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- Abstract

The successful development of solid tumours is determined by the composition of the
tumour microenvironment and the dynamic communication established between malignant
and non-malignant cells. Extracellular vesicles (EVs) stand-out, amongst the mechanisms
of tumour intercellular communication, as stable carriers of bioactive molecules that sustain
cell-cell communication. In gastric cancer (GC), accumulating data advocates that EVs play a
crucial role in tumour development, however whether and how EVs participate in GC distant
dissemination remains scantily explored. Furthermore, the intrinsic and environmental
factors that modulate the cargo and effects of GC-EVs have not yet been unveiled.

GC thrives upon tight immunosurveillance that demands the establishment of effective
strategies for tumour immune evasion. Indeed, GC patients display increased numbers of
regulatory T cells (Tregs) both in peripheral blood and among tumour-infiltrating lymphocytes.
Nevertheless, the contribution of Tregs to the development and progression of GC remains
poorly defined, and their prognostic value highly controversial.

To clarify the role of EVs and Tregs in GC development and progression, we hypothesized
that Tregs modulate GC cell phenotype, which consequently alters GC communication
mediated by EVs. This thesis addressed: 1) the impact of the tumour histological type and
3D cell architecture in the cargo and function of GC-EVs; 2) the role of EVs in the in vivo
dissemination of GC cells, and; 3) the interactions between Tregs and GC cells, and how
that influences GC progression.

In Chapter 1, we dissected the effect of EVs released by GC cells, representing the two
main histological subtypes of GC, on the behaviour of non-malignant and isogenic epithelial
and mesenchymal cells (Paper ). We found that EVs from diffuse-type GC hampered the
migration of recipient cells, mainly if these were in a mesenchymal state. Contrariwise, EVs
from intestinal-type GC stimulated invasion of epithelial cells, which was not observed for
mesenchymal recipient cells. This study demonstrated that GC-EVs conveyed messages
that were tumour histotype dependent, and differentially perceived by recipient cells with
distinct differentiation phenotypes.

Thereafter, we studied the impact of 3D cellular architecture on the content and function
of GC-EVs (Paper Il). A comparative analysis of biochemical features, small RNA and
proteomic profiles of EVs, evidenced an upregulation of microRNAs and downregulation
of proteins in 3D EVs. Moreover, ARF6 signalling pathway was found to be downregulated
in 3D EVs. In diffuse-type GC, the observed differences resulted in enhanced invasion of
recipient epithelial non-malignant cells by 3D EVs, as compared to the 2D counterparts.



Overall, this study suggested that changes in cell architecture modulated the EV-associated
microRNA and protein content, thus modifying the EV functional effect on recipient cells.

To further explore the impact of cellular architecture and EV-conveyed messages, in
Chapter 2, we performed in vivo metastatic assays in which mice were primed with 2D or
3D GC-EVs, before injection with 2D or 3D cells (Paper Il — in preparation). Intestinal-type
GC cells, either cultured in 2D or 3D conditions, disseminated to the lung. Interestingly,
initial priming with 2D/3D GC-EVs, reduced the metastatic burden of 3D cells, which
was not observed for 2D cells. As for diffuse-type GC, mice injected with 3D cells had
reduced disease-free survival, as compared with 2D counterparts. 3D diffuse-type GC cells
displayed tropism towards brown adipocyte depots, which was potentiated by EVs, mainly
by those retrieved from 3D cultures. Comparative analysis of the content of 2D and 3D EVs,
unravelled a high prevalence of microRNAs involved in adipocyte differentiation, conversion
of white to brown adipocytes, and activation of brown adipocytes, in 3D EVs produced
by diffuse-type GC cells. Altogether these results demonstrated that the intrinsic histology
and 3D cellular architecture of GC cells modulate the cargo and the role of EVs in GC
progression and dissemination.

Lastly, in Chapter 3, we disclosed the effect of Tregs in tumour cell behaviour and GC
development (Paper IV). A comprehensive immunophenotyping of 82 human GC cases
demonstrated a higher prevalence of regs in intestinal-type GCs, as compared to diffuse-
type GCs. Making use of the 3D model previously established for GC cells, we developed
direct co-cultures between Tregs and GC cells. By monitoring of these cultures, we
observed that Tregs preferentially infiltrate intestinal-type GC spheroids. Strikingly, Tregs
induced membranous ILR2a expression, specifically in intestinal-type GC cells, which
associated with activation of MAPK signalling pathway and spheroid growth. These findings
are consistent with the identification of a new tumour promoting role of Tregs in GC. This
discovery provides insightful implications for therapeutic strategies targeting intestinal-type
GCs and other tumours with similar immune context.

Overall, this thesis highlighted cellular architecture and tumour histology as key factors
modulating EV content, unveiled novel mechanisms underlying GC dissemination, and
disclosed a new and unforeseen role of Tregs in GC development. Further experiments
consolidating these findings may provide new candidates for diagnosis and prognosis
biomarkers and inspire innovative therapeutic strategies in GC.



- Resumo

A capacidade com que os tumores solidos se desenvolvem é determinada pela
composicdo do microambiente tumoral e pela comunicagao dindmica estabelecida entre
células malignas e ndo malignas. As vesiculas extracelulares (EVs) destacam-se, entre os
mecanismos de comunicagao intercelular tumoral, por proporcionarem o transporte estavel
de moléculas bioativas que mantém a comunicagao entre células. Em cancro gastrico (GC),
foi ja demonstrado que as EVs desempenham um papel fundamental no desenvolvimento
do tumor. No entanto, o modo como estas EVs contribuem para a disseminagédo de GC
a distancia encontra-se ainda pouco explorada. Adicionalmente, os fatores intrinsecos e
ambientais que modulam a carga e o efeito das GC-EVs permanecem ainda desconhecidos.

O GC prospera sob uma rigorosa vigilancia imunoldgica que requer o desenvolvimento
de estratégias eficazes de evasao do tumor. De facto, doentes com GC apresentam valores
elevados de células T reguladoras (Tregs), tanto no sangue periférico como entre os
linfocitos que infiltram o tumor. Todavia, a contribuicdo das Tregs para o desenvolvimento e
progressao do GC permanece mal definida e seu valor prognéstico bastante controverso.

De modo a clarificar o papel das EVs e das Tregs no desenvolvimento e progressao do
GC, desenvolvemos a hipotese de que as Tregs modulam o fendtipo das células de GC,
consequentemente alterando a comunicacao via EVs estabelecida pelo tumor. Esta tese
versou: 1) o impacto do tipo histolégico do tumor e da arquitetura celular 3D na carga e
funcado das GC-EVs; 2) o papel das EVs na disseminacgao in vivo de células de GC e; 3) as
interacdes entre Tregs e células de GC, bem como a sua influéncia na progressao do GC.

No capitulo 1, dissecamos o efeito das EVs produzidas pelas células de GC,
representativas dos dois principais subtipos histolégicos de GC, no comportamento de
células epiteliais e mesenquimais, ndo malignas e isogénicas (Publicagéo I). Neste estudo,
descobrimos que as GC-EVs do tipo difuso reduzem a migracao de células recipientes,
principalmente das células mesenquimais. Por outro lado, as GC-EVs do tipo intestinal
promoveram a invasado de células epiteliais, mas ndo das células mesenquimais. Este
estudo demonstrou que a mensagem transmitida pelas GC-EVs depende do tipo histoldgico
do tumor, e tem efeitos diferentes de acordo com o estado de diferenciacao das células
recipientes.

Posteriormente, procedemos ao estudo do impacto da arquitetura celular 3D no
conteudo e na fungao das GC-EVs (Publicagao Il). Aanalise comparativa das caracteristicas
bioquimicas e dos perfis de pequenos RNAs e de proteinas das EVs, evidenciou uma
regulacéo positiva de microRNAs e negativa de proteinas nas EVs produzidas em culturas
3D. Adicionalmente, verificou-se que a arquitetura celular 3D tem um efeito negativo



na regulacdo da via de sinalizacdo da ARF6 em EVs. As diferencas observadas foram
particularmente relevantes no caso das GC-EVs produzidas por células do tipo difuso, uma
vez que as EVs produzidas em culturas 3D potenciaram a invasao de células epiteliais
nao malignas, o que nao se verificou com as EVs derivadas de culturas 2D. Este estudo
postulou que a alteragdo da arquitetura celular conduz a modulagdo do conteudo em
microRNAs e proteinas nas EVs, e a consequente modificagao do seu efeito funcional nas
células recetoras.

De forma a compreender melhor o impacto da arquitetura celular e das mensagens
transmitidas pelas EVs, no Capitulo 2, desenvolvemos ensaios metastaticos in vivo, nos
quais tratamos os ratinhos com GC-EVs isoladas de culturas 2D ou 3D, antes de serem
injetados com células cultivadas em 2D ou 3D (Publicacdo Ill - em preparagédo). Células
de GC do tipo intestinal, cultivadas em condigdes 2D ou 3D, disseminaram para o pulmao.
Curiosamente, o tratamento prévio com 2D/3D GC-EVs, reduziu a formacao de metastases
apenas na condicdo em que foram injetadas células 3D. Relativamente ao GC do tipo
difuso, ratinhos em que foram injetadas células 3D apresentaram diminuicdo da sobrevida
livre de doenga, comparativamente aqueles que foram tratados com células 2D. As células
3D do tipo difuso desenvolveram tropismo para o tecido adiposo pardo, tropismo este que
foi potenciado pelas EVs, particularmente as que foram obtidas das culturas 3D. A analise
comparativa entre o conteudo das EVs 2D e 3D, demonstrou um predominio de microRNAs
envolvidos na diferenciacao de adipdcitos, conversao de adipécitos brancos em adipécitos
castanhos, e ativacao de adipdcitos castanhos, em GC-EVs produzidas por células do tipo
difuso em 3D. Estes resultados demonstraram que a histologia e a arquitetura celular 3D
das células de GC modulam o teor e o efeito das EVs na progressao do GC.

Por fim, no Capitulo 3, analisamos o efeito das Tregs no comportamento das células
tumorais e no desenvolvimento do GC (Publicagdo 1V). Aimuno-fenotipagem de 82 tumores
de doentes com GC demonstrou uma elevada prevaléncia de Tregs em GC do tipo intestinal,
por comparagao ao tipo difuso. Utilizando o modelo 3D previamente estabelecido para as
células de GC, desenvolvemos co-culturas diretas entre Tregs e células tumorais. Através
da monitorizagao destas culturas, verificamos que as Tregs infiltram preferencialmente os
esferoides de GC do tipo intestinal. As Tregs induziram a expressao de ILR2a na membrana
das células tumorais do tipo intestinal, bem como ativacao da via de sinalizagdo da MAPK
e crescimento dos esferoides. Estas observacdes sao consistentes com a identificagcao de
uma nova fungéo de promogao tumoral de GC pelas Tregs. Esta descoberta podera ter
implicacdes relevantes em estratégias terapéuticas direcionadas ao GC do tipo intestinal,
ou ainda para outros tumores que apresentem um contexto imunolégico semelhante.

Esta tese demonstrou o papel fundamental da arquitetura celular e da histologia
do tumor na modulagcdo do conteudo e fungao das EVs, expds novos mecanismos
envolvidos na disseminagédo do GC, e revelou uma nova e inesperada funcao das Tregs
no desenvolvimento de GC. A realizagao de estudos adicionais para consolidagcao destes
resultados, podera conduzir a identificacdo de novos candidatos a biomarcadores de
diagnéstico e progndstico, bem como inspirar estratégias terapéuticas inovadoras em GC.
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2D Two-dimensional

3D Three-dimensional

ACRG Asian Cancer Research Group

BMP Bone morphogenic protein

CA Carbohydrate antigen

CAFs Cancer-associated fibroblasts

CCL C-C Chemokine Ligand

CCR C-C chemokine receptor

CEA Carcinoembryonic antigen

CIN Chromosomal instability

circRNA Circular RNA

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
DDR Discoidin domain receptor

EBV Epstein-Barr virus

ECM Extracellular matrix

EGF Epidermal growth factor v

EGFR Epidermal growth factor receptor

EMT Epithelial-mesenchymal transition

EVs Extracellular vesicles

FIGC Familial intestinal gastric cancer

FoxP3 Forkhead Box P3

G-DIF Genomic diffuse

G-INT Genomic intestinal

GAPPS Gastric adenocarcinoma and proximal polyposis of the stomach
GC Gastric Cancer

GITR Glucocorticoid-induced tumour necrosis factor receptor-related protein
GKN Gastrokine

GS Genomically stable

H. pylory Helicobacter pylori
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HDGC Hereditary diffuse gastric cancer
HGF Hepatocyte growth factor

HMGB Mobility group box

IDO Indole amine 2,3-dioxygenase
IFN-y Interferon-y

IL Interleukine

IL2R IL-2 receptor

JAK2 Janus-associated kinase 2

LGRS5 Leucine-rich repeat-containing G protein-coupled receptor 5

LncRNA Long non-coding RNA

MAPK Mitogen-activated protein kinase
MHC Major histocompatibility complex
MIF Migration inhibitory factor

MSI Microsatellite instability

MSS Microsatellite stable

MUC Mucin

NF Nuclear factor

PD Programmed cell death

PD-L Programmed cell death ligand
PDTXs Patient-derived tumour xenografts
PI3K Phosphatidylinositol-3-kinase

PTEN Phosphatase and tensin homolog
RANK receptor activator of nuclear factor-kB
RTK Receptor tyrosine kinases

STAT Signal transducer and activator of transcription
SUFU Suppressor of fused protein

TCGA The Cancer Genome Atlas

TCR T cell receptor

TFF Trefoil Factor

TGF Transforming growth factor

TILs Tumour-infiltrating lymphocytes

TLR Toll-like receptor

Tregs Regulatory T cells

TRIM Tripartite motif containing
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Prologue

Integrative studies of the tumour and its microenvironment are of utmost importance, and
developing complex, yet tuneable, models to study the tumour-microenvironment dynamics
is an unmet clinical need. Due to the high heterogeneity of GCs, the ‘one-size-fits-all’ is not
a good strategy to follow even in preclinical in vitro experiments. GC models should rather
be tailored to recapitulate tumour properties as much as possible, meaning that a bottom-up
strategy, in which models are progressively upgraded, could be a robust avenue to improve
the translation of preclinical evidences into clinical results.

The present thesis was designed under this conceptualization: to deconstruct GC into
specific components that can be studied individually and, thereafter, assembled to achieve
a solid understanding of GC biology. My great expectation is that the data resulting from this
work could provide insightful knowledge and foster innovative approaches to improve the
diagnosis and treatment of GC patients.

In this thesis, General Introduction, details crucial aspects regarding the developed work,
by reviewing the current scenario of GC disease and exploring state-of-the-art knowledge
and trends related with 3D preclinical tumour models, extracellular vesicles and regulatory T
cells in GC. Chapters 1, 2, and 3 describe and discuss the work performed under the scope
of this thesis and resulting scientific discoveries. Within these chapters, specific introduction,
material and methods, results and discussion sections were included. At last, transversal
findings and final observations are presented in the Concluding Remarks section.






General Introduction

1. The Disease Spectrum Called Gastric Cancer

1.1. The knowns of gastric cancer pathogenesis

Gastric cancer (GC) comprises a spectrum of diseases that develop upon a malignant
transformation of cells located at the stomach. Nowadays, more than 1 000 000 new cases
of GC are diagnosed per year, making this cancer the fifth most prevalent worldwide.' From
these patients, 60% are expected to develop locally recurrent or metastatic disease, which
negatively impacts their prognosis and likelihood of survival. As so, every year, GC causes
783 000 deaths, ranking as the third-leading cause of cancer-related deaths worldwide."

GCs are mainly sporadic, with only 10% presenting familial history, from which hereditary
forms account for 1-3% (Box 1).2® Most GCs arise from epithelial cells that compose the
glands of the mucosa, and so named adenocarcinomas; only 10% of GCs have origin in
other cell types, giving rise to lymphomas, sarcomas, and carcinoids.* Adenocarcinomas
often initiate from premalignant lesions of the mucosa via the “Correa cascade”.® Briefly,
environmental (e.g. Helicobacter pylori (H. pylori) infection, diet, smoking) and genetic
factors (e.g. polymorphisms, genetic instability) may predispose to chronic and atrophic
gastritis, characterized by the loss of glandular elements and replacement by metaplastic
cells or fibrosis. Atrophic gastritis may progress to a more severe presentation in which
the gastric mucosa is transformed into an intestinal-like phenotype, known as intestinal
metaplasia. Through the combination of genetic events and the interaction with the host
microenvironment, intestinal metaplasia may give rise to dysplasia and, ultimately, to
carcinoma.

Box 1 | Familial forms of GC

H ereditary GC is represented by three main syndromes: hereditary
diffuse gastric cancer (HDGC), gastric adenocarcinoma and
proximal polyposis of the stomach (GAPPS), and familial intestinal
gastric cancer (FIGC). HDGC, the first hereditary syndrome identified
in GC, is mainly cause by heterozygous germline mutations of
E-cadherin (CDH1) or E-catenin (CTNNA1) genes.®” Nevertheless, a
reasonable proportion of HDGC cases have unknown inherited cause,
which also occurs for non-APC related GAPPS and for all FIGC.?




This transformation cascade has been well defined along the years. However, it is not
sufficient to explain the pathogenesis of all GC cases. Indeed, GCs that poorly associated
with environmental factors are thought to arise from genetic alterations. At the somatic
level, GCs display a wide range of molecular alterations,® that include: gene mutations,
predominantly of TP53 gene (~50% of GCs); copy number alterations, namely amplification
of ERBBZ2 gene (~15% of GCs); gene fusions; epigenetic modifications, alternative splicing;
and, non-coding RNA mechanisms, particularly mediated by microRNAs. Such genetic
events are at the basis of the malignant transformation of epithelial cells, allowing them to
acquire advantages that sustain their local and systemic dissemination.

To successfully disseminate, GC cells often acquire proliferative or mobility skills that
enable them to grow or spread locally and gradually along the stomach wall (Box 2, Figure
1).1° Once tumour cells reach the submucosa, they may intravasate into blood or lymphatic
vessels and spread systemically. Dissemination through the lymphatic vasculature results
in lymph node metastasis, while haematogenous dissemination typically culminates in liver
and lung metastasis. Alternatively, tumour cells that perform a complete invasion of the
gastric wall, may directly invade the organs that are adjacent to the stomach, i.e., spleen,
pancreas, colon and liver, or disseminate through the peritoneum. In women, intraperitoneal
dissemination may lead to ovary metastasis, giving rise to Kruckenberg tumours.” In
either case, tumour cells initiate a metastasis cascade that requires survival in the hostile
environments of vasculature and intraperitoneal fluid circulation; extravasation, and
colonization into other organs. Metastasis, particularly in distant organs, is a demanding and
extremely harsh process, to which not all tumour cells are equipped for."? Thus, metastasis is
a highly inefficient process that may take several years to occur. Unfortunately, this process
is thought to be initiated during the early steps of GC progression, where the disease is
asymptomatic.”™ Altogether, these factors give enough time for a successful metastatic
event to occur, thus culminating in a high prevalence of metastasis, the most frequent cause
of GC patients’ death.

Box 2 | Layers of the stomach wall

he stomach wall is structured into four
main tissue layers that enable the
chemical and mechanic functions of the

stomach. The mucosais ahighly specialized Mucosa
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Figure 1. GC local and systemic dissemination. Tumours (T) may disseminate locally, through the complete
invasion of the wall, to organs surrounding the stomach, e.g. liver (L), spleen (S), pancreas (P), colon (C) and
peritoneum (Pr). Peritoneal dissemination may cause ovary metastasis (O) in women. Tumour cells may also
enter lymphatic (green) and blood (red) vessels, and eventually originate metastasis in local and regional lymph
nodes (LN), lung (Lu) and liver (L).

1.2.Histological and molecular classification of GC

The intrinsic cellular and environmental factors, along with the location of the GCs may
strongly conditionate their growth and behaviour, leading to a wide variety of histological
patterns. Adenocarcinomas have been traditionally classified into intestinal and diffuse
types, according to Laurén classification (Figure 2).'* Intestinal GCs, commonly found in
elderly people, present glandular structures that grow through the stomach wall, and often
disseminate haematogenous to distant organs. Intestinal GCs behave less aggressively
than the diffuse GCs,' which display poorly cohesive and infiltrative cells that disseminate
to lymph nodes and to the peritoneum, inducing peritoneal carcinomatosis. Diffuse GCs are
prevalentin young people, particularly in females, and may present a hereditary component.
Although both subtypes share similar environmental risk factors, these seem to be more
associated with intestinal GCs. Consequently, intestinal GCs are commonly diagnosed in
high-risk regions and its incidence is steadily decreasing over time. Although dating 55
years, Laurén’s classification continues to be widely accepted and used, due to the clinical
relevance of the intestinal and diffuse subtypes. In some patients, tumours simultaneous
present intestinal and diffuse growth patterns.’® These tumours, classified as mixed
GCs, associate with larger tumours, enhanced local and lymphatic invasion, and lymph




node metastases, leading to a worst prognosis as compared to ‘pure’ intestinal or diffuse
GCs."® Nevertheless, some patients present tumours with neither intestinal, nor diffuse
features, that are classified as indeterminate GCs. This last group includes a particularly

wide range of histological patterns, which fostered the need of more detailed histological
classifications, as proposed by the Japanese Gastric Cancer Association and the World
Health Organization.''® Although extremely informative, these classifications do not show
significant associations with epidemiological, clinicopathological or prognostic features.

Intestinal Diffuse Mixed Indeterminate
Glandular structures Poorly cohesive cells Intestinal & diffuse patterns Wide range of histological,
Late onset Early onset Larger tumours patterns with distinct
Frequent in males Frequent in females Enhanced lymphatic & epidemiological and
Haematogenous spread Lymphatic dissemination haematogenous spread clinicalpresentations

Prognosis Scale

Figure 2. Histological classification of GCs according to the Laurén classification. Representative images
of the morphological patterns and summary of the main features for each class of tumours.

Recently, the advent of next-generation sequencing approaches in the study of large
series of GCs, guided the identification of new GC classifications based on tumour molecular
features. The first classification of GCs was based on gene expression signatures and
proposed by Tan and colleagues, in 2011.%° Their study showed that a panel of 37 GC cell
lines could be divided into two subtypes: genomic intestinal (G-INT) and genomic diffuse
(G-DIF). While G-INT displayed up-regulation of carbohydrate and protein metabolism,
and cell adhesion, G-DIF were enriched for cell proliferation and fatty acid metabolism.
These subtypes were further validated in 521 patients from four independent cohorts, which
showed that patients with G-DIF had poor prognosis, as compared to the ones with G-INT.
The overall concordance between their genomic classification and Laurén classification was
64%, which could be potentially explained by the contribution of mixed and indeterminate
GCs.

Through the combination of tumour biological features and their response to therapy, Lei
and colleagues classified GCs as proliferative, metabolic, and mesenchymal GCs.?' These
subtypes were respectively associated with an enrichment of gene sets related to cell
cycle, metabolism and cell adhesion/extracellular matrix interactions. Both metabolic and
mesenchymal GC subtypes had low number of TP53 mutations and seemed to respond
better to treatments, whereas proliferative GCs had high number of TP53 mutations and
shorter disease-free survival.



