and AGS spheroid cells apoptosis

To further examine if docetaxel and lovastatin-induced cell viability reduction was related to
apoptosis, we performed Annexin V staining followed by fluorescence-activated cell intensity
measurement using IncuCyte™. Red fluorescence photographs of 6 days-old HGT-1 spheroids
showing binding of Annexin V at 0 and 72 hours of treatment with D 5nM, L 12.5uM, and D+L
are shown in Figure IV.5(a). Concurrently with the reduced cell viability, apoptosis increased
dramatically in response to the drugs. As shown in Figure IV.5(b), Annexin V fluorescence
intensity was increased in response to D 5nM (by 192%, p<0.01) and L 12.5uM (by 184%,
p<0.01) after 72 h. In addition, the highest apoptosis level (233%, p<0.001) was obtained after
exposure to both drugs (D+L). To characterize, in more details the effects of the drugs on
apoptosis induction of HGT-1 MCTS, we assessed their effects in real-time (Supplementary
Figure IV.5) and we determined the level of nuclei fragmentation by Hoechst 33342 staining
of the cells (Supplementary Figure IV.6(a)). Comparable results were obtained for AGS cells
(Supplementary Figure 1V.6(b)). In addition, caspases 3 and 7 activity was increased by two-
fold in both HGT-1 and AGS spheroids (Supplementary Figure 1V.6(c) and (d)). Altogether,
these results showed that combined treatment promoted high levels of apoptosis in human

HGT-1 GC spheroids, similarly to 2D monolayers [42], as well as in AGS cells.
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Figure IV.5. Apoptosis induction by docetaxel and lovastatin in HGT-1 spheroids.
(a) Red fluorescence photographs of HGT-1 spheroids at 0 h and 72 h of treatment with

5nM docetaxel (D 5nM), 12.5uM lovastatin (L 12.5uM) and 5nM docetaxel + 12.5uM
lovastatin (D+L) in presence of Annexin V fluorescent reagent (IncuCyte™) captured with
the IncuCyte™ live imaging. (b) Annexin V binding on 6 days-old HGT-1 MCTS after 72 h
of treatment with 5nM docetaxel (D 5nM), 12.5uM lovastatin (L 12.5uM) and 5nM
docetaxel + 12.5uM lovastatin (D+L). The Annexin V reagent was added at the same time
as the drugs. The results are shown as the mean * SD of n=3 independent experiments
with four technical replicates in each. ns, p > 0.05; *p <0.05; **p < 0.01; ***p < 0.001,
one-way ANOVA followed by Tukey analysis.
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Bicellular MCTS show sensitivity to docetaxel and lovastatin

In order to better mimic tumors, we established hetero-type MCTS from human HGT-1 or AGS
GC cells and human CAF in primary culture. We explored the effects of different ratio of GC
cells to CAF: 1:1; 1:2; 1:5; 1:9 on growth. In addition, we followed drug response, as
determined by spheroid growth for the 1:1; 1:2 and 1:5 ratios. We observed that the effect of
drugs was similar between all ratio conditions. We may hypothesize that CAF did not strongly
influence the response of the spheroids to lovastatin and / or docetaxel under our conditions.
Therefore, we fixed the ratio at 1:1. Gene expression analysis showed that the CAF grown in
2D confirmed their stromal nature, as shown for aSMA, FAP, VIM, FGF-2, IL-6 and SDF-1
markers [46], while these genes were essentially not expressed in HGT-1 or AGS cells
(Supplementary Figure IV.7). Bright field photographs of 6 days-old monocellular HGT-1
spheroids (500 and 250 cells) and 250 HGT-1 + 250 CAF bicellular spheroids are shown in Figure
IV.6(a). MCTS growth and shape were analyzed over time (Figure IV.6 (b)). Bicellular (250 CAF
+ 250 HGT-1) spheroids were more compact compared to HGT-1 spheroids; they reached
respectively ~1,6 x 10° um? and ~5 x 10> um? after 6 days of culture. It has to be stated that
this analysis shows the evolution of spheroid sizes but not the actual number of cells that
compose the spheroids. In addition, the count of HGT-1 cells, recovered from mono- or
bicellular spheroids, showed no significant differences at the same age of spheroids
(Supplementary Figure IV.8). In this mixed model, cells were firmly attached to each other and
were hard to dissociate by mechanical force. These data indicated that the presence of
fibroblasts, in 1:1 ratio with cancer cells, promoted assembly of highly compact 3D cell
structures (Supplementary Videos, bicellular spheroids formation until day 8). In addition, AGS
+ CAF spheroids, assembled from 500 AGS + 500 CAF were smaller and more compact
than monocellular 500 AGS spheroids, similarly to HGT-1 + CAF bicellular spheroids (data not

shown).
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Figure IV.6. Growth of bicellular MCTS.

(a) Bright field photographs of 6 days-old monocellular spheroids formed from 500 or 250
HGT-1 cells and bicellular (250 CAF + 250 HGT-1) spheroids captured with the IncuCyte™
live imaging. (b) Real-time growth monitoring (Area 10°x um?) was performed using the
IncuCyte™ live imaging. Monocellular MCTS generated from: i) 250 HGT-1 cells is
represented by white circles, ii) 500 HGT-1 cells is represented by black X symbol and iii)
bicellular MCTS generated from 250 HGT-1 + 250 CAF is represented by X inside circles.
The results are shown as the mean + SD of n=3 independent experiments with four
technical replicates in each. *p<0.05; one-way ANOVA followed by Tukey analysis.
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Then, we treated 6 days-old HGT-1 + CAF bicellular MCTS by D 5nM, L 12.5uM and D+L.
Reduction of spheroids size was shown upon treatments. As shown by bright field
photographs of spheroids in Figure IV.7(a), the association of docetaxel and lovastatin
triggered a stronger size reduction of MCTS compared to single docetaxel treatment after 48
h. This was also reflected over time up to 144h (Figure IV.7(b)). To determine if this size
reduction of MCTS was link to cell death, we performed MTT assays from 6 days-old bicellular
spheroids after 48 h of treatment. D 5nM showed a stronger cell killing activity (viability
reduced by 44%, p<0.001) than L 12.5uM (viability reduced by 33%, p<0.01). The association
of D+L had the largest effect on cell viability reduction (up to 64%, p<0.001) (Figure 1V.7(c)).
We have also examined cell death inducing effects of D 5nM, L 12.5uM and D+L on 6 days-old
AGS + CAF bicellular spheroids using an MTT assay (Supplementary Figure IV.9). Combined

treatment had a cumulative effect on cell viability, similarly to HGT-1 MCTS.
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Figure IV.7.
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Figure IV.7. Effects of drug treatments on bicellular MCTS.

(a) Bright field photographs of 6 days-old HGT-1 + CAF spheroids at 0 h and 48 h of
treatment with 5nM docetaxel (D 5nM), 12.5uM lovastatin (L 12.5uM) and 5nM docetaxel
+ 12.5uM lovastatin (D+L), captured with the IncuCyte™ live imaging. (b) Real-time
growth monitoring (Area 10* x um?) of mixed spheroids formed from 250 HGT-1 + 250
CAF was performed using the IncuCyte™ live imaging and analysis system. Single
treatments with 5nM docetaxel (D 5nM) (black squares), 12.5uM lovastatin (L 12.5uM)
(black triangles) and combined treatment with 5nM docetaxel + 12.5uM lovastatin (D+L)
(black X) were applied on 6 days-old MCTS and compared to control (white lozenges). The
results are shown as the mean + SD of n=3 independent experiments with four technical
replicates in each. ns, p > 0.05; **p < 0.01; ***p < 0.001, one-way ANOVA followed by
Tukey analysis. (c) The variation of bicellular MCTS viability was determined by the MTT
assay after 48 h of treatment by 5nM docetaxel (D 5nM), 12.5uM lovastatin (L 12.5uM)
and combined treatment with 5nM docetaxel + 12.5uM lovastatin (D+L). The results are
shown as the mean + SD of n=3 independent experiments with four technical replicates
in each. *p <0.05; **p < 0.01; ***p < 0.001, one-way ANOVA followed by Tukey analysis.
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3. Discussion

Although treatment efficacy has improved during the past decade, survival rates of GC
patients remain low [47]. The limitations of 2D cell culture model that lacks tumor complexity
and direct pathophysiology relevance may be one of the main causes of the poor rate of cancer
drugs entering early clinical trials, and even more so, become marketed drugs [48]. Novel
preclinical models such as 3D cultures may be more predictive than 2D cultures for cancer
therapy research [49]. Several distinct factors between 2D and 3D cultures, such as metabolic
state and expression of drug resistance transporters could affect the activity of anti-cancer
drugs [29].
Following on our previous studies showing that blunting the mevalonate pathway with
lovastatin amplified the apoptotic response brought about by docetaxel [42], we asked
whether such results might also apply to cells grown in 3D as spheroids. This was motivated
by the fact that cell-cell interactions might be different between 2D and 3D culture conditions.
Although this may sometimes be the case [44, 50], the present results showed that in both
culture conditions, the lovastatin + docetaxel combination proved to be similarly able to
trigger efficient apoptosis, to a larger extent than single drug treatments.
Here, HGT-1 and AGS cells were found to spontaneously form spheroids in ULA round-bottom
microplates with high reproducibility. These spheroids were used for drug toxicity evaluation.
We made use of high-throughput image microscopy (IncuCyte™) to analyze several growth-
impairing conditions of spheroids, as reported [51]. Protein and gene expression profiles of
MCTS are reportedly more similar to those of tumors than 2D cancer cells [52, 53]. In addition,
3D cell models are usually more resistant to cytotoxic treatments compared to cells in 2D
cultures [54, 55]. This may have applied also here, as cells derived from 6 days-old spheroids
were slightly less sensitive to the drugs than 2D-cultured cells after 48 h of treatment
(Supplementary Figure IV.10). However, it is important to consider spheroid sizes when
comparing therapeutic responses [56]. The spheroids generated here were homogenous and
reached sizes in this range after 6 days. Although AGS spheroids were more compact than
HGT-1 spheroids, both showed comparable sensitivities to the drugs or their combinations.
Following drug treatments, we obtained quite overlapping results, by both the MTT assay and
the live microscopy analysis system (Figures IV.3,4).
Cancer cells are strongly influenced by their microenvironment, which modulates local tumor

progression and has a significant impact on therapy [57]. The co-culture of tumor cells with
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CAF in MCTS permits to reproduce, at least in part, the interactions between different cell
types, which are known to affect disease progression and the efficacy of anticancer therapies
[58, 59]. Several studies showed that distinct signaling pathways may be activated in 2D vs 3D
culture, in the presence or absence of stromal cells upon treatment with RAF inhibitors [60],
anti-androgens [61], cetuximab, trastuzumab, vorinostat or everolimus [62] and doxorubicin
[63]. Here, we developed an in vitro GC 3D direct co-culture model using human GC cells and
GC-associated CAF. From day 2 of co-culture, spheroids assumed a tight shape, as compared
to pure HGT-1 spheroids. This had no detrimental impact on drug response, as the
combination of docetaxel and lovastatin showed strong cytotoxicity in this setup also (Figure
IV.7).

Overall, the cytotoxic responses observed here in 2D or 3D models were presumably mostly
due to some of the many changes induced by lovastatin at the transcriptomic and
metabolomics levels, rather than to docetaxel that had very limited effects [42, 64]. Because
the two drugs share no common mechanism of action, we believe, that they acted
independently to trigger cell death, rather than activating the same death pathway.

Our results showed, by 3 analytical methods, from 2D cell cultures to 3D, that the combination
of a bona fide anticancer agent, like docetaxel, and lovastatin deserved much interest. Real-
time monitoring of drug response of 3D tumor spheroids proved to be a quite sensitive and
reliable approach to determine the overall cell toxicity, both in mono- and bicellular spheroids.
This toxicity resulted in apoptosis, as shown by enhanced nuclear fragmentation (revealed by
Hoechst 33342 nuclear staining) and increased Caspases 3/7 activities. As an extension to this
study, it could be envisioned to look at the response of GC organoids, i.e., tumor fragments
recovered right after surgery of human patients, to in vitro treatments with lovastatin and /
or docetaxel. This might allow an even better application of 3D model screening assays to
improve further the efficiency of drug screening. Transposed to a clinical setup, these results
may lead to propose the association of lovastatin with docetaxel for the treatment of patients
with GC. One evident advantage of this combination therapy would be to use lower drug doses
than usually implemented, thereby reducing potential toxic side-effects, like those that have
been reported for patients regularly taking statins or for cancer patients undergoing taxane

anticancer therapy.
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4. Methods

Cell culture

HGT-1 human gastric cancer cells (a gift of Pr. C. Laboisse, Nantes University hospital, France)
were grown at 37°C under a humidified atmosphere with 5% CO; in Dulbecco's modified
Eagle's medium (DMEM) (Corning, MA, USA), containing 4.5 g/L glucose and supplemented
with 5% fetal bovine serum (FBS) (Gibco-Invitrogen, Cergy-Pontoise, France) without
antibiotics (complete medium). AGS human gastric cancer cells (from the American Tissue
Type Collection, ref. ATCC® CRL-1739™) were grown in the same medium supplemented with

10% FBS.

Lentiviral infection

The self-inactivating HIV-1-based lentiviral vector, pRRL-sin-MND-Tomato-IRES-Puro was
purchased from VectUB (vectorology platform, University of Bordeaux, France). The vector
expresses RedTomato and co-expresses the puromycin resistance gene. 40 000 HGT-1 cells
were infected with lentiviruses (at a multiplicity of Infection of 2) and selected with puromycin

(1 pg/mL). We obtained RedTomato fluorescent HGT-1 populations.

Preparation of mono- and bicellular tumor cells spheroids

Two-Dimension cultured HGT-1 or AGS cells were collected and used to generate spheroids
by seeding 500 or 1000 cells/well (in 200 pL of complete medium), respectively, in ultra-low
attachment 96-well round bottom microplates (Corning, Amsterdam, Netherlands). Following
cell aggregation, ~550 um diameter spheroids were obtained after 6 days of incubation under

standard culture conditions.

To obtain bicellular spheroids, cells of each type were added together in 1:1 ratio (250 HGT-1
+ 250 CAF or 500 AGS + 500 CAF).

Isolation, characterization and maintenance of fibroblast cultures

A written informed consent form was elaborated together with the Ethics Committee of Brest
University Hospital (headed by Pr. J.M. Boles). Patients signed the form, which was returned

to the Anatomy and Pathology department of Brest University Hospital that provided us with
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tissue samples. From these, we isolated CAF following growth in primary tissue culture. We
confirm that all methods were carried out in accordance with relevant guidelines and
regulations and that all experimental protocols were approved by Brest University Hospital in

respect with French regulations.

Cancer Associated Fibroblasts were obtained from a GC patient-ablated tumor after tissue
dissociation with collagenase and growth in culture in DMEM (Corning, MA, USA) containing
4.5 g/L glucose supplemented with 10% FBS (Gibco-Invitrogen, Cergy-Pontoise, France). After
about 10 days in culture, no more epithelial cells adhered to the dish and fibroblasts cells
emerged and kept growing. Cells were then passaged every 2 weeks. They were used for RNA
preparation to analyze their expression of fibroblast-specific transcripts at early (<7) passages

and 70-90% confluence, so as to maintain their in vivo characteristics [65].

Drugs

Lovastatin and Docetaxel were from TCl Europe (Belgium) and Sanofi Aventis (France),
respectively. Appropriate ranges of concentrations were chosen from previous dose-response
studies in 2D [42]. Lovastatin was dissolved and diluted in dimethyl-sulfoxide (DMSO). The
final concentration of DMSO used in culture did not exceed 0.4%, a concentration that had no

overt cytotoxic effect per se. Docetaxel was used after dilution in 0.9% sodium chloride.

MTT assay

To evaluate 2D-cell viability, cells were seeded into 96-well culture plates at a density of 5000
cells/well and grown in 100 pL of medium. After 24h, the medium was replaced by 100 pL of
fresh medium containing the drugs. After 36 or 48 hours of treatment, 10 pL of MTT labeling
reagent (Millipore) dissolved in Phosphate Buffered Saline were added to each well (MTT
reagent final concentration was 0.5 mg/ml). Plates were incubated for 2h at 37 °C. Then,
formazan crystals were dissolved by adding 100 pL of solubilization solution (Isopropanol,
Triton X-100 10%, 0.1M HCI) into each well. MTT reduction was quantified by measuring the
light absorbance at 570 nm using an absorbance microplate reader (Multiskan Spectrum

microplate spectrophotometer, ThermoFisher).

MTT assay for the MCTS cultures was carried out with slight modifications of the standard

protocol. After 48 h of treatment, 100 pL (1/2 of total) of medium were carefully removed.
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The spheroids were then dissociated mechanically before the addition of 10 uL MTT reagent
into each well. The plates were incubated for 2h at 37 °C. After incubation, formazan crystals
were dissolved by adding 100 uL of solubilization solution into each well. Then 150 plL of
medium from each well containing the MCTS culture were transferred to a new, flat-bottom

96-well plate. Absorbance was recorded as described for 2D cells.

Multicellular tumor spheroids size measurement

An IncuCyte™ S1 live-cell analysis system (Sartorius, Essen Bioscience), placed inside a
conventional tissue culture incubator at 37°C with 5% CO,, was used for real-time imaging of
spheroids. Images of each spheroid were taken using a 4x phase contrast lens, every 4h for 11
days, and each condition was run in quadruplicate. Each well contained a single spheroid
settled at the center. Images were analyzed and data were generated using the spheroid
automated software algorithm functions from IncuCyte 2019B Rev2 software (Sartorius, Essen
Bioscience) where virtual masks were created to surround spheroids. The size of spheroids

was calculated as the largest object area in each image.

Evaluation of the RedTomato fluorescence intensity in spheroids

The fluorescence signal generated from HGT-1 RedTomato-labeled cells, cultured as
spheroids, was analyzed in the IncuCyte™ system. MCTS were imaged every 4h with 1
image/well in phase contrast and Red fluorescence channels (400 ms exposure) using a 4x
lens, each condition being run in quadruplicate. Automated real-time assessment by live-cell
analysis was measured as red area generated by viable HGT-1 RedTomato-labeled cells. The
fluorescence is proportional to the number of intact viable cells in the well for all RedTomato
cells with normalization on contrast phase areas. Data were analyzed using the spheroid

software functions from IncuCyte 2019B Rev2 software.

IncuCyte™ Annexin V apoptosis assay

The IncuCyte™ S1 live-cell analysis system was used to determine apoptosis levels of 3D
cultured HGT-1 cells treated with the drugs. HGT-1 spheroids were cultured for 6 days and
Annexin V Red reagent (Sartorius) was added at the same time as drugs. Throughout the assay,

both phase and fluorescent images were collected using phase contrast and Red fluorescence
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channels (400 ms exposure) with a 4x lens. One image was taken every 4h for 5 days, and each
condition was run in quadruplicate. Automated real-time assessment by live-cell analysis was
measured as red area for all cells stained red with Annexin V Reagent normalized to contrast
phase area. Images were analyzed and data were generated using the spheroid automated

software algorithm functions from IncuCyte 2019B Rev2 software.

Statistics

Statistical analysis was performed using GraphPad Prism. Data are presented as the mean +
S.D and experiments were repeated at least three times. p-values were calculated using one-
way ANOVA with Tukey analysis. The results were considered significant for *p<0.05, **p<0.01
and ***p<0.001.
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5. Supplementary Materials and Methods

Determination of apoptotic nuclear fragmentation and caspase activation

After 48 h of treatment, the spheroids were dissociated mechanically before they were
stained with Hoechst 33342 (Sigma) at 10 ug/ml in complete medium for 10 min at 37°C.
Nuclei of apoptotic cells with fragmented chromatin were brightly stained. At least 400 cells
were counted for each sample, and the percentage of total apoptotic cells was calculated.

The activity of caspase-3 and caspase-7 was determined with the luminescent Caspase-Glo™
3/7 Assay kit (Promega, France) according to the manufacturer’s instructions. Briefly, after
treatment of 6 days-old spheroids, an equal volume of Caspase-Glo™ 3/7 reagent was added
to the sample in the assay well. Samples were incubated at room temperature for 1 hour and
the enzyme activity was measured with a luminometer (Fluoroskan ascent FL, Thermo

electron corporation).

Histological analysis of HGT-1 and AGS spheroids

Spheroids were fixed with buffered formalin for 1 hour at room temperature, embedded in a
gel matrix (7401151, Cytoblock Replacement Reagents, Thermo Scientific, Waltham, USA)
according to the manufacturer’s instructions, prior to dehydration and paraffin-embedding.
Five um thick sections were stained with haematoxylin, eosin and saffron. Images acquisition

was performed with AxioVision 4.8 software (Zeiss, Oberkochen, Germany).

Drug resistance assays

Sensitivity to drugs was assessed using the MTT assay. Sixty 6 days-old spheroids were
dissociated mechanically and 5000 healthy MCTS-dissociated cells or parental cells per well
were plated in 96-well plates in 100 puL of DMEM supplemented with 5% FBS with or without
drugs (docetaxel, lovastatin). To analyze drug sensitivity of MCTS-dissociated cells, as
compared to 2D-only grown cells, we treated both cell populations with 5nM docetaxel +/-
12.5uM lovastatin. Forty-eight hours after treatment, 10 puL of the MTT labeling reagent
dissolved in Phosphate Buffered Saline were added to each well (final concentration 0.5
mg/ml). The plates were incubated for 2h at 37 °C. After incubation, formazan crystals were

dissolved by adding 100 uL of the solubilization solution (Isopropanol, Triton X-100 10%, 0.1M
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HCl) into each well. MTT reduction was quantified by measuring the light absorbance at
570 nm using an absorbance microplate reader (Multiskan Spectrum microplate
spectrophotometer, ThermoFisher). Each test was repeated three times in quadruplicate

determinations.

RNA extraction and RT-PCR analysis

Total RNA was isolated using TRIzol (Invitrogen) according to the manufacturer’s protocol.
Samples of 2 ug of total RNA were reverse-transcribed using random hexamers and MMLV
(Moloney-murine-leukaemia virus) reverse transcriptase (New England Biolabs). RT reactions
(1 pL out of a 25 pL reaction volume) were used as templates for PCR experiments.

The characteristics of primers and amplicons size are in the table below:

Name of gene primers sequence amplicon length (bp)  T'm(°C)  Cycles (number)

) forward ~ AGGAAGGACCTCTATGCTAACAAT
0. SMA : alpha smooth muscle actin 378 54 29
reverse  AACACATAGGTAACGAGTCAGAGC

forward CAAGTGGCAAGTGGGAGGCCA
FAP: Fibroblastactivated protein 245 59 7
reverse TGGGGATGCCTGGGCCGTAG

) forward CGCCCGGCCACTTCAAGGAC
FGF-2: Fibroblast growth factor2 120 56 7
reverse  AGCTTGATGTGAGGGTCGCTCTTC

forward TCGAGCCCACCGGGAACGAAA
IL-6 : Interleukin-6 84 54 29

reverse GACCGAAGGCGCTTGTGGAGA

forward TGAGCTACAGATGCCCATGC
SDF-1: Stroma-derived factor-1 177 56 27
reverse TTCTCCAGGTACTCCTGAATCC

) ) forward  GAAGGCGAGGAGAGCAGGATTTC
VIM : Vimentin 93 54 24
reverse  AGTGGGTATCAACCAGAGGGAGTG

forward GAGTCAACGGATTTGGTCGT
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 238 54 24
reverse TTGATTTTGGAGGGATCTCG
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6. Supplementary Figures
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Supplementary Figure IV.1. Toxicity of docetaxel and lovastatin in human gastric cancer
AGS cells in 2D culture.