The efforts made by The Cancer Genome Atlas (TCGA) network further expanded
the molecular GC characterization through the simultaneous analysis of somatic copy-
number variation, whole-exome sequencing, DNA methylation, mMRNA and microRNA
sequencing, and protein expression in 295 primary gastric adenocarcinomas.?? This
comprehensive analysis culminated in the identification of four GC subtypes: Epstein-
Barr virus (EBV)-positive GC, GC with microsatellite instability (MSI), genomically stable
(GS) GC, and GC with chromosomal instability (CIN). EBV-positive GCs had pronounced
DNA hypermethylation, exhibited recurrent mutations of PIK3CA, ARID1A and BCOR,
and amplification of JAK2 and ERBB2 genes. This profile indicates that EBV-positive GCs
may respond well to targeted therapies based on phosphatidylinositol-3-kinase (PI3K),
and Janus-associated kinase 2 (JAK2) inhibitors. MSI GCs, caused by the transcriptional
silencing of the DNA mismatch repair gene MLH1, harboured high mutation rates and
recurrent mutations of PIK3CA, and ERBB3 genes. Infection by EBV, in the first group, and
the high mutation load observed in MSI GCs elicit strong anti-tumour immune responses. To
counteract this, tumour cells acquire overexpression of programmed cell death ligand (PD-
L)-1/2, which binds to programmed cell death (PD)-1 receptors on activated T cells, causing
their inhibition.? Therefore, EBV-positive and MSI GCs with overexpression of PD-L1/2
are excellent candidates for immunotherapy based on immune checkpoint antagonists.
CIN GCs featured marked aneuploidy, and recurrent amplification of receptor tyrosine
kinases (RTK) genes, e.g. ERBB2. Lastly, tumours without aneuploidy, hypermethylation,
or elevated mutation rates were included in the GS subtype. GS tumours had CDH1 and
RHOA mutations, and CLDN18-ARHGAP rearrangements. Such genetic alterations are
known to disrupt cell adhesion and promote cell migration/invasion. While EBV-positive,
MSI, and CIN GCs were more associated with intestinal histology, the GS subtype was
enriched in tumours histologically classified as diffuse.

Overall, the TCGA study provided crucial information for GC patient stratification and
therapeutic targets for distinct patient groups. Nevertheless, no association with clinical
outcome or prognosis was found in this cohort. This gap was filled with the study of the
Asian Cancer Research Group (ACRG), which analysed targeted sequencing, genome-wide
copy number and gene-expression data of 300 primary GCs to identify clinically relevant
subtypes of GC.?* Four subtypes of GC were identified based on the clinical outcomes
and prognosis: MSI-high GC, microsatellite stable/epithelial-mesenchymal transition (MSS/
EMT) GC, MSS/TP53* GC, and MSS/TP53 GC. MSI-high GC was the group with best
overall prognosis and lowest recurrence frequency (22%). The majority of MSI-high tumours
had intestinal histology and were diagnosed at early stages. MSI-high GC associated with
hypermutation of ARID1A, MTOR, KRAS, PIK3CA, ALK and, PTEN genes. Similar to the
MSI group described by the TGCA study, these tumours also displayed overexpression of
PD-L1, and had abundant T cell infiltration. At the opposite side of the spectrum, MSS/EMT
GCs had the worst prognosis and the highest frequency of recurrence (63%). MSS/EMT
GCs were mostly of diffuse-type histology, diagnosed at advanced stages, and at earlier
age. Moreover, peritoneal dissemination was frequently observed in patients carrying MSS/
EMT tumours. Despite the low mutation load, MSS/EMT GCs often display loss of CDH1
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expression, which associated with loss of cell adhesion, angiogenesis and motility. The
subtypes that had intermediate prognosis and recurrence rates, MSS/TP53* GC and MSS/
TP53 GC, generally displayed intestinal histology and occurred in males. MSS/TP53* GCs
were characterized by frequent EBV infection and mutations of ARID1A, PIK3CA, SMAD4,
and APC genes, whereas MSS/TP53 GCs featured high TP53 mutation rates.

Comparing the last two GC classifications, the EBV*, MSI, CIN, and GS subtypes
defined in TCGA cohort generally match the MSS/TP53*, MSI, MSS/TP53, and MSS/EMT
groups proposed by the ACRG. The integrative data provided by these studies paved the
way for a better patient stratification, and for the development of tailored therapies and
immunotherapies in GC.

1.3.Diagnosis and treatment of GC

GC is asymptomatic during the initial steps of disease progression, and even at late
stages symptoms are not specific, which hampers an accurate GC diagnosis. Furthermore,
clinically relevant GC biomarkers fail to detect tumors at early stages. Carcinoembryonic
antigen (CEA) and carbohydrate antigen (CA)19-9, the most widely used GC serological
biomarkers, are increased in advanced stage GC and are predictive of relapse. However,
none of these biomarkers, or their combination, are GC specific or present sufficient
sensitivity to detect GC at early stages.?® For these reasons, GC patients are often diagnosed
at advanced forms of disease progression.

GC screening is usually done by endoscopy, that allows for imaging analysis of the
lumen of the stomach and collection of tissue from suspected lesions (biopsies).? When
combined with ultrasounds, endoscopy may also provide information on tumour penetration
depth or invasion of adjacent structures. Endoscopy may be complemented with computed
tomography scan or magnetic resonance imaging of the chest, abdomen, and pelvis,
to evaluate metastasis. The stage, i.e., the extent of cancer, is crucial to define patient
prognosis and to design adequate therapeutic strategies. Thus, patients diagnosed with
GC undergo multiple tests, allowing the establishment of a clinical stage (cTNM) that guides
initial therapeutic decisions.?” Given the benefits observed from preoperative (neoadjuvant)
therapy in patients with localized GC, the number of patients that receive this therapy has
been rising. Neoadjuvant therapy may reduce tumour burden and metastasis, which affects
patient staging. Thus, before continuing the therapeutic course, patients may be re-staged
(ypTNM) to potentially adjust therapy. When patients are eligible for surgery, the pathological
assessment of the invaded structures will enable the refinement of the staging (pTNM). The
TNM staging system for GC describes tumours according to the depth of invasion of the
stomach wall (T), the regional lymph nodes that were infiltrated by tumour cells (N), and the
presence of distant metastasis (M).

Patients with local or locoregional disease are eligible for surgery, the only potentially
curative treatment currently available.?® GC resection surgery may require total, subtotal
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or distal gastrectomy, depending on tumour depth, as well as nodal dissection, to remove
infiltrated lymph nodes.?® Patients that present inoperable locally advanced or metastatic
tumours (Stage IV) have the worst prognosis. If patients are fit enough, they are guided to
palliative chemotherapy that shows improved survival and quality of life, as compared to
best supportive care alone. Currently, the 5-year survival rate significantly decreases from
57% to 5%, for patients with clinical stage | and 1V, respectively (Table 1).%”

Table 1. Clinical stage and 5-year overall survival in GC patients. Adapted from the AJCC Cancer Staging
Manual®

Clinical stage group 5-year survival ( %) Patients (n)

Stage | 56,7 1418
Stage Il 37,4 1079
Stage I 25,9 1427
Stage IV 5,0 3382

The molecular characterization of GC has provided new therapeutic targets and
identified patients that may benefit from these therapies, as well as from immunotherapy.
Indeed, some of these have already been included in GC therapeutic strategies, mainly for
patients with advanced disease. Unfortunately, so far, these therapies have only minimally
improved patient prognosis.?®

Currently, GC management entails two main problems: the late diagnosis and the
limited success of the available therapeutic options for advanced disease. Both problems
seem to be partially due to the high tumour heterogeneity, that reflects not only the
distinct histological and molecular features observed interpatient, but also the intratumoral
heterogeneity, i.e., variations within the same tumour.®° As aforementioned, GC diagnosis
is established based on biopsies, reflecting tumour pathology in specific sites of the tumour
and at a single timepoint, i.e., the moment of diagnosis. Thus, therapeutic decision is often
made upon a static and limited sample analysis, that may not fully represent the tumour.
Moreover, biopsies are invasive methods, which hampers the dynamic follow-up of disease
progression.

For these reasons, current efforts to find Box 3 | Liquid biopsies

early GC biomarkers are focusing on liquid iquid biopsies are samples obtained
biopsies (Box 3).3' This minimally invasive from body fluids, e.g., blood, saliva,
collection of tumour-derived material would or urine, containing tumour genetic
facilitate the dynamic and more frequent  material or bioproducts resulting from
monitoring of the disease. Additionally, these  its activity. Circulating tumour cells,

samples would include the contribution of all ~ Cellfree nucleic acids (e.g., DNA,
microRNAs or long non-coding RNAs)

and extracellular vesicles (EVs) have
been extensively studied in the demand
for novel diagnostic and therapeutic
biomarkers from liquid biopsies.

tumour cells, which may reduce the sampling
problem associated with tissue biopsies. Given
the known pathogenesis of GC, the most
promising bodily fluids for liquid biopsies include




the blood, peritoneal fluid, gastric juice, and lymphatic fluid.?® This strategy has provided a
high number of biomarker candidates with good sensitivity and specificity; however, none of
these has been validated for clinical use.?®

To resume, GC is a highly heterogeneous disease, both genetically and biologically.
Accumulating knowledge on the environmental factors that cause GC has been translated
into a gradual reduction in GC incidence; however, GC pathogenesis remains largely
unknown. Consequently, GC patients are often diagnosed at advanced stages, presenting
local recurrent or metastatic disease. For these patients, available treatment options are
largely palliative and the 5-year survival extremely reduced. Recent efforts have provided
valuable information for GC patient diagnosis, stratification, treatment, and follow-up, but
their clinical value is yet to be confirmed. Making use of the great amount of molecular
information currently available, prospective studies should focus on addressing specific
aspects of GC biology using adequate research models.

2. 3D (Re)Modelling of Gastric Cancer

2.1.Modelling cancer research

Tumours are carved in a complex three-dimensional (3D) microenvironment, where
biochemical and biophysical stimuli interact and are integrated to determine cell fate.
The high density of cellular and extracellular factors involved in tumour development and
progression, is a major hurdle for the development of faithful pre-clinical cancer models.*?
Consequently, 90% of the drugs that perform well in pre-clinical studies fail in human clinical
trials, leading to a challenging translation of promising scientific knowledge into effective
therapies.?*%

Despite the acknowledged importance of 3D cell architecture, as well as cell-cell and cell-
matrix interactions, cancer research continues to conventionally use two-dimensional (2D)
models that poorly recapitulate tumour features. These 2D cultures are largely performed in
flat plastic or glass surfaces, and represent a simple, convenient, and cost-effective option.
Moreover, cell monolayers allow an easy handling and integration with a wide range of
techniques.® Nevertheless, these in vitro cultures do not reproduce in vivo cell architecture,
polarization, or growth; hence, their physiological relevance is highly limited.*

In contrast, animal models provide the in vivo complexity and dynamics of tumour
processes. These models have been widely used to gain insight on the basics of cancer, and
for the establishment of adequate therapeutic strategies, before translation into clinical trials.
Patient-derived tumour xenografts (PDTXs) are one of most common in vivo tumour models,
and closely mimic the biological tumour features.®” PDTXs are generated by subcutaneous
or orthotopic transplantation of fresh patient-derived samples into immunodeficient mice.
These models are expensive, time- and resource-consuming approaches, and their success
may be limited by the efficiency of engraftment, and by the availability of patient-derived
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samples in some tumour types. Of notice, as PDTXs may undergo mouse-specific tumour
evolution, the output provided by these models may diverge from that observed in patients,
thus making these models less representative of human tumours.*® Moreover, animal
models may not faithfully recapitulate the genetic heterogeneity, histological complexity,
immune interactions, and anatomical human contexts.®® Hence, differences between
species, may foster distinct responses in animal models and in humans, namely regarding
toxicity.® Lastly, animal experimentation raises important ethical considerations, and their
use should be restricted as much as possible.

Under this scenario, 3D models have been proposed to improve the output of in vitro
studies and to reduce the use of animal models. Since the first report of multicellular
spheroids in cancer research, in 1971,* the field has evolved to better recapitulate tumour
specifications and heterogeneity, leading to a complex myriad of 3D in vitro cancer models.
This path has shown that the composition and architecture of 3D cultures may deeply affect
cell behaviour, drug sensitivity, and toxicity.*? Thus, to select the most appropriate 3D model,
researchers have to consider the pros and cons (Figure 3), the ability to mimic specific
biological contexts, and the predictive value of each method.

2D monolayers Spheroids/organoids Animal models
olalalolelelelo / 3
< . P
- )
>, | > 4 |
= .
Well established and Physiologically relevant, Provide patho/physiologi-
7 inexpensive, easy manipu- allow a more realistic cal context and dynamis.
8 lation and downstream representation of cellullar
o analysis. interactions and in vivo
conditions.
Lack of predictivity and Some models contain Genetic differences may
g reduced representation of undesirable elements or hamper mouse-human
(o) the real cellular environ- may be difficult to apply in comparisons; Technically
© ment. large-scale studies. and ethically challenging.

Figure 3. Pros and cons of the 2D in vitro (monolayers), 3D in vitro (spheroids and organoids) and
animal models.

Spheroids have been the most widely used 3D model in cancer research. These spherical
and heterogeneous cell aggregates are generally composed by a layered structure, with
rapidly proliferating cells surrounding a more quiescent and hypoxic core.*®* Spheroids
maintain the 3D architecture and tissue-specific functions, either growing in suspension or
embedded in relevant matrices.** This model offers a highly controlled and relevant context
to assess cell-cell and cell-matrix interactions underlying tumour growth, progression, and
therapeutic response.*> Spheroid arrangement generates gradients of nutrients, metabolites,
and oxygen that recapitulate those observed in tumours. Interestingly, when spheroids grow
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over 400-600 um, the central core becomes necrotic, as observed in poorly vascularized
tumours.*® To date, several methods have been proposed to create multicellular spheroids,
commonly using immortalized cell lines, which may no longer replicate the genetic
heterogeneity of the original sample. To avoid this caveat of in vitro models, the use of
primary cells should be further optimized.

Spheroids have been widely used to study stem cell properties; this particular subtype of
spheroids is generated by seeding low numbers of cells into a non-attachment environment,
and under supplementation with specific stemness-associated growth factors. Cells that
survive and proliferate, leading to spheroid formation, are thought to have stemness
properties. This method has been useful to study and identify adult stem cells in tissues and
tumours, which paved the way for the development of organoids.

Organoids are differentiated and self-organized organotypic structures, that can be
derived from adult or induced pluripotent stem cells.*” This model was first established in
2009 by Sato and colleagues,*® who showed that single intestinal stem cells could generate
highly polarized epithelial structures, with proliferative crypts and differentiated villus. In
this study, cells expressing leucine-rich repeat-containing G protein-coupled receptor 5
(LGR5) where embedded in Matrigel and cultured under serum-free medium, containing
stem cell niche- and tissue-specific growth factors: R-spondin, an Wnt agonist; epidermal
growth factor (EGF), and; noggin, an inhibitor of bone morphogenetic protein. Alternatively,
organoids can also be produced using an air-liquid interface, with growth factors being
supplied by stromal cells.*®

Currently, organoids can be derived from several healthy organs, such as intestine, brain,
and stomach, but also from tumour tissues.*” Organoid cultures can be stably maintained
for long periods, and genetically engineered to closely replicate tumour genomic alterations.
This methodology holds crucial implications in prospective cancer research, as it enables
the parallel study of tumour and healthy tissue-derived organoids, to better evaluate
therapeutic efficacy and toxicity. Nonetheless, organoid cultures also display limitations like
the lack of blood vessels.® Moreover, their ex vivo culture requires the supplementation
with growth factors and embedding in an appropriate extracellular matrix (ECM), which may
influence or even hamper the study of certain biological questions. An additional concern
is the maintenance of their clonal heterogeneity, as organoids containing more than one
tumour clone may undergo selective pressure along passages. Thus, during a long-term
culture, the overall genotype and phenotype of organoids may be altered, which may induce
reproducibility issues.®'

Both spheroids and organoids may be embedded in natural or synthetic ECM structures
(Box 4), that provide important environmental cues for the modulation of intercellular
signalling, and consequently, cell behaviour.5?* Tissue specific decellularized matrices have
been presented as a good option to specifically reproduce the in vivo extracellular signals
involved in tumour pathogenesis.®'%® The decellularization process involves the removal of
cellular components from native or regenerated tissues, maintaining the ECM composition
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Box 4 | Synthetic and natural ECM N atural matrices, such as collagen or
reconstituted basement membrane

Synthetic materials, like polyethylene (e.g., Matrigel), are easy to use, bioactive,
glycol, provide a great control over and capable of reconstituting the ECM in
the physical and biochemical experimental which tumours arise; nevertheless, their
conditions, but they do not represent the in composition is not constant, which may
vivo matrix composition and they are not be particularly important regarding their
bioactive, i.e., they lack interaction with content in growth factors. Moreover, the
cells. To improve their bioactivity, synthetic composition of the ECM varies among
materials can be modified to include well- tissues. Hence, using mouse sarcoma
known ECM signals, such as cell adhesion basement membrane (Matrigel) may not
peptides (Arginine-Glycine-Aspartic acid), be the best option to recapitulate the ECM
metalloproteinase sensitive sites, and of human gastric adenocarcinoma, for
growth factors. Due to their highly regulated instance. To address this problem, several
composition, these scaffolds can be easily studies have already proposed Matrigel
produced and used for large-scale studies. substitutes for organoid cultures.5*%°

and architecture.® Experiments using decellularized ECMs may be difficult to implement in
large scale due to their limited source. Additionally, differences among individuals, along with
intra- and intertumour heterogeneity may hamper the reproducibly of in vitro experiments.
Further studies, on tissue-specific composition and arrangement of these matrices may
allow for its in vitro production using, for instance, 3D bioprinting techniques.

Indeed, microfabrication techniques allow the establishment of in vitro co-cultures
with well-defined localization and composition of ECM and cellular subtypes.®® Therefore,
complex cultures can now be generated to reconstitute several in vivo environments and
niches. Combination of the aforementioned techniques with microfluidics further allows
the study of diffusion of substrates and nutrients, as well as the effect of mechanical
factors.®5%7 Microfluidics is known to provide a higher control and predictability of the spatio-
temporal dynamics of the cell microenvironment. These dynamic models have particularly
improved the study of the metastatic cascade, as they enable the follow-up of tumour
microenvironment communication, cell migration and invasion, intravasation/extravasation,
and colonization.®® Notably, the dynamic mechanical forces provided by microfluidics can
replicate forces encountered in the body, such as the shear stress in blood circulation.®®°
Microfluidic experiments offer the representation of different microenvironments and cell
populations confined in independent, albeit connected, compartments. These organ-on-a-
chip models are the ultimate in vitro representation of physiological and pathological in vivo
scenarios.

2.2.3D in vitro models in gastric cancer

The history of 3D models in GC research (Figure 4) is substantially shorter as compared
to other fields. Indeed, the value of these models to better understand GC molecular
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GC spheroids recapitulate the in vivo growth pattern and differentiation levels of GC. Mayer et al.
Gastroenterology

Identification of GC stem cells through the surface marker CD44. Takaishi et al. Stem Cells

First spheroids from primary human GC stem cells. Han et al. Cell Mol Life Sci

Study the crosstalk between GC cells and their microenvironment using co-cultures
The role of innervation duing GC pathogenesis. Zhao et al. Sci Transl Med
The role of fibroblasts and ECM remodeling in GC progression. Yamaguchi et al. PLoS One

Understanding RHOA mutations in diffuse-type GC
Identification of gain-of-function RHOA mutations. Kakiuchi et al. Nat Genet
Functional impact of RHOA mutations in anoikis evasion. Wang et al. Nat Genet
Gastric organoids to model human development and disease
Development of the first H. pylori infection model in organoids. McCracken et al. Nature
TGFBR?2 as a metastasis-suppressor gene in diffuse-type GC. Nadauld et al. Genome Biol

Gastric organoids to explore the mechanisms underlying H. pylori infection
Region-defined inflammatory response to H. pylori infection. Bartfeld et al. Gastroenterology
H. pylori detects and destructs urea to locate at the gastric epithelium. Huang et al. Cell Host Microbe

CD44 plays a functional role in H. pylori-induced epithelial cell proliferation. Bertaux-Skeirik et al. PLoS
Pathog

H. pylori infection increases Snail expression. Wroblewski et al. GUT
H. pylori infection increases sonic hedgehog transcription. Schumacher et al. Helicobacter

Gastric organoids can be transformed into 2D dense planar cultures of polarized epithelial cells for H.
pylori infection studies. Schlaermann et al. GUT

Gastric spheroids recapitulate the CD44 alternative splicing of tumours. da Cunha et al. Biomaterials

RHOA signalling promotes cancer stem cell phenotype and induces chemoresistance. Yoon et al. Cli
Cancer Res

KMT2C knockdown induces cancer stem cell properties in non-malignant gastric spheroids. Cho et al.
Clin Cancer Res

Cancer-associated fibroblast-induced DDR1 expression promotes peritoneal metastasis. Jin et al. Mol
Cancer Res

Gastric spheroids reproduce the tumour profile of glycans and glycoproteins. Balmaria et al. Molecules

GC patient organoids enable the translation of tumour molecular features and phenotypic features,
such as Wnt and R-spondin signalling. Nanki et al. Cell

ERBB3 downregulation suppresses spheroid formation and tumour growth in intestinal-type GC. Lee
et al. Gastric Cancer

IFN-y promotes parietal cell atrophy during progression of gastritis to gastric atrophy and metaplasia.
Osaki et al. J Pathol

TFF1 suppresses gastric pathogenesis by blocking IL6-STAT3 pro-inflammatory signalling axis. Soutto
et al. Nat Commun

Kras activation controls cellular dynamics and progression to dysplasia. Min et al. Nat Commun

Development of human GC organoids to predict patient response to chemotherapy. Steele et al. Cell
Mol Gastroenterol Hepatol; Seidlitz et al. GUT

Immature LGR5-CD44+ gastric cells are prone to transformation and to originate early dysplastic
lesions. Fu et al. Nat Commun

Co-deletion of Cdkn2a and Trp53 promotes GC associated with replication stress. Sethi et al. Nat Genet

Figure 4. Major breakthroughts in GC research using 3D in vitro models. Studies using spheroids are
represented in black and organoid based studies in grey.
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pathogenesis and treatment response is only now being unveiled.

The first 3D models of GC were developed in 2001, when Mayer and colleagues applied
the concept of multicellular spheroids to the in vitro study of human gastric carcinomas.”
In this study, a large panel of GC cell lines were cultured as multicellular spheroids,
through a liquid overlay technique. From these spheroids, ~70% could recapitulate the
growth pattern and differentiation levels of corresponding xenografts in immunodeficient
mice. Heterogeneous levels of cell adhesion molecules were found between 2D and 3D
conditions, and across spheroids. For instance, E-cadherin, an important player in epithelial
differentiation,”? which is often deregulated in GC, was expressed in spheroids representing
adenosquamous or tubular differentiated tumours but not in those representing poorly
differentiated carcinomas, mimicking the observations found in tumour tissue samples.

Few years later, by culturing human GC cell lines under serum-free media and non-
adherent conditions, Takaishi and colleagues verified that some of these could produce
spheroids.” Interestingly, only the cell lines that were able to form spheroid colonies were
found to be tumorigenic in severe combined immunodeficient mice. These observations
suggested the existence of a population of cells with cancer stem cell phenotype among
GC cell lines. Such GC-initiating cells could be identified through the expression of CD44
surface marker, which became the first GC stem cell marker to be used in the isolation of
cancer stem cells from primary human tissues.” Endowed with self-renewal and tumorigenic
capabilities, cancer stem cells play a central role in tumour development, metastasis, and
drug resistance.” Thus, after the discovery of GC stem cells, the use of 3D sphere formation
assays to study the biology and clinical value of these cells grew exponentially.

Alongside, GC spheroids have been used to test drug delivery, efficacy, and toxicity due
to the improved capacity to recapitulate tumour growth, architecture, and differentiation,
as compared to traditional monolayered cultures.”®% Indeed, by culturing GC cells lines
in nanofiber scaffolds, Kim and co-workers showed that increased drug resistance, in
3D conditions, was not due to limitations in mass transport, but rather to intrinsic cellular
properties.®!

GC cells cultured within collagen-I, Matrigel, or alginate hydrogels, have been shown to
lose the expression of standard isoforms of CD44, and gain de novo expression of CD44
variant 6.82 Notably, the same CD44 splicing pattern observed in 3D spheroids, but not in
2D monolayers, was identified in human premalignant and malignant gastric lesions.® Of
notice, CD44 splicing switch was associated with increased expression of genes involved
in metastasis-related processes, like epithelial-to-mesenchymal transition (Snail, ZEB1T),
angiogenesis (ANGPT2), and aberrant metabolic pathways (ACLY, IGFB7). Moreover,
GC cells cultured as 3D spheroids may undergo extensive modulation of the glycosylation
pattern.® Balmafa and colleagues demonstrated that changes in the glycocalyx of GC cells
resulted in increased expression of cancer-associated glycan antigens and mucin (MUC)1,
reproducing the profile of glycans and glycoproteins observed in tumours. As such, this
model provides a new platform to study the therapeutic potential of aberrant or de novo
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expression of glycan structures arising along the malignant transformation of the gastric
mucosa.?®

This better representation of tumour features by 3D models has been exploited to improve
the scarce knowledge on the pathogenesis of GCs. Namely, spheroids and organoids have
been used to enlighten the functional relevance of RHOA mutations (~14-25%),22#%8 to
unveil the molecular mechanisms underlying recurrent mutations of KMT2C gene (~41%)%,
and to validate and modulate the metastatic potential of TGFBR2 loss® in diffuse-type GCs.

Due to the high resemblance between gastric organoids and the physiological gastric
mucosa, these 3D models have also been quite useful to revise the mechanisms underlying
GC initiation and development, among which the crosstalk between gastric cells and H.
pylori.®*-%8

The use of 3D models to study premalignant lesions has shown that IFN-y promotes
parietal cell atrophy during the progression of gastritis to gastric atrophy and metaplasia®
and that Trefoil Factor 1 (TFF1) may suppress gastric pathogenesis by blocking the
IL6-STAT3 pro-inflammatory signalling axis.’® Min and colleagues demonstrated that
Kras activation controls cellular dynamics and progression to dysplasia, and described
cellular heterogeneity in dysplastic cells as the consequence of two simultaneous stem
cell populations in dysplasia.”® By further exploring somatic alterations in cancer genes
detected in normal and premalignant tissue, Sethi and co-workers showed that the co-
deletion of Cdkn2a and Trp53 genes was sufficient to promote GC. Interestingly, Cdkn2a™
Trp537 mice organoids showed replication stress, which exposed a potential susceptibility to
DNA damage response inhibitors.'2 The development of gastric organoids also empowered
the study of GC pathogenesis in areas with junction of two types of gastric epithelium.'®
Although, these regions are known to be cancer-prone, the mechanisms underlying such
malignant transformation are not well understood. Fu and colleagues reported that the
squamous-columnar junction contained a highly proliferative pool of immature LGR5-CD44*
cells that were prone to transformation and that originated early dysplastic lesions.

The high fidelity and flexibility rendered by 3D models is also supporting a better
integration of molecular and phenotypic heterogeneity observed in human GCs. A
comprehensive analysis of organoids developed from 36 GC patients, carrying tumours
with distinct molecular features, showed a high prevalence of Wnt and R-spondin signalling
independence.'™ The authors showed that Wnt signalling independence was achieved
through distinct mechanisms, such as epigenetic regulation and loss of APC protein
function. Moreover, simultaneous mutations in CDH71 and TP53 genes conferred R-spondin
signalling independency. This study showed, for the first time, a successfully translation of
genotype-based knowledge into important phenotypic features of human GCs.

Other studies have indicated a high predictive value of organoids to determine therapy
response and resistance to standard-of-care chemotherapy or targeted therapies, according
to the molecular profile of human GC organoids (e.g., trastuzumab for ERBB?Z2 alterations
and palbociclib for CDKN2A loss).'%% On the other hand, the analysis of the gene
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expression profiles of intestinal and diffuse spheroids led to the identification of candidate
genes for targeted therapy.'”” ERBB3 expression was specifically increased in intestinal
spheroids, and its downregulation resulted in suppression of both in vitro spheroid formation
and in vivo tumour growth. Of notice, ERBB3 expression in intestinal-type GC correlated
with decreased patient survival.

Finally, the great flexibility of spheroid cultures facilitates the study of the interactions
established between the tumour and its microenvironment. Notably, co-cultures between
GC spheroids and fibroblasts demonstrated the important role of fibroblasts in the in
vitro invasion and in vivo peritoneal dissemination of GC cells.'%1% Similarly, Zhao and
colleagues addressed the molecular mechanisms underlying tumour innervation through
the analysis of organotypic cultures of GC cells and neurons.'® These authors found that
neuron stimulation promoted tumour growth via Wnt and cholinergic signalling pathways.
Concordantly, pharmacological inhibition or genetic knockout of the muscarinic acetylcholine
M3 receptor suppressed gastric tumorigenesis.

2.3.New approaches to improve gastric cancer preclinical studies

The aforementioned models have greatly contributed to the understanding of GC
pathogenesis, and may be of utmost importance for the development of personalized
therapies for GC patients.

Following the success of organoid-based drug screenings performed for breast,
colorectal and prostate cancers, high-throughput screening platforms using patient-derived
organoids may revolutionize treatment strategies in GC.""'® Due to the high heterogeneity
of GC, organoid biobanks should include models of the distinct molecular and histological
phenotypes encompassed in GC pathogenesis.* The simultaneous use of these organoids
for molecular profiling and drug response assessment, may unveil causal genetic and
epigenetic alterations that could improve patient stratification and patient-centred treatment
regiments. Additionally, organoids may be particularly relevant for the study of hereditary or
less common forms of GC, which are often challenging to faitfully recapitulate using in vitro
and animal models.

The recognized impact of tumour microenvironment elements on drug response
highlights the need for upgraded in vitro cultures including vasculature and immune cells.®
As previously observed for mismatch repair-deficient colorectal cancer and non-small
cell lung cancer, tumour organoids can be cultured with patient immune cells to enrich
for tumour-reactive T cells and to assess the sensitivity of tumour cells to T cell immune
response.''® Of notice, T cells cultured with patient-derived organoids are known to maintain
the original tumor T cell receptor (TCR) spectrum and elicit anti-tumour cytotoxicity."”
Overall, these studies suggested that advanced co-cultures with patient organoids and
autologous immune cells may be important tools for immuno-oncology investigations and
may accelerate personalized immunotherapy testing.

3D (Re)Modelling of Gastric Cancer _



Spheroids provided a flexible option to study the complex tumour intercellular
communications, as they can be cultured with a wide range of ECM and cell populations.
Nevertheless, to potentiate the value of these models, future efforts should prioritize the use
of primary normal and GC cells,'® and the integration with microfabrication and microfluidic
techniques.”®'2 The development of tissue/organ inspired models that integrate local
cellular interactions with distant communication may provide new molecular targets to
control or prevent GC progression and metastasis.

Overall, the complexity of the model should reflect the complexity of the biological
question and include the necessary elements that may influence the outcome. As a model,
these approaches will never perfectly reproduce human biology, yet a fine and balanced
complexity may highly improve their predictive value and pave the way for ‘clinical trials-on-

chip’.

3. Networks of Communication in Gastric Cancer

3.1.Intercellular communication

From macro to micro, life is only sustainable due to the orchestration of several layers
of communication. Indeed, physiological complexity and functioning are maintained by
deep communication networks established between, and within, systems, organs, tissues,
and cells, that ensure a dynamic exchange of messages from one cell to another. This
mechanism is also crucial for the successful tumour development and progression.

Intercellular communication is usually described according to the ‘length’ of the
interactions.' Direct cell communication typically regards autocrine and juxtracrine
signalling, depending whether the recipient cell, i.e., the cell that receives the information,
is the donor cell itself, or a direct neighbour cell. Indirect cell communications can be
established locally via paracrine and synaptic signalling, or within a long distance through
endocrine communication. Most commonly, these communications are accomplished
through molecular signals, such as proteins and small peptides, lipids, carbohydrates,
and nucleic acids. These bioactive molecules interact with recipient cells and lead to
modifications in the intracellular signalling pathways, often producing a specific cellular
response. Intercellular communication is supported by highly regulated mechanisms that
may include the production of supramolecular structures, such as tunnelling nanotubes,'?
that physically connect cells, or membrane-derived vesicles that are secreted to the
extracellular milieu.

EVs is the general term used to describe small organelle-like vesicles that act as
signalling shuttles both in physiological and pathological settings.'?® Although the first
reports of EVs can be dated to 1946,'%* only 50 years later researchers realized that these
vesicles could be more than ‘platelet-dust’ particles and cellular ‘waste bags’. The study of
Zitvogel and colleagues suggested, for the first time, a role of EVs in immune intercellular
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communication.’® It is now acknowledged that EVs display stable configurations that
enable them to mediate intercellular communication not only locally, but also systemically.
For this reason, EVs are commonly found in bodily fluids, such as blood, urine, and saliva,
from which they can be isolated in a minimal invasive manner. Moreover, since their cargo
is, to some extent, representative of the donor cell features, many have hypothesized the
use of EVs as markers of disease. Thus, these biological materials could provide a minimal
invasive and stable platform to study biomarkers in cancer research.

The term ‘EVs’ refers to a variety of vesicles with distinct biogenesis, cargo, size, and
functional effects, that have been traditionally classified as exosomes or microvesicles.
Exosomes are intraluminal vesicles, formed by the inward budding of late endosomal
membranes, which are secreted upon fusion of the multivesicular endosome with the plasma
membrane.'?62” On the other hand, microvesicles result directly from the outward budding
of the cellular membrane.'?® These distinct biogenesis mechanisms (Box 5) are thought to
determine different cargoes in the two vesicle subtypes, and a generally smaller size for
exosomes (30-150 nm).'® Independently of the biogenesis mechanism, EVs maintain the
same membrane orientation as the donor cells, ensuring that the extracellular domains of
transmembrane molecules continue to be exposed, while the cytosolic components are
enclosed.™?

Once secreted, EVs use these extracellular domains to interact with recipient cells;
EVs may either bind to receptors at the surface of recipient cells, fuse with their plasma
membrane, or be internalized through endocytosis/phagocytosis mechanisms.™® This
interaction is expected to induce a functional response in recipient cells, through the growth
factors and bioactive lipids expressed at EVs' surface, transfer of membrane receptors, or
delivery of EV enclosed cargo. Hence, the result of EV-recipient cell interaction is dependent
on the status of these cells and on the cargo of EVs.

Currently, the high heterogeneity of EV populations hampers the identification of specific
EV markers and the proper classification of EV subtypes.'"3% Following the guidelines
of the International Society of Extracellular Vesicles, the present work makes use of the
general term ‘EVs’ to describe the contributions of both exosomes and microvesicles.'

3.2. Extracellular vesicles in the tumour microenvironment

The biological functions and therapeutic potential of EVs have been recurrently studied
under the scope of cancer progression.’*35 A growing body of evidence has strengthened
the crucial role of EVs in the crosstalk between tumour and its microenvironment, as well as
in the preparation of the pre-metastatic niche. In fact, tumour-derived EVs have been shown
to foster and support several events of tumour development, progression, and metastasis.

To accomplish this, functional molecules, like bioactive lipids,’® mRNAs and
microRNAs, ¥ proteins,'® retrotransposon elements,’® and DNA'#° are actively sorted to
tumour-derived EVs, that will convey the message to malignant and non-malignant cells,
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Box 5 | Biogenesis of extracellular vesicles

he wide heterogeneity of EVs is partially explained by its distinct mechanisms of biogenesis,

sorting of cargo and secretion.'?-13° |Intraluminal vesicles (which give rise to exosomes upon
exocytosis) may be formed due to the negative curvature of the membrane of late endosomes
induced by ceramide, a product of sphingomyelin hydrolysis by neutral sphingomyelinase 2.
Alternatively, endosomal sorting complex required for transport (ESCRT)-I/Il may trigger the
inward budding of the endosomal membrane, which culminates in the formation of intraluminal
vesicles due to membrane constriction and fission promoted by ESCRT-III and ATPase vacuolar
protein sorting-associated protein 4 (VPS4). Along these processes, cargo can be clustered
and sorted to the vesicles by ESCRT dependent (sorting of ubiquitinated proteins by ESCRT-0)
or independent processes, namely mediated by syntenin and small GTPase ADP ribosylation
factor 6 (ARF6). After maturation, multivesicular endosomes fated to exocytosis are transported
to the plasma membrane where they dock to the soluble N-ethylmaleimide-sensitive component
attachment protein receptor (SNARE) proteins to fuse with the plasma membrane. This
intracellular trafficking is notably regulated by several RAS-related protein GTPases, including
RAB7, RAB35 and RAB27. While the mechanisms applied to exosome biogenesis have been
well described along the years, the knowledge on microvesicles remains scarce. It is currently
known that microvesicles may emerge from rearrangement of the plasma membrane or Ca?*-
dependent mechanisms. In the latter scenario, Ca?* dependent enzymes, such as flippases/
floppases, scramblases and calpain, promote the curvature of the plasma membrane through
asymmetries of the membrane phospholipids. Thereafter, actin and myosin arrangements, and
ATP-mediated myosin contraction enable vesicle release. Moreover, production of microvesicles
may be triggered by ceramide-mediated budding, which are initiated by the activity of acid
sphingomyelinases. Deregulation of EV biogenesis in cancer supports the general observations
that tumour release higher amount of EVs, with distinct cargo, compared to non-malignant cells.
Thus, understanding the basis of EV formation may unveil important therapeutic targets and
biomarkers of disease.

located at the tumour surroundings, or at distant sites. As previously mentioned, the content
and surface molecules in EVs may reflect the identity of donor cells. Consequently, the high
heterogeneity observed in human cancers is also represented in the cargo and functional
activity of the secreted EVs. Moreover, secreted EVs may interact with virtually any cell
type, and produce distinct effects in distinct recipient cells. Such combinatorial events lead
to a wide panoply of EVs-associated mechanisms in several cancer models. Here, keynote
studies demonstrating potential roles of tumour-derived EVs in the regulation of tumour
communication will be addressed, particularly emphasizing the contribution of EVs in GC
(GC-EVs) (Figure 1).

The role of EVs in cancer can be generally deconstructed into three components:
tumour-tumour communication, local tumour-stroma interactions, and preparation of
metastatic niches at distant sites. Studies performed in several cancer models, including
GC, have shown that tumour-derived EVs induce tumour cell proliferation through distinct
mechanisms. This effect was firstly reported by Skog and colleagues, in 2008, who
demonstrated that messages delivered by glioblastoma EVs were translated by recipient
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Figure 5. Contribution of EVs to GC development and progression. Schematic representation of
the main roles of EVs in the communication between tumour cells and the cell populations located at their
microenvironment.

cells, and that these EVs could induce proliferation of a human glioma cell line.™' One year
later, Qu and co-workers showed a similar auto-promoting effect in GC cells, in the first report
on the role of EVs in GC."' GC-EVs perceived by GC cells promoted tumour proliferation
through the activation of PI3K and MAPK pathways, an effect that was further validated
in other in vitro and in vivo GC studies.?'* Among these, Li et al. found that CD97 was
involved in the EV-mediated enhancement of tumour cell proliferation and invasion.'4145
Additionally, miR-423-5p transported by GC-EVs inhibited the expression of suppressor
of fused protein (SUFU), thus enhancing tumour cell proliferation and migration.’® The
horizontal transfer of information among tumour cells is also at the basis of drug resistance.
For instance, EVs released by paclitaxel-resistant GC cells, carrying miR-155-5p, could
reduce paclitaxel chemosensitivity in sensitive cells.™” Similar drug resistance mechanisms
have been additionally identified in prostate, lung, breast and liver cancers.'®'5" Notably,
these mechanisms, albeit distinct, seem to be mainly mediated by microRNAs, e.g. miR-
100-5p in lung, or miR-222 in breast cancers.'2153

Tumour local and systemic progression entails constant interactions with immune cells,
either from innate or adaptative system. Hence, it is not surprising that EVs have been
extensively implicated as mediators of anti-tumour immunity and tumour immune evasion. s
In GC, tumour-derived EVs modulate the phenotype of T cells, macrophages, and neutrophils
towards a pro-tumoral environment. Specifically, GC-EVs promote differentiation of naive
T cells into regulatory T cells and Th17 subpopulations via TGF- and miR-451-mediated
mTOR activation, respectively.'®'% As for macrophages, two distinct mechanisms were
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identified. Firstly, GC-EVs were shown to convert macrophages into a pro-inflammatory
phenotype due to the stimulation of nuclear factor (NF)-kB pathway;'’ then, treatment
with GC-EVs promoted increased expression of PD-1 in tumour-associated macrophages,
which was sufficient to suppress the activity of cytotoxic T cells expressing PD-L1."%8 In
both situations, the modulation of macrophage phenotype contributed to tumour growth and
progression. A similar scenario was found when neutrophils were treated with GC-EVs.'®®
In this case, GC-EVs carrying high mobility group box (HMGB)-1 interacted with toll-like
receptor (TLR)4 to activate NF-kB pathway. Consequently, neutrophils polarized into N2
tumour-associated neutrophils, that display increased autophagic response and promote
GC cell migration. In other cancer models, tumour-derived EVs were shown to inhibit the
maturation and function of dendritic cells, and induce apoptosis or suppress the activity of
cytotoxic T cells and natural killer cells.'31%° Notwithstanding, EVs carry tumour antigens
that elicit anti-tumour responses mediated by CD8* and CD4* T cells, and by cytokines or
heat shock proteins that enhance tumour immunity. 61162

As the tumour crosstalk is bidirectional, EVs released by immune cells may also impact
GC progression. As example, macrophage-derived EVs carrying miR-21 stimulated GC
cell migration, suppressed apoptosis by inhibition of programmed cell death (PDCD) 4, and
conferred cisplatin resistance due to down-regulation of phosphatase and tensin homolog
(PTEN) and PI3K activation.'®'% Furthermore, macrophages produced apolipoprotein
E-EVs that promoted GC cell migration, though PI3K signalling pathway.'®® Again, immune
cells may also produce anti-tumour EVs that act on other immune cells to potentiate tumour
immunity.

Fibroblasts are a dominant population in most solid tumours. Under specific stimuli,
these stromal cells may undergo conversion into CAFs, whose main functions include
ECM deposition and remodelling, supporting tumour growth, and interaction with infiltrating
immune cells. Accordingly, tumour-derived EVs have been implicated in the mechanisms
of CAF induction. GC-EVs induced CAFs from normal fibroblasts, umbilical cord-derived
mesenchymal stem cells, or pericytes, via exosomal miR-27a, TGF- and bone morphogenic
protein (BMP)2, respectively.'®41¢ TGF- carried by GC-EVs was shown to interact with
its receptor in human umbilical cord-derived mesenchymal stem cells, promoting Smad
pathway; whereas BMP2 induced PI3K and MAPK signalling pathways in pericytes. CAF
induction supported proliferation, motility and metastasis of GC cells, through mechanisms
that also include EV-mediation.¢6.169

Recent studies have highlighted the participation of GC-EVs in other local tumour-
associated events. Yang and colleagues showed that the uptake of GC-EVs by vascular
endothelial cells promoted angiogenesis by miR130a-mediated inhibition of c-myb gene.'®
Moreover, by functioning as a miR-133 sponge, ciRS-133 activated PRDM16 expression,
which promoted the conversion of white to brown adipocytes.'”! Adipocyte tissue browning is
known to underly adipose tissue loss, indicating that ciRS-133 may mediate the development
of cancer-associated cachexia.
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Lastly, Arita et al. showed that EVs isolated from GC cells lines were internalized by
other GC cells and human normal mesothelial cells.'? GC-EVs promoted migration on GC
cells, and adhesion between mesothelial and GC cells, due to increased expression of
fibronectin-1 and laminin y-1. Following these observations, GC-EVs were shown to induce
peritoneal mesothelial cell infiltration, which accelerated tumour invasion through the
stomach wall."” Moreover, GC-EVs promoted apoptosis of peritoneal mesothelial cells and
mesothelial-to-mesenchymal transition, resulting in the destruction of the mesothelial barrier
and peritoneal fibrosis.'4'"5 MiR-21-5p carried by GC-EVs targeted Smad7 in peritoneal
mesothelial cells to promote mesothelial-to-mesenchymal transition, and consequent GC
peritoneal dissemination.'® Altogether, these findings provided strong evidence on the role
of GC-EVs in peritoneal dissemination, a particularly relevant aspect of diffuse-type GC
progression.

As the tumour develops locally, EVs may disseminate systemically to modulate future
metastatic niches. Indeed, the successful colonization by disseminated tumour cells relies
on a permissive metastatic environment. The first step to improve such permissiveness
is to facilitate the arrival of tumour cells at the metastatic site. Peinado and colleagues
unveiled that EVs secreted by melanoma cells fostered metastasis through the transfer
the oncoprotein c-Met to bone marrow-derived cells.'® C-Met induced the mobilization of
provasculogenic and hematopoietic bone marrow progenitor cells to ensure a vascularized
and immunosuppressive environment at the premetastatic niche. Accumulation of bone
marrow-derived macrophages was also observed in liver metastasis.'”” Briefly, pancreatic
cancer-derived EVs were shown to contain macrophage migration inhibitory factor (MIF),
and induce a pro-inflammatory microenvironment (expression of TGF-3, S100A8 and
S100P) upon uptake by Kuppfer cells. Under this inflammatory environment, hepatic stellate
cells produced and accumulated fibronectin, which promoted recruitment of bone marrow-
derived cells at the liver premetastatic niche.

Current understanding on the EV-mediated metastasis indicates that tumour EVs inherit
a certain organotropism from their donor cells that could be partially determined by the pool
of integrins that EVs express at their surface.'”® Interestingly, the organotropism displayed
by EVs was predictive of the metastatic sites. Mice treated with EVs isolated from lung-
tropic cancer cells could redirect metastasis of bone-tropic cancer cells towards the lung.'”®

To date, although EVs have been implicate in GC metastasis, the underlying mechanisms
remain poorly exploited. Following the abovementioned studies, Zhang et al. showed that
GC-EVs containing epidermal growth factor receptor (EGFR) were uptaken by stromal cells,
when delivered into the liver.'”® Thereafter, EGFR-EVs activated hepatocyte growth factor
(HGF) by suppressing miR26a/b, which facilitated liver colonization by GC cells expressing
c-MET receptor.
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3.3. Clinical heterotypic contributions of extracellular vesicles

The uniqueness of EVs' stability and systemic spread, along with their ability to
recapitulate tumour heterogeneity and dynamic changes, have pointed EVs as promising
sources of GC biomarkers. Moreover, the functional role played by EVs in local and systemic
GC communication may be harnessed to develop new therapeutic strategies.