The cells were incubated at 37 °C for 48 h upon treatment with 5nM docetaxel (D 5nM),
12.5uM lovastatin (L 12.5uM) or 5nM docetaxel + 12.5uM lovastatin (D+L). Cell viability
was measured by the MTT assay. The results are shown as the mean + SD of n=3
independent replicates with four technical replicates in each. *p < 0.05; ***p < 0.001,
one-way ANOVA followed by Tukey analysis.
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Supplementary Figure IV.2. Histological sections of HGT-1 and AGS spheroids.

HGT-1 cells (a) are grouped into loosely cohesive clusters. Mitotic figures are visible (blue
circles). A few isolated necrotic cells are present (green arrow).

AGS cells (b) are grouped into cohesive clusters. Necrotic areas are present in the center
of the clusters (green arrows and circles). A few mitotic figures are visible (blue circle).
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Supplementary Figure IV.3. Cytotoxicity of docetaxel and lovastatin for AGS spheroids.
Cell viability was determined by the MTT assay after 48h of treatment with 5nM docetaxel
(D 5nM), 12.5uM lovastatin (L 12.5uM) or 5nM docetaxel + 12.5uM lovastatin (D+L) of six
days-old AGS spheroids. The results are shown as the mean = SD of n=3 independent
replicates with four technical replicates in each. *p < 0.05; **p < 0.01; ***p <0.001, one-
way ANOVA followed by Tukey analysis.
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Supplementary Figure 1V.4. Cell toxicity of drugs on RedTomato-labelled HGT-1 cells.
The cells were incubated at 37 °C for 48h upon treatment by 5nM docetaxel (D 5nM),
12.5uM lovastatin (L 12.5uM) or 5nM docetaxel + 12.5uM lovastatin (D+L). Cell viability
was measured by the MTT assay. The results are shown as the mean + SD of n=3
independent replicates with four technical replicates in each.
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Supplementary Figure IV.5. Real-time apoptosis induction by docetaxel and lovastatin in
HGT-1 spheroids.

Real-time Annexin V fluorescent reagent (IncuCyte™) measurements are shown. Six days-
old MCTS were treated with 5nM docetaxel (D 5nM) (black squares), 12.5uM lovastatin
(L 12.5uM) (black triangles) and the combined treatment 5nM docetaxel + 12.5uM
lovastatin (D+L) (black X). The control condition is shown as white lozenges. The Annexin
V reagent was added at the same time as the drugs. The results are shown as the mean
of n=3 independent replicates with four technical replicates in each. ns p > 0.05; **p <
0.01; ***p <0.001, one-way ANOVA followed by Tukey analysis.
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Supplementary Figure IV.6. Apoptosis induction by docetaxel and lovastatin in HGT-1
and AGS spheroids

After 48 h of treatment by 5nM docetaxel (D 5nM), 12.5uM lovastatin (L 12.5uM) or 5nM
docetaxel + 12.5uM lovastatin (D+L), apoptosis of 6 days-old HGT-1 (a) or AGS (b)
spheroids was evaluated by Hoechst 33342 staining of fragmented nuclei. The results are
shown as the mean * SD of n=3 independent replicates with four technical replicates in
each. ns p>0.05; *p <0.05; **p <0.01; ***p < 0.001, one-way ANOVA followed by Tukey
analysis.

Caspase 3/7 activity (caspase-GloTM 3/7 assay, Promega) was determined after 24h of
treatment by 5nM docetaxel (D 5nM), 12.5uM lovastatin (L 12.5uM) or 5nM docetaxel +
12.5uM lovastatin (D+L), in 6 days-old HGT-1 (c) or AGS (d) spheroids. The results are
mean * SD of three wells; they should be considered as indicative since they are from a
single experiment.
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Supplementary Figure IV.7. Gene expression levels in HGT-1, AGS, CAF and MSC.

RNA levels of fibroblast markers were analyzed by RT-PCR (see materials and methods) in
HGT-1 cells, AGS cells, in CAF and in mesenchymal stem cells (MSC). NTC: no template
control, negative control for PCR. Alpha-smooth muscle actin (a-SMA), fibroblast
activation protein (FAP), vimentin (VIM), fibroblast growth factor-2 (FGF-2), interleukin-6
(IL-6), stromal-derived factor-1 (SDF-1), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). MWM: 100pb DNA ladder molecular weight marker (Promega).
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Counts of HGT-1 cells in mono- vs bicellular spheroids
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Supplementary Figure IV.8. Counts of HGT-1 cells in mono- vs bicellular spheroids.
GFP-labelled HGT-1 cells were counted following dissociation of mono- or bicellular
spheroids up to 8 days. The results are shown as the mean + SD of n=3 independent
replicates. P-value were issued from Student’s t-test.
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Supplementary Figure IV.9. Effects of drug treatments on bicellular MCTS (AGS+CAF).
The variation of mixed spheroids (500 AGS + 500 CAF) viability was determined by the
MTT assay after 48 h of treatment by 5nM docetaxel (D 5nM), 12.5uM lovastatin (L
12.5uM) and combined treatment with 5nM docetaxel + 12.5uM lovastatin (D+L). The
results are shown as the mean = SD of n=3 independent replicates with four technical
replicates in each. ns p>0.05; *p <0.05; ***p <0.001, one-way ANOVA followed by Tukey
analysis.
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Supplementary Figure IV.10. Effects of drugs in HGT-1 2D cells compared to HGT-1 cells
recovered from MCTS and re-grown in 2D.

MTT assay was used to analyze drug toxicity for 48h in HGT-1 2D cells and in HGT-1 cells
recovered from six days-old HGT-1 MCTS. The results are shown as the mean % SD of n=3
independent replicates with four technical replicates in each. *p < 0.05; ***p < 0.001,
Student’s t-test.
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7. Supplementary Movies

Supplementary movies files will be available with the thesis manuscript

Effects of docetaxel and lovastatin treatments on the growth of HGT-1 spheroids.
Movies show real-time HGT-1 spheroid growth after treatment with 5nM docetaxel, 12.5uM
lovastatin and 5nM docetaxel + 12.5uM lovastatin (D+L), captured with the IncuCyte™ live
imaging microscope. Day O correspond to 5 days-old spheroids. Drugs were added at day 1:

on 6 days-old spheroids.

Bicellular HGT-1 + CAF spheroids formation. Movies show real-time 250 HGT-1, 500 HGT-1
and 250 HGT-1 + 250 CAF spheroids formation going from 0 to 8 days of culture, captured with

the IncuCyte™ live imaging microscope.
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IV.3. General Conclusions

Cancer cells have the peculiarity to become rapidly resistant to single therapeutic agents.
Combinations of drugs targeting different pathways can provide a more lasting benefit against
tumor cells. However, it takes an average of 15 years and 800 million US Dollars to develop a
novel drug targeting additional pathways in cancer cells. In this work, we proposed a drug
repurposing approach based on the use of a non-oncological drug, lovastatin, in combination

with a chemotherapeutic agent, docetaxel, to treat GC cell lines.

It is now clear that small improvements in predictive preclinical models can result in large
progress in drug discovery. Standard 2D cell cultures have contributed to the development of
many cancer therapies, but this model, by and large, fails to resume tumor complexity and
pathophysiology. This may be one of the most important causes that mitigates the rate of
cancer drugs entering early clinical trials. Novel preclinical models, such as 3D cultures
described in this work, are likely more predictive than standard 2D cultures for molecule-
based cancer therapy research. In addition, culturing cells in 3D modifies their sensitivity to
cytotoxic agents and usually makes them more resistant to treatment compared to cells in 2D

cultures.

Recently, high-throughput image microscopy has been developed as a powerful method for
measuring drug effects on the size and viability of spheroids. Standard automation equipment
available for high-throughput screening could facilitate the practical implementation of such

models.

It is important to use real-time monitoring of 3D tumor spheroids growth, viability and
apoptosis to validate optimal drugs. Indeed, 3D-based screening assays likely improve the
efficiency of drug screening. The combined used of a repurposed drug, such as lovastatin,
deserves much consideration. One potential advantage of the combination therapy with
lovastatin and docetaxel is its potential as an innovative anti-cancer strategy against GC. Taken
altogether, our data advocate in favor of associating lovastatin with docetaxel in the

treatment of patients with GC.
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Version en fran¢ais

Les cellules cancéreuses ont la particularité de devenir rapidement résistantes a des agents
thérapeutiques uniques. Des combinaisons de médicaments ciblant différentes voies peuvent
offrir un avantage plus durable contre les cellules tumorales. Cependant, il faut en moyenne
15 ans et 800 millions de dollars américains pour développer un nouveau médicament ciblant
des voies supplémentaires dans les cellules cancéreuses. Dans ce travail, nous avons proposé
une approche de repositionnement thérapeutique basé sur |'utilisation d'un médicament non
oncologique, la lovastatine, en combinaison avec un agent chimiothérapeutique, le docétaxel,

pour traiter les lignées cellulaires de cancer gastrique.

Il est maintenant clair que de petites améliorations dans les modeles précliniques prédictifs
peuvent entrainer de grands progrés dans la découverte de médicaments. Les cultures
cellulaires 2D ont contribué au développement de nombreuses thérapies anticancéreuses,
mais ce modele ne parvient pas a reproduire la complexité et la physiopathologie de la
tumeur. C'est peut-étre I'une des causes les plus importantes qui diminue le taux de
médicaments anticancéreux entrant dans les premiers essais cliniques. Les nouveaux modeles
précliniques, telles que les cultures 3D décrites dans ce travail, sont probablement plus
prédictifs que les cultures 2D pour la recherche de nouvelles thérapies du cancer. De plus, la
culture des cellules en 3D modifie leur sensibilité aux agents cytotoxiques et les rend

généralement plus résistantes au traitement par rapport aux cellules en cultures 2D.

Récemment, la microscopie d'image a haut débit a été développée comme une méthode
puissante pour mesurer les effets des médicaments sur la taille et la viabilité des sphéroides.
L'équipement d'automatisation standard disponible pour le criblage a haut débit pourrait

faciliter la mise en ceuvre pratique de tels modéles.

Il est important d'utiliser le suivi en temps réel de la croissance, de la viabilité et de I'apoptose
des sphéroides tumoraux 3D pour valider les composés médicamenteux optimaux,
permettant une meilleure caractérisation des effets des médicaments. L'utilisation combinée
d'un médicament repositionné, telle que la lovastatine, mérite qu’on y préte attention, nos
données plaidant en faveur de I'association de lovastatine et de docétaxel dans le traitement

des patients atteints de cancer gastrique.
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Chapter V

V.1. General Introduction

This chapter presents the second research work from this thesis. It was performed in
collaboration with the OPTIMAG Team from Brest University. It aims at analyzing the
organization of gastric cancer (GC) spheroids, especially in bicellular models, using bi-photonic
microscopy. The obtained results were assembled in a research paper and is in revision for

publication in Biomedical Optics Express journal (January 2022).

The results will be shown under their submission form to the journal, including different parts
of the article: introduction, discussion, materials and method, supplementary data and

references in the section below: V.2. Research Article 2.

Aim of this work

Fibroblasts are among the most important stromal signaling partners found within the various
forms of cancers (see Chapter Il). It has been traditionally difficult to develop co-cultures of
cells in order to study the role of direct interactions between cancer cells and stromal cells.
The developments of 3D cell culture models have facilitated culturing different cell types in
the same environment. In recent years, both the culture of cancer cells in 3D and their culture

with other cell types have been described in various studies (see Chapter Ill).

In the present work, we developed bicellular spheroids from GC cells and cancer-associated
fibroblasts (CAF). We report on their structural organization by 3D imaging using laser

microscopy.

While live 3D high-resolution microscopy techniques are rapidly developing, their use in
biological applications is limited by practical difficulties. Here, we propose a simple method to
determine the spatial organization of cells contained in spheroids with easy manipulation
steps adapted to live 3D bio-imaging. We developed an imaging slide based on a hanging-drop

method that can be readily implemented in the lab.

Clarifying spatial patterning of spheroids formed from different cell types would enable

physiologically relevant GC co-culture models to be created for a better understanding of GC
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biology and selecting improved therapies. The focus of this work is thus to understand the self-

organization of cells in 3D.

3D imaging

The common sentence “seeing is believing” is often cited when we try to understand
new phenomena in cell physiology. Optical 3D microscopy plays a central role in biology
allowing sample imaging at high spatial resolution and providing the opportunity to detect
structures in depth. Fluorescence imaging is one of the most widely used imaging technologies
in the biomedical field [1]. Using a variety of fluorescent indicators that can be personalized
with specificity to target proteins or lipids was the biggest step through to survey cell
physiology. It presents multiple advantages such as multiple signal acquisition capability and
high sensitivity. Briefly, the process of fluorescence involves the absorption of light energy
(photon) by an indicator followed by the emission of part of this light energy (as another
photon) a few nanoseconds later. The emitted photon has less energy than the absorbed one
because some energy is lost in this process. The separation of absorbed and emitted light is

achieved by the use of optical filters selected with respect to the indicators being used [2].

However, a certain challenge persists due to restricted tissue penetration depth. Certain tools
to overcome these limitations exist. During this thesis, we used the two-photon microscopy,
which is a fluorescence imaging technique that allows imaging of 3D structures. Unlike
traditional fluorescence microscopy, two-photon imaging requires excitation with longer
wavelengths than the emitted light using near-infrared excitation light that reduces scattering
in the biological sample. This process can only be achieved by having a very high spatial and
temporal density of photons, because the two absorbed photons must arrive simultaneously
onto the sample. This requires a relatively specialized, high-powered, pulsed laser. Due to the
multi-photon absorption, the background signal is strongly suppressed. The excitation lasers
used are absorbed and scattered in 3D samples to a lesser extent compared to visible light,
enabling the imaging of deeper portions of the structure. Two-photon microscopy is a superior
alternative to standard confocal microscopy since it enables efficient light detection and

deeper tissue penetration that is important for imaging 3D structures with high thickness [3].
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The interest in using two-photon microscopy is the possibility to image cells based on their
endogenous fluorophores in long-term studies of living cells (auto-fluorescence or stable
fluorescent protein transfection). In addition, it provides the possibility to image stained
samples and to detect the second harmonic generation (SHG) of certain biological structures
such as collagen [4]. Two-photon microscopy can thus perform precise, multicolor

fluorescence imaging that is useful for thin living samples and in vitro cultured cells [5].

During this work, we applied the two-photon microscopy methodology to study the
organization of our 3D culture model generated by cancer cell lines and cancer associated

fibroblasts.
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Version en Francais

Ce chapitre présente le deuxieme travail de recherche de ma thése. Il a été réalisé en
collaboration avec I'équipe OPTIMAG de |'Université de Brest. Il s'intéresse a l'analyse de
I'organisation des sphéroides de cancer gastrique notamment dans le modele bicellulaire en
utilisant la microscopie bi-photonique. Les résultats obtenus ont été rassemblés dans un
article de recherche qui est en révision pour publication dans le journal Biomedical Optics

Express journal (Janvier 2022).

Les résultats seront présentés sous leur forme de soumission au journal, comprenant
différentes parties de l'article : introduction, discussion, matériel et méthodes, données

supplémentaires et références dans la section ci-dessous : V.2. Research Article 2.

Objectif de ce travail

Les fibroblastes sont parmi les plus importants partenaires de signalisation stromale que I'on
retrouve dans les différentes formes de cancers (voir chapitre Il). Il n’est pas toujours aisé de
réaliser des modeles de co-cultures de cellules afin d'étudier le role des interactions directes
entre les cellules cancéreuses et les cellules stromales. Le développement de modéles de
culture cellulaire en 3D a facilité la culture de différents types de cellules dans le méme
environnement. Ces derniéres années, la culture de cellules cancéreuses en 3D et leur culture

avec d'autres types de cellules ont été décrites dans diverses études (voir chapitre Ill).

Dans le présent travail, nous avons développé des sphéroides bicellulaires a partir de cellules
de cancer gastrique et de fibroblastes associés au cancer (CAF). Nous avons étudié leur

organisation structurelle par imagerie 3D en utilisant la microscopie bi-photonique.

Bien que les techniques de microscopie 3D en direct a haute résolution se développent
rapidement, leur utilisation dans des applications biologiques est limitée par des difficultés
pratiques. Ici, nous proposons une méthode simple pour déterminer I'organisation spatiale
des cellules contenues dans des sphéroides avec des étapes de manipulation faciles et
adaptées a la bio-imagerie 3D en direct. Nous avons mis en place une lame d'imagerie basée

sur une méthode de suspension qui peut étre facilement mise en ceuvre dans le laboratoire.
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La démonstration de la configuration spatiale des sphéroides formés a partir de différents
types de cellules permettrait de créer des modeles de co-culture de cancer gastrique
physiologiquement pertinents pour mieux comprendre la biologie de ces cancers et
sélectionner des thérapies améliorées. L'objectif de ce travail est donc de comprendre |'auto-

organisation des cellules en 3D.

Imagerie en 3D

Le proverbe "voir, c'est croire" est souvent cité lorsque nous essayons de comprendre de
nouveaux phénomenes en physiologie cellulaire. La microscopie optique 3D joue un role
central en biologie, permettant I'imagerie d'échantillons a haute résolution spatiale et offrant
la possibilité de détecter des structures en profondeur. L'imagerie par fluorescence est I'une
des technologies d'imagerie les plus utilisées dans le domaine biomédical. L'utilisation d'une
variété d'indicateurs fluorescents qui peuvent étre personnalisés pour cibler spécifiquement
des protéines ou des lipides a été le plus grand pas en avant pour étudier la physiologie
cellulaire. Elle présente de multiples avantages tels que la capacité d'acquisition de signaux
multiples et une sensibilité élevée. En bref, le processus de fluorescence implique I'absorption
d'énergie lumineuse (photon) par un indicateur, suivie de I'émission d'une partie de cette
énergie lumineuse (sous forme d'un autre photon) quelques nanosecondes plus tard. Le
photon émis a moins d'énergie que le photon absorbé car une partie de I'énergie est perdue
dans ce processus. La séparation de la lumiére absorbée et de la lumiere émise est obtenue

par l'utilisation de filtres optiques sélectionnés en fonction des indicateurs utilisés.

Cependant, un certain défi persiste en raison de la profondeur de pénétration limitée des
tissus associée a cette technique. Certains outils permettant de surmonter ces limitations
existent. Au cours de cette these, nous avons utilisé la microscopie a deux photons, qui est
une technique d'imagerie par fluorescence permettant l'imagerie de structures 3D.
Contrairement a la microscopie a fluorescence traditionnelle, I'imagerie a deux photons
nécessite une excitation avec des longueurs d'onde plus grandes que la lumiére émise en
utilisant une lumiére d'excitation proche de l'infrarouge qui réduit la diffusion dans
I'échantillon biologique. Ce processus ne peut étre réalisé qu'en ayant une tres haute densité
spatiale et temporelle de photons, car les deux photons absorbés doivent arriver

simultanément sur I'échantillon. Cela nécessite un laser pulsé relativement spécialisé et de
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grande puissance. En raison de |'absorption multi-photonique, le signal de fond est fortement
supprimé. Les lasers d'excitation utilisés sont absorbés et diffusés dans les échantillons 3D
dans une moindre mesure par rapport a la lumiere visible, ce qui permet d'imager des parties
plus profondes de la structure. La microscopie a deux photons est une alternative supérieure
a la microscopie confocale standard car elle permet une détection efficace de la lumiere et
une pénétration plus profonde des tissus, ce qui est important pour l'imagerie de structures

3D trés épaisses.

L'intérét de I'utilisation de la microscopie a deux photons tient a la possibilité d'imager des
cellules en fonction de leurs fluorophores endogénes dans le cadre d'études a long terme de
cellules vivantes (autofluorescence ou transfection de protéines fluorescentes stables). En
outre, elle permet d'imager des échantillons colorés et de détecter la génération de seconde
harmonique (SHG) de certaines structures biologiques telles que le collagene. La microscopie
a deux photons peut donc réaliser une imagerie de fluorescence précise et multicolore, utile

pour les échantillons vivants minces et les cellules cultivées in vitro.

Au cours de ce travail, nous avons appliqué la méthodologie de la microscopie a deux photons
pour étudier I'organisation de notre modele de culture 3D généré par des lignées de cellules

cancéreuses et des fibroblastes associés au cancer.

165



166



Chapter V

V.2. Research Article 2: Gastric Cancer Multicellular Spheroids Analysis by
Two-Photon Microscopy
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Abstract: Gastric cancer (GC) is highly deadly, despite improved treatment efficacy. Early
therapeutic developments partly relied on in vitro cell systems grown in two-dimensions (2D).
However, it has become clear that the surrounding stromal cell environment may also play a
role on cell responses. Cancer-associated fibroblasts (CAF) are one such partner in tumors
where they may either promote or restrain the proliferation of epithelial cancer cells, invasion
and drug resistance. Recently, three-dimensional (3D) in vitro culture systems, known as
spheroids, have been developed to circumvent some of the limits of 2D cell models. We
established a standardized procedure for establishing monocellular spheroids from HGT-1 and
AGS human gastric cancer cell lines, and bicellular spheroids of HGT-1 or AGS cells mixed with
human primary CAF in a scaffold-free setting. To analyze spheroid spatial organization, we
used two-photon microscopy, enabling large depth imaging of uncleared samples and
providing low photodegradation. These bicellular associations made the cells firmly attached
to each other, generating compact spheroids. While CAF in AGS/CAF spheroids clustered in
the center of the spheroids, they were dispersed throughout in HGT-1/CAF spheroids. Such
differences may reflect clonal specificities of these GC cell lines and/or the differential

influence of CAF on 3D organization.

This article will be presented in this thesis as its submitted format to Biomedical Optics

Express.
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1. Introduction

Gastric cancer (GC) represents the fifth most common malignancy in the world and the
third leading cause of cancer-related deaths in both sexes. It is often diagnosed at a late stage;
hence it is a highly deadly disease [1]. Consequently, it is mandatory to develop novel
therapeutic strategies aimed at identifying early disease and drug-response markers. One
approach to this need is to use three-dimensional (3D) culture models, such as spheroids [2,3].
Indeed, tumor complexity and direct pathophysiology relevance are missing in two-
dimensional (2D) cell cultures [4]. By contrast, 3D cell culture models make cell-cell
interactions possible. Under such conditions, cells are submitted to more realistic oxygen and
nutrient gradients. Spheroids were established as a relevant in vitro model for drug testing in
oncology, due to their ability to reproduce the main features of in vivo solid tumors, i.e. cellular
heterogeneity, cell-cell signaling, growth kinetics, gene expression and drug resistance. In
addition, the responses to treatment in 3D models could be closer to in vivo situations [5]. 3D
tumor spheroids are mostly composed of tumor cells only, thus partially mimic realistic in vivo
conditions, particularly because of the lack of extra cellular matrix (ECM) deposition and the
absence of tumor-stromal cell interactions. Cancer-associated fibroblasts (CAF) are one of the
major stromal cell populations in solid tumors. Their role in tumor growth and drug resistance
is essential [6,7]. Accordingly, recent studies focus on the analysis of multicellular spheroids
as 3D co-culture models associating epithelial cancer cells and CAF [8].