Early studies have shown that cancer patients often display increased concentrations
of EVs in plasma, as compared to normal healthy donors.' Notably, EVs from patient
samples may enclose distinct expression profiles or even genetic alterations found in the
original tumour samples.'8"8 In GC patients, few genomic alterations have been found in
GC-EVs. In fact, there is only one study showing that EVs isolated from the gastric juice of
GC patients, displayed distinct methylation status of BARHL2 gene, which discriminated
GC patients from healthy donors with a 90% sensitivity and 100% specificity.'8*

On the other hand, EVs isolated from patient and healthy donors often display distinct
transcriptomic profiles, mainly regarding microRNA, long non-coding RNA (IncRNA), and
circular RNA (circRNA). The close analysis of these profiles has provided a great number
of potential biomarkers which, alone or as a panel, could be used in GC diagnosis and
prognosis.'®

EV-proteins that have demonstrated a role in the communication between tumour cells
and their microenvironment, may also have clinical value. Both Gastrokine (GKN)1 and
tripartite motif containing (TRIM)3 EV-associated proteins were found to be significantly
decreased in the serum of GC patients, as compared with healthy donors.'®'®" |n fact,
GKN1 levels in EVs could even discriminate GC patients from patients with non-neoplastic
gastric lesions (atrophic gastritis), hepatocellular or colorectal carcinomas.'® Exosomal
TGF-B1 was correlated with advanced stage GC and lymph node metastasis, suggesting a
putative predictive role of GC prognosis.'® Of notice, these observations await validation in
larger and independent cohorts.

As the role of EVs in GC is only now being unveiled, the therapeutic potential of GC-EVs
remains fairly unknown. A pioneer study from Zhong and co-workers, demonstrated that
EVs isolated from malignant ascites of GC patients induced maturation of dendritic cells and
tumour-specific cytotoxic T cell response.'® Moreover, it was suggested that the release
of EVs by GC cells could be hindered using proton-pump inhibitors, which would reduce
CAF induction and improve drug response.'® Although therapeutic strategies targeting the
release of EVs by tumour cells have been widely suggested, the effects on EV-mediated
physiological communications remain unknown.''%" Further studies on the secretion of
EVs in physiological and pathological conditions are required to develop strategies with
minimal secondary effects.

Lastly, the ability of EVs to carry and deliver distinct bioactive molecules has been
exploited for the development of smart drug delivery systems. In GC, anti-miR-214 loaded
in EVs reversed GC cell resistance to cisplatin, while HGF siRNA-loaded EVs suppressed
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proliferation and migration of GC cells in vitro, and tumour growth and angiogenesis in
ViVO.192’193

Currently, several challenges and caveats are hampering the clinical translation of EV
research. Firstly, the nomenclature.'? A growing body of evidence has demonstrated that
distinct biogenesis mechanisms originate EVs with specific features. As the cargo and
biochemical characteristics change, the role of the different subtypes of EVs in tumour
progression may also differ.'** Hence, a clear classification method is required to enlighten
the mechanisms of action for specific EV categories. This first challenge is intrinsically
related with the absence of standardize protocols for isolation, quantification, and analysis
of EVs. Indeed, isolation methods are knonwn to directly influence the representation of EV
subtypes, introducing a bias in the downstream analysis of EVs and their functional effects.
Together, these issues are hindering the translation of EV-based therapeutic strategies
into clinics. The use of EVs as drug vehicles further requires the definition and validation
of appropriate cellular sources of EVs, methods of large-scale production, storage and
formulation of EV preparations.'®®'% As for the targeting of EVs, well-defined mechanisms
of action and toxicity effects are yet to be determined.

As discussed in section 2, improved 3D in vitro models may better resemble physiological
and tumour features. However, the impact of 3D cell organization has been widely disregarded
in EV research. Understanding the effect of 3D cell architecture in the biogenesis, release,
uptake, and functional translation of EVs’ cargo, is of utmost importance and may clarify the
aforementioned concerns in EV investigations.

4. The Immune Landscape of Gastric Cancer

4.1. Tumour immunity

The tumour microenvironment is composed by a complex milieu of malignant and
non-malignant cells, including adjacent epithelial cells, fibroblasts, endothelial cells, and
immune cells (Figure 6). The close proximity between tumour cells and these stromal cells
intensifies their interactions, which are known to affect tumour progression. The final result,
i.e., tumour promotion or tumour damper, relies on the balance between pro- and anti-
tumour effects, and on the ability of tumour cells to subvert stromal cells towards pro-tumoral
phenotypes. Immune cells play a key role on this balance, as tumours develop under a tight
immune surveillance and need to evade anti-tumour immune response to progress. Thus,
understanding the immune cell landscape and the mechanisms of immune evasion, is of
utmost importance for the development of effective cancer therapies.'”

Innate and adaptative cells involved in the anti-tumour immune response differently
infiltrate tumours, leading to specific immunological contexts. Hence, tumours have been
classified as ‘hot’ or ‘cold’, regarding their infiltration by immune cells: hot tumours, also
known as T cell inflamed, present abundant levels of tumour-infiltrating lymphocytes (TILs),
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Figure 6. Tumour microenvironment. Invasion of the basement membrane renders tumours a high contact
with stromal cell populations, including with immune cells.

whereas cold tumours display absence or very low number of TILs.'%2%0 The former tumours
elicit an initial immune response that is later on inhibited, either by upregulation of immune
checkpoints or by an exacerbated immunosuppression activity. Cold tumours may also
elicit immune response, however, in this case, immune cells cannot infiltrate the tumour;
these tumours display an immune-excluded phenotype. In contrast, cold tumours that do
not stimulate immune cells have an ignorant phenotype.?®' As the anti-tumour immune
response differs among tumours, so it will the mechanisms of evasion. Moreover, tumours
that have an immune ignorant phenotype will not respond to current immunotherapeutic
strategies, such as immune checkpoint inhibitors.

Tumours that elicit an immune response often display aberrant antigen expression, or
production of neoantigens, that can passively diffuse through lymphatic vessels to regional
lymph nodes, or be actively transported by antigen presenting cells (e.g., dendritic cells
and macrophages). At the tumour-draining lymph nodes, antigen presenting cells display
tumour antigens to helper (CD4*) and cytotoxic (CD8*) T cells, inducing their activation.
Specific chemokine gradients and adhesion molecules will guide these activated effector T
cells to the tumour region, where they recognize and kill tumour cells, by secretory granule
exocytosis (e.g., perforins and granzymes) or through the activation of death receptor
pathway. Importantly, antigens resulting from tumour cell death may again be transported
to draining lymph nodes to potentiate the anti-tumour immune response.?? If this cancer-
immunity cycle functions properly, the immune system would be able to fight and eradicate
tumours.

However, to successfully thrive some tumours develop mechanisms of immune evasion
that impair effector T cell function, activation, proliferation, and survival. These mechanisms
include upregulation of inhibitory immune checkpoint molecules, activation and/or attraction
of inhibitory immune cells (e.g., myeloid-derived suppressor cells, Tregs, and immature



dendritic cells), or conversion of anti-tumoral macrophages and neutrophils into pro-tumoral
phenotypes. Under this scenario, Tregs have a central role on the immunosuppressive
activities developed at the tumour microenvironment.

4.2.Immune evasion by regulatory T cells

Tregs are primarily formed during thymic development (natural Tregs) by agonist
selection, i.e., the selection of T cells with intermediate self-reactivity.?® Alternatively,
naive T cells exposed to TGF-3, indole amine 2,3-dioxygenase (IDO), or retinoic acid,
may be converted into Tregs at the periphery (peripheric Tregs).2°42% Treg development
requires TCR signalling, co-stimulation by CD28 and glucocorticoid-induced tumour
necrosis factor receptor-related protein (GITR), and high concentrations of exogenous
IL(interleukine)-2.26-2° Tregs are not known to express any specific marker, and forkhead
Box P3 (FoxP3), a transcription factor that orchestrates their immunosuppressive function,
has been suggested as the most reliable molecular marker.2'%2'2 |n addition to FoxP3, Tregs
also express high levels of a-chain IL-2 receptor (IL2R or CD25), cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), IL-10, TGF-B, and GITR.

Under physiological conditions, Tregs account for a minor subpopulation of CD4* T cells
(4-5%), and they negatively regulate effector T cells to avoid self-reactivity and maintain
peripheral tolerance. In cancer, Tregs accumulate at early stages of the disease trajectory and
theirimmunosuppressive activity hinders an appropriate establishment of tumourimmunity.2'3
The comparison of Tregs in blood, normal tissues, and tumours demonstrates that, despite
some common features, the three types of Tregs are distinct. Notably, Tregs associated with
tumour or normal tissues display increased similarity due to their high activation status.?'* At
a first glance, such observation could indicate that the majority of tumour-infiltrating Tregs
would arise from tissue-resident Tregs. Nevertheless, complementary studies analysing the
TCR repertoire of tumours and normal tissue suggested that tumour associated Tregs are
generally recruited from outside tissues, like lymphoid tissue, or blood.2'%-2"

Several factors have already been identified as promotors of Treg accumulation in
tumours. Tumour cells and innate immune cells that infiltrate tumours, such as macrophages
and dendritic cells, produce cytokines and chemokines that activate local Tregs orinduce their
recruitment from peripheric regions.?'®* Concomitantly, high concentrations of IL-10, TGF-8,
and IDO, at the tumour regions, may induce conversion of helper T cells into Tregs.?'® The
metabolic status of tumours is also considered to promote immune evasion. To support their
energy and proliferation demands, tumours often undergo metabolic changes that include
elevated aerobic glycolysis, de novo fatty acid synthesis and glutaminolysis.??° Overall,
these changes result in a low-glucose, high-lactate environment that is not supported by
cytotoxic immune cells, but in which Tregs thrive and maintain immunosuppression through
a FoxP3-mediated response.??'-223

Most recently, Wang et al. demonstrated that CD36 modulated Treg metabolism to
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promote the adaptation to a lactic acid-enriched environment, by fine-tuning mitochondrial
fitness.??* Once activated, Tregs may directly compete with effector/naive T cells for antigen
presenting cells signals and cytokines, such as IL-2, or cause their metabolic disruption
to hinder naive/effector T cell proliferation.??® Interestingly, Akkaya and colleagues have
shown that antigen-specific Tregs may form strong interactions with dendritic cells, resulting
in selective inhibition of the naive T cell binding to antigen presenting cells.??® Such strong
binding resulted in the removal of the peptide-major histocompatibility complex (MHC)-II
from the surface of dendritic cells, reducing their antigen presentation capacity.

Additionally, Tregs secrete inhibitory cytokines that suppress effector T cell activity,
such as IL-10, IL-35, and TGF-B, and granules, like perforins and granzymes, that induce
apoptosis of effector T cells. Lastly, Tregs may also undergo oxidative stress-induced death,
through which ATP is rapidly converted into adenosine that binds receptors at the surface of
T cells, affecting their function.??228

Despite the obvious role in tumour immune tolerance, Tregs have also been implicated
in non-immunological events favouring tumour growth and metastasis. Facciabene et al.
showed that Tregs are recruited to hypoxic tumours by C-C Motif Chemokine Ligand (CCL)28
chemokine to secrete VEGF-A and contribute to tumour angiogenesis.?* In a mouse breast
cancer model, Tan et al. demonstrated that tumour-infiltrating Tregs produced receptor
activator of nuclear factor-B ligand (RANKL) that acted on its receptor RANK, expressed in
tumour cells, promoting formation of lung metastasis.?*® Together, these studies provided
strong evidence for putative non-immunosuppressive roles of Tregs in tumour progression.

In GC patients, elevated numbers of peripheral and tumour-infiltrating Tregs have been
described.?'%% |nterestingly, the role of Tregs in GC seems to be initiated even before
the establishment of neoplastic lesions, as patients with gastritis and peptic or digestive
ulcers already display high numbers of Tregs.2*62" Several studies have shown that H.
pylori can remodel the gastric microbiota and stimulate the production of cytokines and
chemokines that augment the presence of Tregs at the gastric mucosa.?*23 The following
increased number of Tregs promotes an immunosuppressive environment that sustains
persistent H. pylori infection.?® In tumour lesions, Treg recruitment in early steps of GC
progression is mediated by C-C chemokine receptor (CCR)4 ligands, namely CCL17 and
CCL22 chemokines.?*' Moreover, GC cells produce high levels of TGF- and IDO, which
favours Treg differentiation.242.243

The absolute number of Tregs in TlLs is positively correlated with tumour stage,
whereas its relative increase, as compared to effector T cells, has been reported in tumour-
draining lymph nodes.?*4?%% Indeed, high expression of FoxP3* Tregs in sentinel lymph
nodes was shown to predict metastasis in downstream lymph nodes.?*¢ Notwithstanding,
the prognostic value of Tregs in GC remains controversial. Abundant Treg infiltration and
higher Treg/effector T cell ratios have been associated with poor prognosis and reduced
patient survival.?4”25' Likewise, patients that received neoadjuvant chemotherapy, and
which displayed increased number of cytotoxic T cells and decreased Tregs in peripheral
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blood, had improved prognosis.?®? Nonetheless, other studies have demonstrated that Treg
infiltration associates with a favourable prognosis, particularly in patients with tumours in
the cardia region or with MSI phenotype.?32% Further, association of intratumoral Tregs
and macrophages also predicts survival of advanced GC patients after radical tumour
resection.?%®

To further elucidate the prognostic value of Tregs in GC, some studies have focused
on the spatial distribution of Tregs and on their interaction with other cells at the tumour
microenvironment. Of notice, Mizukami and colleagues demonstrated that the localization
pattern of Tregs in tumours can better predict patient prognosis than their absolute number.
21 In this study, Treg spreading was predictive of poor prognosis.The distance between
Tregs and cytotoxic T cells also seems to influence patient prognosis. Interestingly, when
the predominant distance separating Tregs and cytotoxic T cells is between 30-110 um,
patients display better prognosis.?®’

This controversial prognostic value of Tregs exposes the lack of knowledge on the role
of these cells in GC. Tumour location, histology or molecular characterization, as well as the
treatment regimen, may be important factors affecting the role and clinical value of Tregs.
Additionally, deeper comprehension and consensus on the subpopulations of Tregs, i.e., on
the markers used to identify Tregs, may aid the establishment of specific Treg contributions
and, consequently, improve Treg-based therapies.

4.3.Regulatory T cells inspired therapy

The holy grail of Treg-based therapies is the reduction of the amount or activity of Tregs,
to enhance tumour immunity without eliciting unrestrained autoimmunity. Indeed, depletion
or functional modulation of Tregs results in effective anti-tumour responses, however, in
tumours that display self- or quasi-self-antigens, effective tumour immunity is accompanied
by autoimmunity.25825°

Moreover, the idea of boosting anti-tumour response through the sole expansion of
effector T cells and natural killer cells does not seem to be sufficient to prompt tumour
suppression. To test this, Vazquez-Lombardi et al. developed a variant of IL-2 that lack
CD25 binding, which strongly expanded CD25- cytotoxic T cells but prevented the unwanted
CD25* Treg activation.??* Surprisingly, the authors observed that this variant was less
effective in mediating tumour rejection, as compared to the wild-type IL-2 form. In fact,
effective immune response was only achieved with Treg depletion.

These findings highlight the need for distinctive markers to discriminate tumour-
infiltrating Tregs, from peripheric Tregs that maintain immunological tolerance in normal
tissues, and from effector T cells at the tumour microenvironment. Preclinical studies
have already pinpointed some promising Treg therapeutic targets, such as CCR4, CCRS,
and CD36. Firstly, Sugiyama and colleagues showed that anti-CCR4 antibody could
specifically deplete CCR4-expressing cells, preserving the expansion of cytotoxic T cells
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in response to tumour antigens.?° In another study, in vivo experiments with anti-CCR8
antibody specifically depleted tumour resident Tregs, resulting in inhibited tumour growth. 2"
The recently discovered Treg metabolic modulator, CD36, was found to be selectively
upregulated in intratumoral Tregs.?®> CD36 ablation resulted in decreased intratumoral
Tregs, enhancement of anti-tumour activity, and consequent suppression of tumour growth.
Excitingly, this effect elicited additive anti-tumour response with anti-PD-1 therapy. Clinical
trials using an anti-CTLA-4 antibody, ipilimumab, demonstrated that melanoma patients that
responded to this treatment displayed significant reduction of tumour-infiltrating Tregs.?% To
further improve this therapy, Ravi and colleagues propose the use of antibody-ligand traps
that fuse anti-CTLA-4 antibodies with a TGF-3 receptor Il ectodomain sequence.?®* These
engineered antibodies could provide a dual and most powerful effect of inhibition of CTLA-
4- and TGF-B-mediated differentiation of Tregs.

Through a different perspective, Pilato et al. explored TCR-dependent signalling
pathways that could be targeted to disable tumour-infiltrating Treg function.?® In this work,
the authors demonstrated that after a partial disruption of the CARMA1-BCL10-MALT1
signalosome complex, Tregs lost their suppressive function and produced IFN-y, ie.,
gained effector activity. IFN-y production was concomitant with activation of macrophages,
and upregulation of MHC-I and PD-L1 in tumour cells. When combined with PD-1 blockade,
this strategy resulted in tumour rejection, thus avoiding the activation of adaptive immune
resistance by PD-L1 upregulation.

The role played by Tregs in GC development and progression highlights these cells as
putative therapeutic targets. Notably, the identification of markers that distinguish tumour-
infiltrating from peripheric Tregs, may render Treg-based therapies more realistic. Thus,
understanding the specific scenarios in which these therapies may succeed is of utmost

importance for future patient stratification.
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- Rational & Aims

Tumours are carved in a complex microenvironment that can be deconstructed into
three essential components: the intrinsic factors that characterize tumour cells; the cellular
and acellular components that comprise the tumour microenvironment, and; the network of
signals that allow efficient intercellular communication.

In GC, tumour microenvironment is enriched in Tregs, however, whether and how Treg
cells promote GC progression is still poorly understood. Lessons from other studies have
shown that Tregs may generate an immunosuppressive microenvironment that sustains
tumourimmune evasion. Yet, some findings have also demonstrated that Tregs may promote
tumour growth, angiogenesis and metastasis via non-immune targets. These findings led
us to hypothesize that Tregs may have an alternative and non-immunosuppressive role in
GC progression.

In order to successfully disseminate, tumours have to establish local and systemic
networks of communication, which can be mediated by EVs. EVs released by GC cells
promote proliferation, migration, and invasion of neighbour tumour cells and are accountable
for a deep remodelling of the normal behaviour of stromal cells located at the tumour
microenvironment. Less explored is the role of GC-EVs on the metastatic organotropism and
preparation of the pre-metastatic niche. It is still unknown how their cargo, their functional
effect on recipient cells and, consequently, the impact on the metastatic cascade, may be
influenced by tumour intrinsic factors, such as tumour histology and cellular architecture.
In this regard, we hypothesized that EVs secreted by tumours with distinct histology have
different cargo and induce different responses in recipient cells. Moreover, we hypothesized
that 3D cell architecture recapitulates tumour morphology and polarization, which also affects
the cargo of GC-EVs. Thereto, as the cargo of EVs is dynamically modulated by these
tumour features, we expect consequent modifications on their ability to drive metastatic
dissemination of GC cells.

Finally, the dynamic interactions occurring within the tumour microenvironment may
also induce modifications in the cargo of GC-EVs, resulting on the reshaping of tumour
communication. Thus, by combining the previous concepts, we further predict that
the modulation of GC cell phenotype by Tregs will also impact the cargo and functional
consequences of GC-EVs in recipient cells, favouring GC progression and dissemination.

Framed on the aforementioned knowns and unknowns, the present work intends to
unveil novel molecular mechanisms of GC progression mediated by important cellular and
communication players at the GC microenvironment, respectively Tregs and EVs.



Particularly, in this work, we have addressed the following specific aims:

To investigate whether GC intercellular communication mediated by EVs is dependent
on the tumour histology, by analysing the effect of EVs-derived from a panel of GC cell lines
on normal recipient cells. Chapter Il — Paper 1

To characterize the impact of 3D cell architecture in the cargo of GC-EVs, through
a comparative and integrative analysis of the microRNA and proteomic content of EVs
produced in 2D and 3D GC in vitro cultures. Chapter Il — Paper 2

To dissect the role of EVs in GC cells’ dissemination, by correlating microRNA and
proteomic profiles of EVs and cells with the in vivo metastatic burden. Chapter Il — Paper 3

To unveil a non-canonical role of Tregs in the modulation of GC cell phenotype, through
a comprehensive immunophenotype analysis of GC tumours and in vitro direct co-cultures
of Tregs and GC cells. Chapter IV — Paper 4

The work developed under the scope of this PhD thesis investigated a poorly understood
and immature field of GC research. The resulting findings unravelled new aspects of GC
biology and metastasis, involving the contribution of EVs and Tregs. In particular, we
identified specific factors that shape the cargo of tumour-derived EVs, and disclosed how
they modulate the organotropism of disseminating GC cells. This piece of work may provide
candidate biomarkers for GC diagnosis. Furthermore, we unveiled a novel Treg-mediated
mechanism of GC development that may hold important clinical implications, and foster
innovative therapeutic strategies.
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Intrinsic factors of tumour cells that modulate the
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Extracellular vesicles (EVs) secreted
by tumor cells modulate recipient cells’
behavior, but their effects in normal cells
from the tumor microenvironment remain
poorly known.

In this study, we dissected the functional
impact of gastric cancer cell-derived EVs
(GC-EVs), representative of distinct GC
histotypes,
isogenic epithelial and mesenchymal cells.

GC-EVs were isolated by differential
centrifugation and  characterized by

on the behavior of normal

transmission electron microscopy,
nanoparticle tracking analysis, and imaging
flow-cytometry. Epithelial and mesenchymal
cells were challenged with GC-EVs and
submitted to proliferation, migration, and
invasion assays. Expression of epithelial
and mesenchymal markers was followed by
immunofluorescence and flow-cytometry.
Our indicated that GC-EVs
secreted by diffuse-type cancer cells
decrease the migration of recipient cells.

This effect was more prominent and

results

persistent for mesenchymal recipient cells,
which also increased Fibronectin expression
in response to EVs. GC-EVs secreted by
cancer cells derived from tumors with an
intestinal component increased invasion of
recipient epithelial cells, without changes in
EMT markers.

In summary, this study demonstrated
that GC-EVs modulate the migration and
invasion of epithelial and mesenchymal
cells from the tumor microenvironment, in
a histotype-dependent manner, highlighting
new features of intestinal and diffuse-type GC
cells, which may help explaining differential
metastasis patterns and aggressiveness of
GC histotypes.
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Gastric cancer
Epithelial-to-mesenchymal transition
Invasion

Migration
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Introduction

Extracellular vesicles (EVs) are crucial mediators of the ‘dialog’ between tumor and
stromal cells at local and distant microenvironments.” These secreted vesicles carry a
myriad of pro-tumoral and pro-metastatic factors that qualify them to orchestrate the
invasion-metastasis cascade by reprogramming both tumor and stromal cells.?* Several
studies have shown that EVs participate in the initial steps of tumor cell invasion by, for
instance, inducing a transdifferentiating program known as epithelial to mesenchymal
transition (EMT).® Particularly, EVs secreted by tumor cells enclose a pro-EMT cargo that
enhances cell migration and invasion via downregulation of epithelial (e.g., E-cadherin and
Z0-1) and upregulation of mesenchymal (e.g., Vimentin) markers.®® This EMT program
can also be triggered by EVs secreted by stromal cells, such as fibroblasts.®'° Indeed,
breast cancer-associated fibroblasts secrete EVs that promote breast cancer cell protrusive
activity and motility through the Wnt-planar cell polarity signaling."