The development of 3D cell culture models has coincided with the progress of 3D optical
imaging methods able to fully characterize the spatial organization of cells in 3D with cellular
spatial resolution [9]. Among these methods, confocal fluorescence, light-sheet and two-
photon microscopies, are powerful techniques enabling, in association with optimized sample
preparation processes, high-throughput visualization of spheroids [10]. Confocal fluorescence
microscopy [11-14] is the most widespread modality employed to perform depth-resolved
structural analysis of spheroids. However, this technique has some limitations for imaging
deep layers, typically located at more than a few tens of um beyond the surface of large
spheroids because of strong light scattering. In addition, photo-degradation of the samples
due to short excitation wavelengths can make 3D imaging challenging. Optical clearing [12,13]
is often used before imaging to reduce light scattering and recover relevant visualization of

the interior of the spheroids (up to 150-200 um beyond the surface) but this requires
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additional sample preparation. Light-sheet microscopy [15] is a good alternative to confocal
microscopy as it enables visualization in 3D of large spheroids at high speed with low
photodamage. However, observation with a light sheet microscope requires laborious sample
mounting for light excitation and detection at orthogonal directions. Two-photon microscopy
enables reaching larger imaging depth in uncleared samples relative to confocal microscopy
and triggers less photodegradation, making it a good compromise for the structural analysis
of large spheroids. To this date, only few studies using two-photon microscopy to analyze 3D
cell culture models in cancer research have been performed [16-19], and no structural analysis
of GC multicellular spheroids made of tumor cells and CAF has been reported, this may be an
important limitation of the model. It is known that mechanical forces, which are likely
contributed by cell-cell interactions, are also important to drive cancer progression towards
metastasis. In this article, we report on the structural analysis by two-photon microscopy of
living GC multicellular spheroids made from tumor cells and CAF. We have minimized sample
preparation steps and the spheroids were directly manipulated. Imaging was performed at
different times after spheroids formation, enabling the monitoring of the organization
between CAF and epithelial cancer cells from two different human GC cell lines, HGT-1 and
AGS. Strikingly, our results revealed different spatial organizations of tumor cells and CAF

according to the GC cell line.

170



Chapter V

2. Materials and Methods

Cell culture, staining and spheroids formation

HGT-1 and AGS human GC cells were grown at 37°C under a humidified atmosphere with 5%
COz in Dulbecco's modified Eagle's medium (DMEM) (Corning, MA, USA), containing
4.5 g/L glucose and supplemented with 5 or 10% fetal bovine serum (FBS) (Gibco-Invitrogen,
Cergy-Pontoise, France) without antibiotics (complete medium).

CAF were obtained from a GC patient-ablated tumor after tissue dissociation with collagenase
and growth in culture in complete medium with 10% FBS. After about 10 days in culture, no
more epithelial cells adhered to the dish and fibroblasts emerged and kept growing. The
population that emerged was apparently homogenous and displayed a characteristic
fibroblast morphology. The patient had given informed consent and use of tumor-derived cells
was granted by the Ethics Committee of Brest University Hospital.

HGT-1 and AGS sub-populations labeled with eGFP (enhanced green fluorescent protein) or
TdTomato (red) fluorescent tags, respectively, were generated using lentiviral infection.
Briefly, self-inactivating HIV-1-based lentiviral vector, pRRL-sin-MND-GFP-IRES-Puro and pRRL-
sin-MND-Tomato-IRES-Puro were purchased from VectUB (vectorology platform, University of
Bordeaux, France). The vectors express TdTomato or eGFP under control of the MND
promoter and co-express the puromycin resistance gene. Forty thousand cells were infected
with lentiviruses (at a multiplicity of infection of 2) and selected with puromycin (1 pug/mL).
We obtained eGFP fluorescent HGT-1 populations and TdTomato fluorescent AGS
populations.

To generate spheroids, 2D cultured HGT-1, AGS and CAF were collected and seeded (in 200 uL
complete medium) in ultra-low attachment (ULA) 96-well round bottom microplates (Corning,
Amsterdam, Netherlands) allowing the formation of uniformly sized spheroids in a scaffold-
free model. A single spheroid was formed in each well. To obtain the same size range of 6
days-old spheroids, we generated AGS spheroids by seeding 500 cells/well but only 250
cells/well for HGT-1 cells. Incubation for 4 days was sufficient to form tightly packed spheroids
(Supplementary Figure V.1).

To obtain bicellular spheroids, cells of each type were added together in 1:1 ratio (250 HGT-1
+ 250 CAF or 500 AGS + 500 CAF) in 200 pL complete medium in ULA 96-well round bottom

microplates.
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Two-photon imaging setup

The imaging setup consisted of a two-photon microscope based on a confocal laser scanning
unit (FV300, Olympus) mounted on an upright microscope body (BX51W!I, Olympus) and a
Ti:Sapphire laser oscillator (Chameleon Vision Il, Coherent) that can be tuned between 700 nm
and 1050 nm, and equipped with a dispersion pre-compensation unit. Light was focused on
the samples by a 20X/0.75NA microscope objective (UPlanSApo, Olympus). The microscope
objective has a 0.65 mm working distance and is corrected for 0.17 mm-thick glass coverslips.
The lateral and axial resolutions (FWHM) were respectively ~0.5 um and ~1.7 um. Two-photon
excitation fluorescence (TPEF) light was epi-collected and detected through BG39 bandpass
filters and a 570 nm dichroic mirror (FV300, DM570, Olympus) by two internal photomultiplier
tubes (R928, Hamamatsu). Channel 1 and 2 were associated to the detection channels placed
below (“green”) and above (“red”) the cut-off frequency of the dichroic mirror (570 nm),
respectively. TPEF images were acquired with 12-bit intensity resolution and 1024x1024 pixel
definition. The pixel dwell time was set to the maximum value of 8 us, resulting in an
acquisition time of 9.4 s for a 1024x1024 pixel image. The field of view for the images was
710x710 um. Z-stack acquisitions were made on some samples for 3D rendering with 1 um

step and 512x512x150 pixel definition.

Imaging of spheroids

Two-photon excitation/emission fluorescence spectra of eGFP and TdTomato were taken from
[20] and displayed in Supplementary Figure V.2. eGFP exhibits maximum two-photon
absorption at 920 nm and produces maximum fluorescence emission around 510 nm.
TdTomato exhibits maximum two-photon absorption at 1050 nm and produces maximum
fluorescence emission around 580 nm. Cancer-associated fibroblasts (CAF) were not stained
because they exhibit strong autofluorescence when excited at 750 nm. In addition, the
fluorescence emission spectra of CAF was broad enough to produce, approximately, the same
intensity on both detection channels. The following process was thus employed to image HGT-
1/CAF and AGS/CAF co-culture spheroids.

For HGT-1/CAF bicellular spheroids, imaging of HGT-1 cells labelled with eGFP was first
performed at 920 nm excitation wavelength and fluorescence light was detected on channel

1. At this excitation wavelength, autofluorescence of CAF is negligible. Imaging of CAF was

172



Chapter V

then realized at 750 nm excitation wavelength and fluorescent light was detected on channel
2 because small residual excitation of eGFP at 750 nm does not produce significant fluorescent
light in this channel.

For AGS/CAF bicellular spheroids, imaging of AGS cells stained with TdTomato was first
realized at 1000 nm excitation wavelength and fluorescence light was detected on channel 2.
At this excitation wavelength, autofluorescence of CAF is also negligible. Imaging of CAF was
then realized at 830 nm excitation wavelength and fluorescence light was detected on channel
1 where TdTomato does not produce significant fluorescence light, whereas the
autofluorescence from CAF is still conveniently detectable. The excitation wavelength for CAF
imaging was not set to 750 nm as for HGT-1/CAF spheroids because for AGS/CAF co-culture,
two-photon excitation of higher electronic transitions of TdTomato starts to produce
detectable fluorescence signal on both channels (Supplementary Figure V.2).

Laser excitation power was controlled by a Glan polarizer and a zero-order half wave plate
(WPHSMO05-830, Thorlabs) and was measured at the sample plane with a microscope slide
thermal sensor (S175C, Thorlabs). The laser excitation power was adjusted to ~100 mW for all
experiments and all excitation wavelengths, which gives the best signal-to-noise ratio in the
images, while avoiding photo degradation of the samples. The spheroids were stable enough
to ensure successive 3D imaging at two different excitation wavelengths.

Images were displayed while encoding the different cell types in selected false colors that
produced optimal contrast. For HGT-1/CAF bicellular spheroids, HGT-1 cells were encoded in
green and CAF in yellow. For AGS/CAF bicellular spheroids, AGS cells were encoded in red and
CAF in yellow.

A custom process for spheroids deposition was implemented (Figure V.1). Approximately 50
uL of medium containing one spheroid was directly collected by aspiration with a micropipette
equipped with a glass tip, and gently deposited onto a 0.17 mm-thick glass coverslip stuck on
a metallic slide with a large central empty hole. A plastic cuvette was stuck under the metallic
slide in order to avoid liquid evaporation. The slide was then quickly reversed and placed on
the microscope translation stage. The spheroid was thus stably maintained in a liquid droplet
close to the coverslip, enabling 3D imaging with minimal aberrations. The deposition process
for one spheroid takes no longer than 2-3 min. Spheroids were kept under standard culture

conditions until exploring time.
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Figure V.1. Process for two-photon imaging of multicellular spheroids.

(a) Schematic representation of the sample holder, composed of 1: 0.17 mm-thick glass
coverslip, 2: metallic slide with an central empty hole, 3: liquid, 4: plastic cuvette. The
spheroid is represented in gray. (b) 3D image acquisition with the two-photon microscope

at two successive excitation wavelengths.
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3. Results

HGT-1/CAF spheroids growth monitoring

HGT-1 cancer cells labelled with e-GFP were seeded alone or with CAF in ULA plates, and
spheroids growth, structure and organization were analyzed over time. Spheroids were
initiated at day 0 and were used successively at each time point (4, 6, 8 and 11 days thereafter)
for imaging. They were manipulated and imaged readily without any additional fixation or
staining steps. Spheroid images showed single plane TPEF images taken 40 to 50 um from the
top of the spheroid (Figure V.2 and Figure V.3). The growth of CAF was much slower, compared
to that of HGT-1 cells, hence bicellular spheroids were mainly composed of GC cells after 4
days of culture. We explored the effects of different ratios of GC cells to CAF: 1:1, 1:2, 1:5 and
1:9 on the growth of spheroids. Spheroid organization was similar between all cell ratios.
Therefore, we fixed the ratio to 1:1. Bicellular HGT-1/CAF spheroids were more densely packed
in comparison to monocellular HGT-1 spheroids at each time point, from 4 to 11 days after
spheroid initiation (Figure V.2, Supplementary Figure V.3). The count of eGFP-labelled HGT-1
cells, recovered from mono- or bicellular spheroids, showed no significant difference between
both types of spheroids at the same age (Supplementary Figure V.4). Bi-photonic depth
imaging of living 4 and 6 days-old HGT-1/CAF spheroids showed a characteristic spatial cell
organization with CAF in a crown around the compacted HGT-1 cells and somewhat dispersed
in between them (Figure V.2 and Figure V.3). CAF were less present in 8 days-old HGT-1/CAF

spheroids, while virtually no more CAF could be seen in 11 days-old spheroids.

175



Chapter V

D+4 D+6

Figure V.2. Single plane TPEF images of HGT-1 and HGT-1/CAF spheroids.

Single plane TPEF images of (upper row) monocellular (HGT-1 cells) and (lower row) HGT-
1/CAF spheroids at different days (D) after initiation of spheroid formation. HGT-1 cells
were labelled with eGFP and appear in green. CAF were detected from their
autofluorescence and appear in yellow. Imaging planes were typically located between
40 to 50 um beyond the top of the spheroids. Scale bar : 100um.

Figure V.3. Single plane TPEF images of HGT-1 cells and CAF in 6 days-old HGT-1/CAF
spheroid.

Left : HGT-1 cells (eGFP display). Middle : CAF (autofluorescence display). Right : both
HGT-1 cells and CAF are displayed. Scale bar : 100um.
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AGS/CAF spheroids growth monitoring

We next generated spheroids using the TdTomato-labelled AGS GC cell line. As for HGT-1 cells,
AGS cells were seeded alone or with CAF in ULA plates, and spheroids growth, structure and
organization were analyzed over time. Spheroid images show single plane TPEF images taken
40 to 50 um from the top of the spheroid (Figure V.4 and Figure V.5). We next explored the
effects of different ratio of AGS cells to CAF: 1:1, 1:2, 1:5 and 1:9 on spheroid’s growth and
organization. No structural changes were observed between those different ratios. Hence, we
fixed the ratio to 1:1 with 500 AGS + 500 CAF. Bicellular AGS/CAF spheroids were very compact
compared to monocellular spheroids at each time point, going from 4 to 11 days after spheroid
formation (Figure V.4, Supplementary Figure V.3). Like for HGT-1/CAF spheroids, cells from
AGS/CAF spheroids were firmly attached to each other and were hard to dissociate by
mechanical force. We counted TdTomato-labelled AGS cells recovered from mono- and
bicellular spheroids, but we observed no significant difference between both types of
spheroids at the same age (Supplementary Figure V.4). Two-photon depth imaging of AGS/CAF
spheroids showed a characteristic spatial cell organization with CAF in the central core

surrounded by compacted AGS cells (Figure V.4, Figure V.5).
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D+4 D+6 D+8 D+11

Figure V.4. Single plane TPEF images of AGS and AGS/CAF spheroids.

Single plane TPEF images of AGS spheroids (upper row) and bicellular AGS/CAF spheroids
(lower row) at different days (D) after initiation of spheroid formation. AGS cells were
labelled with TdTomato and displayed in red. CAF were detected from their
autofluorescence and were displayed in yellow. Imaging planes were typically located
between 40 to 50 um beyond the top of the spheroids. Scale bar : 100 um.

AGS AGS

Figure V.5. Single plane TPEF images of AGS cells and CAF in 6 days-old AGS/CAF spheroid.
Left : Only TdTomato-labelled AGS cells are displayed. Middle : Only CAF are displayed
(autofluorescence). Right : both AGS cells (in red) and CAF (in yellow) are displayed. Scale
bar : 100 um.
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3D rendering of spheroids

In order to explore the entire volume of the spheroids, we performed 3D TPEF imaging by
acquiring several 512x512 pixel images at different foci incremented by 1 um. 3D images were
reconstructed using the ICY software and are displayed for 6 days-old spheroids (Figure V.6).
We were able to generate the 3D shape of the imaged part of the spheroids (Figure V.6 and
supplementary data Media 1 and Media 2). However, spheroids contained a large number of
aggregated cells and thus produced strong light scattering, resulting in difficulties to image at
focus planes above 120 to 170 um beyond the surface, or about 1/2 to 1/3 of the spheroid
lateral dimension. One should also note that the spheroids could not keep their regular
spherical shape because of the manipulation and deposition process on the microscope slide.
Nerveless, without clearing manipulation, we can image 3D spheroid and report cells self-
organization in such structure. Figure V.6(a) and supplementary data Media 1 confirms the
organization of CAF in bi-cellular HGT-1/CAF spheroids, located in crown of a densely packed
cancer cell spheroid, as revealed by single plane imaging (Figure V.5). Supplementary Media 2
confirms the organization of CAF in bicellular AGS/CAF spheroids, located in a central core with

cancer cell around it. This organization was not revealed by Figure V.6(b) because the core of

CAF is located beneath the surface of the spheroid.

(a) (b)

Figure V.6. 3D representation of bicellular spheroids.

(a) HGT-1/CAF: HGT-1 cells were displayed in green (eGFP). (b) AGS/CAF: AGS cells were
displayed in red. CAF were displayed in yellow. The size of the boxes are (a) 710x710x170
pm and (b) 710x710x120 pum.

179



Chapter V

Infiltration assay

In order to endorse the different spatial cell distributions between GC cell lines, we performed
an infiltration assay. Monocellular CAF spheroids were first generated. After 6 days, CAF
spheroids were formed and 250 HGT-1 cells or 500 AGS cells were added. Spheroid
organization was analyzed by bi-photonic depth imaging after 6 days. Images showed the
characteristic spatial cell organization of dispersed CAF between HGT-1 cells (Figure V.2),
whereas AGS cells surrounded CAF spheroids (Figure V.7), as observed during the formation

of AGS/CAF spheroids in (Figure V.4).

(a) (b) (c)
(D6) (D12) AGS (D12)

Figure V.7. Spheroids infiltration assay.

Single plane TPEF images of : (a) monocellular CAF spheroids 6 days after the beginning of
spheroid formation (CAF were detected by their autofluorescence and displayed in yellow);
(b) bicellular HGT-1/CAF spheroids 6 days after addition of HGT-1 cells to 6 days-old CAF
spheroids (HGT-1 cells were labelled with eGFP and displayed in green and CAF were
detected from their autofluorescence and displayed in yellow); (c) bicellular AGS/CAF
spheroids 6 days after addition of AGS cells to 6-days old CAF spheroids (AGS cells were
labelled with TdTomato and displayed in red and CAF were detected from their
autofluorescence and displayed in yellow). Imaging planes were typically located between
40 to 50 um beyond the top of the spheroids. Scale bar : 100 um.
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4, Discussion

Cancer cells are strongly influenced by their microenvironment, which modulates local tumor
progression and metastasis, and has a significant impact on drug response [21-22]. CAF are
one of the major types of stroma cells and play a crucial role in tumor development and
survival [23], through their ability to express a variety of growth factors promoting cancer cell
proliferation and mediating modifications in ECM composition [24]. The drug resistance
phenotype acquired by solid tumors may result, at least in part, from interactions between
CAF and tumor cells, which makes the epithelial cancer cells-CAF interaction a promising target
for GC therapy [25].

Standard 2D cell cultures have contributed to the development of many cancer therapies.
However, this model lacks tumor complexity and direct pathophysiology relevance, which may
be one of the main causes of the poor rate of cancer drugs entering early clinical trials, and
becoming marketed drugs [26]. Novel preclinical models, such as 3D cell cultures, can
reproduce key factors of tumors, such as cellular organization and cell-cell interactions, and
may be more predictive than 2D cell cultures for cancer therapy research [27]. Co-cultured
spheroids provide even a closer resemblance to the in vivo tumors [28]. Aiming to explore such
a model, we have developed here a 3D co-culture model of epithelial GC cells and CAF well
suited to perform 3D optical imaging. Since several optical systems suffer from
photodegradation or optical clearing and depend on sample preparation, we set up a
simplified method to monitor growth and organization of live spheroids. We used two-photon
microscopy, a non-invasive imaging technique well suited to analyze spheroid development
and structure in an automated medium-throughput format [29]. Indeed, two-photon
fluorescence microscopy generates higher signal-to-noise ratio images, compared to classical
confocal fluorescence microscopy, by reducing excitation attenuation and background signals
due to the multiphoton absorption process. The low phototoxicity permits longer exposure
times that are mandatory for 3D imaging of multicellular spheroids. Applying this method, we
were able to image samples containing two different cell types without any additional
manipulation.

In this study, we have generated spheroids in a scaffold-free model, using two different human
GC cell lines, carrying a specific fluorescent marker, in combination with human primary CAF

that are naturally auto-fluorescent. Scaffold-free models make cultures independent of
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matrixes (natural hydrogels or synthetic polymers) that have several disadvantages like
somewhat uncontrollable composition, a poor reproducibility, and the difficulty to access and
harvest single spheroids. These limitations require additional treatments (chemical or
physical), which are often time consuming [2]. The organization of single cells within the
spheroid itself remain ill defined, due to the lack of amenability for in-depth microscopy of
such opaque structures.

Our results showed that this approach was appropriate to monitor spheroids growth and
structural evolution between day 4 and day 11. It also appeared that cells from bicellular
spheroids were more tightened, generating more compact spheroids than single cell type
spheroids (Figure V.2, Figure V.4 and Supplementary Figure V.3). Interestingly, we observed a
different spatial distribution of cells between GC cell lines. In HGT-1/CAF spheroids, a more
diffuse distribution of HGT-1 cells was observed with a domination of CAF at the periphery,
both when the two cell types were mixed at the beginning or when HGT-1 cells were added
when CAF spheroids were already assembled. In contrast, in AGS/CAF spheroids, fibroblasts
were concentrated in the central zone leaving cancer cells at the periphery, as previously
reported in the context of breast cancer [30]. When added after CAF spheroids were formed,
AGS cells also stayed on the surface like when added at the same time with CAF (Figure V.7).
Such distinctive behaviors of both cell lines are suggestive of a different migratory / invasive
and malignant potential of these GC cell lines, as reported for other tumor cells [30]. In favor
of this hypothesis, experiments conducted in 2D cultures showed a stronger ability of HGT-1
cells to repair a scratch in a wound-healing assay than AGS cells (data not shown). This
difference could be explained by distinct propensities to undergo epithelial-to-mesenchymal
transition progression [31].

Three-D multicellular tumor models, with the co-culture of cancer and stromal cells, have
proven well suited to study tumor microenvironments. However, technical complexities
restrict the exploration of such models. We used here two-photon fluorescence microscopy
to analyze the spatial organization of bicellular spheroids from two different GC lines, which
showed marked differences in structure and behavior when combined with CAF. Two-photon
microscopy could also be used in additional applications, such as real-time monitoring of drug
response of 3D tumor spheroids. We surmise that such approaches could be applied as well

to organoids, in vitro 3D culture models assembled from patients’ primary cancer cells [32].
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5. Supplementary Figures

HGT-1

AGS

Supplementary Figure V.1. Bright field photographs of HGT-1 and AGS human GC cell
lines in 2D or 3D cultures.
Scale bar: 100pm.
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Supplementary Figure V.2. Fluorescence excitation/emission spectra of eGFP and
TdTomato.

Two-photon absorption spectra (red symbols), fluorescence emission (blue line) and one-
photon fluorescence excitation (black line) of eGFP (left) and TdTomato (right). The left

vertical scale shows the two-photon absorption cross section. The scale on the right

represents two-photon brightness. One-photon excitation and emission spectra are shown
in arbitrary units. From [20].
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HGI-1 |HGT-1/CAF| P.Value

D4 210+ 16 251 £8 0.0078
D6 468 + 36 332+24 0.0242
D38 685 + 67 546 + 31 0.0138
D11 898 + 33 640 + 21 0.0044
AGS AGS/CAF P.Value

D4 315+ 11 242 £ 22 0.0035
D6 526 + 23 288 + 15 0.0038
D8 785 £ 13 531+45 0.0083
D11 1050 = 59 616+ 34 0.0023

Supplementary Figure V.3. Spheroids size monitoring.
Spheroids diameter was measured from TPEF images using the Imagel software.
Monocellular spheroid generated from 250 HGT-1 cells and bicellular spheroid generated
from 250 HGT-1 + 250 CAF are represented in the first table. Monocellular spheroid
generated from 500 AGS cells and bicellular spheroid generated from 500 AGS + 500 CAF
are represented in the second table. Each measure was repeated on independent three
spheroids and data are shown as mean % SD, the third column showed the P.value,

Student’s t.test.
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Counts of HGT-1 cells in mono- vs bicellular spheroids Count of AGS cells in mono- vs bicullular spheroids
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Supplementary Figure V.4. Counting cells recovered from spheroids.

Fluorescent cells were counted after recovering from mono- and bicellular (HGT-1/CAF)
spheroids (right) and from mono- and bicellular (AGS/CAF) spheroids (left). Each
experiment was repeated independently three times. Data are shown as the mean * SD.
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6. Supplementary Media

Supplementary media files will be available with the thesis manuscript

Media 1. 3D dynamic presentation of HGT-1/CAF spheroid

3D dynamic presentation was reconstructed with the ICY software from 512x512 pixel images
acquired at different foci (incremented by 1 um) in HGT-1/CAF spheroids. Scale: x, y: 700 um,
z: 100 pm.

Media 2. 3D dynamic presentation of AGS/CAF spheroid

3D dynamic presentation was reconstructed with the ICY software from 512x512 pixel images
acquired at different foci (incremented by 1 um) in AGS/CAF spheroids. Scale: x, y: 700 um, z:
100 pm.
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V.3. General Conclusions

In this study, we have generated bicellular spheroids, using two different human GC cell
lines in association with human primary CAF. We reported the cellular arrangement within the
spheroid using in-depth microscopy. Confocal fluorescence microscopy, one of the main tools
for 3D imaging, presents several limitations such as those leading to photobleaching and
phototoxicity of live cells. Here, we used two-photon microscopy to overcome these issues.
Our results showed a different spatial distribution of cells between the GC cell lines. In HGT-
1/CAF spheroids, a diffuse distribution of both cell types was observed with CAF enriched at
the periphery. In contrast, in AGS/CAF spheroids, CAF were concentrated in the central area,

leaving AGS cells in the periphery.

Cell-cell and cell-matrix interactions are critical for tumor development. However, it is quite
challenging to understand the influence of the tumor microenvironment (TME) and its
potential role as a therapeutic target. CAF have been shown to enhance the inflammatory
environment, promote tumor progression and lead to drug resistance. Classical studies to
analyze the dynamic interactions between cancer cell and CAF rely on mouse models, but such
models are technically demanding and not compatible with 3D imaging. We developed in this
work a 3D cellular model adaptable to the microscopy platform. Bicellular spheroids have
proven useful to study tumor physiology, especially with respect to cell organization and
interactions. A complexification of such models can be foreseen by adding other stroma
components to the spheroid such as immune cells, stem cells or endothelial cells. Turning to
organoids could thus enlight further the intimacy of tumor organization and functional

adaptations.
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Version en Francais

Dans cette étude, nous avons généré des sphéroides bicellulaires, en utilisant deux lignées
cellulaires GC humaines différentes, en association avec des CAF primaires d’origine humaine.
Nous avons observé |'arrangement cellulaire dans le sphéroide en utilisant la microscopie en
profondeur. La microscopie confocale a fluorescence, I'un des principaux outils d'imagerie 3D,
présente plusieurs limites telles que celles conduisant au photoblanchiment et a Ia
phototoxicité vis-a-vis des cellules vivantes. Ici, nous avons utilisé la microscopie a deux
photons pour surmonter ce probléeme. Nos résultats ont montré une distribution spatiale
différente des cellules entre les lignées cellulaires GC. Dans les sphéroides HGT-1/CAF, une
distribution diffuse des deux types cellulaires a été observée avec des CAF localisés a la
périphérie. En revanche, dans les sphéroides AGS/CAF, les CAF étaient concentrés dans la zone

centrale, laissant les cellules AGS a la périphérie.

Les interactions cellule-cellule et cellule-matrice sont essentielles au développement tumoral.
Cependant, il est assez difficile de comprendre l'influence du microenvironnement tumoral
(TME) et son réle potentiel en tant que cible thérapeutique. Il a été démontré que les CAF
améliorent I'environnement inflammatoire, favorisent la progression tumorale et conduisent
a une résistance aux médicaments. Les études classiques pour analyser les interactions
dynamiques entre les cellules cancéreuses et les CAF reposent sur des modeles murins, mais
ces modeéles sont techniquement exigeants et non compatibles avec I'imagerie 3D. Nous avons
développé dans ce travail un modeéle cellulaire 3D adaptable a la plateforme de microscopie.
Les sphéroides bicellulaires se sont avérés utiles pour étudier la physiologie des tumeurs, en
particulier en ce qui concerne |l'organisation et les interactions cellulaires. Une
complexification de ces modeles peut étre envisagée en ajoutant d'autres composants du
stroma au sphéroide tels que des cellules immunitaires, des cellules souches ou des cellules
endothéliales. Se tourner vers de tels organoides pourrait ainsi éclairer plus finement

I'organisation tumorale et ses adaptations fonctionnelles.
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According to data from Global Cancer Statistics 2020, gastric cancer (GC) is ranked fifth
amongst the most common cancers and is the fourth most common cause of cancer-related
deaths worldwide. The treatment of GC remains a major challenge and its survival rate
remains low. This underscores the imperative need to better understand cancer development

and to develop innovative therapies.

The two-dimensional (2D) monolayer culture model is the most widely used in vitro model for
identifying new diagnostic markers and developing new therapeutic strategies. Nevertheless,
2D cultures imperfectly represent tissue complexity, and in particular the typology of

interactions between cells, due to the attachment of cells to a solid substratum.

On the contrary, three-dimensional (3D) culture systems are of growing interest in cancer
research, allowing to better recapitulate some of the functional aspects of tumors. This results
from: i) the organization of cells in layers with different proliferation rates, ii) the formation of
diffusion gradients for nutrients, oxygen and metabolic waste, iii) the specificities of cell-cell
interactions, iv) the expression of specific genes and v) the induction of chemoresistance.
Several 3D culture models have been reported. In particular, the work in this thesis focused
on mono- or bicellular spheroid models. Spheroid production falls into two broad categories:
i) scaffold-based models that take advantage of various types of materials to mimic tumor-
extracellular matrix (ECM) interactions in vivo and ii) suspension-based models, which
primarily include non-adherent cultures that prevent cells from attaching to the scaffold

forcing them to aggregate and to form spheroids.

The aim of this thesis was to establish a flexible 3D GC culture model that could be useful to
address different basic cancer research-related questions, such as the mechanisms that
operate in cancer progression or in structure formation, and to develop transcriptomic and
metabolomic analyses with an in vivo-like model. Ultimately, this should help bring to light

novel therapeutic strategies.
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Cytotoxicity applications

In a previous study, our team demonstrated that lovastatin induced massive apoptosis
of 2D-grown HGT-1 GC cells in a dose- and time-dependent manner. This effect was more than
additive to that of docetaxel. In the present work (Chapter 1V), the study was extended to 3D
level [1]. Using the IncuCyte™ real-time microscopy imaging and cell analysis system, in
addition to other apoptosis and cell viability assays, the combination of docetaxel and

lovastatin proved highly efficient at inducing GC cell death.

It was important to confirm the effect of this drug combination in a more complex model, i.e.
the 3D culture model, beyond its effect in 2D for several reason detailed in Chapter Ill. The
results from both mono- and bicellular 3D models, presented in this thesis, demonstrated that
such a drug combination appeared quite realistic as a plausible option to treat cancer patients.
These results are in favor of promoting the docetaxel/lovastatin combination to enter the
earlier phase of clinical trials. Indeed, the use of already existing and approved drugs to treat
complex pathologies like GC can clearly reduce the cost and the time usually required to
develop novel drugs. Furthermore, since both lovastatin and docetaxel are already marketed
drugs, their toxicity profiles are well known, which suppresses the need for extensive and

costly analyses of these compounds.

The establishment and the analysis of 3D tumor spheroids generated in 96-well U-bottomed
ultra-low attachment (ULA) microplates allowed an important technical improvement in the
drug discovery field [2]. For example, the culture of lung cancer cell spheroids in ULA
microplates altered the responses of lung cancer cells towards drugs compared to 2D culture
conditions [3]. Such culture conditions showed morphologies and immuno-histochemical
staining similar to that of spheroids grown in a scaffold manner. In addition, they could be
used for tumor cell migration and invasion assays [4]. This model enables to specifically target
certain cell behaviors in drug discovery by enhancing cell motility, inducing cell dormancy,
promoting cell differentiation (for stem-cells) and proposing a metastatic-like

microenvironment.

It is important to consider that the effects of the drugs vary not only among cell lines, but also
with the surrounding microenvironment. The response to therapeutic agents may range from

high sensitivity to drug resistance based on the spheroids composition. This makes usage of
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bi- or multicellular spheroids, for instance associating fibroblasts to stromal cells, an important
and more relevant model in preclinical drug discovery experiments. We will next elaborate tri-

cellular spheroids, mixing cancer cells, CAF and mesenchymal stem cells (MSC).

Now that our 3D model is well characterized, additional cytotoxicity tests remain to be done
using different drugs (oxaliplatin, 5-FU... with or without statins). Thanks to the use of 96 well
culture plates, the effect of molecules from the "Prestwick" chemical library (composed of
already marketed drugs from different categories available in the lab) will be tested in order
to search for new molecules of potential therapeutic interest (Auranofin, Doxorubicin,
Haloprogin, Topotecan...). In addition, CAF have been recently shown as important

therapeutic targets (Chapter Il).

3D spatial organization approach

The structural analysis of mono- and bicellular spheroids were then reported by two-
photon microscopy enabling large depth imaging of uncleared samples and providing less
photodegradation. All assays demonstrated that when cells were mixed with CAF, in a 3D
culture model, they were straightened and firmly attached, generating more compact
spheroids. In depth images showed a different and characteristic spatial distribution of cancer
cells and CAF, distinctively between HGT-1 and AGS GC cell lines. We were able to image 2

different cell types in the same sample without any staining after formation of the spheroid.

Detailed fluorescent microscopic visualization and evaluation of complex 3D structures face
many technical challenges: 3D preparation methods are not usually adapted to microscopy,
manipulating 3D spheroids or organoids is not straightforward, and living cells are usually
unstable facing fluorescent laser [5]. Here, our system allows light to penetrate at a depth, up
to 120 um, without any clearing techniques, and holds promise for the analysis of samples
with simple preparation steps, high resolution and multichannel fluorescence acquisition.
However, in our study, we faced some limitations depending on culture in ULA microplates
with round bottom that was not adapted for direct imaging of the spheroid in the well.
Additionally, our 3D imaging system was not equipped with an immersion objective limiting
light penetration. To bypass the microplate limitation, we set in motion a simple system based

on the hanging drop method, as described in Chapter V.
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We will work to clear our spheroids so that we could capture the entire 3D shape. Many
clearing methods exist, aqueous or solvent-based, and can be an important addition for in
depth imaging of large samples such as spheroids or organoids (RapidClear, 80 % glycerol...)

[6].

The self-organization of cells in the spheroids could reflect the migratory and the invasive
potential of the cells. Several additional studies are currently in progress to address this
qguestion [7]. During this thesis, we reported the characterization of expression of genes
encoding adhesion molecules such as E-cadherin, epithelial cell adhesion molecule (EpCam),
integrin beta 1 (ITGB1) and integrin beta 3 (ITGB3) in HGT-1 and AGS cells. Clear differences
were observed between these two cell lines. In order to determine the contribution of these
genes in the spatial organization, cells were transfected by siRNA to inhibit the expression of
these genes. Quite strikingly, preliminary results have indicated that inhibition of ITGB3 in
HGT-1 cells in bicellular HGT-1/CAF spheroids showed an organization resembling that of AGS
cells in AGS/CAF spheroids. Cell migration assays in 2D showed a larger migration capacity of
HGT-1 cells compared to AGS cells. This capacity was significantly reduced after the inhibition
of ITGB3, reducing their migratory potential close to that of 2D AGS cells. Additional assays
have to be carried out to confirm the role of ITGB3 and identify its underlying mechanism of
action, especially in 3D-grown cells. The potential roles of other integrins will be tested as well

to determine the specificity of ITGB3 in controlling the migratory potential.

Genes involved in the formation of spheroids

Similarly to the possible role of ITGB3 in the organization of bicellular spheroids, the
expression of several genes has been reported to control the capacity of the cell lines to
generate spheroids [9-11]. Understanding the implication of such genes in the formation and
growth of spheroids is important to identify cancer driver genes and potential novel therapy
targets. Hence, we will develop molecular analyses in order to identify markers responsible
for the formation of these 3D structures and to understand the underlying mechanisms (such
as E-cadherin, COX2...). This approach should provide a better understanding of the
biophysical and biochemical mechanisms associated with the formation of these structures
assembled in absence of scaffold and with the response of GC cells to chemotherapy

treatments.
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Several studies showed that in 3D cultures, expression of stem cell markers in spheroid cells
is enhanced [12] (Chapter llI). Using RNA from AGS and HGT-1 spheroids, we analyzed the
expression of genes specifically expressed in GC stem cells and we compared their expression
level to that of cells cultured in a 2D model. Spheroids generated using different numbers of
cancer cells (500-1000) and spheroids from different ages (4, 6, 8, 12, 17 days-old) were tested
in order to potentially enrich the spheroids with stem cells. Regardless of the experimental
condition, we did not observe differences in the expression of the stem cell markers LGR5,
OCT4, ALDH1, CD44, and ABCG2 between 2D and 3D cultured cells. Additional modifications
of culture parameters and conditions (several passaging in 3D culture, limiting initial cell
number, specific culture media ...) will be applied later to increase the presence of GC stem

cells in our model.

Transcriptomic profiles

Recently, high-throughput new generation sequencing technologies revealed important
findings regarding the genomic, epigenetic and transcriptomic diversity of cancers that would
not be captured by histological analysis only [13]. As mentioned in Chapter Ill, gene expression
profiles of GC spheroids are not yet well described. Understanding the cell biology of 3D
structures is important for a more complete appreciation of in vivo tissue function. Several
studies showed that within 3D models, cell lines demonstrate different functional phenotypes
compared to 2D models, depending on the physical environment (spheroid size, CO; level,
necrotic center...), which are controlled by gene expression programs [14]. Epigenetics and
alternative splicing are parts of the mechanisms that can regulate transcriptional responses in
3D structures [15]. The presence of a specific microenvironment could also have an impact on
cancer cells transcriptomic profiles. Hence, it was demonstrated that CAF can dictate the
transcription level of different genes implicated in several pathways of cancer cells growth
and invasion [16]. The establishment of a transcriptomic profile of our model in mono- and
bicellular conditions will allow us to investigate the variability and the complexity of gene
expression, to trace the origin of cancer cells and uncover the mechanisms leading to the
development of resistance to anticancer drugs. Such studies should be ideally supplemented

with transcriptomic analyses at the level of the single cell.
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Taken together, studying the motility of cancer cells using 3D platforms in association with
modern imaging tools and new generation transcriptomic tools can provide a high level of
integration of information about cancer cell behavior. Such approaches will help investigate

unresolved issues, including the interplay between metastasis and drug resistance.

Cancer cells metabolism

The metabolism of cancer cells is characterized by multiple alterations adapted to their
specific needs. Numerous observations have documented this aspect, mainly in relation to the
avidity of these cells for glucose, glutamine and, more recently, for lipids. Blockade of the
mevalonate pathway by statins (inhibition of HMG-CoA Reductase, see Chapter IV) leads to a
shortage of several intermediate metabolites, in particular farnesyl pyrophosphate (FPP) and
geranylgeranyl pyrophosphate (GGPP), which are necessary for the functionalization

(prenylation) of GTPases of the ras and rho families.

In order to clarify the nature of the biochemical differences induced by the treatments
(docetaxel, lovastatin or both) in HGT-1 cells, our team has conducted an untargeted
metabolomic analysis with the aim of obtaining a multifaceted understanding of drug - cells
interactions. This study showed that the levels of more than 100 metabolites and several lipid
families were modified after the treatments, especially in the presence of lovastatin. The level
of L-glutamine was the most increased, demonstrating a significant metabolic adaptation of
cancer cells. Glutamine is an important energy source for epithelial cells and for fast growing
cells such as tumor cells, including HGT-1 and AGS cells. It is also an important substrate for
lipid synthesis and contributes to the regulation of the expression of key enzymes in this

biosynthetic pathway.

Based on these results, during this thesis preparation, an analytical study was performed by
measuring intracellular and secreted glutamine to determine whether the modification
recorded in the 2D earlier study also occurred in 3D, and to decipher the role of glutamine
accumulation in the cells after treatment with lovastatin. Analyses were performed in
collaboration with the NMR platform of Brest University to quantify glutamine. The first
results revealed a reversal of the intracellular glutamine/glutamate ratio with an accumulation
of glutamine and a decrease of glutamate levels following treatment with CB-839, an inhibitor

of the glutaminase enzyme. Cell viability assays (MTT assay) showed that CB-839 increased
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the cytotoxic effect of lovastatin treatment of AGS cells (by 20%), but had no effect on HGT-1
cells. Additional experiments will be required to understand the effects of glutamine

accumulation in cells on apoptosis and viability after treatment with lovastatin.

In order to better understand the important cytotoxic effect of lovastatin on GC cell lines, as
an agent blunting the mevalonate pathway, a collaboration with the MetaToul platform
(Toulouse) was initiated during this thesis. MetaToul developed a pipeline for the
metabolomic analysis of the early steps of the cholesterol synthesis pathway. It was possible
to quantify a set of central metabolites (Acetyl-CoA, succinyl-CoA, ketoglutarate, ATP, AMP...)
in GC cell lines and in the extracellular medium. This encouraging data indicates that it is
possible to follow the evolution of such metabolites, as well as those generated by the

glutamine pathway (glutamate, succinate, isocitrate...).

Taking advantage of the development of a sensitive analytical system by improving detection
limits in MetaToul lab, metabolomic analyses of 3D cultures (HGT-1 or AGS spheroids) are in
progress. This approach, thanks to its high sensitivity, permits the analysis of metabolomic
profiles from the cells contained in single spheroids. Low amounts of biological materials are
required with as little as 6000 cells/spheroid. As previously mentioned (Chapter ll), culture

conditions can deeply impact the metabolomic profiles of the cells.

Can we imagine a single-cell metabolomic approach in association with the 3D culture model
to better understand the heterogeneity of such complex model [17]? For that perspective, we
have to push the limit of detection (sensitivity) to investigate subcellular compartments and
to sample live single cells in their 3D microenvironment, which represent their in vivo living

conditions.

The switch from 2D to 3D cultures generates different gradients in the spheroids (nutriments,
oxygen, lactate...) enabling major adjustments of the cells’ metabolome. Such metabolomic
modifications can have an important impact on many cellular mechanisms, gene expression
and cell activity, in addition to their role in the responses to drug treatment and the outcome
of therapy. These experiments might enable the identification of potential GC biomarkers and
potentially lead to the identification of novel drug targets. However, since metabolism is a

highly dynamic process, such that the metabolites are continuously transformed and
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exchanged, it may be quite challenging to capture significant changes that occur within the

fluxome.

During this thesis, a fluxomic analysis was also initiated by substituting **C-glucose in culture
media by '3C-glucose in both 2D and 3D cells, both as mono- and bicellular spheroids, the

results of which are currently under analysis with our partners from MetaToul.

From spheroids to organoids

Progress in 3D culture technologies open new opportunities in the development of novel
modeling systems, referred to as organoids (Chapter lll). Since 2020, our team has been
participating in the European “GRAMMY” project that comprises an experimental axis
devoted to the analysis of GC fragments amenable to the construction of organoids.
Illustrating the genetic heterogeneity of primary tumors, organoids are a powerful in vitro
method offering new means of investigating tumor treatment responses. This model will be
used as an efficient drug-testing platform to analyze the effect of the docetaxel / lovastatin
combination, in addition to the search for other active molecules from chemical library
screening. Furthermore, the spatial organization of such organoids will be approached by bi-
photonic microscopy. Such an analysis holds a special interest, as organoids may be far more

complex than spheroids in their richness in distinct cell types that compose tumors.

To conclude

Depending on the type of scientific questions, especially those related to the effects of
drugs, 3D cultures might be better suited than 2D cultures. Since the procedures to establish
3D cultures of spheroids can be highly standardized, we believe that these should constitute
the future “gold standard” in the drug discovery pipeline. Nevertheless, these should be
ideally supplemented with 3D imaging and omics approaches and, why not, at the single cell
level when technologies permit it. This combination requires novel techniques and
bioinformatic tools. It also allows the exploration of the central dynamics of the cells with
more comprehensive perspective and eventually favour a deep understanding of in vivo cell

biology.

206



[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Chapter VI

References

G. Mazzoleni, D. Di Lorenzo, and N. Steimberg, “Modelling tissues in 3D: the next future
of pharmaco-toxicology and food research?,” Genes Nutr., vol. 4, no. 1, p. 13, Mar.
2009, doi: 10.1007/512263-008-0107-0.

S. Breslin and L. O’Driscoll, “Three-dimensional cell culture: The missing link in drug
discovery,” Drug Discov. Today, vol. 18, no. 5-6, pp. 240-249, Mar. 2013, doi:
10.1016/j.drudis.2012.10.003.

J. E. Ekert et al., “Three-dimensional lung tumor microenvironment modulates
therapeutic compound responsiveness in vitro - Implication for drug development,”
PLoS One, vol. 9, no. 3, Mar. 2014, doi: 10.1371/journal.pone.0092248.

M. Vinci et al., “Advances in establishment and analysis of three-dimensional tumor
spheroid-based functional assays for target validation and drug evaluation,” BMC Biol.,
vol. 10, no. 1, pp. 1-21, Mar. 2012, doi: 10.1186/1741-7007-10-29/FIGURES/S.

H. U. Dodt et al., “Ultramicroscopy: three-dimensional visualization of neuronal
networks in the whole mouse brain,” Nat. Methods, vol. 4, no. 4, pp. 331-336, Mar.
2007, doi: 10.1038/nmeth1036.

W. Li, R. N. Germain, and M. Y. Gerner, “Multiplex, quantitative cellular analysis in large
tissue volumes with clearing-enhanced 3D microscopy (Ce3D),” Proc. Natl. Acad. Sci. U.
S. A., vol. 114, no. 35, pp. E7321-E7330, Aug. 2017, doi: 10.1073/PNAS.1708981114/-
/DCSUPPLEMENTAL.

C. Angelucci et al., “Epithelial-stromal interactions in human breast cancer: effects on
adhesion, plasma membrane fluidity and migration speed and directness,” PLoS One,
vol. 7, no. 12, p. e50804, Dec. 2012, doi: 10.1371/journal.pone.0050804.

S. Blacher et al., “Cell invasion in the spheroid sprouting assay: a spatial organisation
analysis adaptable to cell behaviour,” PLoS One, vol. 9, no. 5, p. €97019, May 2014, doi:
10.1371/JOURNAL.PONE.0097019.

N. Oue et al., “Induction of KIFC1 expression in gastric cancer spheroids,” Oncol. Rep.,
vol. 36, no. 1, pp. 349-355, Jul. 2016, doi: 10.3892/0r.2016.4781.

T. Imai et al., “Overexpression of KIF11l in gastric cancer with intestinal mucin
phenotype,” Pathobiology, vol. 84, no. 1, pp. 16-24, Sep. 2017, doi:
10.1159/000447303.

E. Taha, “Studies on the facts of the loss of MMP3 on tumoroid formation and the
integrity of extracellular vesicles,” thesis, Sep. 2020.
Available: http://ousar.lib.okayama-u.ac.jp/60940.

M. E. Han et al., “Cancer spheres from gastric cancer patients provide an ideal model
system for cancer stem cell research,” Cell. Mol. Life Sci., vol. 68, no. 21, pp. 3589-3605,
Nov. 2011, doi: 10.1007/s00018-011-0672-z.

V. H. Teixeira et al., “Deciphering the genomic, epigenomic, and transcriptomic
landscapes of pre-invasive lung cancer lesions,” Nat. Med., vol. 25, no. 3, pp. 517-525,
Jan. 2019, doi: 10.1038/541591-018-0323-0.

207



[14]

[15]

[16]

[17]

Chapter VI

E. Gheytanchi et al., “Morphological and molecular characteristics of spheroid
formation in HT-29 and Caco-2 colorectal cancer cell lines,” Cancer Cell Int., vol. 21, no.
1, pp. 1-16, Dec. 2021, doi: 10.1186/512935-021-01898-9/TABLES/2.

C. Branco da Cunha et al., “CD44 alternative splicing in gastric cancer cells is regulated
by culture dimensionality and matrix stiffness,” Biomaterials, vol. 98, pp. 152-162, Aug.
2016, doi: 10.1016/j.biomaterials.2016.04.016.

T. Simon and B. Salhia, “Cancer associated fibroblast subpopulations with diverse and
dynamic roles in the tumor microenvironment,” Mol. Cancer Res., p.
molcanres.0282.2021, Oct. 2021, doi: 10.1158/1541-7786.MCR-21-0282.

R. Liu and Z. Yang, “Single cell metabolomics using mass spectrometry: Techniques and
data analysis,” Anal. Chim. Acta, vol. 1143, pp. 124-134, Jan. 2021, doi:
10.1016/J.ACA.2020.11.020.