Particularly in gastric cancer (GC), several studies have explored the role of EVs in
the crosstalk between tumors and several types of stromal cells.'> GC-derived EVs (GC-
EVs) have been shown to sustain tumor growth by triggering the differentiation of human
umbilical cord-derived mesenchymal stem cells (MSCs) into carcinoma-associated
fibroblasts (CAFs) via Transforming Growth Factor beta (TGF), or reprogram fibroblasts
and pericytes into CAFs by transferring miR-27a and BMP, respectively.’®'* GC-EVs may
also affect the immunomodulatory functions of MSCs through Nuclear Factor Kappa B (NF-
kB) signaling'®'® and induce the expression of pro-inflammatory factors in macrophages or of
autophagy in neutrophils,''® thus promoting tumor cell proliferation and migration. Recently,
it was demonstrated that these are bi-directional communications such as CAF-derived EVs
induce scirrhous-type GC cell migration and invasion through MMP2 activation,'® and MSCs-
derived EVs induce EMT and stemness of GC cells, further promoting cancer cell growth
and migration.?® As reported in other cancer models,*?' GC-EVs have also been implicated
in the remodeling of the pre-metastatic microenvironment. Zhang et al. showed that EGFR-
containing GC-EVs facilitate liver-specific metastasis through the suppression of miR-26a/b
expression and activation of HGF on liver stromal cells.?? Further, two independent studies
have provided insights into the mechanism for peritoneal metastasis of GC. Whilst Deng
et al. demonstrated that GC-EVs facilitate peritoneal metastasis through mesothelial-to-
mesenchymal transition (MMT) of peritoneal mesothelial cells via upregulation of p-ERK,
Li et al. found that this role is mediated by miR-21-5p-containing GC-EVs, which promote
cancer dissemination by targeting SMAD7.2324

Notwithstanding, it remains to be elucidated how GC cells modulate not only non-
transformed epithelial cells present in the tumor microenvironment but also mesenchymal
cells arising in the context of epithelial-to-mesenchymal transition in often-inflamed tumor
microenvironments. Further, no evidence exists about the role of EVs in mediating the
first steps of tumor cell migration and invasion of intestinal- and diffuse-type GC, the main
histological types of this disease. Herein, we sought to dissect the functional impact of




EVs, isolated from GC cell lines, representative of intestinal and diffuse histotypes, on the
behavior of normal epithelial and mesenchymal cells.

Results

To explore whether EVs released by GC cells modulate non-transformed epithelial and
mesenchymal cells located in the tumor microenvironment, we designed the following study
according to the scheme presented in Figure 1. Selected GC cell lines are representative of
distinct histotypes of GC. The MKN74 GC cell line represented the intestinal-type GC, Kato
[ll and IPA220 cells presented characteristics resembling the diffuse-type GC, and MKN45
harbored both intestinal and diffuse components (Figure S1A).2526

EV donor cells

Tumour cells
EVs
Transdifferentiated i \

normal cells - Epithelial Gastric Cancer cell lines
5 normal cells (MKN74, MKN45, Kato Ill, IPA220)
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Figure 1. Scheme illustrating the experimental design of the study. Four distinct GC cell lines (MKN74, MKN45,
Kato Il and IPA220) were used as donor cells of EVs, which were isolated by differential centrifugation and
characterized by TEM, NTA and imaging flow cytometry. Epithelial (red) and Mesenchymal (green) cells were
used as recipients of GC-EVs and submitted to distinct functional assays.

1. TGFB1 induces EMT in a non-tumorigenic epithelial cell line

First, we established and characterized a human TGFB-induced EMT cell recipient
model. As there is ho non-tumorigenic gastric cell line currently available, we induced EMT
in MCF10A, a non-tumorigenic breast epithelial cell line.

By adapting a previously described approach?” and using TGFB1 as a classical inducer
of EMT, we derived, from the same genotypic background, two distinct phenotypic cell types:
epithelial and mesenchymal. Whilst epithelial cells presented cobblestone morphology,
the mesenchymal counterpart acquired an elongated spindle-shape (fibroblastic-like)
morphology and lost cell-cell adhesion (Figure 2A). To confirm whether the observed
phenotypic alterations were due to EMT, we analyzed the expression of well-described
epithelial and mesenchymal markers, both at the RNA and protein levels. Upon EMT,
mesenchymal cells displayed a significant decrease of epithelial CDH1 and OCLN and a
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substantial increase of mesenchymal CDH2, VIM and FN mRNA expression (Figure 2B).
These alterations were also detected at the protein level, where mesenchymal cells lost
E-cadherin and gained Fibronectin in comparison to epithelial cells (Figure 2C).

Overall, these results point to the occurrence of EMT, and set the ground for the usage
of these two isogenic epithelial and mesenchymal cell lines as recipients of GC-EVs.
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Figure 2. Characterization of a human TGFB-induced EMT cell model. (A) Bright-field microscopic images of
epithelial and mesenchymal cells; (B) Quantification of epithelial (CDH1; OCLN) and mesenchymal markers
(CDH2; VIM; FN) mRNA expression by qRT-PCR. Data obtained for M cells was normalized for E cells and
GAPDH was used as endogenous control. Graphs represent the mean + standard deviation of three independent
experiments (*p < 0.05, Unpaired t-test with Welch’s correction); (C) Immunofluorescence for E-cadherin (red
staining), Fibronectin (green staining) in epithelial and mesenchymal cells. Scale bar: 20 um. (E-epithelial cells;
M-mesenchymal cells)

2. Distinct GC cell lines secrete EVs with similar physical and biochemical properties

Next, we isolated and characterized EVs secreted by four GC cell lines. We observed that
all GC cell lines presented a high percentage of viable cells at the time of conditioned media
collection and isolation of EVs (Figure S1B), thus reducing the potential contamination of
EV preparations by apoptotic bodies.?® The harvested EVs were analyzed by transmission
electron microscopy (TEM), nanoparticle tracking analysis (NTA), and imaging flow
cytometry (Figure 3). TEM showed that vesicles recovered at 100 K were of the size
generally assigned to exosomes (Figure 3A),?° but in all cell lines except MKN74, a fair
concentration of larger EVs (~200 nm) were also present. These results were also confirmed
by NTA, which revealed a mean size of 111, 116, 121, 127 nm, for MKN74-, MKN45-, Kato
IlI-, and IPA220-EVs, respectively (Figure 3B). Moreover, imaging flow cytometry detected
commonly associated exosomal markers CD9, CD81, and Flotillin-1 in EVs secreted by
the four distinct GC cell lines (Figure 3C).** However, EVs from all four GC cell lines seem
to have different contributions of these markers, with IPA220 showing equivalently high




representation of CD9 and CD81, and MKN74 showing the lowest representation of both
markers (Figure 3C). Given the differences in these EV-associated markers, it is likely that
the cargo of these EVs may also be different.

Despite the later differences, globally our results seem to indicate that EVs secreted by
distinct types of GC cell lines present relatively similar physical and biochemical properties.
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Figure 3. Characterization of EVs secreted by MKN74, MKN45, Kato Il and IPA220 GC cell lines. (A)
Representative electron microscopy images of EVs isolated from GC cells. Scale bars: 200 nm; (B) NTA of
isolated EVs with mode size distribution (left) and particle concentration (right). Graphs represent the mean *
standard deviation of at least 14 biological replicates; (C) Detection of CD9, CD81, Flotillin-1, and Cytochrome
C (negative control) by imaging flow cytometry. Distribution and representative images of the intensity of
fluorescence detected for each marker in three biological replicates. Bright-field images (BF) showed beads
to which EVs were coupled; fluorescence images (AF488) showed EVs labeled with specific markers; merged
images (M) showed labeled EVs coupled to beads.
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3. GC-EVs do not modulate E-cadherin expression at the cell membrane

Since E-cadherin is a classical EMT marker, we first checked whether GC-EVs modulate
its expression and localization in recipient cells. We treated epithelial and mesenchymal
recipient cells with EVs from the four donor GC cell lines and, upon 24 h of treatment, we
analyzed the expression and localization of E-cadherin by flow cytometry (Figure 4). As
expected, the non-treated (control) mesenchymal cells presented a significantly reduced
percentage of membrane E-cadherin-positive cells, in comparison with non-treated (control)
epithelial cells (p <0.0001, Figure 4A). When epithelial and mesenchymal cells were treated
with the four distinct GC-EVs, neither the percentage of E-cadherin-positive cells at the
membrane (Figure 4A) nor the intensity of surface E-cadherin expression (Figure 4B) varied
between treated and non-treated cells.

These results suggested that GC-EVs do not interfere with the levels of E-cadherin
expressed at the membrane of both epithelial and mesenchymal recipient cells.
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Figure 4. GC-EVs do not modulate membranar E-cadherin expression of epithelial and mesenchymal cells.
(A) Percentage of E-cadherin-positive cells in non-treated (control) and treated epithelial and mesenchymal
cells were assessed by flow cytometry. Graph represents the mean + standard deviation of three independent
experiments (****p < 0.0001, Two-way ANOVA with Tukey’s multiple comparisons test); (B) Intensity of E-cadherin
surface expression of non-treated (control) and treated epithelial and mesenchymal cells was assessed by flow
cytometry. Graph represents the mean * standard deviation of three independent experiments and data was
normalized to each respective control cells. (E-epithelial cells; M-mesenchymal cells). TGF1 was maintained
in M cultures (control and treated M cells).

4. GC-EV's impair migration and invasion of epithelial and mesenchymal cells

Our results suggest that the main hallmark molecule of EMT - E-cadherin - remains
unaffected when near-normal epithelial and mesenchymal cells are exposed to GC-
EVs. However, growing evidence demonstrate that cell phenotypes, such as migration
and invasion, may be modulated even in cancer cells expressing E-cadherin.?' For this
reason, we assessed whether cell migration, proliferation, and invasion of epithelial and
mesenchymal recipient cells could be modulated in the presence of GC-EVs.

We start by examining whether GC-EVs influence the migration rate and pattern of
the different recipient cell types, by performing wound-healing assays followed by time-




lapse bright-field microscopy. In the absence of GC-EVs, epithelial and mesenchymal cells
(controls) displayed a similar migration rate, although with distinct patterns (Figure 5A, 5B).
Whilst epithelial cells migrated in a collective manner, mesenchymal cells displayed a single
cell migration behavior (Figure 5A). Then, we analyzed the effects of GC-EVs in recipient
cells. We verified that EVs secreted by Kato Il and IPA220 GC cells impaired significantly
the migration of both epithelial and mesenchymal cells, by decreasing their rate, but without
affecting migration patterns (Figure 5A, 5B). To overcome variability among experiments,
we normalized the data of treated cells to the respective control cells, considering each
time-point (Figure 5C). Specifically, we found that IPA220-EVs led to a reduction in the
migration rate of epithelial cells in the first 4 h, which was recovered at later time-points
(Figure 5C, left). Regarding the migration rate of mesenchymal cells, both Kato Ill- and
IPA220-EVs led to a more permanent reduction in the first 4 h that was maintained during
12 and 20 h, respectively (Figure 5C, right). Strikingly, mesenchymal cells challenged with
IPA220-EVs were not able to close the wound area in 20 h comparing with non-treated
mesenchymal cells (Figure 5A, 5B).

To further determine whether distinct levels of proliferation underlined changes in
migration rates, we measured EdU incorporation into newly synthetized DNA by flow
cytometry. We observed that, in the absence of GC-EVs, mesenchymal cells proliferate
less than epithelial cells, although with no statistical significance (18.7% vs. 29.7% of EdU
positive cells, Figure S2). When challenged with GC-EVs, both epithelial and mesenchymal
cells maintained the proliferation levels of the corresponding non-treated counterparts,
meaning that these GC-EVs had no effect on EMT-related proliferation (Figure S2).

Taken together, these results pinpointed that EVs from specific GC cell lines are able
to interfere with the migration rates of mesenchymal cells, mainly, without affecting their
proliferation levels. Furthermore, in light of the above results on E-cadherin membranous
expression, these changes in migration of epithelial and mesenchymal recipient cells may
even occur independently of their E-cadherin expression. Importantly the greater impacts in
migration were achieved when recipient cells were treated with EVs from cell lines deriving
from diffuse-type GC (poorly differentiated).

Next, we evaluated whether EVs from the different types of GC cells differentially
modulate the invasion of epithelial and mesenchymal cells (Figure 6). We observed that
epithelial cells challenged with MKN74-, MKN45- and IPA220-EVs tend to be more invasive
(fold change: 2.37, 3.38, 1.95, respectively) than the non-treated epithelial counterpart;
however, this effect was only statistically significant for MKN45-EVs (adjusted p-value
0.0143, Figure 6A). In contrast, mesenchymal cells became less invasive upon treatments
with MKN45-, Kato Ill- and IPA220-EVs (fold change: 0.58, 0.36, 0.55, respectively) in
comparison with non-treated mesenchymal cells (Figure 6B). Despite the lack of statistical
significance observed for all conditions, it was clear that Kato IlI-EVs had a stronger impact
on invasion of mesenchymal cells than MKN45- and IPA220-EVs.
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Figure 5. GC-EVs impair the migration of epithelial and mesenchymal cells. (A) Time-lapse microscopic images
illustrating the migration of non-treated (control) and treated epithelial and mesenchymal cells, at distinct time-
points; (B, C) The migration rate of non-treated (control) and treated epithelial and mesenchymal cells was
assessed by time-lapse microscopy; (B) Graphs represent the mean percentage of wound closure + standard
deviation of three independent experiments; (C) Graphs represent the mean of normalized wound closure +
standard deviation of three independent experiments; the data was normalized to the control cells at each time-
point (*p = 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Two way ANOVA with Dunnett's multiple comparisons
test; blue and orange asterisks correspond to E and M cells treated with IPA220-EVs or Kato IlI-EVs, respectively;
(E-epithelial cells; M-mesenchymal cells).




To check whether the impact of GC-EVs on the invasion capacity of epithelial and
mesenchymal cells was accompanied by differences in the expression levels of EMT
markers, we performed E-cadherin and Fibronectin immunocytochemistry 48 h after EVs
treatment, i.e., at the endpoint of the invasion assay. Concerning the epithelial marker
E-cadherin, no differences were observed upon challenging of epithelial and mesenchymal
cells with GC-EVs comparing with the respective non-treated counterparts (Figure 6C).
Interestingly, we observed that the reduced invasion capacity of mesenchymal cells upon
treatment with Kato IlI- and IPA220-EVs was accompanied by an increase of Fibronectin
expression (Figure 6C).

Invasion of epithelial and mesenchymal recipient cells seems to be correlated with the
histotype from which GC cell lines have been derived. Indeed, EVs from MKN74 and MKN45
cell lines, which display an intestinal component, promote invasion in epithelial recipient
cells, but do not affect mesenchymal recipient cells. In contrast, EVs from diffuse-type GC
cell lines (Kato Ill and IPA220) do not influence invasion of epithelial cells but demonstrate
a trend towards decreasing the invasion of mesenchymal recipient cells.
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Figure 6. GC-EVs impair the invasion of epithelial and mesenchymal cells. The invasion levels of non-treated
(control) and treated epithelial (A) or mesenchymal cells (B) were assessed by matrigel invasion assay; Graph
represents the mean + standard deviation of three independent experiments and data was normalized to control
cells (*p £0.05, one-way ANOVA with Kruskal-Wallis test); (C) Immunofluorescence for E-cadherin (red staining)
and Fibronectin (green staining) in non-treated (control) and treated epithelial and mesenchymal cells. Scale
bars: 50 um (E-epithelial cells; M-mesenchymal cells).




Collectively, these findings indicated that GC-EVs modulate the behavior of epithelial
and mesenchymal recipient cells by impacting their cell migration, their invasion, and the
expression of EMT markers. In particular, our results suggest that epithelial and mesenchymal
recipient cells respond differentially to the same GC-EVs. Moreover, the effects of GC-EVs
over recipient cells may depend on the histotypes of the EV-donor cells.

Discussion

Communication between tumor cells and the associated stroma plays a key role in
driving tumor progression, but how GC cells modify the environment for their own benefit
is less clear. In the present study, we hypothesized that EVs secreted by GC cells are
able to subjugate normal cells within the tumor stroma to participate in cancer progression.
We tested this hypothesis by focusing on two different recipient stromal cell types that
often co-exist in the vicinity of cancer cells—normal epithelial and mesenchymal cells.
Normal epithelial cells represent the adjacent normal cells surrounding the tumor, while
mesenchymal cells represent epithelial cells exposed to transdifferentiating agents, such as
inflammatory factors (e.g., TGF), often arising during EMT.*? To this end, we established
and characterized a human TGFB1-induced-EMT cell model to obtain both epithelial and
mesenchymal recipient cells for further treatment with distinct GC-EVs. We chose to use
the non-tumorigenic breast epithelial cell line (MCF10A) as a recipient cell type to induce
EMT, given that (1) non-tumorigenic gastric cell lines are currently not available; (2) primary
epithelial gastric cells hardly proliferate and maintain viability in vitro, which makes them
incompatible with our experimental design; and (3) breast epithelial cancers, but rarely
other cancers from the digestive system, have been identified in the tumour spectrum of
GC-associated syndromes, such as hereditary diffuse gastric cancer.®® This last evidence
supports breast epithelia as a tissue mimicking gastric epithelia regarding the tumorigenic
process triggered by germline alterations. Altogether, the normal epithelial breast cell line
(MCF10A), although not ideal, seems like an acceptable model to be used as a recipient
cell line for GC-EVs. This recipient model underwent EMT when treated with TGFB1, as
demonstrated by cell morphological alterations and the differential expression of classical
epithelial and mesenchymal markers.** We then chose four GC cell lines, representative of
distinct GC histological types and differentiation patterns, to dissect the functional impact
of GC-EVs on epithelial and mesenchymal cells. To the best of our knowledge, this is the
first study addressing the impact of GC-EVs from different histological types over otherwise
normal epithelial and mesenchymal stromal cells.

GC is histologically classified into two main subtypes—intestinal and diffuse—which
are recognized by distinct morphological features, differentiation patterns, and clear-cut
differences on the metastatic pattern.®*3¢ Intestinal-type GC is characterized by well-
differentiated glandular structures and metastasizes, mainly to the liver, whilst diffuse-type
GC consists of individually neoplastic cells that infiltrate the stomach wall and usually forms
peritoneal and lymph node metastasis.?” Notwithstanding, the two histotypes share several




sequential and interrelated events, such as local invasion into the surrounding tumor-
associated stroma.*®

The most striking result of this study shows that as soon as epithelial and mesenchymal
recipient cells interact with GC-EVs derived from diffuse-type GC cell lines (Kato Il and
IPA220), they start migrating less. This effect is equivalent for epithelial and mesenchymal
recipient cells at early time-points, but persists longer in mesenchymal recipient cells.
Interestingly, Kato Ill- and IPA220-EVs also induced the highest expression of Fibronectin
in mesenchymal cells. These findings together may suggest that diffuse-type GC cells make
use of EVs to render the microenvironment permissive for their further colonization and
growth at preferred metastatic sites, such as the peritoneum. Actually, our findings may
resemble some events occurring in peritoneal metastasis. As such, it has been demonstrated
that GC-EVs facilitate peritoneal metastasis by disrupting the mesothelial barrier through
induction of mesothelial to mesenchymal transition.?* Additionally, it has been demonstrated
that GC-EVs can stimulate the expression of adhesion-related molecules, such as fibronectin
1 and laminin gamma 1, in mesothelial cells.*® This alteration fosters the adhesion of GC
cells to mesothelial cells, thus creating a favorable scenario for dissemination of GC cells
and consequent metastasis. From this perspective, it is sensible to hypothesize that GC-
EVs derived from diffuse-type GC cell lines act particularly over mesenchymal cells in the
tumor vicinity, and eventually adhere to them through fibronectin (yet to be seen) towards
peritoneal colonization.

We also found that EVs derived from GC cells with an intestinal-type component were
able to promote invasion of normal epithelial cells, with the most pronounced effect observed
for EVs secreted by a GC cell line displaying both diffuse and intestinal morphologies
(MKN45). Interestingly, this invasive phenotype was not accompanied by an increased
migration. As such, one may hypothesize that the cargo of MKN45-EVs is more important
for the remodeling of the basement membrane than for the direct movement of epithelial
cells. Additionally, E-cadherin and Fibronectin expression levels remained unchanged in
recipient cells, suggesting that other epithelial/mesenchymal markers may be responsible
for promoting the observed invasive phenotype.

Our results indicate that GC-EVs secreted by cancer cells, derived from diffuse-
type tumors, increase migration of recipient mesenchymal cells, while GC-EVs secreted
by cancer cells derived from tumors with an intestinal component increase invasion of
recipient epithelial cells in the tumor microenvironment. These results suggest that GC-
EVs representative of different GC histotypes may have distinct cargo and membrane
compositions, which may influence their uptake by recipient cells. On the other hand, epithelial
(E) and mesenchymal (M) cells may also uptake and perceive GC-EVs differently. In fact,
potential distinctive uptakes of GC-EVs by recipient cells may represent how effectively
these EVs may convey tumor messages to their microenvironment. Several studies on
different cancer models have demonstrated that EVs may indeed deliver signals able to
induce EMT, thus initiating the invasion-metastasis cascade. For instance, Franzen et al.
proved that bladder cancer-derived EVs increased the expression of several mesenchymal




markers (including a-smooth muscle actin, S100A4, and snail), as well as the motility and
invasiveness of normal recipient uroepithelial cells.® These phenotypes were also detected
when lung-cancer EVs derived from highly metastatic cells were applied to normal epithelial
cells.® Specifically, these lung-cancer EVs have been found to increase the expression of
Vimentin and N-cadherin and decrease E-cadherin and ZO-1. Additionally, breast and colon
cancer-EVs containing amphiregulin boosted invasiveness of both epithelial and breast
cancer cells.?2 These and others studies highlighted that EVs isolated from different cancer
types induce similar phenotypes on normal epithelial cells, although using distinct players
and molecular pathways.404'

In summary, the present study demonstrated that GC-EVs modulate the migration and
invasion of epithelial and mesenchymal cells in a histotype-dependent manner, highlighting
new features of intestinal and diffuse-type GC cells, which may help explaining the metastasis
pattern, aggressive phenotypes, and prognosis of GC histological types.

Materials and Methods

1. Establishment and Characterization of EMT recipient model

Treatment of MCF10A epithelial cell line with TGF1

A human TGFB1-induced-EMT cell model was established as previously described.?”
The non-tumorigenic epithelial cell line MCF10A (E-cells) was cultured in D-MEM/F12-
Glutamax™ (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with horse serum
(5%, Thermo Fisher Scientific), penicillin-streptomycin (PS, 1%, Thermo Fisher Scientific),
recombinant human insulin (5 pg/mL, Sigma-Aldrich, St. Louis, MO, USA), recombinant
human epidermal growth factor (20 ng/mL, Sigma-Aldrich), cholera toxin (20 ng/mL,
Sigma-Aldrich), and hydrocortisone (500 ng/mL, Sigma-Aldrich). Mesenchymal cells (M
cells) were obtained by treating 6x10* epithelial cells (E cells) during seven days with the
abovementioned culture medium supplemented with transforming growth factor-g1 (TGFB1,
8 ng/mL, Sigma- Aldrich).