208



Annex |
Récapitulatif de [a These

Version en Francais

Développement d'un Modele Cellulaire Flexible
Tridimensionnel : Un Focus sur le Cancer Gastrique

These préparée par George Alzeeb

Sous la direction de Dr. Laurent Corcos et Dr. Catherine Le Jossic-Corcos

209



Annex |

Cette annexe synthétise les travaux réalisés durant cette these. Elle a été préparée en Frangais
alademande de I’Ecole Doctorale Biologie Santé (EDBS), en raison de notre choix de présenter
I’essentiel du manuscrit de thése en anglais. C’est pour cette méme raison que nous avons fait
figurer, dans le corps du manuscrit, en francais également, les introductions et les conclusions

des Chapitres I, IV et V.
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Le cancer gastrique (CG) est le cinquiéme cancer le plus fréquent dans le monde et est
la quatriéme cause de déces par cancer en 2020. Le pronostic du CG est mauvais et la plupart
des formes avancées de la maladie sont incurables. Il est donc urgent de développer de
nouvelles thérapies. Notre équipe a démontré que la combinaison de statine et de taxane
induit fortement I'apoptose des cellules du CG en 2 dimensions (2D). Néanmoins, la culture
en 2D représente imparfaitement la complexité tissulaire, et en particulier le réle des
interactions entre cellules. L'une des stratégies qui permettent d'améliorer la réussite des
nouveaux médicaments anticancéreux en clinique repose sur |'utilisation de modeles de
culture cellulaire tridimensionnelle (3D). Ces modeles montrent un intérét croissant dans la
recherche sur le cancer, permettant de mieux rétablir certains des aspects fonctionnels des
tumeurs. Nous avons ainsi généré des sphéroides monocellulaires de cellules cancéreuses
gastriques humaines (HGT-1 ou AGS), ainsi que des sphéroides bicellulaires associant ces
cellules a des fibroblastes issus de tumeurs (CAF, Cancer Associated Fibroblasts), selon une
méthodologie robuste, qui prévient leur attachement a une matrice. Nous avons étudié la
cytotoxicité induite par le docétaxel et la lovastatine (test MTT). De plus, nous avons utilisé le
systéme d'imagerie et d'analyse en temps réel IncuCyte™ pour suivre la croissance des
sphéroides et la réponse apoptotique. Ces tests ont montré une toxicité importante, majorée
en cas d'association des deux molécules, comme observé en 2D. Nous avons entrepris
I'analyse de I'organisation du modéle 3D bicellulaire par microscopie laser a 2 photons. Nos
résultats montrent une organisation distinctive des sphéroides bicellulaires selon la lignée de
cellules épithéliales cancéreuses, HGT-1 ou AGS. Cette organisation pourrait s'expliquer par
des différences de capacité migratoire / invasive des cellules de CG. Dans le cadre du
programme européen GRAMMY, nous envisagerons une application de ces approches sur des

organoides de tumeurs issues de patients.
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(Chapitre I)

Le cancer gastrique (CG) est le cinquiéme cancer le plus fréquent dans le monde avec
plus d’'un million nouveaux cas, c’est la quatrieme cause de déces par cancer (768 793 déces),
selon les données de “Global Cancer Statistics” en 2020 [1]. La classification de Lauren est
largement utilisée pour classer les adénocarcinomes gastriques en un sous-type intestinal
associé a des facteurs environnementaux (infections a Helicobacter pylori, I'alimentation et le
mode de vie) et un sous-type diffus souvent associé a des anomalies génétiques [2].
L'incidence de la maladie varie considérablement d'une région a l'autre : elle est la plus élevée
en Asie centrale et orientale, suivie de I'Amérique latine et de I'Europe de I'Est. Bien que
I'Europe occidentale présente des taux intermédiaires a faibles de CG, avec 28 490 nouveaux
cas en 2020, le taux de mortalité reste élevé avec environ 18 000 déces en 2020 (taux de
|étalité : 63 %) [3]. L'infection par Helicobacter pylori est le principal facteur de risque du CG
(associée a 78 % de tous les CG), car elle provoque une inflammation de la muqueuse
gastrique. Le facteur alimentaire (les aliments salés, fumés ou additionnés de conservateurs
chimiques), le tabagisme et la consommation d'alcool, l'infection par le virus d'Epstein-Barr
(EBV), sont tous considérés comme des facteurs de risque de CG. En outre, 1 a 3 % des cancers
gastriques sont liés a des syndromes familiaux [4]. Le pronostic du CG est mauvais et la plupart
des formes avancées de la maladie sont incurables. Les principaux traitements du CG reposent
sur la résection chirurgicale comme premiére modalité curative [5], la chimiothérapie [6] et |a
thérapie ciblée viennent par la suite [7, 8]. Bien que l'efficacité des traitements se soit
améliorée au cours de la derniére décennie, les taux de survie des patients atteints de CG

restent faibles. Il est donc urgent de développer de nouvelles thérapies.
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(Chapitre 111)

Le modele de culture cellulaire traditionnel en cancérologie des tumeurs solides est celui
de la culture de lignées cellulaires cancéreuses en monocouche a 2-dimensions (2D). Ce
modele continue de jouer un réle important pour la compréhension des mécanismes
fondamentaux de la tumorigenése grace a sa facilité de manipulation, sa reproductibilité et
son faible colt [9]. Toutefois, la culture en 2D impose des contraintes géométriques et
mécaniques non physiologiques en raison de la nécessaire adhésion des cellules a un support
solide artificiel (généralement en polystyrene). Une telle culture affecte la polarité des cellules
et donc, potentiellement, les phénotypes tumoraux caractéristiques des tumeurs d'origine
[10]. Par conséquent, I'utilisation des modeéles animaux, plus physiologiques, s'est intensifiée,
augmentant ainsi la durée et le co(t global du processus de découverte et de développement
des médicaments. La xénogreffe de fragments de tumeurs, appelé ‘patient-derived xenograft’
(PDX), chez la souris immunodéprimée, est la plus utilisée pour étudier le développement des

cancers humains et leurs réponses aux traitements chez I'animal [11].

Au cours des dernieres décennies, de nouvelles techniques de modélisation des tumeurs
solides ont été développées. Celles-ci reposent sur la culture de cellules maintenues dans un
environnement tridimensionnel (3D), grace a l'utilisation de substrats (boites/flacons de
culture) a faible adhésivité cellulaire. Ainsi, la culture en 3D permet d’utiliser, in vitro, des
échantillons complexes ou des mini-organes dans un environnement controlé [12]. Ces
modeéles ont également I'avantage de mimer le comportement tumoral, qui dépend de
signaux environnementaux, et des interactions cellule-cellule et cellule-matrice extracellulaire
(MEC). Il est rapporté que les agents cytotoxiques sont généralement plus actifs dans les
cultures en 2D qu’en 3D, conduisant a sans doute surévaluer leur activité par |'utilisation de
la 2D uniquement [13, 14]. En revanche, la culture en 3D permettrait de mieux anticiper les
phénoménes de résistance. Outre la résistance aux agents anticancéreux, les modeles de
culture en 3D peuvent également aider a prévoir la pénétration des médicaments dans les
tumeurs, une limite importante, et souvent négligée, a [Iorigine d’échappement
thérapeutique. Deux modeéles de culture cellulaire en 3D sont principalement utilisés : les
sphéroides et les organoides (Figure 1). Durant cette thése nous nous sommes intéressés a la

culture des sphéroides [15].
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Figure 1. Représentation simplifiée d'un sphéroide avec ses différentes couches
cellulaires : une couche externe proliférative, une couche intermédiaire de cellules en
quiescence et un centre nécrotique. L'ensemble est soumis a différents gradients
(oxygene, nutriments, CO,, catabolites et concentration en médicaments). Le sphéroide
en co-culture : addition des fibroblastes-associés au cancer (CAF) et des cellules
immunitaires. Alzeeb, 2020 [15].

Afin de reproduire I'hétérogénéité cellulaire des tumeurs solides et de mieux prendre en
compte les phénomeénes de résistance aux traitements, dont ceux qui pourraient étre majorés,
voire causés, par les interactions cellules cancéreuses-cellules stromales, des sphéroides
pluricellulaires peuvent étre assemblés. lls associent des cellules épithéliales cancéreuses et
des cellules stromales, comme les fibroblastes associés au cancer, dénommés « cancer-
associated fibroblasts » (CAF), les cellules endothéliales ou les cellules immunitaires. Les
interactions cellules-cellules au sein des sphéroides affectent leur prolifération, leur survie et
les réponses aux traitements. Les sphéroides constitués de cellules tumorales et de CAF, le
type cellulaire le plus abondant dans la Transition Epithélio-Mésenchymateuse (TEM), sont
largement utilisés pour tester des candidats médicaments [16, 17]. Actuellement, il n’est pas
possible d’utiliser une nomenclature unique, basée sur des marqueurs partagés et des
fonctions similaires, pour définir les CAF. On doit distinguer deux cas de figures, d’une part

I'utilisation des CAF dérivées de la tumeur du patient et d’autre part les fibroblastes présents
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au site métastatique pour les tumeurs avancées mais cette seconde situation n’est pas
aisément exploitable car il est moins fréquent d’opérer les métastases par rapport aux

tumeurs primaires [18, 19].

Les organoides sont des structures complexes souvent formées a partir des cellules
cancéreuses primaires ou des cultures de biopsies tissulaires ; ils feront I'objet d’études
futures. De nombreuses caractéristiques ont encouragé I'utilisation des organoides comme
modeles du cancer puisqu’ils sont issus directement des patients et ne sont donc pas limités
par les différences entre espéces, ce qui est le principal inconvénient des modéles animaux
[20, 21]. En outre, les organoides peuvent également étre produits en quantité et cryo-
conservés, ce qui permet de créer des bibliothéques d'organoides représentatives de
différents types et sous-types de cancers, en en faisant un outil extrémement utile pour les

études précliniques [22] (Figure 2).
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Figure 2. Représentation graphique des applications des organoides gastriques et de leur
implication dans la médecine personnalisée. Alzeeb, 2020 [15].
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Ce domaine en évolution rapide vise a fournir une alternative in vivo au systéme PDX, assez
exigeant et colteux. Les sphéroides sont donc bien adaptés pour analyser les interactions
entre les cellules qui composent la tumeur, y compris les cellules souches, les CAF, les cellules
immunitaires et les cellules endothéliales. En tant que tels, ils sont également appropriés pour
analyser les effets des médicaments cytotoxiques, ainsi que pour identifier de nouveaux
biomarqueurs. Cependant, I'harmonisation des techniques est nécessaire pour garantir une
meilleure reproductibilité des données issues de I'utilisation des modeles 3D, avant que ceux-
Ci ne puissent étre considérés comme le modeéle standard pour le criblage préclinique des

molécules thérapeutiques contre le CG.
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Analyse de I'effet des agents médicamenteux sur la mort cellulaire dans des

sphéroides de cancer gastrique par I'imagerie cellulaire en temps réel

(Chapitre 1V)

Bien que l'efficacité des traitements se soit améliorée au cours de la derniére décennie,
les taux de survie au CG restent faibles. Cela pointe I'urgence de développer de nouvelles
thérapies. Le repositionnement des médicaments est devenu une stratégie alternative
puissante et efficace pour la découverte de nouvelles options thérapeutiques, en particulier

dans un contexte adjuvant.

Dans une étude précédente, notre équipe a montré que l'association de lovastatine,
normalement utilisée pour le traitement de I'hypercholestérolémie, en raison de sa capacité
a inhiber de maniére compétitive la 3-hydroxy-3-méthyl-glutaryl-coenzyme-A réductase
(HMG-CoA Red), et le docétaxel, un taxane anticancéreux utilisé pour traiter le CG et d'autres
tumeurs solides, a induit une réponse apoptotique plus qu'additive dans la lignée cellulaire
humaine HGT-1 de GC cultivée en 2D. Comme mentionné dans la partie précédente, il a été
démontré que les systemes de culture 3D prédisent efficacement |'efficacité in vivo des agents
thérapeutiques. Dans cette partie du travail, notre objectif était de demander si les
observations précédentes faites dans des cellules cultivées en 2D, seraient toujours valables

pour les cellules cultivées en 3D.

Nous avons ainsi généré des sphéroides monocellulaires de cellules HGT-1 ou AGS, deux
lignées cellulaires immortalisées du CG (Figure 3), ainsi que des sphéroides bicellulaires
associant ces cellules cancéreuses a des fibroblastes associés au cancer (“Cancer-associated
fibroblasts” CAF), selon une méthodologie robuste, qui restreint leur attachement a une

matrice.

218



Annex |

a HGT-1 2D b HGT-1 3D

C AGS 2D d AGS 3D

Figure 3. Photographies en contraste de phase des cellules HGT-1 (a : 2D, b : 3D-aprés 6
jours de culture) et AGS (c: 2D, d : 3D-apres 6 jours de culture).

Nous avons utilisé le systéme d'imagerie et d'analyse en temps réel, IncuCyte™ pour
déterminer la croissance, la cytotoxicité ou I'induction de |'apoptose par la lovastatine et le
docétaxel. Le module sphéroide de I'IncuCyte™ permet la visualisation en temps réel et
I'analyse automatisée de la croissance des sphéroides. Ainsi, une visualisation compléte de la
morphologie des sphéroides, de la compaction intercellulaire (agrégats fragiles ou sphéroides
compacts) et de la taille caractéristique de chaque type de cellule peut étre obtenue. Ce sont
des parameétres d'intérét pour caractériser la viabilité des cellules formant la structure 3D. Ces
tests ont montré une toxicité importante, majorée en cas d’association des deux molécules,

comme il avait été obtenu en 2D (Figure 4).
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Figure 4. Effets des traitements par docétaxel et lovastatine sur la croissance des
sphéroides HGT-1.

(a) Photographies en contraste de phase des sphéroides HGT-1 agés de 6 jours a 0 h et 48
h de traitement par 5nM de docétaxel (D 5nM), 12,5uM de lovastatine (L 12,5uM) et 5nM
de docétaxel + 12,5uM de lovastatine (D+L), capturées par I'IncuCyte™. (b) Suivi de
croissance en temps réel (surface 10° x um?) des sphéroides HGT-1, réalisé par
I'IncuCyte™. Des sphéroides 4gés de six jours (commencgant par 0 sur le graphique)
étaient traités par D 5nM (carrés noirs), L 12,5uM (triangles noirs) ou D+L (X noir) pendant
une durée allant jusqu'a 144 h. Le contrdle (Ctrl) est représenté par des losanges blancs.
Les résultats sont présentés comme la moyenne * ET de n=3 expériences indépendantes
avec quatre réplicats techniques dans chacune. ***p < 0,001, one-way ANOVA suivie
d'une analyse de Tukey.

Annex |

220



Annex |

Les cellules cancéreuses sont fortement influencées par leur microenvironnement, qui
module la progression de la tumeur et a un impact important sur la réponse a la thérapie. La
co-culture de cellules tumorales avec des CAF permet de reproduire, en partie, les interactions
entre les différents types de cellules, qui sont connues pour affecter la progression de la
maladie et I'efficacité des thérapies anticancéreuses. Ici, nous avons développé un modéle de
co-culture (directe) en 3D en associant des cellules de CG aux CAF. Dés le deuxieme jour de la
co-culture, les sphéroides ont pris une forme plus compacte, par rapport aux sphéroides en
monocultures. Cela n'a pas eu d'impact négatif sur la réponse aux médicaments, la
combinaison de docétaxel et de lovastatine a montré également une forte cytotoxicité dans

cette configuration (Figure 5).

Le suivi en temps réel de la réponse au médicament des sphéroides tumoraux 3D s'est avéré
étre une approche assez sensible et fiable pour déterminer la toxicité globale, a la fois dans
les sphéroides mono- et bicellulaires. Transposés a une configuration clinique, ces résultats
peuvent conduire a proposer |'association de lovastatine et de docetaxel pour le traitement
des patients atteints de CG. Un avantage évident de cette thérapie combinée serait d'utiliser
des doses de médicaments plus faibles que celles habituellement utilisées, réduisant ainsi les
effets secondaires toxiques potentiels, comme ceux qui ont été rapportés chez les patients

cancéreux subissant une thérapie anticancéreuse aux taxanes.
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Figure 5. Sphéroides bicellulaires.

(a) Suivi de croissance en temps réel (surface 10° x um?) effectué en utilisant I'IncuCyte™.
Les sphéroides monocellulaires générés a partir de : i) 250 cellules HGT-1 sont représentés
par des cercles blancs, ii) 500 cellules HGT-1 sont représentées par un symbole X noir et
iii) les sphéroides bicellulaires générés a partir de 250 HGT-1 + 250 CAF sont représentés
par des X a l'intérieur des cercles. (b) Suivi de croissance (surface 10* x um?) des
sphéroides bicellulaires formés de 250 HGT-1 + 250 CAF réalisé a I'aide de I'IncuCyte™,
Des traitements simples avec 5nM de docétaxel (D 5nM) (carrés noirs), 12,5uM de
lovastatine (L 12,5uM) (triangles noirs) et un traitement combiné avec 5nM de docétaxel
+ 12,5uM de lovastatine (D+L) (X noir) ont été appliqués sur des sphéroides dgés de 6
jours et comparés au contréle (losanges blancs). Les résultats sont présentés comme la
moyenne + ET de n=3 expériences indépendantes avec quatre réplicats techniques dans
chacune. ns p > 0.05; *p <0.05 **p < 0.01; ***p < 0.001, one-way ANOVA suivie d'une
analyse de Tukey.
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(Chapitre V)

Ces travaux ont été réalisés en collaboration avec le laboratoire OPTIMAG de I'Université
de Brest. Ce laboratoire s'intéresse est spécialisé dans la microscopie, et en particulier la

microscopie laser a 2 photons.

Le proverbe "voir, c'est croire" est souvent cité lorsque nous essayons de comprendre de
nouveaux phénomenes en physiologie cellulaire. La microscopie optique 3D joue un réle
central en biologie, permettant I'imagerie d'échantillons a haute résolution spatiale et offrant
la possibilité de détecter des structures en profondeur. Ici, nous proposons une méthode
simple pour déterminer |'organisation spatiale des cellules contenues dans des sphéroides

avec des étapes de manipulation faciles et adaptées a la bio-imagerie 3D en direct.

Les fibroblastes sont parmi les plus importants partenaires de signalisation stromale que I'on
retrouve dans les différentes formes de cancers. Le développement de modeles de culture
cellulaire en 3D a facilité la culture de différents types de cellules dans le méme
environnement. Dans notre travail, nous avons développé des sphéroides bicellulaires a partir

de cellules de CG et de CAF et nous avons étudié leur organisation par imagerie 3D.

Plusieurs systemes optiques souffrent de limitations comme la photodégradation ou
I'éclaircissement optique et dépendent de la préparation de I'échantillon. Pour contourner
certaines de ces limitations, nous avons développé une méthode simplifiée pour suivre la
croissance et I'organisation de sphéroides vivants, en utilisant la microscopie a deux photons,
une technique d'imagerie non invasive bien adaptée a |'analyse du développement et de la
structure des sphéroides dans un format automatisé a moyen débit. En effet, la microscopie
de fluorescence a deux photons a prouvé qu'elle générait des images au rapport signal / bruit
plus élevé que la microscopie confocale a fluorescence classique. La faible phototoxicité
permet des temps d'exposition plus longs qui sont requis pour l'imagerie tridimensionnelle de

sphéroides multicellulaires [23, 24].

Nos résultats ont montré que cette approche était appropriée pour suivre la croissance et la

structure des sphéroides. Il est également apparu que les cellules de ces sphéroides
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bicellulaires étaient plus serrées, générant des sphéroides plus compacts que les sphéroides

monocellulaires (Figure 6).

HGI-1 |HGI-1/CAF| P.Value

D4 210+ 16 251 +8 0.0078
D6 468 + 36 332+ 24 0.0242
D8 685 + 67 546 = 31 0.0138
D11 898 + 33 640 + 21 0.0044
AGS AGS/CAF P.Value

D4 315+ 11 242 £ 22 0.0035
D6 526 + 23 288 + 15 0.0038
D8 785+ 13 531 £+ 45 0.0083
D11 1050 = 59 616+ 54 0.0023

Figure 6. Mesure de la taille des sphéroides.
Le diametre des sphéroides est mesuré a partir des images TPEF (Two-photon excitation
fluorescence) a l'aide du logiciel Imagel. Les sphéroides monocellulaires générés a partir
de 250 cellules HGT-1 et les sphéroides bicellulaires générés a partir de 250 HGT-1 + 250
CAF sont représentés dans le premier tableau. Les sphéroides monocellulaires générés a
partir de 500 cellules AGS et les sphéroides bicellulaires générés a partir de 500 AGS + 500
CAF sont représentés dans le second tableau. Chaque mesure est réalisée sur trois
sphéroides indépendants et les données sont présentées sous forme de moyenne * ET, la
troisieme colonne indique la P.value, Student’s t.test.

De maniere intéressante, nous avons observé une distribution spatiale différente des cellules
entre les lignées cellulaires de CG. Dans les sphéroides HGT-1/CAF, une distribution plus
diffuse des deux types de cellules est observée avec une majoration des CAF en périphérie. En

revanche, dans les sphéroides AGS/CAF, les fibroblastes sont concentrés dans la zone centrale,

laissant les cellules cancéreuses a la périphérie (Figure 7).
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AGS AGS

Figure 7. Distribution des cellules dans les sphéroides bicellulaires.

Partie supérieure : images TPEF (Two-photon excitation fluorescence) a plan unique d'un
sphéroide HGT-1/CAF agés de 6 jours. A gauche : cellules HGT-1 (affichage eGFP - vert).
Au milieu : CAF (autofluorescence - jaune). A droite : les cellules HGT-1 et les CAF sont
affichés. Partie inférieure : images TPEF a plan unique d'un sphéroide AGS/CAF dgés de 6
jours. A gauche : cellules AGS marquées (affichage TdTomato — rouge). Au milieu : CAF
(autofluorescence — jaune). A droite : les cellules AGS et CAF sont affichées. Barre
d'échelle : 100 pm.

En outre, I'addition différée de cellules HGT-1 a des sphéroides constitués uniquement de CAF
a montré que les cellules HGT-1 pouvaient pénétrer dans ces sphéroides et récapituler
I'organisation spatiale des sphéroides HGT-1/CAF. Au contraire, les cellules AGS restaient a la
surface des sphéroides de CAF. Ces comportements distincts suggérent I'existence de
différences propres a chacune des lignées dans leur aptitude migratoire / invasive, comme

cela a été rapporté pour d'autres cellules tumorales.