Co-immunofluorescence of E-cadherin and Fibronectin

MCF10A cells (E and M) were co-immunostained for E-cadherin (1:100, 24E10 Cell
Signaling, Danvers, MA, USA) and Fibronectin (1:100, clone 2755-8, Santa Cruz, Dallas,
Texas, TX, USA). Briefly, cells were fixed in 4% PFA (20 min), followed by treatment with
NH4CI (50%1072 M, 10 min, Merck, Darmstadt, Germany) and Triton X-100 (0.2%, Sigma-
Aldrich, 5 min) and blocking with BSA (Bovine Serum Albumin, 5%, 30 min, NZYTech,
Lisbon, Portugal). Upon overnight (ON) incubation at 4°C with a mixture of rabbit anti-
E-cadherin and mouse anti-Fibronectin primary antibodies, cells were co-incubated with
secondary antibodies anti-rabbit Alexa 594 and anti-mouse Alexa 488 (1:500, 1 h, Thermo
Fisher Scientific) at room temperature (RT). Images were taken with a Zeiss Imager.Z1,
AxioCam MRm (Zeiss, Oberkochen, Germany).




RNA expression quantification of epithelial and mesenchymal markers

RNA was extracted from three biological replicas of E and M cells following instructions
of the mirVana miRNA Isolation Kit (Thermo Fisher Scientific), and reversed transcribed
(1000 ng) to cDNA with Superscript [l Reverse Transcriptase and random hexamer primers
(Thermo Fisher Scientific). Quantitative real time-PCR (gqRT-PCR) was carried out in
triplicates for the epithelial (CDH1 and OCLN) and mesenchymal (CDH2, VIM and FN)
target genes and for the endogenous control GAPDH using PrimeTime-gPCR assays
(IDT, Hs.PT.53. 2388193; Hs.PT.49.14927371; Hs.PT.58.45367437; Hs.PT.47.14705389;
Hs.PT.58. 40986315; and Hs.PT.51.1940505) on a 7500 Fast Real-Time PCR system
(Thermo Fisher Scientific). Data was analyzed by the comparative 27T method.*? For all
data comparisons, the Unpaired t test with Welch’s correction was used.

2. Characterization of GC-EVs

GC cell culture and viability

Human GC cell lines MKN74, MKN45, Kato Il (ATCC), and IPA220 (established at
Ipatimup?®) were cultured in RPMI 1640 medium (Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (FBS, Biowest, Nuaillé, France) and 1% PS (Penicillin-
Streptomycin, Thermo Fisher Scientific) at 37°C in 5% CO, humidified atmosphere. GC
cells were seeded in T175 flasks and maintained with the abovementioned medium until a
confluence of 60—70% was reached. GC cells were further cultured in EV-depleted medium
during 48 h. This medium was obtained as previously described.*® Briefly, RPMI medium
supplemented with 20% FBS and 1% PS was centrifuged ON at 100,000xg, filtered, and
diluted in the same amount of RPMI medium supplemented with 1% PS and without FBS.
EV-depleted medium was further submitted to TEM to ascertain that the depletion was
correctly performed.

GC cell viability was measured using annexin V-FITC and Pl double staining followed by
flow cytometry, as described.*?

EV isolation by Differential Centrifugation

GC-EVs were isolated from the conditioned media of GC cell cultures, growing in
EV-depleted medium, by differential centrifugation, as previously described.*® Briefly, the
conditioned media of each GC cell line was submitted to two sequential centrifugation
steps (at 300xg for 10 min and 2000xg for 20 min) followed by a filtration step. The filtered
supernatant was centrifuged at 100,000xg, 4°C, in a SW32 rotor (Beckman Coulter,
Fullerton, CA, USA) for 4 h to pellet EVs, and was further washed in PBS without Ca?*and
Mg?* (Thermo Fisher Scientific) and centrifuged at 100,000xg, 4°C, for 2 h. Each pellet
containing GC-EVs was resuspended in an appropriate volume of 0.9% NaCl, in accordance
with downstream applications.

EV morphology by Transmission Electron Microscopy (TEM)

GC-EVs were negatively stained and visualized by Transmission Electron Microscopy.
Briefly, EV preparations were added to Formvar-carbon-coated grids and incubated for 1




min at RT in the dark, to allow adsorption to the grid. EVs were further stained with 5% uranyl
acetate during 1 min and examined with a JEM 1400 electron microscope (JEOL, Tokyo,
Japan). Images were recorded using a SC1000 Orius CCD camera (Gatan, Pleasanton,
CA, USA).

EV characterization by Nanoparticle Tracking Analysis (NTA)

The size and concentration of GC-EVs were measured by NTA, using the NanoSight
NS300 (Malvern, Worcestershire, UK) as described.** Mode and mean size were calculated
from the three videos per biological replicate. Results represent the mean + standard
deviation of at least 14 biological replicates of each cell line.

EV characterization by Imaging Flow Cytometry

GC-EVs were analyzed for the expression of CD9, CD81, and Flotillin-1 using imaging
flow cytometry (ImageStreamX Amnis Corporation, Seattle, WA, USA) as described.*? Briefly,
EVs were coupled to previously sonicated aldehyde/sulfate latex beads (1x10° particles
determined by NTA per 3 pL of beads) for 1 h at RT with agitation followed by ON incubation
at 4°C and blocking with glycine solution with agitation (100x10~3 M 30 min; Merck). Next,
EVs—beads were immunostained with mouse monoclonal anti-CD9 (sc-59140, Santa
Cruz), anti-CD81 (sc-23962, Santa Cruz), and rabbit polyclonal anti-Flotillin-1 (sc-25506,
Santa Cruz) for 1 h, followed by incubation with goat anti-rabbit/anti-mouse Alexa Fluor 488
secondary antibodies (Invitrogen, 30 min) and analysis by imaging flow cytometry. For each
sample, 100 000 events were acquired at a 40x magnification. Fluorescence of the stained
EVs—beads was excited with a 488 argon laser and collected on channel 2 (505-560 nm).
A 745 nm laser was activated for side scatter and collected on channel 6, and bright-field
images with adjusted intensity were collected on channel 1. Data analysis was performed
using the IDEAS software (Amnis Corporation).

3. Functional assays with recipient cells treated with GC-EVs

Treatment of Epithelial and Mesenchymal cells with GC-EVs

After establishing M cells by treating E-cells (60 000 cells) for seven days with TGF(31
(as abovementioned), both E and M cells were seeded in 6-well plates (100 000 cells/well)
and maintained during 24 h in normal culture medium. Then, the normal culture medium
was replaced by EV-depleted medium and cells were treated with 1x10° of GC-EVs (TGF31
was maintained in M cultures). After 24 h of treatment, E and M cells were collected and
submitted to different assays.

Flow cytometry analysis of E-cadherin

Flow cytometry was performed as described.** Briefly, E and M cells (treated and
non-treated with GC-EVs) were detached with Versene (Thermo Fisher Scientific) and
resuspended inice-cold PBS with 0.05 mg/mL CaCl,. Forall conditions, cells were centrifuged
at 1500 rpm for 5 min at 4°C and washed in PBS with 0.05 mg/mL CaCl, and 3% BSA. Cells
were then incubated for 1 h with mouse anti-E-cadherin primary antibody HECD-1 (1:50
dilution, Thermo Fisher Scientific), washed twice, and incubated with secondary antibody




anti-mouse Alexa 488 (1:250 dilution, Thermo Fisher Scientific) in the dark for 1 h. At least
2x10* single cells were acquired using FACS Canto Il cytometer, and further analyzed using
FlowJo software (Ashland, Oregon, OR, USA). Results represent the mean + standard
deviation of three biological replicates. Data was analyzed by Two-way ANOVA with Tukey’s
multiple comparisons test.

Wound-healing migration assay

Wound-healing assays of E and M cells (treated and non-treated with GC-EVs) were
performed using p-Plate 24 well with culture-inserts (Ibidi) and time-lapse microscopy.
Briefly, 4x10* cells were seeded in each of the two wells of the culture insert and grown
to confluence for, approximately, 24 h. After this period, the culture insert was removed,
cells were washed with PBS, and fresh EV-depleted medium supplemented with GC-EVs
(5%108) was added. Bright field images of the wounds were photographed immediately after
removing the insert (0 h)and again at4, 8,10, 12, 16, and 20 h using Leica DMI6000 (Wetzlar,
Germany). Five images were automatically captured per well per time point to completely
image each wound. Cells were maintained at 37°C in 5% CO, humidified atmosphere during
the time-lapse imaging process. The total area of the wound was measured at each time
point using ImageJ software (MRI_Wound_Healing_Tool). Results represent the mean +
standard deviation of three biological replicates. Data was analyzed with a two-way ANOVA
with Dunnett’'s multiple comparison test.

Proliferation assay

Proliferation assays of E and M cells (treated and non-treated with GC-EVs) were
performed following the instructions of the Click-iTTM Plus EdU Pacific Blue Flow Cytometry
Assay Kit (Thermo Fisher Scientific). At least 2x10* single cells were acquired using FACS
Canto Il cytometer, and further analyzed using FlowJo software. Results represent the
mean = standard deviation of three biological replicates.

Matrigel invasion assay

Invasion assays of E and M cells (treated and non-treated with GC-EVs) were performed
using Corning BioCoat Matrigel Invasion Chambers (Thermo Fisher Scientific). Briefly, after
24 h of treatment with GC-EVs as abovementioned, 5x10* of E and M cells were seeded
in the upper compartment and incubated for 24 h at 37°C in 5% CQO,. Filters were then
washed in PBS and fixed in ice-cold methanol for 10 min. After removal of non-invasive
cells adherent to matrigel with a prewet cotton swab, each filter was washed and mounted
in glass coverslips with Vectashield/DAPI. A mosaic of the entire filter was obtained with
Axiovert 200 M (Zeiss), and the total number of invasive nuclei was counted using ImageJ
software. Results represent the mean + standard deviation of three biological replicates.
Data was analyzed with a one-way ANOVA with Kruskal-Wallis test.

Co-immunofluorescence of E-cadherin and Fibronectin

E and M cells (treated and non-treated with GC-EVs) were seeded in coverslips and
grown during 24 h. The choice of this time-point was based on the one adopted for the
invasion assay. After this, co-immunostaining for E-cadherin and Fibronectin was performed




according to the protocol described above. Images were acquired with Zeiss Imager.Z1,
AxioCam MRm, or Leica DMI6000.

4. Statistical Analysis

The Unpaired t test with Welch’s correction was used for comparisons of RNA expression
levels of epithelial and mesenchymal markers. Flow-cytometry and wound-healing data
were analyzed by a Two-way ANOVA with Tukey’s and Dunnett’'s multiple comparisons
tests, respectively. Matrigel invasion data was analyzed with a one-way ANOVA with a
Kruskal-Wallis test.
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The success of malignant tumors
is conditioned by the intercellular
communication between tumor cells and their
microenvironment, with extracellular vesicles
(EVs) acting as main mediators. While the
value of 3D conditions to study tumor cells
is well established, the impact of cellular
architecture on EV content and function is not
investigated yet. Here, a recently developed
3D cell culture microwell array is adapted
for EV production and a comprehensive
comparative  analysis of biochemical
features, RNA and proteomic profiles of EVs
secreted by 2D vs 3D cultures of gastric
cancer cells, is performed. 3D cultures are
significantly more efficient in producing

EVs than 2D cultures. Global upregulation

of microRNAs and downregulation of
proteins in 3D are observed, indicating
their dynamic coregulation in response
to cellular architecture, with the ADP-
ribosylation factor 6 signaling pathway
significantly downregulated in 3D EVs. The
data strengthen the biological relevance
of cellular architecture for production and

cargo of EVs.
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Introduction

Epithelial tumors account for 90% of the tumors in all organs' and the success of tumor
initiation and progression ultimately depends on the dynamic interactions taking place
between the tumor cells and their microenvironment.?® Recent findings have showed that
extracellular vesicles (EVs) act as key mediators of this crosstalk.*® Depending on their
sub-cellular origin, various types of EVs, different in their content and function, can be
distinguished, such as: exosomes (vesicles of endosomal origin in the size range from 50-
150 nm), microvesicles (vesicles budding from the cell surface in the size range from 100-
500 nm) and oncosomes (large vesicles of 1-10 um in diameter produced by some tumors).”®
EVs serve as a universal mechanism of intercellular communication, transporting genetic
information and bioactive molecules, such as DNA,*" coding and non-coding RNA,">4
proteins'®'6 and lipids'”'® from donor to recipient cells.' The information conveyed by tumor-
derived EVs may functionally influence recipient cells and foster their reprogramming,? thus
contributing to the regulation of different stages of tumor progression.?'-2> Therefore, once
released into the circulation, EVs and EV-associated molecules can be used as biomarkers
in diagnosis,?% prognosis?>* and therapeutic follow-up of cancer patients.?'32 The role
of EVs in tumor progression has been addressed using mostly in vivo and conventional
two-dimensional (2D) in vitro models.???* In these studies, EVs have been isolated either
from biological fluids of cancer patients or, more often, from 2D cell cultures of cancer
cells.®3* However, it is widely accepted that under 2D conditions, cells lack the in vivo
spatial polarization and architecture, intrinsically related to their function, as well as cell-cell
and cell-matrix interactions.*3 Moreover, 2D sources of EVs are poorly efficient as a large
input volume is needed and the yield of isolated EVs is normally low. Altogether, these facts
may hamper the scale-up of 2D sources of EVs and their clinical implementation. In the last
years, three-dimensional (3D) in vitro models have been developed and tailored to better
recapitulate the in vivo features of tumors.3#! In fact, it has been demonstrated that tumor
cells growing in 3D conditions acquire morphology,*>#* differentiation,** growth pattern4®4°
and gene expression signatures similar to those observed in human tumors.*6 Importantly,
it has already been shown that some of these cellular features, such as differentiation*” and
phenotype,*84° affect the content and function of EVs. However, the impact of 3D cellular
architecture on the production, content and function of EVs remains to be elucidated.’*-%2
Additionally, itis unclear whether 3D models provide an efficient and cost-effective production
of EVs as compared to 2D models.

Inthis work, we addressed these questions by studying the differences and commonalities
between EVs released by tumor cells growing in 2D and 3D cultures. For this purpose, we
used a customized 3D in vitro model®® to isolate EVs released by cell aggregates from
two gastric cancer (GC) cell lines. Thereafter, we performed a comprehensive comparative
analysis of the biochemical features, small-RNAtranscriptome and proteome of EVs released
by cells growing in 2D and 3D conditions. We found that GC cells cultured in 3D produce
higher amounts of smaller EVs, as compared to the same cells grown in 2D. The small RNA
profiles of EVs produced in 2D and 3D conditions were similar; however, there were specific




microRNA signatures distinguishing EVs released in these two conditions. Moreover, EVs
obtained from 2D and 3D cultures exhibited different protein expression profiles, showing
significant downregulation of proteins assigned to the ARF6 signaling pathways in 3D.
We also observed increased association between cells and EVs and invasion capacity of
recipient cells upon treatment with EVs derived from 3D cultures of a specific tumor cell line,
without affecting proliferation and viability. Analysis of microRNAs and proteins differentially
expressed under 2D and 3D conditions showed a global upregulation of microRNAs and
downregulation of proteins in 3D. Integrative network analysis of these data revealed a
dynamic co-regulation of microRNAs and proteins in cells and EVs associated with the
change of cellular architecture from 2D to 3D.

Altogether, these results indicate that the 3D cellular architecture modifies production
levels and cargo of EVs, which may affect efficiency of association and consequently uptake
and induce different functional behavior on recipient cells, rendering 3D cultures a more
physiological high-throughput alternative to conventional 2D in vitro systems.

Results and Discussion

Establishment and characterization of 3D microwell array culture of GC cells

To dissect a potential influence of 3D cellular architecture on the release and cargo
of EVs, we designed and carried out a comprehensive study according to the scheme
presented in Figure 1.

First, we established a new method for EVs production using a recently developed and
intensively characterized agarose microwell array,*® which allowed long-term culture of cell
spheroids and aggregates (Figure 2a).

In this system, MKN45 and MKN74 GC cells grew in aggregates with a maximum size of
200 yum when seeded at a density of 1x10° cells/mL and cultured for six days in EVs-depleted
medium, without replenishment (Figure S1a, b). While MKN45, a poorly differentiated cell line
derived from GC liver metastases,® formed aggregates of cells loosely attached to each other
(Figure 2b, upper panel), MKN74, a moderately differentiated tubular adenocarcinoma cell
line,* formed compact cell aggregates with a glandular-like organization (Figure 2b, bottom
panel). Next, we examined the expression of E-cadherin and Mucin-1, proteins natively
located at the basolateral and apical surface of normal gastric epithelial cells, respectively.*®
MKN45 and MKN74 cells displayed expression of E-cadherin at the basolateral membrane
in both 2D and 3D cultures, resembling its physiological localization (Figure 2b). Mucin-1
is frequently upregulated in invasive GC®* and its expression has been correlated with
worse prognosis and tumor differentiation.®” In agreement with these observations, Mucin-1
was only expressed at the apical localization in MKN74 cells cultured in 3D conditions
(Figure 2b), suggesting that in 3D this differentiated cell line displays a phenotype that is
similar to the one observed in tumors. Since MKN45 cell line was derived from a poorly
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Figure 1. Scheme of the experimental flow for EVs production, isolation, characterization and data analysis.
Conditioned medium (CM) isolated after six days of 3D cell culture and two days of 2D cell culture was used
for EVs isolation by differential centrifugation. Quality control techniques (NTA; TEM; Imaging flow cytometry)
were performed on the isolated EVs prior Next Generation Sequencing of small RNAs and Mass Spectrometry
of proteins. Resulting data were analyzed separately and further integrated for the identification of altered
pathways and EVs cargo in 3D cell culture conditions. Results were validated using independent samples and
technical approaches (quantitative real-time PCR and Western Blotting).

differentiated tumor metastasis, apical Mucin-1 expression was expected neither in 2D nor
in 3D conditions. Furthermore, hematoxylin-eosin staining showed phenotypical similarities
between the structure of cell aggregates grown in microwell arrays and the structure of
in vivo tumors, grown as xenografts in mice (Figure 2b, right panel). All these findings
corroborated previous results using an in vitro multicellular gastric cancer spheroid model
based on liquid overlay technique.®® To estimate proliferation, we performed Ki-67 staining
and detected proliferating cells in both MKN45 and MKN74 cell aggregates (Figure 2c).
Cellular viability, measured after spheroid dissociation into single cell suspension, was
determined by propidium iodide/annexin V staining. We observed that the percentage of
viable cells was higher than 90% (Figure 2d), thus reducing the potential contamination of
EVs preparations by apoptotic bodies.*® Of notice, the percentage of dead cells growing in
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in athymic nude mice. c) Ki-67 staining showing representative proliferative patterns in 3D cultures. Scale bars,
50 um. d) Viability of cells harvested from 2D and 3D cultures (dissociated spheroids) tested by flow cytometry of
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2D conditions was already above 10% (Figure 2d). This result combined with the fact that
cells grow fast and become over-confluent latest after day five, prevents longer periods of
2D cultures.®®

The high cell viability of 3D cultures suggested the absence of a hypoxic or necrotic
core, which was expected since the maximal aggregate diameter observed was near 200
um.®0 It is noteworthy that larger spheroids could be obtained, by increasing cell density at
seeding, to mimic the hypoxic/necrotic core that characterizes tumors.

Altogether, these results indicate that the 3D microwell array is a suitable system for the
culture of GC cells. Knowing that differentiation and polarization play a role in the regulation
of EVs release and content,®%* and that GC aggregates reproduced better the properties
of in vivo tumors, one may speculate that EVs produced in this 3D system may be closer
to those produced by patient tumors, than standard 2D culture systems. Therefore, this
system may constitute a useful model for EV production and functional studies under a
more physiological environment.

3D cellular architecture favors the release of smaller EVs expressing exosomal markers

To understand the impact of the 3D cellular architecture on the physical and biochemical
properties of EVs, we performed transmission electron microscopy (TEM), nanoparticle
tracking analysis (NTA), and imaging flow cytometry on EVs isolated by ultracentrifugation
from 2D and 3D cultures. TEM revealed vesicular structures of a size typically assigned
to exosomes and microvesicles (Figure 3a).® Additionally, EVs derived from 3D cultures
tended to be smaller than EVs isolated from 2D cultures, which was further confirmed
by NTA (Figure 3b, c). While EVs derived from 3D cultures had mean sizes between 85-
135 nm, EVs isolated from 2D cultures had mean sizes of 100-180 nm (Figure 3b, c). By
normalizing the total number of EVs isolated in each experiment to the total number of
cells producing these EVs (cells detached from 2D monolayers or dissociated from 3D
aggregates), we observed that the average number of EVs per cell was significantly higher
in 3D in comparison to 2D (Figure 3d; Table S1). This result may reflect two key parameters
of the culture method: culture time and cell number. Whereas in 2D, the maximum period
for conditioned media collection was 48 h, in 3D this period could be extended for another
4 d without compromising cell viability. Moreover, in 3D cultures the number of cells used
for producing EVs is considerably lower than in 2D (Table S1): three fold at the seeding and
six- to ninefold at the end point, depending on the cell line. The volume of media required
for 3D cultures was only 30% comparing with 2D conditions. Altogether, these observations
strengthened the efficiency of the 3D system.

These findings were in agreement with previous studies showing that exosomes released
by tissue-engineered tumors were smaller than exosomes released by the same cells
cultured as monolayers, and had similar size distribution and concentration as exosomes
isolated from human patient plasma.®? As EV preparations were enriched in small-sized
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Figure 3. Increased EVs production by GC cells growing in 3D cultures a) Representative electron microscopy
images of EVs isolated from 2D and 3D GC cultures. Scale bars, 100 nm. b-d) Nanoparticle Tracking Analysis
(NTA) of isolated EVs. Distribution of b) size, c) mode size, and d) number of EVs per cell; graphs represent
the mean + standard deviation of at least four biological replicates. The number of EVs per cell represents
the ratio between the total number of isolated EVs and the total number of cells retrieved from the respective
cultures. *p<0.05, Mann-Whitney Test. e,f) Detection of CD9, CD81 and Flotillin-1 by imaging flow cytometry.
e) Distribution and representative images of the intensity of fluorescence detected for each marker. Bright field
images (BF) showed beads to which EVs were coupled; Fluorescence images (AF488) showed EVs labelled
with specific markers; Merged images (M) showed labelled EVs coupled to beads. f) Quantitative analysis of
the intensity of fluorescence of each marker. Results represent the mean + standard deviation of at least three
biological replicates.
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vesicles corresponding to the size of exosomes,? we tested the expression of exosome
markers CD9, Flotillin-1 and CD81 (Cytochrome C — as a negative control) by imaging
flow cytometry (Figure 3e, f; Figure S2). We observed that EVs from 2D and 3D cultures
harbored comparable amounts of CD81 and Flotillin-1, while the portion of CD9-positive
EVs tends to be increased in MKN45 3D cultures (Figure 3f). Taken together, these results
showed that GC cell lines cultured in 3D conditions are highly efficient in producing EVs that
maintain the expression of exosomal markers.

EVs isolated from 2D and 3D cultures exhibit similar small RNA profiles

To evaluate the impact of 3D cellular architecture on the small RNA profile of EVs,
we generated and sequenced small RNA libraries from EVs and their donor cells. Since
characterization of the small RNA content of EVs is still accompanied by a number of
technical challenges, we followed the recommendations of the International Society of
Extracellular Vesicles (ISEV) for the processing of EVs for RNA isolation, quality control
and sequencing analysis.®® Of notice, the sequencing of one of the biological replicates
of MKN45 2D cells was less efficient, exhibiting a lower number of reads. To overcome
this, findings from one biological replicate were considered to be sufficient for all described
comparisons. Comprehensive sequencing analysis of cellular and EVs small RNAs revealed
that more than 89% of the reads detected in cellular RNA, and 39%-94% of the reads in EVs
RNA mapped to the reference genome (Figure 4a).