Ainsi, nous avons étudié |'expression des génes codant pour des molécules d'adhésion telles
gue la E-cadhérine, la molécule d'adhésion des cellules épithéliales (EpCam), I'intégrine béta

1 (ITGB1) et l'intégrine béta 3 (ITGB3) dans les cellules HGT-1 et AGS. De nettes différences
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étaient observées entre ces deux lignées cellulaires. Afin de déterminer la contribution de ces
génes dans l'organisation spatiale des cellules cultivées en 3D, nous avons inhibé I’expression
de I'ITGB3 par siRNA dans les cellules HGT-1. Les résultats préliminaires ont montré une
organisation des cellules dans les sphéroides bicellulaires HGT-1/CAF ressemblant a celle des
sphéroides AGS/CAF suite cette l'inhibition. En outre, les tests de migration cellulaire en 2D
ont montré une plus grande capacité migratoire des cellules HGT-1 par rapport aux cellules
AGS. Cette capacité est considérablement réduite apreés l'inhibition de I''TGB3 dans les cellules
HGT-1, ramenant leur potentiel migratoire a un niveau proche de celui des cellules AGS.
D'autres essais doivent étre réalisés pour confirmer le réle de I''TGB3 et identifier son
mécanisme d'action. Les roles potentiels d'autres intégrines seront également testés afin de
déterminer la spécificité ou non de I''TGB3 dans le contréle du potentiel migratoire et de

I’organisation cellulaire des sphéroides.
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Dans une étude précédente, notre équipe a démontré que la lovastatine induisait une
apoptose massive des cellules de CG cultivées en 2D. Cet effet était plus qu'additif a celui du
docétaxel. Dans le présent travail, I'étude est étendue aux cultures en 3D. En utilisant le
systéme d'imagerie et d'analyse cellulaire par microscopie en temps réel I'IncuCyte™, en plus
d'autres tests d'apoptose et de viabilité cellulaire, I'association docétaxel et lovastatine s'est
avérée tres efficace pour induire la mort des cellules de CG. Maintenant que notre modele 3D
est bien caractérisé, il fera I'objet de prochains tests de cytotoxicité en utilisant différents
médicaments (oxaliplatine, 5-FU... avec ou sans statines) et des molécules de la chimiotheque
"Prestwick"” (composée de médicaments déja commercialisés de différentes catégories,
disponible au laboratoire) afin de rechercher de nouvelles molécules d'intérét thérapeutique

potentiel.

L'analyse structurale des sphéroides mono- et bicellulaires a été conduite par microscopie a
deux photons permettant une imagerie en profondeur des échantillons. Les images ont
montré une distribution spatiale différente et caractéristique des cellules cancéreuses et des
CAF, de maniere distinctive entre les lignées cellulaires de CG, HGT-1 et AGS. Nous avons été
en mesure d'imager 2 types de cellules différentes dans un méme échantillon sans aucune
coloration apres la formation du sphéroide. En effet, des sous-populations HGT-1 et AGS
marquées par des protéines fluorescentes eGFP (vert) ou TdTomato (rouge), respectivement,
ont été générées par infection lentivirale et utilisées pour produire des sphéroides avec des

CAF qui ont présenté une forte autofluorescence sans aucun marquage.

Selon la question scientifique, notamment en ce qui concerne les effets des médicaments, les
cultures en 3D pourraient étre plus adaptées que les cultures en 2D. Etant donné que les
procédures d'établissement de cultures 3D de sphéroides peuvent étre standardisées, nous
pensons que celles-ci devraient constituer le futur "modele standard" pour la découverte de
médicaments. Néanmoins, elles devraient idéalement étre complétées par des approches
d'imagerie 3D et d’analyse “-omiques”. Cette combinaison nécessite des techniques et des
outils bioinformatiques novateurs permettant de simplifier I'analyse des données générées
par les outils biologiques au niveau “-omiques” et surtout de profiter de la grande quantité

de données générées pour essayer de comprendre les mécanismes physiopathologiques d’un
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modele qui représentent mieux I'in vivo. Avec ces outils nous pourrons passer a I’analyse au
niveau de simple cellule que ce soit en transcriptomique, mais aussi en métabolomique.
Profitant du développement d'un systéme analytique sensible par I'amélioration des limites
de détection dans le laboratoire de MetaToul (Toulouse-France), des analyses
métabolomiques des sphéroides HGT-1 ou AGS ont été initiées. Ces approches, grace a leur
haute sensibilité, permettent I'analyse des profils métabolomiques des cellules contenues

d’un seul sphéroide.
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Annex Il

This annex will contain a research paper of some of the work done during my Masters
internship at the ‘Centre de Recherche en Cancerologie de Marseille -CRCM’, ‘Institut Paoli-
Calmettes’, Inserm UMR1068, Aix-Marseille University. This study was published in The FASEB
Journal in 2019.

This work explores the resistance mechanisms of pancreatic cancer relying on the post-
translational modifications (PTMs) of involved proteins. This approach pointed at an alteration
of Promyelocytic Leukemia protein (PML) sumoylation associated with both gemcitabine and

oxaliplatin resistance.
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of pancreatic cancer
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ABSTRACT: The dismal prognosis of pancreatic ductal adenocarcinoma (PDAC) is mainly due to its rapidly acquired
resistance to all conventional treatments. Despite drug-specific mechanisms of resistance, none explains how these
cells resist the stress induced by any kind of anticancer treatment. Activation of stress-response pathways relies on
the post-translational modifications (PTMs) of involved proteins. Among all PTMs, those mediated by the ubiquitin
family of proteins play a central role. Our aim was to identify alterations of ubiquitination, neddylation, and
sumoylation associated with the multiresistant phenotype and demonstrate their implications in the survival of
PDAC cells undergoing treatment. This approach pointed at an alteration of promyelocytic leukemia (PML) protein
sumoylation associated with both gemcitabine and oxaliplatin resistance. We could show that this alteration of PML
sumoylation is part of a general mechanism of drug resistance, which in addition involves the abnormal activation of
NEF-kB and cAMP response element binding pathways. Importantly, using patient-derived tumors and cell lines, we
identified a correlation between the levels of PML expression and sumoylation and the sensitivity of tumors to
anticancer treatments.—Swayden, M., Alzeeb, G., Masoud, R., Berthois, Y., Audebert, S., Camoin, L., Hannouche, L.,
Vachon, H., Gayet, O., Bigonnet, M., Roques, J., Silvy, F., Carrier, A., Dusetti, N., Iovanna, J. L., Soubeyran, P. PML
hyposumoylation is responsible for the resistance of pancreatic cancer. FASEB J. 33, 12447-12463 (2019).
www.fasebj.org
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Pancreatic cancer at present is the fourth leading cause of
cancer-related death worldwide (1). Pancreatic ductal
adenocarcinoma (PDAC) makes up 90% of pancreatic
cancer, with a poor prognosis and an overall 5-yr survival
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rate of only 8% (2). Surgery is often considered to be the
main cure for PDAC; however, 80% of patients with PDAC
cannot be resected at the time of diagnosis. Adjuvant che-
motherapies using a combination of cytotoxic drugs
such as the FOLFIRINOX protocol (3) or gemcitabine-nab-
paclitaxel (4) may in some cases successfully reduce tumor
size or improve the prognosis but their efficiency remains
limited and, most of the time, relapse occurs. This is due to
the fact that PDAC is characterized by an extraordinary
resistance toward all anticancer treatments. Although
drug-specific mechanisms have been studied for each
treatment (5), the general mechanisms of resistance of
PDAC cells remain poorly known, although they represent
clinically important therapeutic targets to be used in com-
bination with current chemotherapies.

Chemotherapeutic drugs used in clinics are heavy
cellular-stress inducers, which are expected to provoke the
death of cancer cells. However, PDAC cells have extremely
efficient stress responses that enable them to survive in
these conditions. Stress-response pathways rely on con-
stituent proteins whose activities are tightly regulated by
their post-translational modifications (PTMs) that enable
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the activation or inactivation of these pathways. Thus,
overactivation of stress responses in PDAC is a potential
consequence of alterations of PTMs regulating the overall
process. This is not surprising because PTMs are involved
in the control of all biologic functions and, consequently,
alterations of PTMs are always involved in cancer devel-
opment and progression (6). This has also been shown for
PTMs by ubiquitin-like (Ubl) proteins, which are known to
control a wide range of physiologic processes in eukaryotic
cells (7) and are often described in cancer diseases (8).
Ubiquitin is a 76-aa protein with a MW of 8.5 kDa (9).
Ubiquitylation is the formation of an isopeptide bond be-
tween the COOH group of the C-terminal glycine of
ubiquitin and the NH, group of a lysine residue of the
target protein (10). Ubiquitylation is carried out by the
successive activity of 3 enzymes (E1, E2, and E3) (11),
whose actions are reversed by deubiquitylating enzymes
(12). Ubiquitin itself can be conjugated to another ubiquitin
through 1 of its 7 lysine residues or through its N-terminal
methionine, resulting in the formation of 8 different types
of polyubiquitin chains. These different types of ubig-
uitylation orchestrate the functions of a protein through
the regulation of different properties such as its interac-
tions, localization, activity, and degradation (13). This
large variety of ubiquitin functions is widened by the ex-
istence of 17 Ubl proteins, which share the same structure
and follow the same successive scheme of conjugation
with their own set of enzymes (14, 15). Because of their
central role in maintaining cellular homeostasis, de-
regulation of Ubl-mediated PTMs plays a role in many
human pathologies, including cancer, representing a
valuable source of new therapeutic targets or cotargets
when dealing with resistance mechanisms (16, 17).
Looking for alterations of PTMs associated with PDAC,
we have previously shown that such alterations induced
by gemcitabine treatment can favor cell survival in re-
sponse to chemotherapy (18). Our goal in this study was
to identify general mechanisms of resistance of PDAC
cells (i.e., alterations of PTMs found in resistance to dif-
ferent treatments). We generated the profiles of proteins
modified by ubiquitin, neural precursor cell expressed
developmentally down-regulated 8 (Nedd8), and small
Ubl modifier (SUMO) 1 in PDAC gemcitabine-resistant
(R-Gem) cells or oxaliplatin-resistant (R-Ox) cells. Com-
parison with parental cells led us to the identification of
resistance-specific alterations of PTMs. The comparison of
these alterations allowed us to identify common PTM
substrates, among which was promyelocytic leukemia
(PML), a protein well known for its role in acute PML (19)
as well as in other cancers (20) but whose sumoylation has
never been described in resistance mechanisms or in
PDAC until now. Our results clearly showed that the de-
crease of PML sumoylation resulted in the alteration of its
functions and played a significant role in the resistance
of pancreatic cancer cells through mechanisms involving
NF-kB- and cAMP response element binding (CREB)-
dependent pathways. Importantly, we could correlate
the level of expression and sumoylation of PML in PDX
(patient-derived xenograft) samples with their sensitivity
to anticancer treatments. Thus, by searching for alterations
of PTMs associated with a resistant phenotype of pancreatic
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cancer cells, we were able to identify a new mechanism of
multiresistance that had not been detected so far by standard
genomic and transcriptomic approaches.

MATERIALS AND METHODS
Cell lines, antibodies, and reagents

MiaPaCa-2 and HEK-293T cell lines were maintained and manip-
ulated following American Type Culture Collection (Manassas,
VA, USA) recommendations. MiaPaCa-2 cell lines resistant to 20 uM
oxaliplatin and 20 pM gemcitabine were produced by gradu-
ally increasing the concentration of both drugs by 50% after each
subcultivation starting from a minimum concentration of 10 nM up
t020 M. Parental cells were grown in parallel without treatment to
produce control cells. The following antibodies and reagents were
used: mouse monoclonal anti-Flag (M2; MilliporeSigma, Burling-
ton, MA, USA), mouse monoclonal anti-PML (sc-966; Santa Cruz
Biotechnology, Dallas, TX, USA), Lipofectamine 2000 (11668-019;
Thermo Fisher Scientific, Waltham, MA, USA), PrestoBlue (A13262;
Thermo Fisher Scientific), Ni2+-NTA agarose beads (Qiagen, Hil-
den, Germany), imidazole (12399; MilliporeSigma), anti-flag M2
agarose beads (A2220; MilliporeSigma), Flag peptide (F3290; Mil-
liporeSigma), and Alexa Fluor 568 donkey anti-mouse IgG (A10037;
Thermo Fisher Scientific). Anti-SUMO1 (21C7) and anti-SUMO-2/3
(8A2) hybridomas were obtained from Dr. Bossis (IGMM, Mont-
pellier, France), and antibodies were produced using Celline Classic
bioreactor flask CL (MilliporeSigma) following the manufacturer’s
instructions. NF-«B activator SRI-22782 (6090784; Chembridge, San
Diego, CA, USA), NF«B inhibitor BMS-345541 (B9935; Milli-
poreSigma), CREB inhibitor 666-15 (5661; Tocris Bioscience, Bristol,
United Kingdom), cAMP activator Forskolin (F6886; Milli-
poreSigma). PML4 wild type (WT) and triple lysine to arginine
mutant 3K (Kgs 160490R) in pCMVtag2B-Flag mammalian expres-
sion vector have been previously described.

Lentiviral infection of MiaPaCa2 cells with
6HF-Ubl constructs

A tandem 6-His and Flag tag was introduced into an empty
pCCL-WPS-mPGK lentiviral vector at the 5’ end of the multi-
cloning sites portion to produce the pCCL-6HF vector. The
full-length cDNA for human ubiquitin, Nedd8, and SUMO1 were
subcloned into this vector using Smal and EcoRV restriction sites
for ubiquitin, BarmHI and EcoRV for Nedd8, and BamHI for
SUMOI. Each plasmid was verified by DNA sequencing. Lenti-
viral particles were generated by transfecting 293T cells with a mix
of 1/3 pCCL construct [ubiquitin, Nedd8, SUMO1, or green fluo-
rescent protein (GFP)], 1/3 8 Helper (carries sequence necessary for
viral assembly of lentivirus), and 1/3 pVsVg (expresses the ve-
sicular stomatitis virus envelop glycoprotein G pseudotype) using
Lipofectamine reagent and following manufacturer’s recommen-
dations. At 24 h post-transfection, the medium was replaced. At
24 h later, the medium was changed again, and viruses containing
medium were collected, filtered through a 0.2-pum filter, and added
on40% confluent MiaPaCa2 R-Gem cells and MiaPaCa2 R-Ox cells
seeded in 25-cm? flasks. This step was repeated 24 h later to per-
form a second infection. At 5 d after infection, expression of GFP
was verified by fluorescence microscopy, and ubiquitin, Nedds,
and SUMOIL expression was controlled by Western blot.

The 2-step purification of 6His-flag-ubiquitin,
-Nedd8, and -SUMO1 conjugates

MiaPaCa-2 parental and resistant cells expressing the 6HEF-
Ubl constructs or GFP were seeded in 150-mm dishes at 10°
cells per dish, and when they reached 70% confluence, ~100
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(MiaPaCa-2-6HF-ubiquitin and -SUMO1) or 150 mg (MiaPaCa-
2-6HF-Nedd8) of proteins was used to isolate modified sub-
strates. For each dish of parental or resistant cells, 2 ml of buffer 1
(6 M guanidinium-HCL, 0.1 M Na,HPO,/ NaH,PO,, pH 8.0 and
0.5% Triton X-100) was added directly to the cell monolayer.
Lysates were sonicated 3 times for 30 s, with a 1-min break be-
tween pulses to reduce viscosity. Protein concentration was ad-
justed between untreated and treated samples using Protein
Assay (Bio-Rad, Hercules, CA, USA), and Ni2+-NTA agarose
resin (Qiagen) was added with a ratio of 2 pl resin for 1 mg
proteins. Samples were rotated at room temperature for 2 h 30
min, and beads were then washed once with 1 ml of buffer 1 and
twice with 1 ml of prechilled buffer 2 (50 mM NaH,PO,, 150 mM
NaCl, 1% Tween 20, 5% Glycerol, pH 8.0) and 10 mM imidazole.
Purified proteins were eluted for 2 h at 4°C in 600 pl of buffer 2 and
250 mM imidazole. Eluted proteins were then incubated with 50 1
anti-flag M2 agarose beads (MilliporeSigma) and rotated at 4°C for
2 h 30 min. Beads were then washed twice with 500 pl prechilled
buffer 2. Purified proteins were eluted in 100 .l buffer 2 containing
0.1 ng/ul flag peptide by rotating at 4°C for 1 h 30 min. Eluted
proteins were collected and analyzed by mass spectrometry.

Mass spectrometry analysis

Protein extracts were loaded on NuPAGE 4—12% Bis-Tris ac-
rylamide gels according to the manufacturer’s instructions
(Thermo Fisher Scientific). Running was stopped as soon as
proteins stacked in a single band. Protein-containing bands were
stained with Imperial Blue (Thermo Fisher Scientific), cut from
the gel, and digested with high-sequencing-grade trypsin
(Promega, Madison, WI, USA) before mass spectrometry analy-
sis. Mass spectrometry analysis was carried out by liquid chro-
matography and tandem mass spectrometry using an LTQ Velos
Orbitrap or a Q Exactive Plus Hybrid Quadrupole-Orbitrap
(Thermo Fisher Scientific) online with a nanoL.C Ultimate 3000
RSLC chromatography system (Thermo Fisher Scientific). A total
of 5 ul corresponding to one-fifth of the whole sample was in-
jected in triplicate on the system. After preconcentration and
washing of the sample on an Acclaim PepMap 100 C18 Column
[2 cm X 100 pm interior diameter (i.d.) 100 A, 5 wm particle size;
Thermo Fisher Scientific), peptides were separated on an Acclaim
PepMap RSLC C18 Column (15 cm X 75 pm i.d., 100 A, 2 pm
particle size; Thermo Fisher Scientific) at a flow rate of 300 nl/
min, a 2-step linear gradient (4—20% acetonitrile and H,O, 0.1%
formic acid for 90 min, and 20—45% acetonitrile/H,O; 0.1%
formic acid for 30 min). For peptide ionization in the nanospray
source, spray voltage was set at 1.9 kV, and the capillary tem-
perature at 275°C. All samples were measured in a data-
dependent acquisition mode. Each run was preceded by a blank
MS run to monitor system background. The peptide masses were
measured in the LTQ Velos Orbitrap in a survey full scan
(scan range 300—1700 m/z with 30 K full width at half maximum
(FWHM) resolution at m/z = 400 target automatic gain control
(AGC) value of 1.00 X 10° and maximum injection time
of 200 ms). In parallel to the hlgh -resolution full scan in the Orbi-
trap, the data-dependent collision-induced dissociation (CID)
scans of the 10 most-intense precursor ions were fragmented and
measured in the linear ion trap (normalized collision energy of 35%,
activation time of 10 ms, target AGC value of 1 X 10*, maximum
injection time 100 ms, and isolation window 2 Da). Parent masses
obtained in the Orbitrap analyzer were automatically calibrated on
445.1200 locked mass. Dynamic exclusion was implemented with a
repeat count of 1 and exclusion duration of 30 s.

In the Q Exactive Plus Hybrid Quadrupole-Orbitrap, the
peptide masses were measured in a survey full scan (scan range
375-1500 m/z, with 70 K FWHM resolution at m/z = 400, target
AGC value of 3.00 X 10°, and maximum injection time of 100 ms).
Following the hlgh-resolutlon full scan in the Orbitrap, the 10
most-intense data-dependent precursor ions were successively
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fragmented in HCD cells and measured in Orbitrap (normalized
collision energy of 25%, activation time of 10 ms, target AGC
value of 1.00 X 10°, intensity threshold 1.00 X 10*, maximum
injection time 100 ms, isolation window 2 m/z, 17. 5 K FWHM
resolution, scan range 200-2000 1/z). Dynamic exclusion was
implemented with a repeat count of 1 and exclusion duration of 20s.

Raw files generated from mass spectrometry analysis were
processed using Proteome Discoverer v.1.4.1.14 (Thermo
Fisher Scientific). This software was used to search data viz an
in-house Mascot server (v.2.3.0; Matrix Science, London,
United Kingdom) against the human database subset of the
SwissProt database (v.2017.03, 20184 human entries; https://
www.uniprot.org/). A database search was done using the
following settings: a maximum of 2 trypsin miscleavages
allowed, methionine oxidation and protein N-acetylation as
dynamic modification, and cysteine carbamidomethylation
as fixed modification. A peptide mass tolerance of 6 ppm and
a fragment mass tolerance of 0.8 Da were allowed for search
analysis. Only peptides identified with a false discovery rate
<1% were used for protein identification.

Mass spectrometry data processing to generate
PTM profiles

To process raw data coming from mass spectrometry based on
a peptide counting approach, we have used the following
formulas in which, for each identified protein, v; corresponds
to the number of peptides in parental value sample, v, cor-
responds to the number of peptides in resistant value sample, k;
corresponds to the number of peptides in parental control sample,
and k; corresponds to the number of peptides in resistant control
sample.

Normalization

We have normalized values between parental and resistant cells
for ubiquitin, Nedd8, SUMO1, and GFP control. Normalized v =
V and normalized k = K.

Vi=vX (Zvl-ervz)/(ZXZvl)
Vo=w X (Yo +Y 0)/(2xYn)
Ki =k XXk +Y k)/(2X k)

( ) )

(
K=k XQhk+Yk)/ 2%k

Specific to background values

To get a value for the specific number of identified peptides per
protein (V'; and V';) and for each protein, we subtracted the
number of peptides identified in control samples (GFP) from
values (ubiquitin, Nedd8, and SUMOL1)

Vi=Vi—-K if V;

~Ki=0;V,=0if V; —K; <0

V=V, -KifV; - K;=0; V', =0if V;, - K, <0

Variation of PTM

To obtain a rate for positive and negative variations of PTMs
induced by acquiring the resistant phenotype, we used the fol-
lowing formula where the difference between the parental and
resistant specific values was divided by the sum of all peptides
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including those in control (to penalize proteins identified with
peptides in control sample) and multiplied by 100.

Var = (Vl,=V',)/(Vi+ Ky +Va+Ky) X 100
—100 < Var < +100

Variations were considered as significant if they were below —50
or above 50.

Confidence in percentage

To obtain a confidence value between 0 and 100%, we used the
following formula. The first part of the formula takes into account
the proportion of peptides in control samples, and the second
part further reduces the final value of proteins identified with few
peptides.

(Vi + V2l A+ Vit Vot Ko+ K2)2> x 100
~100/(1+ V', + V,);=0if <0

Immunoprecipitation

MiaPaCa-2 cells, controls, or R-Gem or R-Ox cells expressing
6HF-SUMO1 or GFP were plated in 10-cm” dishes. When they
reached 80% confluence, cells were lysed on ice using
HEPES-based lysis buffer containing 10 mM N-ethylmaleimide
(04259; MilliporeSigma) and a cocktail of proteases inhibitor
(1:200, P8340; MilliporeSigma). Lysates were centrifuged for
10 min at 14,000 rpm at 4°C. Protein concentration of the su-
pernatant was determined using Protein Assay (Bio-Rad), and
equal amounts of total protein were used to incubate with 50
anti-flag M2-coated beads and rotated for 2 h at 4°C. Beads
were then washed 3 times with cold lysis buffer, and proteins
were eluted using 250 pl HEPES lysis buffer containing 0.1 g/
wl of Flag peptide for 90 min while rotating at 4°C. After a short
spin, the supernatant was recovered using Hamilton syringe.
Protein samples were then concentrated using Amicon
Ultra-0.5 Centrifugal Filter devices (MilliporeSigma) according
to manufacturer’s instructions prior to proceeding to SDS-
PAGE.

Western blotting

Proteins were resolved by SDS-PAGE and transferred to nitro-
cellulose membranes for 1 h. Then, membranes were blocked 1 h
at room temperature with Tris-buffered saline (TBS) and 5%
bovine serum albumin and blotted overnight in TBS 5% bovine
serum albumin containing primary antibodies at 1:500. After
extensive washes in TBS 0.1% Tween 20, membranes were
incubated for 1 h at room temperature with horseradish
peroxidase—conjugated secondary antibodies at 1:5000 before
being revealed with ECL. Acquisition was performed with a
Fusion FX7 Imager (Vilber Lourmat, Collégien, France). Alter-
natively, SNAP i.d. Protein Detection System (MilliporeSigma)
was used following the manufacturer’s instructions.

Immunofluorescence

Cells grown on coverslips were fixed with formalin for 10 min
and then blocked with 50 mM NH,Cl in PBS for 10 min. After
that, cell permeabilization was carried out by PBS and 0.2% Tri-
ton X-100 for 10 min. Blocking was performed with PBS and 5%
fetal bovine serum (FBS) for 1 h and 30 min, and then cover slips
were incubated for 2 h with anti-PML antibody in PBS and 5%
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FBS (1:50). Cover slips were incubated for 1 h with Alexa Fluor
568 donkey anti-mouse IgG as a secondary antibody in PBS and
5% FBS (1:50), then washed with PBS, covered with Vectashield
mounting medium (H-1200; Vector Laboratories, Burlingame,
CA, USA), and placed on microscopic slides.

Cell viability assay and caspase-3/7 assay

MiaPaCa-2 cells were seeded in a 96-well plate at a density of
20,000 cells per well and allowed to attach for 24 h. On the second
d, Lipofectamine was used to transfect these cells with the plas-
mid encoding for GFP as a control, PCMCV-Tag2B flag-PML4
plasmid encoding WT PML and PCMCV-Tag2B flag-PML4
3MAS plasmid encoding mutant PML. On the third d, cells were
treated with 1, 10, and 100 uM gemcitabine or oxaliplatin. After
72 h of incubation, 10 .l PrestoBlue was added to measure cell
viability. For caspase-3/7 assay, 100 pl of substrate of the
Caspase-Glo 3/7 Kit from Promega (G8093) was added accord-
ing to manufacturer’s directions. After 3 h of incubation with
substrates, a Tristar LB 941 apparatus (Berthold Technologies,
Bad Wildbad, Germany) was used to measure the fluorescence
and emitted luminescence.

RNA sequencing

MiaPaCa-2 cells (control, R-Gem, and R-Ox) were grown is 10-cm
Petri dishes and were transfected with GFP, PML-WT, or PML-3K
expression vectors when reaching 40-50% confluence. At 48 h
post-transfection, total RNA was isolated from the 9 samples and
was used for the RNA sequencing (RNA-seq) library preparation
using TruSeq mRNA-seq Stranded v2 Kit sample preparation
([lumina, San Diego, CA, USA). Libraries were paired-end se-
quenced on the Illumina NextSeq 500 sequencer. Reads with a
phred score <20 and shorter than 25 bp were removed
using Sickle (v.1.33) (https://codeload.github.com/najoshi/sickle/tar.gz/
v1.33). Quality of trim reads was checked using multiQC (v1.0,
https://github.com/ewels/MultiQC.gitcd MultiQC). Trim reads were
aligned using STAR aligner (v.2.7.0d, https://github.com/alexdobin/
STAR.git) with arguments “outFilterMismatchNoverLmax” and
“outFilterMultimapNmax” set to 0.08 and 1, respectively. Tran-
scripts discovery was performed using Culfflinks (v.2.2.1, http://
cole-trapnell lab.github.io/cufflinks/releases/v2.2.1) with the “library-

e” argument set to fr-firstrand, and a gene transfer format
(GTF) file obtained from Gencode (Comprehensive gene an-
notation, vM1) provided as the genomic annotation. The GTF
files produced for each sample by Cufflinks were combined
using Cuffmerge. The class code assigned to each transcript
by Cuffmerge was used to defined unknown transcripts (class
code “u”). Only de novo transcripts with counts >0 in =1
RNA-seq sample were kept for subsequent analyses. These de
novo transcripts were combined with the Gencode GTF file
to produce the final genomic annotation that was provided
to FeatureCounts (v.1.6.1, http://subread.sourceforge.net)
for quantification. Differential gene expression was per-
formed using Fisher test between 2 samples in all conditions.
To create bigwig files, reads from Watson and Crick strands
were selected using SAMtools (v.1.9, https://sourceforge.net/
projects/samtools/files/samtools/1.9) and provided to the bam2wig.
py script from the RseQC program suite (v.2.6.4, https://
sourceforge.net/projects/rseqc/files/RSeQC-2.6.4.tar.gz/download).
RNA-seq profiles were visualized using the Integrative Ge-
nomics Viewer genome browser. The Fisher differential ex-
pression data were used in Ingenuity Pathway Analysis (IPA;
Qiagen) to identify which pathways were affected either
positively or negatively (z score) by the acquisition of the re-
sistant phenotype and by the expression of WT or 3K mutant
PML.
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Reactive oxygen species and superoxide anions
staining and measurement by flow cytometry

MiaPaCa-2 parental cells, R-Gem cells, or R-Ox cells were seeded
in a 12-well plate at a density of 5 X 10° cells per well. Cells were
allowed to attach for 24 h, and then the cells were treated with
10 pM gemcitabine or oxaliplatin. After 24 h, 500 pl of 2.5 mM
CellRox or 5 mM of MitoSox stain (Thermo Fisher Scientific) was
added to each well, and the plates were incubated for 30 min for
ROX stain and 20 min for SOX stain at 37°C. Cells were washed 1
time with hot PBS, and then 200 pl accutase was added to detach
the cells. After that, the cells were homogenized with 1 ml DMEM
and centrifuged for 5 min at 1500 rpm. The supernatant was
discarded, and the pellet was resuspended with 200 wl HBSS.
Samples were read by MACSQuant VYB flow cytometer
(Miltenyi Biotech, Bergisch Gladbach, Germany).

Generation of PDXs

A total of 3 expert clinical centers collaborated on this project after
receiving ethics review board approval. Patients were included in
this project under the Paoli-Calmettes Institute clinical trial num-
ber 2011-A01439-32. Consent forms of informed patients were
collected and registered in a central database. The tumor tissues
used for xenograft generation were deemed excess to that required
for the patient’s diagnosis. PDAC tissue from surgical samples was
fragmented, mixed with 100 ml Matrigel (BD Biosciences, Franklin
Lakes, NJ, USA), and implanted with a trochar (10 gauge; In-
novative Research of America, Sarasota, FL, USA) in the sub-
cutaneous right upper flank of an anesthetized and disinfected
male NMRI-nude mouse. Samples obtained from endoscopic
ultrasound-guided fine needle aspiration were mixed with 100 ml
Matrigel and injected in the upper-right flank of a male nude
mouse [Swiss Nude Mouse Crl:NU(Ico)-Foxnlnu; Charles River
Laboratories, Wilmington, MA, USA] for the first implantation.
When xenografts reached 1 cm, these were removed and passed to
NMRI-nude mice in the same manner as surgical samples. In total,
30 xenografts from 29 different patients were generated, and early
passages were used for large-scale molecular profiling.

Production of PDX primary cell lines

Primary cell cultures were obtained from xenografts. Tissues
were split into several small pieces and processed in a biosafety
chamber. After a fine mincing, they were treated with collage-
nase type V (ref C9263; MilliporeSigma) and trypsin-EDTA (ref
25200-056; Thermo Fisher Scientific) and suspended in DMEM
supplemented with 1% penicillin-streptomycin (Thermo Fisher
Scientific) and 10% FBS (Lonza, Basel, Switzerland). After cen-
trifugation, cells were resuspended in serum-free ductal medium.
without antibiotics and incubated at 37°C in a 5% CQO, incubator.

Small interfering RNA interference

Smallinterfering RNA (siRNA) transfections were performed using
Interferin reagent (Polyplus transfection, Illkirch, France) following
the manufacturer’s instructions. siRNA of SUMO-specific pepti-
dase (SENP) 1, 2, and 6 were synthetized by Eurofins Scientific
(Luxembourg, Luxembourg).

RNA extraction

Total RNA was purified from MiaPaCa-2 cells using Trizol Re-
agent (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Briefly, cells were lysed with 1 ml Trizol followed
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by a single step of phenol-chloroform purification. Total RNA
was quantified using the Epoch Microplate Spectrophotometer
(BioTek Instruments, Winooski, VT, USA), and the quantity and
purity of RNA was determined by optical density 260/280
reading using an Epoch Microplate Spectrophotometer.

Quantitative RT-PCR

cDNA synthesis was performed using the GoScript Reverse
Transcription Kit (Promega) according to the manufacturer’s
protocol. Then, quantitative RT-PCR was performed in a
MX3005P machine (Agilent Technologies, Santa Clara, CA, USA)
using the SYBR Premix Ex Taq and Rox reference dye (Takara Bio,
Kusatsu, Japan). Primers were synthetized by Eurofins Scientific.

Statistical analysis

The significance of differences between means from =3 in-
dependent experiments was established using the Student’s f test
for unpaired samples. Values of P < 0.05 were considered sta-
tistically significant. MedCalc (MedCalc Software, Ostend, Bel-
gium) was used to generate receiver operating characteristic
(ROC) curves and dot diagrams following the manual’s in-
structions. We used the STRING online tool (http://string-db.org)
in order to identify which of the alterations were included in
functional interacting networks. ACSN (Atlas of Cancer Signal-
ing Networks: /acsn.curie.fr) database was used to identify sig-
naling networks Image] from National Institutes of Health was
used to quantify bands of western blot.

RESULTS

Alterations of PTM profiles induced by
acquired resistance to gemcitabine or to
oxaliplatin by pancreatic cancer cells

We have generated R-Gem and R-Ox PDAC cells (Sup-
plemental Fig. S1) (see Materials and Methods for details),
and, as we previously described (18), we used lentiviruses
to produce stable cells expressing a 2-tagged (6his and
Flag) version of ubiquitin, Nedd8, or SUMO1. We then
generated the ubiquitylation, neddylation, and sumoyla-
tion profiles of R-Gem cells as well as control cells (Fig. 14,
B, Supplemental Fig. S2A, and Table 1). These profiles
were composed of 342 ubiquitylated, 189 neddylated,
and 387 sumoylated proteins, among which 70 ubiq-
uitylations, 50 neddylations, and 92 sumoylations were
significantly altered (either increased or decreased) in re-
sistant cells (Table 1). Comparing the list of ubiquitylated,
neddylated, and sumoylated proteins together, we ob-
served animportant overlap between the 3 different kinds
of PTM because 161 proteins may be modified by either
ubiquitin, nedd8, or SUMO1 (Supplemental Fig. S3A).
Focusing on resistance-associated PTM alterations, we
noticed that most of them involved only 1 type of PTM
(57 ubiquitylations, 32 neddylations, and 73 sumoyla-
tions) compared with 5, 11, and 6 double alterations (Fig.
1A). Only 2 proteins displayed an alteration of the 3
PTMs: aldehyde dehydrogenase 1 family member Al
(ALDH1A1) and glucosamine (UDP-N-acetyl)-2-epimer-
ase/N-acetylmannosamine kinase (Supplemental Fig.
S3B). We used the Search Tool for the Retrieval of
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Figure 1. Gemcitabine and oxaliplatin resistance induced alterations of PTM profiles. A) Venn diagram showing the proportions of
proteins with gemcitabine resistance—induced alteration of PTMs by 1, 2, or all 3 modifiers (total 186). B) Physical and functional
interaction network of proteins with gemcitabine resistance—induced alteration of PTMs. A total of 59 of 186 proteins were found to
interact with at least another 1. C) Venn diagram showing the proportions of proteins with oxaliplatin resistance-induced alteration
of PTMs by 1, 2, or the 3 modifiers (total 241). D) Physical and functional interaction network of proteins with oxaliplatin
resistance—induced alteration of PTMs. A total of 77 out of 241 proteins were found to interact with at least another 1.

Interacting Genes/Proteins (STRING) database (http:// observed that approximately one-third of them (59 out of
string-db.org) in order to identify which of the alterations 186) were already known to interact physically, and
were included in functional interacting networks. We among them, we found an important node composed of
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TABLE 1. Proteins identified as ubiquitylated, neddylated, and
sumoylated in control and R-Gem cells and the number of proteins with
altered PTMs found in R-Gem cells compared with parental cells

Gemcitabine Total 1 1 -

Ubiquitylation 342 14 56 272
Neddylation 189 6 44 139
Sumoylation 387 33 59 295

TP53 and regulation of apoptosis, subnetworks with
function in RNA splicing, Notch and TGF-$ signaling
pathways, and proteins involved in mesenchymal cell
development (Fig. 1B).

We used the same strategy to generate the PTM profiles
of R-Ox cells (Fig. 1C, D, Supplemental Fig. S2B, and
Table 2), and we identified 393 ubiquitylated, 1040 ned-
dylated, and 363 sumoylated proteins in both parental and
R-Ox cells and 95, 86, and 96 alterations of ubiquitylation,
neddylation, and sumoylation, respectively, associated
with the R-Ox phenotype (Table 2). Studying the re-
partition of the 3 types of modifications, we observed (as
before) an important proportion (123) of proteins modified
by the 3 modifiers or by 2 of them (Supplemental Fig. S3C).
Similar to gemcitabine resistance, PTM alterations associ-
ated with oxaliplatin resistance concerned mainly 1 type of
modification (Fig. 1C), and only 3 proteins (cap methyl-
transferase 2, nucleolar protein 56, and tubulin folding
cofactor D) displayed an alteration of ubiquitination, ned-
dylation, and sumoylation (Supplemental Fig. S3D). Here
as well, approximately one-third of oxaliplatin resistance-
—induced alterations of PTMs were found in functional
interacting networks involved in the regulation of pro-
grammed cell death, response to stress, ubiquitin
proteasome system, cell cycle, RNA processing, and DNA
damage response (Fig. 1D).

Alterations of PTMs provoked by the
acquisition of resistance involve common and
drug-specific cancer signaling networks

We used the Atlas of Cancer Signalling Networks (https//
acsn.curie.fr) database to identify which signaling net-
works are affected by the gain of resistance to gemcitabine
and oxaliplatin (Fig. 2). Alterations of ubiquitination in-
duced by both resistances targeted common and specific
networks. Sonic hedgehog, PI3K, WNT, and TNF path-
ways were identically affected by gemcitabine and oxali-
platin resistance. Interestingly, oxaliplatin resistance
specifically affected ubiquitinations in several DNA repair
processes (homologous recombination, nucleotide exci-
sion repair, base excision repair, and nonhomologous
end joining) and some cell cycle checkpoints, whereas
gemcitabine resistance specifically altered ubiquitination
in the caspase network and translesion bypass (Fig. 2A).
Similar findings were observed with altered neddylation
and altered sumoylation. Regarding neddylation, some
signaling pathways were altered by both gemcitabine and
oxaliplatin resistance such as AKT, MAPK, or WNT,
whereas TNF response and Sonic Hedgehog were specific
to oxaliplatin (Fig. 2B). Altered neddylation by oxaliplatin
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resistance specifically affected cell cycle-related networks
and translesion bypass. Finally, altered sumoylations in-
duced by oxaliplatin resistance specifically touched cell
cycle and DNA repair networks, whereas gemcitabine
resistance led principally to alterations of apoptosis and
DNA repair pathways (Fig. 2C).

Identification of impaired PML sumoylation
as a general mechanism of resistance

To identify a potential general mechanism of resistance
looked for targets common to both resistances, as shown in
Table 3, we identified 9 proteins that displayed altered
ubiquitylation with both resistances, 2 neddylations, and 7
sumoylations. Most of these common alterations were in
the same direction of variations: induced or repressed in
both R-Gem and R-Ox cells (Table 4). Considering the
central role of PML in cells and its implication in other
cancer types and because its sumoylation has not been
linked to chemoresistance so far, we first decided to con-
firm that the resistant phenotype of PDAC cells was asso-
ciated with a repressed sumoylation of PML. As shown in
Fig. 3A, whereas we observed a robust sumoylation of
PML in control cells, both R-Gem and R-Ox cells displayed
a strong decrease of sumoylated PML, although the ex-
pression level of PML was similar in all cell types. We next
tested the effect of anticancer treatments on PML sumoy-
lation and observed that under gemcitabine or oxaliplatin
treatment, the sumoylation of PML strongly increased in
control cells (Fig. 3B). Interestingly, this response was im-
paired in resistant cells because the sumoylation of PML in
R-Gem cells was not induced upon treatment with gem-
citabine or with oxaliplatin (Fig. 3C). The same result was
obtained with R-Ox cells (Fig. 3D).

Impaired PML sumoylation is associated with
impaired nuclear body formation

The majority of PML functions depend on its capacity to
form and stabilize PML nuclear bodies (NBs). Therefore,
we verified if the impaired PML sumoylation could also
impair the formation of NBs in resistant PDAC cells. We
performed immunofluorescence studies using anti-PML
antibody in order to visualize PML-NBs (Fig. 4A). As
expected, we observed a significant decrease of the mean
number of NBs per nucleus in resistant cells (Fig. 4B). In
addition, we also noticed a statistically significant decrease
of the overall size (fluorescence intensity) of NBs in re-
sistant cells (—30% for R-Gem cells and —20% for R-Ox
cells) (Fig. 4C). Moreover, NBs are dynamic structures that

TABLE 2. Proteins identified as ubiquitylated, neddylated, and
sumoylated in control and R-Ox cells and the number of proteins with
altered PTMs in resistant cells compared with parental cells

Oxaliplatin Total T l -
Ubiquitylation 393 45 50 298
Neddylation 1040 50 36 954
Sumoylation 363 54 42 267
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Figure 2. Cancer signaling networks in which resistance-induced alterations of ubiquitylation (A), neddylation (B), and sumoylation (C)

are involved (according to the Atlas of Cancer Signalling Networks). BER, base excision repair; DR, DNA repair; ECM, extra-cellular
matrix; EMT, endothelial mesechymal transition; HR, homologous recombination; MITOCH, mitochondria; MOMP, mitochondrial

outer membrane permeabilization; NER, nucleotide excision repair; NHE], nonhomologous end joining; TLS, translesion bypass.
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TABLE 3. Number of altered PTMs that are common or specific to both
gemcitabine and oxaliplatin resistance

Altered PTM R-Gem specific R-Ox specific Common
Ubiq 61 86 9
Nedd8 48 84 2
SUMOL1 85 89 7

Ubiq, ubiquitin.

are known to respond to a variety of stresses (21). There-
fore, we investigated the behavior of NBs in parental and
resistant cells in response to treatments, and we observed a
global increase of >100% of the size of NBs in the nucleus
of cells when treated with either of the 2 drugs (Fig. 4D). By
contrast, this induction was completely abolished in both
resistant cells. Hence, not only the basal level of NBs was
reduced in resistant cells but also their capacity to be ac-
tivated in response to treatments.

Low-PML sumoylation is involved in PDAC cell
resistance to chemotherapies

We next studied the impact of impaired PML sumoylation
on the resistant phenotype of pancreatic cancer cells. To
mimic the low sumoylation state of PML, we transfected
cells with mammalian expression plasmids coding for ei-
ther WI-PML protein or a sumoylation-deficient mutant
PML-3K (22). Control cells were transfected with either 1 of
the 2 PML vectors or a GFP-expressing vector as control
(Supplemental Fig. $4) and then treated with either gem-
citabine or oxaliplatin for 48 h. As shown in Fig. 54, cells
expressing the WT PML were more sensitive to both
gemcitabine and oxaliplatin treatments, whereas the
sumoylation-deficient mutant PML expressing cells dis-
played a strong increase of survival. Importantly, the dif-
ference of cell survival between the WT and mutant PML
was nearly 3 times with gemcitabine and almost 2 times
with oxaliplatin (Fig. 5A). This higher survival of mutant
PML-expressing cells compared with WT PML—-expressing
cells was associated with a decreased rate of apoptosis as
assessed by caspase-3/7 activity (Fig. 5B). Taken together,
these data show that a decreased sumoylation of PML was
able to increase the resistance of PDAC cells to treatments.

We next wondered if increasing the sumoylation of
PML could sensitize resistant cells to treatments. To ad-
dress this question, we transfected R-Gem and R-Ox cells
with the same vectors and studied their response to
treatments. As expected, the survival of both resistant cell
types was decreased when they overexpressed WT PML
but not when overexpressing sumoylation-deficient PML
(Fig. 5C). Indeed, although the decrease of cell survival
between WT and mutant PML was only 30% for R-Gem
cells and 25% for R-Ox cells, these differences were highly
reproducible and statistically significant. Here as well, this
decrease in cell viability by WT PML expression was cor-
related with a higher apoptotic rate (Fig. 5D). Hence, it
seems that increasing the amount of WT PML in resistant
cells made more PML available for sumoylation and par-
tially restored its functions in resistant cells, leading to their
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increased sensitivity to treatments. Taken together, these
data show that impaired sumoylation of PML in resistant
PDAC cells is involved in the resistance mechanisms.

Resistance to gemcitabine and oxaliplatin
involves NF-«xB and CREB pathway activation,
which is reversed by normal PML sumoylation

In order to decipher the mechanisms by which pancreatic
cancer cells become resistant to gemcitabine or oxaliplatin
treatment and, more importantly, to understand how
PML sumoylation can interfere with these mechanisms to
resensitize cells, we performed an RNA-seq study of con-
trol and resistant cells expressing GFP as unrelevant pro-
tein, or PML-WT or PML-3K. We used the DESeq2 fold
change files to identify with IPA software to compare
control vs. resistant and GFP vs. PML expression condi-
tions, which pathways are significantly induced in gemci-
tabine and oxaliplatin resistance acquisition, and which are
affected by PML-WT or PML-3K expression (Supplemental
Fig. S5A, B). We focused our attention on the pathways
induced (or repressed) by the resistance that are reversed
by PML-WT expression but not by PML-3K mutant ex-
pression (Fig. 6A, D) because they were most likely to ex-
plain the mechanism by which PML sumoylation could
restore PDAC cell sensitivity to gemcitabine and oxalipla-
tin (Fig. 5). According to IPA, 1 of the most-activated
pathways in R-Gem cells strongly inhibited by PML-WT
and not affected by PML-3K expression was the NF-«xB
pathway (Fig. 6A). This finding was confirmed by the

TABLE 4. Alterations of PI'Ms common to both gemcitabine and
oxaliplatin resistance

Altered PTM  R-Gem~” R-Gem R-Ox/ R-Ox N
Ubiq GNAI2 GNAI2 MDH2
MDH2 UBE2C NME1
NME1 PGK1
PGK1 RBMSA
RBMSA TBCA
TBCA TPM4
TPM4 UBQLNI1
UBE2C
UBQLNI1
Nedd8 CCDC50 ALDHIAI CCDC50 ALDHI1A1
SUMOI1 CPSF3 CPSF3 HNRNPM
HDAC6 HDAC6 MSANTD4
HISTH3A  HISTH3A PML
HNRNPM RANBP2
MSANTD4
PML
RANBP2

ALDHIAL, aldehyde dehydrogenase 1 family member Al; CCDC50,
coiled-coil domain-containing 50; CPSF3, cleavage and polyadenylation
specific factor 3; GNAI2, G protein subunit o 12; HDACS, histone deace-
tylase 6; HISTH3A, histone 3A; HNRNPM, heterogeneous nuclear ribo-
nucleoprotein M; MDH2, malate dehydrogenase 2; MSANTD4, Myb/
SANT DNA-binding domain containing 4 with coiled-coils; NME1, NME/
NM23 nucleoside diphosphate kinase 1; PGKI, phosphoglycerate kinase 1;
PML, promyelocytic leukemia protein; RanBP2, Ran-binding protein 2;
RBMSA, RNA-binding motif protein 8A; TBCA, tubulin folding cofactor A;
TPM4, tropomyosin 4; UBE2C, ubiquitin-conjugating enzyme E2 C; Ubiq,
ubiquitin; UBQLNI, ubiquilin 1. Arrow up: PTM increased by the treat-
ment. Arrow down: PTM decreased by the treatment.
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Figure 3. Identification of impaired PML sumoylation as a general mechanism of resistance. A) Left panel: Lysates from control
and R-Gem cells were subjected to immunoprecipitation using anti-Flag antibody to isolate sumoylated proteins and membranes
blotted using an anti-PML antibody to reveal the sumoylated form of PML. Right panel: as in left panel but using lysates from R-
Ox cells. B) PML sumoylation kinetics in MiaPaCa-2 cells treated with either gemcitabine or oxaliplatin. After purification of
sumoylated protein through immunoprecipitation using anti-Flag antibody, the amount of sumoylated PML was revealed by
immunoblotting for PML. C) The previous process as in B but with R-Gem cells. D) The previous process as in B with R-Ox cells.