Notably, the vast majority of mapped reads from EVs libraries corresponded to reads
that mapped to multiple genomic locations, whereas cellular libraries also encompassed
sequences mapped to single genomic regions (Figure 4a). To dissect the small RNA profile
of each sample, we assigned the mapped reads to the different small RNA classes using
the biotypes defined by Ensembl and MirBase. On average, we detected the expression
of 303 small RNAs in EVs and 1675 in cellular samples (Table S2). Of the small RNAs
detected (FPKM>0), microRNAs were the most abundant, both in EVs and cellular samples,
comprising on average 54% and 41%, respectively (Figure 4b).

In fact, other studies have reported that the majority of small RNAs detected in EVs
were assigned to microRNAs.® Interestingly, our study used a NGS platform distinct from
the ones used in such studies, which goes against the notion that the NGS platform may
introduce bias in the RNA biotypes identified.®” We also observed that while the second
most abundant class of small RNAs in EVs were miscellaneous RNAs (misc-RNA), in cells,
the second most abundant class were small nuclear RNAs (snRNA), comprising on average
26% and 29%, respectively (Figure 4b). Moreover, the high proportion of other types of small
RNAs enclosed by EVs may reflect the different origins of EVs as described elsewhere .5
The sorting of all these small RNAs into EVs remains unclear, hence future investigations
should focus on understanding how different types of small RNAs are recruited to EVs. By
hierarchical clustering, we observed that the expression profiles of small RNAs were not
affected by the culture condition, neither among cells nor among EVs (Figure 4c). Principle




component analysis revealed striking differences between small RNAs detected in EVs and
in donor cells. While the small RNA profiles of all EVs samples exhibited high similarity,
strong differences were observed between small RNA profiles of cells (Figure 4d).
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Figure 4. EVs released by GC cells under 2D and 3D conditions exhibit similar small RNA profiles. a) Total
number of reads and percentage of mapped reads detected by small RNA sequencing. Reads that could not
be mapped in the genome are shown in black; unique mappable reads are shown in dark grey; and reads
that were mapped to multiple regions are shown in light grey. b) Distribution of mapped reads by small RNA
classes. c) Heatmap and dendrogram of small RNA profiles of MKN45 and MKN74 EVs and cells in 2D and 3D
cultures (Z-score normalized expression values). d) Principal Component Analysis (PCA) of small RNA profiles
of MKN45 and MKN74 EVs and cells in 2D and 3D cultures. 1 and 2 represent two independent biological
replicates. *Sample with reduced number of reads.
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EVs and donor cells from 3D and 2D cultures exhibit specific microRNA signatures

Since microRNA was the most prevalent biotype identified both in EVs and cells, we
further explored the microRNA expression profiles of our samples (Figure 5; Figure S3a-f).
Using unsupervised hierarchical clustering, we observed no major differences between
cells or EVs derived from 2D and 3D cultures, meaning that clusters were independent
of culture conditions (Figure 5a). Next, we investigated if a different cellular architecture
affected specific microRNA signatures, by searching for microRNAs exclusively present
either in cells or in EVs, derived from 2D and 3D cultures. We identified 58 microRNAs
exclusively expressed in cells from 2D cultures and 137 microRNAs exclusively expressed
in cells from 3D cultures (Figure 5b). Whereas most microRNAs detected in EVs were also
presentin cells, we identified four microRNAs specific for EVs isolated from 2D cultures and
10 microRNAs specific for EVs isolated from 3D cultures. A single microRNA was shared
by EVs from 2D and 3D cultures and not by cells (Figure 5b). Interestingly, these specific
microRNAs, which discriminate spatial condition (2D vs 3D) and entity (cells vs EVs),
corresponded to a small percentage of the total number of detected microRNAs (Figure 5c).
The observation that EVs harbored a specific set of microRNAs, distinct from donor cells,
was also seen in a breast-cancer model, suggesting that it might be a general phenomenon
in tumor-derived EVs.®” Moreover, we observed that a set of 64 microRNAs was shared by
cells from 2D and 3D cultures and present only in EVs derived from 3D cultures (Figure
5¢). Of notice, the number of specific microRNAs present in cells or in EVs from 3D cultures
was higher than the number of microRNAs detected exclusively in 2D (Figure 5c). Although,
experimental data explaining this phenomenon are scarce, sorting of certain microRNAs
to EVs may require specific RNA-binding proteins and recognition of specific sequence
motifs.”

To explore the biochemical categories and pathways significantly enriched among the
set of microRNAs present in EVs from 3D cultures, we performed an over-representation
analysis (ORA) of two groups of microRNAs using the miEAA tool.”" Firstly, from the 10
microRNAs exclusively present in EVs from 3D cultures (Figure 5b), hsa-miR-155-5p,
hsa-miR-143-3p, and hsa-miR-127-3p were significantly enriched in 48 categories, mostly
associated with disease-state e.g., lymphoma, KRAS pathway, hypermethylation and
inflammatory response (Table S3).

Next, from the group of 64 microRNAs shared by cells growing in 2D and 3D conditions
and present only in EVs derived from 3D cultures (Figure 5b), six significant categories were
obtained (Table S4). The lowest p-value 0.01 was determined for 5/64 miRNAs, targeting
the PIP5K1A signaling pathway, involved in the regulation of phosphoinositides metabolism,
which plays a role in cell differentiation’? and invasion” (Table S4).

To identify pathways enriched among the 164 microRNAs detected in EVs from 3D
cultures, regardless of their presence in EVs from other conditions, we performed a gene
set enrichment analysis (GSEA), adapted for microRNAs (Table S5).”" Among the top 20
hits, main cancer-associated signaling pathways p53, MAPK, TGF beta and Ras were




identified (Figure S4).

Finally, to validate the NGS data, we quantified six randomly selected microRNAs,
detected in both cells and EVs, using quantitative Real-Time PCR (qRT-PCR) (Figure
Sb5a-c). We observed a strong correlation between the qRT-PCR results and the small
RNA sequencing data in cellular RNA, showing higher levels of the selected microRNAs
in 3D samples (Figure S5d). For EVs, the qRT-PCR data correlated better in MKN74
than in MKN45 cell line, which in general exhibits a high level of plasticity and phenotypic
heterogeneity (Figure S5d).
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Figure 5. EVs and cells cultured under 2D and 3D conditions display distinct microRNA repertoires. a) Heatmap
and dendrogram of microRNA profiles of GC EVs and cells in 2D and 3D cultures (Z-score normalized expression
values). b) Venn diagrams showing the distribution of detected microRNAs in both cell lines. c) Plots showing
the number of total microRNAs and percentage of specific microRNAs detected in each condition (2 biological
replicates for each cell line).

ARFG6 signaling pathway is downregulated in EVs isolated from 3D cultures

Next, we performed a comprehensive proteomics analysis of EVs released under 2D and
3D conditions by mass spectrometry. In total, 430 proteins were identified in EVs released by
MKN45 and MKN74 cells in 2D and 3D. Following normalization, unsupervised hierarchical
clustering was tested to estimate the impact of EVs origin (MKN45 vs MKN74) and spatial
architecture (2D vs 3D). The protein expression profiles showed two separate clusters
corresponding to MKN45 and MKN74 EVs, indicating that the cellular origin modulated the
protein cargo of EVs (Figure 6a). Moreover, within these clusters, a clear separation was
detected corresponding to 2D and 3D conditions (Figure 6a; Figure S6).

To highlight the differences between EVs released under 2D and 3D conditions,
supervised clustering was applied to the 20 proteins with highest significance (Figure
6b). Remarkably, 17 out of 20 proteins had decreased expression in 3D comparing to 2D,
demonstrating an overall downregulation of proteins in EVs from 3D cultures (Table S6). To
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Figure 6. Protein set enrichment and network analysis show ARF6 signaling pathway significantly altered in EVs
secreted by 3D cell cultures. a) Heatmap and dendrogram of protein profiles of GC EVs in 2D and 3D cultures
(Z-score normalized expression values). b) Supervised clustering was performed to highlight the differences
between EVs secreted by 2D and 3D cultures. Heatmap and dendrogram of the 20 most significantly different
proteins between EVs isolated from 2D and 3D cultures (Z-score normalized expression values). c) Protein set
enrichment analysis revealed ARF6 signaling pathway as the only pathway significantly altered between 2D and
3D conditions in both cell lines. The corresponding proteins were ranked according to the degree of deregulation
between 2D and 3D. d) Running sum statistics highlighting the significant enrichment of the proteins listed. e)
Representation of the ARF6 signaling network. f-g) Western blot validation and proteomics data of significantly
altered proteins in 3D EVs. f) Representative Western blot images. g) Protein levels of significantly altered
proteins quantified by densitometry analysis of Western Blot and validation of proteomics data. Tubulin was used
as endogenous control for cells and GAPDH for EVs. Each biological replicate was independently represented.
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Figure 6. Continued.

unveil the proteins most affected by the spatial conditions, we applied protein set enrichment
analysis (analogous to gene set enrichment analysis), listing proteins with respect to the
degree of deregulation. We observed that the most downregulated proteins in 3D cultures
are at the top of the sorted list (Figure 6¢).

Next, we addressed whether proteins belonging to a certain biological category or
pathway accumulate at the top or bottom of the sorted list by computing a running sum
(Figure 6d). Using an algorithm relying on dynamic programming,’”* we defined ARF6
(ADP-ribosylation factor 6) signaling pathways to be significantly downregulated in EVs
derived from 3D cultures (Figure 6e). ARF6 is a ubiquitously expressed protein involved
in the regulation of membrane trafficking under physiological conditions and, together with
syntenin, serves as one of the main regulators of exosome biogenesis.”>’® In addition, it
has been shown that ARF6 activation leads to an increased shedding of microvesicles from
tumor cells, carrying proteases that may degrade the surrounding extracellular matrix.”” In
fact, ARF6 upregulation/activation has been associated with an increase of cell motility and
invasiveness in tumors.” Taking into account that the proteomic profile of EVs from cells
grown in the 3D system suggests downregulation of ARF6-associated signaling pathways
and, knowing that these cells released higher numbers of smaller EVs, we may hypothesize
that the cellular spatial architecture influences the biogenesis of EVs in an ARF6-associated
manner.

We validated seven proteins significantly downregulated in EVs from 3D cultures, by
western blotting, and a good correlation with proteomics data was observed (Figure 6f,
g). Additionally, by evaluating these proteins also in the donor cells, we observed that
all proteins except catenin 1 and catenin 81 were downregulated in 3D (Figure 6f, g).
Specifically for ARF6 protein, we observed no significant alterations at the protein levels
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in the donor cells (Figure 6f, g). Analysis of ARF6 in EVs by western blotting confirmed
results of proteomics data, showing downregulation of ARF6 in EVs from the MKN45 3D
cultures (proteomics fold change: 0.41), and no differential expression of ARF6 in MKN74
EVs (proteomics fold change: 1.04) (Figure 6f, g). These data suggested that the regulation
of ARF6 expression may be cell line specific. However, taking into account the observed
regulation of proteins involved in the ARF6 signaling pathway (Figure 6f, g) we cannot exclude
other ARF6 regulatory mechanisms, such as its activation via phosphorylation,”*which were
not addressed in our study. Therefore, the role of ARF6 and ARF6-associated signaling
pathways in the biogenesis and regulation of EVs content, mediated by changes in cellular
architecture, remains to be elucidated.

Dynamic co-regulation of microRNAs and proteins in response to changes in spatial
cellular architecture

Given that in 3D cultures, we observed an upregulation of microRNAs in cells and EVs
(Figure 5), together with a downregulation of proteins in EVs (Figure 6), we hypothesized
that changes in cell architecture induced a microRNA-based regulation that targets cellular
proteins, thus affecting EV cargo and their potential impact on recipient cells. Therefore, we
analyzed the efficiency of association between EVs derived from 2D and 3D cultures with
by different recipient cells: normal human dermal fibroblasts (NHDF), immortalized normal
epithelial cells (MCF10A), and the EV-donor cancer cells MKN45 and MKN74 (Figure S7).
Furthermore, proliferation, viability and invasion capacities of MCF10A treated with EVs
isolated from MKN45 and MKN74 cancer cells growing in 2D and 3D conditions were also
assessed (Figure S8). We observed increased association during the first 15 min of the
EVs derived from the 3D culture of the MKN45 cells when MCF10A and MKN45 were
used as recipient cells. No difference between 3D and 2D conditions was obtained when
testing MKN74 EVs (Figure S7). The treatment with EVs from both cell lines did not change
the proliferation and viability of recipient cells. Nevertheless, a significant increase in the
invasion of recipient cells was induced by treatment with 3D EVs but not 2D EVs from
the MKN45 cell line, indicating that despite similarity of cargo between EVs isolated from
MKN45 and MKN74 3D cultures, their functional effect also relies on the inherited cell-
specific context.

Next, we performed an integrative network analysis of NGS and LC-MS/MS data to
pinpoint clusters of microRNAs and proteins reflecting the 3D cellular architecture. For this,
two main criteria were considered: 1) miRTarBase indicated strong or weak evidence that
a microRNA targeted a specific protein, and 2) the expression patterns of microRNAs and
their target proteins were negatively correlated. With this analysis, several clusters were
identified, three of which depicted in Figure S9. Of notice, such clusters may be constituted
by more than one microRNA targeting the same protein.2® By combining the full set of
significant clusters, we identified a network specific for 3D conditions (Figure 7a, b).

Next, we selected four upregulated microRNAs (hsa-miR-26b-5p, hsa-miR-30d-5p, hsa-
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Figure 7. Integrative network analysis reveals overall up-regulation of microRNAs and down-regulation of
proteins in EVs in 3D. a) Network of microRNAs (red rhombs) and specific target proteins (green rectangles) de-
regulated in opposite direction. Upregulation and downregulation in 3D conditions were represented in different

scales of red and green, respectively. b) Schematic representation of dynamic co-regulation of microRNAs in
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miR-152-3p and hsa-miR-155-5p) and five downregulated proteins (Ephrin receptor A2,
CD151, Junctional adhesion molecule A, Importin 1 and Lysosome-associated membrane
glycoprotein 1) for validation by qRT-PCR (Figure 7c¢) and Western Blot (Figure 7d, e). In
cells, the expression levels of the four microRNAs correlated well with the data obtained by
NGS (Figure 7c). In EVs, this correlation was maintained for MKN74 samples, however the
same was not observed for MKN45 samples (Figure 7c¢). Validation of protein data in EVs
supported the postulated hypothesis, showing consistent downregulation of all selected
proteins, with the exception of importin 1, which was not detected (Figure 7d, e).

Concluding Remarks

Our study focused on two main objectives: firstly, to establish a robust experimental
system allowing efficient EVs production under controlled conditions and closer to the
physiological environment, in comparison with conventional 2D cultures; secondly, to
understand the influence of cellular architecture on the release and content of EVs. Here,
we described the application of a newly developed agarose microwell array for isolation of
EVs released by long-term culture of GC cell aggregates. Altogether, the high viability, the
polarization and morphology of cells grown in 3D and the increased number of obtained
EVs, empower the usage of this 3D system for scale-up of EV production, allowing further
high-throughput experiments.

Using this system, we provided comprehensive evidence of the cellular architecture
impact on EVs, including a comparative analysis of small RNAs and proteins present on
EVs released by cells growing under 2D and 3D conditions, and functional assays.

Integrative network analysis of these data allowed us to raise the hypothesis of a
dynamic co-regulation of microRNAs and proteins, in cells and EVs, in response to changes
on cellular spatial architecture. In summary, we observed that the 3D cellular architecture
favored an upregulation of certain microRNAs, leading to the downregulation of the target
proteins, thereby affecting the cargo of EVs released from cells.

Although the impact of spatial architecture in cell properties is widely accepted, this
study is the first, to our knowledge, addressing the impact of 3D culture conditions on EVs.
Our findings suggest that spatial architecture influences the biogenesis and cargo of EVs
and that our 3D system represents an improvement for a more physiological, highly efficient

cells and EVs (white) and proteins in EVs (black) highlighting specific sets of miRNAs and their common target
proteins in 3D conditions. ¢) Quantitative RT-PCR validation and small RNA sequencing data of microRNAs of
the integrative network in MKN45 and MKN74 cells and EVs. d,e) Western blot validation and proteomics data of
proteins of the integrative network in MKN45 and MKN74 cells and EVs. d) Representative Western Blot images
for proteins of the integrative network in MKN45 and MKN74 cells and EVs. e) Relative levels of proteins of
the integrative network quantified by densitometry analysis of Western blot data and proteomics. Tubulin was
used as endogenous control for cells and GAPDH for EVs. c-e) Each biological replicate was independently
represented.




and cost-effective production of EVs in comparison to conventional 2D in vitro systems.
Understanding the relationship between cellular spatial organization and its consequences
on the content and function of EVs will improve our knowledge on EVs-mediated intercellular
communication and its implications in health and disease.

Materials and Methods

Cell culture and characterization

Human GC cell lines MKN74 and MKN45 (ATCC, Manassas, VA) were cultured in
RPMI 1640 medium (ThermoFisher Scientific, Waltham, MA, USA) supplemented with
10% foetal bovine serum (FBS; Biowest, Nuaillé, France) and 1% penicillin-streptomycin
(PS; ThermoFisher Scientific, Waltham, MA, USA). MCF10A (ATCC, Manassas, VA) were
culture in DMEM/F12 supplemented with 5 ug mL" insulin, 1 uyg mL" hydrocortisone, 5%
horse serum, 1 ng mL" EGF, NHDF were cultured in DMEM (low glucose), supplemented
with 10% foetal bovine serum (FBS; Biowest, Nuaillé, France). All cells were maintained at
37°C in 5% CO, humidified atmosphere.

EVs-depleted medium was obtained by overnight ultracentrifugation at 100 000xg in
a 70Ti rotor (Beckman Coulter, Fullerton, CA, USA) of RPMI medium supplemented with
20% FBS and 1% PS. This EVs-depleted medium was filtered through a 0.22 um filter and
further diluted in the same amount of RPMI medium supplemented with 1% PS and without
FBS, to reach a final 10% FBS concentration.

For 2D cultures, GC cells were seeded in T175 flasks, and cultured in RPMI 1640 medium
supplemented with 10% FBS and 1% PS until a confluence of 60%-70% was reached.
Next, GC cells were washed with phosphate buffer solution (PBS; ThermoFisher Scientific,
Waltham, MA, USA) and cultured in EV-depleted medium (10% FBS final concentration)
during 48 h. The conditioned medium was used for EVs isolation and cells for downstream
analysis. Cells growing in monolayer were detached using TrypLE™ Express Enzyme
(ThermoFisher Scientific, Waltham, MA, USA; 5 min, 37°C), resuspended in normal medium
and counted.

For 3D cultures, GC cells were seeded in customized microwell arrays developed at the
Medical Center University of Freiburg,>® which are in the meantime commercially available
as 3D CoSeedis (abc biopply, Switzerland). Cell seeding was performed at a density of
1x10° cells mL™", corresponding to =1x10° cells per array and 1000 cells per microwell. GC
3D cultures were grown in RPMI medium supplemented with 10% FBS and 1% PS during
the first day, and then cultured for 6 d in EVs-depleted medium. Optical microscopy was used
to follow cell growth and spheroid formation. The conditioned medium was used for EVs
isolation and cells for downstream analysis. After spheroid dissociation using 0.5% Trypsin-
EDTA (ThermoFisher Scientific, Waltham, MA, USA; 5 min, 37°C), cells were resuspended
in normal medium and counted.




Histological analysis and Immunofluorescence

GC cells growing in 3D cultures were fixed overnight, at room temperature (RT), using
2% paraformaldehyde (PFA; Merck, Darmstadt, Germany) followed by Gill’'s hematoxylin
(Bio-Optica, Milan, Italy) staining for 10 min. Then, 2.4% low melting point agarose (50°C;
Lonza, Basel, Switzerland) was added on top of 3D cultures followed by gelling (10 min
at RT and 20 min on ice). Paraffin sections of 3 ym were used for hematoxylin and eosin
(H&E), Ki-67 and immunofluorescence staining.

For H&E staining, slides were incubated with hematoxylin for 4 minutes, rinsed in ethanol
and stained with eosin for 2 min.

For Ki-67 staining, antigen retrieval was performed using citrate buffer (1:100 dilution,
pH 6.0, at 98°C, 40 min; Abcam, Cambridge, UK). Endogenous peroxidase activity was
blocked using 3% hydrogen peroxidase solution (1:10 dilution, 20 min; Sigma-Aldrich, St.
Louis, MO, USA) followed by incubation with anti-Ki-67 antibody (SP6, 1:200 dilution, 90
min; ThermoFisher Scientific, Waltham, MA, USA). After washing, slides were incubated
with REAL™ EnVision™ Detection System (Dako, Glostrup, Denmark) substrate buffer (30
min) and with DAB Chromogen (10 min).

For immunofluorescence, samples from 2D and 3D cultures were co-stained for
E-cadherin and Mucin-1. 2D cultures were fixed in 4% PFA (20 min), followed by treatment
with NH,CI 50mM (10 min; Merck, Darmstadt, Germany), TritonX-100 0.2% (5 min; Sigma-
Aldrich, St. Louis, MO, USA) and blocked with 5% of bovine serum albumin (BSA, 30 min;
NZYTech, Lisbon, Portugal). For 3D cultures, antigen retrieval was performed as described
for Ki-67 staining, followed by incubation in blocking serum (20 min; Ultra V Block; Lab
Vision Corporation, Fremont, CA, USA). 2D and 3D samples were co-incubated (at 4°C,
overnight) with rabbit anti-E-cadherin and mouse anti-Mucin-1 primary antibodies, followed
by 1 h incubation with secondary antibodies anti-rabbit Alexa 594 and anti-mouse Alexa
488. Images were taken with a TCS-SP5 AOBS confocal microscope (Leica Microsystems,
Wetzlar, Germany) and slides were scanned using Axio Scan.Z1 slide scanner system
(Zeiss, Oberkochen, Germany). See antibody details on Table S7.

Annexin V-FITC/Propidium lodide staining

Cell viability was measured using Annexin V-FITC and Propidium lodide (PI) double
staining followed by flow cytometry. Cells from 2D cultures were harvested using TrypLE™
Express Enzyme. Aggregates from 3D cultures were retrieved from the agarose matrix by
centrifugation (3 min, at 300xg) and dissociated using 0.5% Trypsin-EDTA. Cells recovered
from the centrifuged conditioned media (300xg pellet — EVs isolation protocol described
below) were pooled with cells dissociated from 2D or 3D cultures prior to Annexin V-FITC/
Pl staining. Dissociated 2D and 3D cells were washed with Annexin V binding buffer (AVBB;
10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,) and stained with Annexin V-FITC (1:20, 15
min; ImmunoTools, Friesoythe, Germany). Cells were stained with Pl (2 ug mL", 15 min;
ThermoFisher Scientific, Waltham, MA, USA), washed twice with AVBB, filtered through




a 0.22 uym filter and analyzed in a BD Accuri C6 flow cytometer (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA). Dead cells represent the sum of early apoptotic (EA;
Annexin V-FITC+/PI-), late apoptotic (LA; Annexin V-FITC+/PI+) and necrotic (N; Annexin
V-FITC-/PI+) cell populations. Live cells were considered to be Annexin V-FITC-/PI-. Results
represent the mean + standard deviation of three biological replicates of each cell line and
culture condition.