CL, cell lysate; Ctrl, control; IP, immunoprecipitation; NT, non-treated.

constitutive overphosphorylation of the P65 subunit of NF-
kB in resistant cells (Supplemental Fig. S5C). Indeed, the
phosphorylation of P65, which forms the NF-«xB complex
with P50, is necessary for its nuclear translocation and is
usually used as a parameter to detect activation of the NF-
kB pathway (23). Using NF-kB-inhibiting and -activating
drugs, we could validate that inhibiting NF-«B could block
the antiapoptotic effect of PML hyposumoylation in con-
trol cells (Fig. 6B) and that NF-xB activation could limit
the impact of PML-WT expression in R-Gem cells
(Fig. 6C). Regarding oxaliplatin resistance, the most in-
duced pathway strongly reversed by PML-WT but not
sumoylation-deficient PML was the CREB pathway (Fig.
6D). This finding was confirmed by controlling the con-
stitutive overexpression of P300, a well-known transcrip-
tional target of the CREB pathway (24), in R-Ox cells
compared with control cells (Supplemental Fig. S5D) As for
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NF-kB, we showed that inhibiting CREB function could
limit the resistance of control cells expressing PML-3K (Fig.
6E) and, inversely, its activation in resistant cells could
block the impact of PML-WT expression in resistant cells
(Fig. 6F). All together, these data showed that restoring the
normal sumoylation of PML in PDAC cells could decrease
their resistance to different drugs through the control of
different altered pathways (i.e., the NF-kB pathway for
gemcitabine and the CREB pathway for oxaliplatin).

The expression and sumoylation of PML
correlates with resistance of patients
with PDAC

In order to validate our findings at the clinical level,

we used previously established PDXs (25) of patients
with PDAC to monitor the expression of PML and to
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Figure 4. PML-repressed sumoylation in resistant cells alters NB formation. A) Representative pictures of immunofluorescence
staining of the different MiaPaCa-2 cells in which PML-NBs appear as red spots within nuclei stained with DAPI. B) Quantification
and comparison of the number of NBs per nucleus in the MiaPaCa-2 control cells (Ctrl) vs. R-Gem cells and R-Ox cells. C)
Quantification and comparison of the mean intensity of NBs in the MiaPaCa-2 parental cells vs. MiaPaCa-2 R-Ox cells and
MiaPaCa-2 R-Gem cells. D) Variation of NB intensity in control MiaPaCa-2 cells as well as in R-Gem and R-Ox cells after 24 h of
treatment with 10 uM of each drug. *P < 0.05.
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Figure 5. PML-repressed sumoylation is involved in chemoresistance of pancreatic cancer cells. A, B) Control MiaPaCa-2 cells
were transfected with plasmids expressing WI' PML or sumoylation-deficient mutant PML in which the 3 sumoylated lysine
residues were changed to arginine or a GFP-expressing vector as a control. The day after transfection, cells were treated with
10 uM gemcitabine or oxaliplatin for an additional 72 h, and then their viability (A) and caspase-3/7 activity (B) were assessed as
described in Material and Methods. C, D) MiaPaca-2 R-Gem cells or R-Ox cells were transfected as previously described and were
treated with 100 wM gemcitabine or oxaliplatin. After 72 h of treatment, the cell viability (C) and caspase 3/7 activity (D) was
assessed as previously described (A, B). Expression of transfected PML was controlled by Western blot (Supplemental Fig.
S$4).#P < 0.05, **P < 0.02, ***P < 0.01 (Student’s ¢ test analysis from =3 independent experiments).

evaluateits sumoylation (Fig. 7A). We could observe an
important heterogeneity of PML expression and of
PML sumoylation between the PDXs studied, and there
was no correlation between level of expression and
level of sumoylation. However, we were able to com-
bine these PML data with data of patients from whom
PDXs were derived. Because patients with the most
aggressive and multiresistant tumors are also those

12458  Vol. 33  November 2019

The FASEB Journal - www.fasebj.org

with shorter survival rates, we had the opportunity to
study the potential correlation between PML expres-
sion and sumoylation and tumor resistance. As shown
in Fig. 7B, the combination of both the level of PML
protein and of its sumoylation (obtained by the multipli-
cation of both values because both PML expression and
PML sumoylation are positively affect survival) dis-
played a significant correlation with patients’” survival.
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Figure 6. Pathways altered by gemcitabine and oxaliplatin resistances corrected by normal PML sumoylation. RNA-seq data from
MiaPaCa-2 control and resistant cells expressing either GFP or PML-WT or PML-3K mutant were analyzed with the help of IPA to
identify pathways altered by resistance acquisition to either gemcitabine (A) or oxaliplatin (D) and which is reversed by PML-WT
but not by PML-3K expression. A) Table of the main pathways altered by gemcitabine resistance acquisition with the
corresponding activation z scores (+ for activation, - for inhibition). B) Control cells were transfected with GFP or PML-3K
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Hence, pancreatic tumors characterized by a high ex-
pression or high sumoylation level of PML are likely to be
the most sensitive to the chemotherapies and represent a
good prognosis for patients. We further evaluated the
potential use of PML expression and sumoylation as a
prognosis tool by studying its ability to distinguish be-
tween long-survival patients (>>24 mo) and short-survival
patients (<24 mo) (Fig. 7C). Indeed, Fig. 7C clearly shows
the accuracy of this prognosis marker both for the speci-
ficity and sensitivity levels. Indeed, the area under the
curve and the P value for the ROC curve were 0.953 and
<0.001, respectively. Fig. 7C shows that this test had a
sensitivity of 100 and specificity of 87.5.

PDX-derived cell lines were developed and used in vitro
to generate chemograms to different drugs commonly
used in PDAC treatment (25). The secretomes (all proteins
secreted in the culture medium) of 40 of these cell lines
were recently studied by mass spectrometry, leading to the
identification of thousands of proteins (unpublished re-
sults), including PML. We wondered if a correlation could
exist between the amount of secreted PML and the re-
sistance to each tested drug. By comparing the level of
secreted PML between the 10 most-sensitive and 10
most-resistant PDX cell lines for each drug, we observed a
correlation for most of them (Fig. 7D). This was particularly
evident for gemcitabine (P = 0.006) but also for docetaxel
(P = 0.025) and for irinotecan (P = 0.031) and its active
product, 7-ethyl-10-hydroxycamptothecin (P = 0.045).

Identifying the molecular mechanism
responsible for PML hyposumoylation

We next tried to identify the mechanisms responsible for
the decrease of PML sumoylation. Because oxidative
stress affects PML functions (26), we measured the re-
active oxygen species (ROS) level and observed that the
acquisition of resistance was associated with an increase
in intracellular ROS (Supplemental Fig. S6A, B). This re-
sult suggests that, whereas acute oxidative stress induces
PML sumoylation and NB formation, a mechanism as-
sociated with resistance leads to maintaining PML
sumoylation at the lowest level, even in the presence of
constitutive high ROS content. Because ROSs can inhibit
the sumoylation machinery (27), this could account for
low-PML sumoylation, but this was not the case because
reducing the ROS content did not restore the normal
sumoylation of PML (Supplemental Fig. S6C). Another
possibility could come from the abnormal activity of 1 or
several desumoylating enzymes. A total of 3 of them are
known to desumoylate PML (28, 29), and 1 (SENP1) is
known to be overexpressed in PDAC (30). Therefore, we

used siRNAs to silence these SENDPs in resistant cells, and
we were indeed able to observe an increased sumoylation
of PML with all SENPs regarding gemcitabine resistance
and mainly with SENP1 siRNA for oxaliplatin resistance
(Supplemental Fig. S7A). However, studying the expres-
sion levels of these enzymes in our cellular model (Sup-
plemental Fig. S7B), no difference could be observed
between chemoresponsive and chemoresistant cells. In
PDX-derived cell lines of patients with long or short sur-
vival rates (Supplemental Fig. S8), we did not observe any
significant difference or correlation of expression. There-
fore, at present, the mechanism responsible for PML
hyposumoylation in resistant PDAC cells remains elusive.

DISCUSSION

PDAC has the particularity to be or to become rapidly
resistant to all anticancer therapies. This suggests that tu-
mor cells, which make up these tumors, possess specific
mechanisms that help them to survive any kind of stress.
This could be due to the specific nature of the tissue from
which they arise because ductal and acinar cells have to
protect themselves from the cocktail of digesting enzymes
they produce and drive to the intestine or due to the fact
that pancreatic tumors are usually detected at a late and
advanced stage (2). It is established that PTMs play major
roles in cellular response to stress like a therapeutic treat-
ment. PTMs mediated by the ubiquitin family of proteins
are involved in almost all cellular processes, including
stress-response pathways, and consequently may be al-
tered when cells become resistant to any anticancer treat-
ment. We showed previously that treating pancreatic
cancer cells with gemcitabine provokes an important re-
building of the ubiquitination, neddylation,] and sumoy-
lation profiles (18). Here, we demonstrate that the
acquisition of resistance to gemcitabine and to oxaliplatin,
another important drug used in the FOLFIRINOX pro-
tocol of PDAC treatment (3), was associated with the
constitutive remodeling of part of the PTM profile mod-
ifomes. Indeed, both resistances led to profound changes
in the ubiquitination, neddylation, and sumoylation pro-
files of our cellular model (Fig. 1 and Tables 1-3). Most of
these alterations were drug specific regarding the targeted
proteins and also the cellular functions they areinvolved in
(Figs. 1 and 2), but as expected, some of these alterations
were common to both resistances, representing a potential
common mechanism and therefore a general mechanism
of resistance (Table 4). Among them, PML represented a
good candidate because of its already well-known role in
acute PML (19), a pathology in which PML is fused to
retinoic acid receptor a, and in oncogenic processes in

expression plasmids and treated or not with 5 uM BMS-345541, an NF-kB inhibitor (NF-kBi). C) R-Gem cells transfected with
either GFP or PML-WT expression plasmids were treated with gemcitabine 100 = 1 uM of SRI-22782, an NF-kB activator (NF-
kBa). D) Like in A, table of the main pathways altered by oxaliplatin resistance acquisition with the corresponding z scores. E)
Control cells were transfected with GFP or PML-3K expression plasmids and treated or not with 0.5 uM of 666-15, a CREB
pathway inhibitor (CREBi). F) R-Ox cells transfected with either GFP or PML-WT expression plasmids were treated with
oxaliplatin 100 = 10 uM of Forskolin, a CREB pathway activator (CREBa). For each graph, the rate of apoptosis was quantified
using caspase 3/7 activity over the cell viability. NS, no statistical significance. Results are expressed as percentile of GFP
nontreated cells, and bars show means * sp. *P < (.05, **P < (0.01 (Student’s { test).
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Figure 7. PML expression and sumoylation correlates with resistance in patients. A) Lysates from PDXs were subjected to
immunoprecipitation using a combination of anti-SUMO1 and anti-SUMO2/3 antibodies followed by PML Western blot analysis.
Expression level of PML has also been evaluated by Western blot in lysates. Black arrow: PML; white arrow: sumoylated PML. B) Signals
from 2 independent experiments were quantified by densitometry using Image], and PML values were temporized by SUMO values in
IP (relative amount of sumoylated PML) or by actin values in lysates (total amount of PML). These values were used to evaluate the
correlation between PML sumoylation and expression with patients’ survival. C) The accuracy of PML expression and sumoylation to
distinguish patients’ survival rates more or less than 24 mo was tested by an ROC curve (left) and a dot diagram (right). D) Correlation
of PML in secretomes of PDX-derived cell lines with their resistant phenotype. The secretion profiles (secretome) as well as the
resistant profiles to 6 different chemotherapeutic drugs of a large number of PDX-derived cell lines (chemograms) have been
established [(25) and unpublished results]. For each considered drug, the amount of secreted PML protein in the 10 most sensitive cell
lines and the 10 most resistant cell lines was quantified by mass spectrometry. 5FU, 5 Fluorouracil; AUC, area under the curve; IP,
immunoprecipitation; Sens, sensitivity; SN38, 7-ethyl-10-hydroxycamptothecin; Spec, specificity; THOPI, thimet oligopeptidase 1; TXT,
docetaxel. Values are presented in box plots with result from Student’s ¢ test analysis.

ALTERED PML SUMOYLATION IN CHEMORESISTANCE 12461

251



general (31). Importantly, its role in resistance mechanisms
remains poorly described, relying mainly on its expression
level, which can correlate either positively or negatively
with resistance depending on the cancer type (20). Until
now, the role of its sumoylation in these processes was
unknown. In our cellular model, acquisition of resistance to
any of the drugs we used did not affect the protein ex-
pression level of PML. However, its basal sumoylation level
was indeed decreased in both resistant cells, and, impor-
tantly, the induction of PML sumoylation in response
to gemcitabine or oxaliplatin treatment was completely
abolished (Fig. 3C, D). These data suggest that PML could
no longer fulfill its function in resistant cells and probably
could not favor cell death in response to anticancer treat-
ment. Because the main SUMO dependent regulation of
PML functions is through the generation and stabilization
of PML-NBs (21), it was important to show that, indeed, the
NB dynamic in resistant cells was altered both at the basal
level and in response to stress induced by both drugs (Fig.
4). Yet, although the function of PML seemed to be altered
in resistant cells, we had to show that this defect in PML
sumoylation really played a role regarding the resistant
phenotype. We tried to mimic the impact of a sumoylated
and nonsumoylated PML on cell survival by over-
expressing WT (normally sumoylated) or triple lysine to
arginine mutant (not sumoylated) PML. This approach has
been successful because we have been able to increase the
resistance of control cells with the expression of mutant,
nonsumoylated PML (Fig. 5A, B) and to resensitize resistant
cells by expressing the WT, sumoylated PML (Fig. 5C, D).

Despite our attempts to detail the mechanism re-
sponsible for lower sumoylation of PML in resistant cells, it
still remains elusive. Indeed, restoring a normal ROS level
in resistant cells did not significantly recover normal
sumoylation of PML (Supplemental Fig. S6). In addition,
whereas we could restore part of the PML sumoylation by
inhibiting the expression of desumoylases, we could not
observe any significant alteration of their expression in
resistant cells compared with control cells (Supplemental
Fig. 57) or a correlation of their expression with survivalin
patients” derived material (Supplemental Fig. S8). Other
mechanisms need to be explored, and among them, we
will need to test the activity of these enzymes as well as
their interactions with PML. Indeed, studying protein
levels may not be relevant regarding their activity and
affinity for their substrates. Surprisingly, our attempts to
identify by which mechanisms PML sumoylation is in-
volved in modulating pancreatic cancer cells resistance
was more fruitful. RNA-seq study revealed that acquisi-
tion of resistance to gemcitabine or oxaliplatin were asso-
ciated with alterations of specific and distinct pathways
(Fig. 6A, D). Importantly, several of these altered path-
ways were efficiently corrected by restoring a normal
sumoylation of PML, thereby restoring chemosensitivity
of cells to these drugs (Fig. 6). In fact, the large repertoire of
regulatory functions of PML enable it to affect pathways
involved in both types of resistance. Hence, PML is a
common point through which it is possible to go in order
to block chemoresistance, no matter the drug.

To go beyond our in vitro cellular model, we have
been interested in studying PML and its sumoylation in
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patient-derived material. This led us to realize the large
variability of PML sumoylation between patients as well
as the diversity of protein levels (Fig. 7A). Importantly, we
identified a good correlation between PML expression and
sumoylation in PDXs and the survival of patienst (Fig. 7B),
meaning thatboth high levels of PML expression and PML
sumoylation are required to favor patients’ survival and
tumor sensitivity to treatments. This predictive tool was
confirmed by testing its ability to distinguish between long
and short survival (24 mo) using an ROC curve and dot
diagram (Fig. 7C). Of note, PML protein levels did not
correlate with mRNA levels, evaluated by microarray
analysis of PDXs (32), which were relatively equivalent
between all PDXs tested (Supplemental Fig. S9).

Lately, proteomic analysis of tumor cells” secretomes by
mass spectrometry was used as an efficient tool for the
identification of diagnostic and prognostic biomarkers.
In our study, we detected a correlation between the pres-
ence of PML in secretomes of PDX-derived cell lines and
the resistance to diverse drugs (Fig. 7D). To our knowl-
edge, this is the first study identifying secreted PML in
PDAC-derived cell lines, although PML was previously
identified in the secretomes of other cancer cells as a com-
ponent of extracellular vesicles (33-35). Interestingly, these
secreted extracellular vesicles can play important roles in
tumor progression, metastasis, and drug resistance (36).
Taken together, our data validated the role of PML asanew
mechanism of resistance of PDAC that could be targeted to
improve treatments efficacy and thereby patients’ survival.

In summary, we have identified 1 new common and
therefore potentially generic mechanism of pancreatic
cancer cell resistance, which is driven by the abnormal PTM
of a protein (i.e., PML hyposumoylation, an alteration that
could not have been detected previously by usual genomic
and transcriptomic approaches). In this work, we have
focused our attention on PML, but several other important
targets common to both types of resistance represent ad-
ditional potential mechanisms that could be exploited in
the future. There is no doubt that the list of altered PTMs
implicated in multiresistance mechanisms will grow and
will perhaps highlight even more valuable candidates.
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Annex Il

Second seasonal school of the ‘Réseau Francophone de Meétabolomique et

Fluxomique’ junior. November 2018, Toulouse-France.

Galaxy initiation: Biological station of Roscoff. May 2019, Roscoff-France.

Introduction to scientific integrity: URFIST- Rennes. May 2019, Online session

R-initiation: Biological station of Roscoff. June 2019, Roscoff-France.

R statistics analysis: Biological station of Roscoff. June 2019, Roscoff-France.

IncuCyte application and analysis: Sartorius. January 2020, Brest-France.

Metabolomic network: Corsaire. November 2020, Online session.

Workshop Imaging Organoids, From the bench to the microscope: GDR ImaBio,

Université de Bordeaux. September 2021, Bordeaux-France.
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George Alzeeb, et al.: ‘Modele de culture en 3D du cancer gastrique: analyse des

interactions physiques et biochimiques’. IBSAM. June 2019, Brest-France.

George Alzeeb, et al.: ‘Modélisation de I'action des médicaments anticancéreux: de la

2D ala 3D’. Niches and epigenetics of tumors network, Cancéropdle grand ouest. July

2020, E-conference.

George Alzeeb, et al.: ‘Apoptosis, chemotherapy and metabolism: from 2D to a 3D

gastric cancer model’. Journée d’animation scientifique de I'Axe Analyse Structurale et

Métabolomique, BiogenOuest. October 2020, E-conference.

George Alzeeb, et al.: ‘Apoptosis, chemotherapy and metabolism: from 2D to a 3D

gastric cancer model’. 14émes Journées du Cancéropdle Grand Ouest. October 2020,

Angers-France.

George Alzeeb, et al.: ‘Development of a flexible high-throughput 3D model’. IBSAM.

June 2021, Brest-France.

George Alzeeb, et al.: ‘Development of a flexible three-dimensional culture model: A

focus on gastric cancer’. Workshop Imaging Organoids. September 2021, Bordeaux-

France.
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1. George Alzeeb, et al.: ‘Mechanisms of gastric cancer suppression by taxanes and

statins using a pluri-omics approach’. Second seasonal school of the Réseau
Francophone de Métabolomique et Fluxomique junior. November 2018, Toulouse-

France.

2. George Alzeeb, et al.: ‘Mechanisms of gastric cancer suppression by taxanes and

statins using a pluri-omics approach’. IBSAM. June 2019, Brest-France.

3. George Alzeeb, et al.: ‘Modeéle de culture en 3D du cancer gastrique : analyse des

interactions physiques et biochimiques’. 13émes Journées du Cancéropéle Grand
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Développement d’'un Modéle Cellulaire Flexible Tridimensionnel : Un Focus sur le Cancer

Gastrique

Mots clés : Cancer gastrique, culture cellulaire en 3D, sphéroides, cytotoxicité, microscopie en

3D

Résumé: Le cancer gastrigue (CG) est le
cinquieme cancer le plus fréquent dans le monde et
est la quatrieme cause de décés par cancer en
2020. Le pronostic du CG est mauvais et la plupart
des formes avancées de la maladie sont incurables.
Il est donc urgent de développer de nouvelles
thérapies. Notre équipe a démontré que la
combinaison de statine et de taxane induit fortement
l'apoptose des cellules du CG en deux dimensions
(2D). Néanmoins, la culture en 2D représente
imparfaitement la complexité tissulaire, et en
particulier le rble des interactions entre cellules.
L'une des stratégies qui permettent d'améliorer la
réussite des nouveaux médicaments anticancéreux
en clinique repose sur l'utilisation de modéles de
culture cellulaire tridimensionnelle (3D). Ces
modeles montrent un intérét croissant dans la
recherche sur le cancer, permettant de mieux rétablir
certains des aspects fonctionnels des tumeurs. Nous
avons ainsi généré des sphéroides monocellulaires
de cellules cancéreuses gastriques humaines (HGT-
1 ou AGS),

ainsi que des sphéroides bicellulaires associant ces
cellules a des fibroblastes issus de tumeurs (CAF,
Cancer Associated Fibroblasts), selon une
méthodologie robuste, qui prévient leur attachement
a une matrice. Nous avons étudié la cytotoxicité
induite par le docétaxel et la lovastatine (test MTT).
De plus, nous avons utilisé le systeme d'imagerie et
d'analyse en temps réel IncuCyteTM pour suivre la
croissance des sphéroides et la réponse
apoptotique. Ces tests ont montré une toxicité
importante, majorée en cas d'association des deux
molécules, comme observé en 2D. Nous avons
entrepris I'analyse de l'organisation du modéle 3D
bicellulaire par microscopie laser a deux photons.
Nos résultats montrent une organisation distinctive
des sphéroides bicellulaires selon la lignée de
cellules épithéliales cancéreuses. Cette organisation
pourrait s'expliquer par des différences de capacité
migratoire / invasive des cellules de CG. Dans le
cadre du programme européen GRAMMY, nous
envisagerons une application de ces approches sur
des organoides de tumeurs issues de patients.

Development of a Flexible Three-Dimensional Culture Model: Focus on Gastric cancer
Keywords : Gastric cancer, 3D cell culture, spheroids, cytotoxicity, 3D microscopy

Abstract : Gastric cancer (GC) is the fifth most
common cancer in the world and is the fourth leading
cause of cancer death in 2020. The prognosis of GC
is poor and most advanced forms of the disease
remain incurable. It is therefore urgent to develop
innovative therapies. Our team has demonstrated
that the combination of statin and taxane strongly
induces apoptosis of GC cells in two-dimensions
(2D). Nevertheless, 2D culture imperfectly represents
tissue complexity, and in particular the role of cell-cell
interactions. One strategy to improve the success of
new anticancer drugs in the clinic is the use of three-
dimensional (3D) cell culture models. These models
are of growing interest in cancer research, allowing
to better restore some of the functional aspects of
tumors. We have generated monocellular spheroids
of human GC cells (HGT-1 or AGS), as well as
bicellular spheroids associating these cells with
cancer-associated fibroblasts (CAF),

using a robust methodology, which prevents their
attachment to a matrix. We studied cytotoxicity
induced by docetaxel and lovastatin (MTT assay). In
addition, we used the IncuCyteTM real-time imaging
and analysis system to monitor spheroids growth and
apoptotic response. These tests showed significantly
increased toxicity when the two molecules were
combined, such as was reported in 2D. In addition,
we characterized the cellular distribution of the 3D
bicellular model by bi-photonic microscopy. Our
results show a distinctive formation of the bicellular
spheroids as well as a specific spatial organization
depending on the nature of the cancer epithelial
cells. This distinctive organization could be explained
by differences in the migratory/invasive potential
between the two GC cell lines. As part of the
GRAMMY European program, we will extend these
approaches to patients’ tumor organoids.
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