EVs isolation by differential ultracentrifugation

EVs were isolated from the conditioned media of 2D and 3D cultures, growing in EVs-
depleted medium, by differential centrifugation adapting previously described protocols.5°
Briefly, the collected conditioned media was centrifuged at 300xg, 4°C, for 10 min to pellet
cells. The remaining supernatant was transferred to new tubes, centrifuged at 2000xg,
4°C for 20 min and filtered through a 0.22 pm filter. The filtered supernatant was further
centrifuged in a SW32 rotor (Beckman Coulter, Fullerton, CA, USA) at 100 000x g, 4°C
for 4 h to pellet EVs. The EVs pellet was washed in PBS without Ca?* and Mg?* (Capricorn
Scientific GmbH, Ebsdorfergrund, Germany) and centrifuged at 100 000xg, 4°C for 2
h before being re-suspended in an appropriate volume of 0.9% NaCl, in accordance to
downstream applications. Characterization of EVs is annotated in the EV-TRACK Database
as EV-TRACK Nr. EV180053.

Negative staining and visualization of EV's by Transmission Electron Microscopy

The morphology of EVs was analyzed by TEM at the Histology and Electron Microscopy
facility of i3S. In brief, an aliquot (10 uL) of fresh isolated EVs preparations were mixed with
an equal volume of 4% PFA, to make a final concentration of 2% PFA. Fixed EVs (5 pL)
were then added to Formvar-carbon coated grids and incubated for 1 min, in the dark at RT,
to allow adsorption to the grid. Thereafter, EVs were stained with 5% uranyl acetate during 1
min and examined at a JEM 1400 electron microscope (JEOL, Tokyo, Japan). Images were
recorded using a SC1000 OriusTM CCD camera (Gatan, Pleasanton, CA, USA).

Nanopatrticle Tracking Analysis of EV's

The size and concentration of isolated EVs was measured by NTA, using the NanoSight
NS300 instrument (Malvern, Worcestershire, UK) with scientific CMOS sensor. Samples
were diluted in 0.9% NaCl to achieve a particle count between 1x108-1x10° particles mL™".
For each biological replicate, three technical measurements (videos) were recorded under
controlled fluid flow with a pump speed set to 40. Camera focus was adjusted to give a
clear sharp image of the particles (camera level between 10 and 16). The three videos of
30 sec, with more than 1000 detected tracks per video, were analyzed using the automatic
functions of NTA 3.1 Build 3.1.54 software and a detection threshold fixed at 5. Mode and
mean size were calculated from the three videos per biological replicate. Results represent
the mean + standard deviation of at least four biological replicates of each cell line and
were analyzed using the Mann-Whitney test (GraphPad Prism). Statistical significance was
considered when p < 0.05.
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EVs characterization by Imaging Flow Cytometry

EVs isolated from 2D and 3D cultures were analyzed for the expression of CD9, CD81,
Flotillin-1 and Cytochrome c using imaging flow cytometry. Firstly, aldehyde/sulphate latex
beads (4 um, 4% wi/v; ThermoFisher Scientific, Waltham, MA, USA) were washed in PBS,
spun down at 14 000 rpm for 3 min, 4°C, and sonicated for 5 min on ice. EVs were then
coupled to sonicated beads (1x10° particles determined by NTA per 3 pL of beads) for 1
h at RT with agitation, re-suspended in 1 mL PBS and incubated overnight, at 4°C. EVs
coupled to beads (EVs-beads) were blocked in 100 mM glycine solution (30 min; Merck,
Darmstadt, Germany) prior to immunostaining. EVs-beads were labelled during 1 h with
mouse monoclonal anti-CD9, anti-CD81, anti-Cytochrome ¢ and rabbit polyclonal anti-
Flotillin-1. After washing (PBS-2% BSA), labelled EVs-beads were incubated with goat anti-
rabbit/anti-mouse Alexa Fluor 488 secondary antibodies (30 min) and analyzed by imaging
flow cytometry. EVs-beads incubated only with secondary antibodies were used as negative
controls.

Acquisition was performed using ImageStreamX Imaging Flow Cytometer (Amnis
Corporation, Seattle, WA, USA) equipped with INSPIRE software. This technology was
demonstrated to be able to prevent the acquisition of confounding signal derived from
dye aggregates, which may have a size comparable to the used latex beads, allowing to
improve accuracy of EV measurements.®' For each sample, 100 000 events were acquired
at a 40x magnification. Fluorescence of the stained EVs-beads was excited with a 488
argon laser and collected on channel two (505-560 nm). A 745 nm laser was activated for
side-scatter and collected on channel 6, and bright field images with adjusted intensity were
collected on channel 1. Data analysis was performed using the IDEAS software (Amnis
Corporation, Seattle, WA, USA) using the pipeline described in Figure S2. Data shown as
mean + standard deviation. See antibody details on Table S7.

RNA extraction

Small RNA was isolated from 2D and 3D cells using mirVana miRNA isolation kit
(ThermoFisher Scientific, Waltham, MA, USA) according to manufacturer’s instructions
and including the final procedure for small RNA enrichment. For the isolation of small
RNA from 2D and 3D EVs preparations, mirCURY RNA isolation kit - Biofluids (Exigon,
Vedbaek, Denmark) was used, according to manufacturer’s instructions. Prior to the small
RNA isolation, EVs were treated with RNAse A (final concentration 0.4 mg/mL, at 37°C, 10
min; NZYTech, Lisbon, Portugal). RNAse A was inhibited with RNasin ribonuclease inhibitor
(final concentration 1 U/uL; Promega, Madison, WI, USA). Samples were treated with
proteinase K (final concentration 0.05 mg/mL, at 37°C, 10 min; Qiagen, Hilden, Germany),
and inactivated at 75°C for 10 min. Concentration and quality of small RNAs, including
microRNAs, were measured using the Agilent 2100 Bioanalyzer with the small RNA kit
(Agilent, Santa Clara, CA, USA).




Small RNA library preparation and sequencing

Two independent small RNA samples isolated from cells and EVs collected from 2D and
3D cultures of MKN45 and MKN74 cells were used for small RNA library preparation using
the lon Total RNA-Seq Kit v2 (ThermoFisher Scientific, Waltham, MA, USA), according
to manufacturer’s instructions. Briefly, 3’ and 5’ adaptors were attached directionally, and
simultaneously, to 3 pL of small RNA input sample (=10 ng of miRNA). Then, hybridized and
ligated RNA was reversed transcribed using lon RT primer v2 and SuperScript Il Enzyme
mix followed by purification and size-selection with a magnetic bead-based method. Each
cDNA sample was amplified and barcoded using Platinum PCR SuperMix High Fidelity,
lon Xpress RNA 3’ Barcode Primer and a unique lon Xpress RNA-Seq Barcode BC
Primer, which allowed sample identification and tracking. Amplified DNA was submitted to
purification and size-selection with a magnetic bead cleanup module and the yield and size
distribution was assessed with Agilent 2200 TapeStation (S/N 3-PM-1173NA) — HS D1000
Screen Tape (P/N 5067- 5584). The small RNA barcoded libraries were diluted to the same
molar concentration and an equal volume of each diluted library was used to prepare the
final pool. Pooled libraries were processed on lon Chef™ System (S/N CHEF00657) using
the — lon 540™ Kit-Chef (P/N A27759) and the resulting 540™ chip (P/N A27766) was
sequenced on lon S5™ XL System (S/N 245717100156). FASTQ files were generated
using the Torrent Suit plugin FileExporter v5.0.

Small RNA sequencing data analysis

High quality reads from the resulting sixteen FASTQ files were aligned to Homo
sapiens reference genome (Assembly: GCA_000001405.15) using Bowtie2.82 Mapped
reads were annotated using the corresponding GenBank information and mirBase (v.21).83
Expression data for each sample was calculated using Cufflinks® and obtained in FPKM
(Fragments Per Kilobase Of Exon Per Million Fragments Mapped). Cuffdiff** was used to
pinpoint differentially expressed genes for each described sample comparison. Private
Perl scripts and Ensembl database® information was used for expression data selection of
genes with one of the following biotypes: miRNA, misc_RNA, mt_tRNA, ribozyme, rRNA,
scaRNA, scRNA, snoRNA, snRNA. Expression data from selected genes was used for: 1)
heatmap construction using FPKM values scaled to z-score with the R package ‘gplots’;®
2) supervised and unsupervised hierarchical clustering for dendrogram construction using
calculated Euclidean distances, using R package ‘gplots’;® 3) Venn diagrams plotting using
jvenn.®” Of notice, microRNAs with FPKM>0 were considered as expressed and used for
Venn diagrams plotting. Moreover, we considered a microRNA as expressed when detected
in at least one of the biological replicates. RNA sequencing data will be available upon
request.

ORA was performed using the miEAA tool.”" Ten microRNAs specifically present in 3D
EVs and 64 microRNAs present in 3D EVs and in 2D and 3D cells were subjected to the
analysis. As a reference list we defined a total number of 164 microRNAs that were detected
in all EVs from 3D culture. We considered all categories with nominal p-values below 0.05




as significant but only considered categories containing at least two miRNAs. For a GSEA,
the 164 miRNAs detected in EVs from 3D culture were ranked according to their average
FPKM value and analyzed using the default settings in miEAA tool, such as significance
value 0.05 and threshold level 2. The categories pathways, Gene Ontology, diseases and
targets were selected for the analysis.

Quantitative Real-Time PCR

TagMan™ Advanced microRNA assays (ThermoFisher Scientific, Waltham, MA, USA)
were used to quantify specific microRNAs on cellular and EVs RNA samples, on a 7500
Fast Real-Time PCR system (ThermoFisher Scientific, Waltham, MA, USA). Analysis
was performed using the cell and EVs RNA samples, previously submitted to small
RNA sequencing plus one independent biological replicate for MKN74 samples and two
independent biological replicates for MKN45 samples. Briefly, 10 ng of RNA were reversed
transcribed using universal RT primers and the TagMan™ Advanced microRNA cDNA
Synthesis Kit (ThermoFisher Scientific, Waltham, MA, USA), according to manufacturer’s
instructions. Then, real-time qPCR was performed for each sample using 7 pL of diluted
cDNA, TagMan™ Advanced microRNA assays and TagMan™ Fast Advanced Master Mix
(ThermoFisher Scientific, Waltham, MA, USA) under fast cycling conditions. Reactions
were done in triplicates and data was analyzed by the comparative 22°T method, where
ACT = C(t)miRNA 3D cells ~ C(t)miRNA 20 cetis OF ACT = C(t)
represented as mean + standard deviation.

miRNA 3D EVs 'C(t)miRNA 2D EVs® Results were

Using the Small RNA sequencing data, we searched for a small RNA that could be used
as a housekeeping gene. Such small RNA must be expressed in all samples (FPKM>0),
with a good sample detection (FPKM>10 000) and with no differential expression between
samples (0.5 <Fold change < 1.5). As we could not find a single candidate for normalization of
gRT-PCR data, we focused the analysis on the presence or absence of a certain microRNA,
rather than its differential expression. Thus, individual replicates data was shown rather
than the mean = SD. See microRNA assay details on Table S7.

Protein sample preparation for tandem mass tag labelling

EVs pellets were suspended in RapiGest 0.1% (in TEAB 0.1 M, pH 8). Volumes were
adjusted to 100 yL with RapiGest 0.1% (in TEAB 0.1 M, pH 8). Reduction of 10 ug of protein
per sample was done with TCEP (tris(2-carboxyethyl)phosphine) at final concentration of
10 mM; the samples reacted for 30 min at 60°C. Alkylation was done with iodoacetamide,
added to a final concentration of 40 mM to each sample following incubation for 60 min, in
the dark, at RT. Trypsin was added (ratio of 1:25, w/w), and the digestion was performed
overnight at 37°C. Then, a 10-plex Tandem mass Tags (TMT) (ThermoFisher Scientific)
labeling was performed according to manufacturer’s instructions. TMT reagent tags were
dissolved in ACN, and each sample was incubated for 60 min at RT with a specific tag.
For TMT quenching, 8 pL of hydroxylamin 5% (V/V) were added, and incubated with the
samples for 15 min. TMT-labelled samples were pooled. For RapiGest cleavage, samples
were incubated with TFA for 45 min at 37°C (pH<2). After centrifugation at 14 000 rpm for




10 min, supernatants were recovered and dried under vacuum. Samples were dissolved
in 5% ACN/0.1% FA and desalted with C18 micro-spin columns (ThermoFisher Scientific).
Peptides were separated by off-gel electrophoresis, desalted and solubilized in an
appropriate amount of 5% ACN / 0.1% formic acid for mass spectrometry (MS) analysis.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

The peptides were dissolved in 5% ACN/0.1% FA to a concentration of 0.25 ug uL".
Mass spectrometry experiments were performed on a Q Exactive Plus equipped with an
Easy-nanoLC (ThermoFisher Scientific). Peptides were trapped on 2 cm x 75 ym ID, 3 ym
pre-column and separated on an Easy-spray column, 50 cmx75 um ID, PepMap C18, 2 um
(ThermoFisher Scientific). The analytical separation was run for 60 min using a gradient
of H20/FA 99.9%/0.1% (solvent A) and CH3CN/FA 99.9%/0.1% (solvent B) at a flow rate
of 300 nL min'. For MS survey scans, the OT resolution was set to 140 000 and the ion
population was set to 3x108 with an m/z window from 350 to 2000. Twenty precursor ions
were selected for higher-energy collisional dissociation (HCD) with a resolution of 35 000,
an ion population set to 1x10° (isolation window of 0.5 m/z) and normalized collision energy
set to 30%.

Protein identification and quantification

Raw data were loaded on Proteome Discoverer 2.1 software for identification and/or
quantification of peptides and proteins. Identification was performed in the UniProt/SwissProt
human database (2015_03, 20’203 entries) using Mascot (Version 2.5.1, Matrix Sciences,
London, UK). Carbamidomethylation of cysteines, TMT-sixplex amino terminus, TMT-
sixplex lysine (for TMT labeled samples) were set as fixed modifications and methionine
oxidation as variable modifications. Trypsin was selected as the enzyme, with two potential
miss-cleavages. Peptide and fragment ion tolerances were respectively 10 ppm and 0.02
Da. Threshold of the average reporter signal-to-noise ratio (S/N) was set to 1 and false
discovery ratio (FDR) was set to 1% at peptide-spectrum match (PSM), peptide and protein
levels. Only high-confident master proteins with at least two distinct peptide sequences
were subjected to identification.

Western blotting

Cells and EVs pellets were lysed in HEPES lysis buffer (25 mM HEPES, pH 7.4, 150
mM NaCl, 5 mM MgCl,, 1% TritonX-100, 2 mM PMSF, protease inhibitor Tabs, EDTA-free,
Promega) for 45 min at 4°C. After lysis, samples were centrifuged at 15 000xg, 4°C for 20
min. For analysis, 30 pg of cell lysates and 20 ug of EVs lysates were subjected to SDS-
PAGE followed by immunoblotting. SuperSignal West DURA Extended Duration Substrate
(Pierce) was used for signal detection. See antibody details on Table S7.

Uptake assay

To estimate efficiency of EV uptake, the association between EVs and recipient cells
was measured using flow cytometry. EVs released from the 2D and 3D MKN45 and MKN74
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cultures were tested in this assay. As recipients MCF10A, NHDF (normal human dermal
fibroblasts) and the EV donors, MKN45 and MKN74 cells, were tested. Recipient cells were
seeded in 24-well plates, next day by 80% density, association was analyzed using EVs
labeled with PKH26 (Sigma) according to the recommendations of the supplier. Briefly,
1.25x10° EVs were brought to the final volume of 250 uL with the diluent C and mixed; 1
pL of PKH26 was mixed with 249 uL diluent C; both solutions were mixed and incubated
for 5 min in the dark. Staining was stopped with 500 puL 1% BSA. To remove unbound dye,
the EVs were loaded in centrifugal filter units (100 kDa cut-off) and centrifuged 5 min at
2500x%g RT. Flow-through was discarded and EVs were brought to the final volume of 300
uL using the serum-free medium. As a control, PBS without EVs was stained using the
same protocol.

Directly prior EV treatment, recipient cells were washed with PBS, 1.25x10° labeled EVs
were added to each well and incubated for 5, 15 or 30 min at 37°C. After that EVs were
removed and the cells were washed, trypsinized, and measured by flow cytometry (BD
Accuri C6) using thresholds FSC-H 80.000, SSC-H 10, flow rate 35 uL min-', core size 16
pm and 10 000 counts, for NHDFs 6000 count limit was used.

Functional assays

Cell invasion, proliferation, and viability of normal epithelial cells (MCF10A) were
measured upon treatment with EVs derived from 2D and 3D cultures of MKN45 and MKN74
cells.

Firstly, MCF10Acells were washed with PBS and harvested using Versene (ThermoFisher
Scientific) followed by staining with CellTrace Cell proliferation kit, accordingly to
manufacturer’s instructions (ThermoFisher Scientific). Then, 5x10° labeled cells were
seeded and treated with 5x10° EVs in the next day. After 24 h of treatment, cells were
collected and submitted to different functional assays. For the invasion assay, Corning™
BioCoat™ Matrigel™ Invasion Chambers (ThermoFisher Scientific) were hydrated with
DMEM/F12 medium (ThermoFisher Scientific) during 1 h at 37°C. Then, 5x10* cells were
seeded in the upper compartment and incubated for 24 h at 37°C in 5% CO,. Filters were
washed in PBS and fixed in ice-cold methanol for 10 min. Non-invasive cells and Matrigel
were removed with a pre-wet cotton swab, and filters were washed and mounted in glass
coverslips with Vectashield/DAPI. A mosaic of the entire filters was obtained with Axiovert
200M (Zeiss, Oberkochen, Germany) and the total number of invasive nuclei was counted
using Imaged software. Cell proliferation was determined by analyzing CellTrace dilution
using a BD FACSCanto™ |l flow cytometer (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). Cell viability was performed as abovementioned. Results represent the
mean + standard deviation of at three biological replicates. Data were analyzed with a one-
way analysis of variance (ANOVA) with Tukey’s multiple comparisons test.




microRNA profiling and Proteomics Data Integration

For proteomic data, protein set enrichment analysis was performed using the multi-
omics analysis toolkit GeneTrail2,2® freely available at https://genetrail2.bioinf.uni-sb.
de). Proteins were ordered with respect to the degree of deregulation and significance
values were calculated by an exact algorithm relying on dynamic programming.” Next, an
integrative analysis of mMiRNAs and proteins was performed using the criteria described in
the Results section. Two criteria were considered: 1) miRTarBase indicated strong or weak
evidence that a microRNA targeted a specific protein and; 2) the expression patterns of
microRNAs and their target proteins were negatively correlated. Of notice, miRTarBase
strong evidence targets were those found by reporter assays, while weak evidence targets
derived from high-throughput techniques such as microarrays.
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Supplementary Information

Supplementary Figures

MKN45 MKN74
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Supplementary Figure 1. Optimization of the 3D culture model. a) Representative microscope images of
aggregates obtained using different cell seeding densities. Cell seeding at a density of 1x10° cells/mL (1x10°
cells per agarose array) enables the establishment of larger aggregates (~200 um). (b) Representative
microscope images of aggregates cultured with distinct FBS supplementations. FBS seems to accelerate
aggregates growth, particularly during the first hours in culture. Scale bars, 50pum.
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Supplementary Figure 2. Step-wise imaging flow cytometry analysis of EVs-coupled to beads. a) Focused
beads were gated using a histogram of gradient RMS, which represents the Root Mean Square for image
sharpness. b) An aspect ratio/area scatter plot was used to select single beads based on their roundness
(aspect ratio close to 1) and characteristic area (40-120 pixels). c) A contrast/gradient RMS plot was used to
distinguish beads from debris, which showed small changes of pixel values (contrast near 0). d) The intensity of
the fluorescence staining (Alexa Fluor 488) was plotted in a histogram of channel 2 intensity.
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Supplementary Figure 3. Individual analysis of microRNA repertoires of MKN45 (a-c) and MKN74 (d-f) cells
and EVs. a, d) Heatmap and dendrogram of microRNA profiles of GC EVs and cells in 2D and 3D cultures
(Z-score normalized expression values). b, €) Venn diagrams showing the distribution of detected microRNAs.
(c, f) Plots showing the number of total microRNAs and percentage of specific microRNAs detected in each
condition (2 biological replicates). g, h) The top-10 microRNAs in cells (g) and EVs (h) identified by supervised
hierarchical clustering according to un-paired t-tests, and subjected to transformation of the normalized
expression intensities to z- scores.




Color Key
rowz- s
hsa-miR27a-3p
hsa-miR375
hsa-miR183-5p

hsa-miR210-3p

Color Key

1 os
RowZ-Score.

hsa-miR27a-3p
hsa-miR375
hsa-miR183-5p

hsa-miR181b-5p

Color Key
1 0s
Rowz-score
hsa-miR27a-3p
hsa-miR183-5p
hsa-miR210-3p

hsa-miR181b-5p

L

hsa-miR181b-5p hsa-miR210-3p hsa-miR483-3p l
hsa-miR483-3p hsa-miR483-3p hsa-miR375
Nr\,r\,v\&'\v\f\, vy NN NG N
laloleo! leole/ lolo’o!/ow!w!/on!e!
X N PN LI
@ GLLGC FTESS LT TELLEL
S, PPEL09 9 PERESHSS
Y&
S S
&
SEESESSS
d
MKN45 MKN74
Cells EVs Cells EVs
A 4 20 2 12 2 - 16,00 4 14,00 4
8 e
e 2 10 1 6 1 15,00
) \
©
x .
S ; \
0 < 0 o' - Lo 0 - 14,00
2D 3D 2D 3D 2D 3D
8 8 8 2 60 16
8 /
§ 4 - La 4 F1 30 13
x
g
0- Lo 0 0 0 10
60 . 18 2 12 80 - 20,00 =
_ y s . 2
[ 'S
[¥] Q 3 c
-4 & / o
£l S 304 16 1 — 6 40 | 17,00 2
['4
s & 8
c g <
2 ol & L4 ol . . 0 0 L 14,00 z
8 2D 3D 2D 3D E
o
3 12 24 2 - 18 6 - 24 4 19 | &
g » . . . E
% % . . . &
2 & 6 22 14 e, 9 3 22 2 16 | &
® oN S - o
° x N a
4 g \ s
0- 20 0ol - . 0 0 20 0 13
2D 3D 2D 3D 2D 3D 2D 3D
16 . 20 2 . 16 4 18 6 - X 18
3 " %
Q8 10 14 < 8 2 17 3 14
~ \\
X AN
£ AN
0 0 0l - ~ 0 o 16 0- 10
2D 3D 2D 3D 2D 3D
30 4 22 2 - 16 6,00 14 6 - . 16
wn : f— )
5 15 20 14 = . 8 3,00 12 3 8
x 4
g N /
0/ 18 o) . " lo 0,00 10 0 0
2D 3D 2D 3D 2D 3D
qRT-PCR (Rep 1) qRT-PCR (Rep 2) gRT-PCR (Rep 3)
gRT-PCR(Rep4) ot Small RNA Sequencing (Rep 1) -------- Small RNA Sequencing (Rep 2)

Supplementary Figure 4. Validation of the small RNA sequencing data by quantitative real-time PCR. a-c)
Heatmap and dendrogram of 6 microRNAs detected in MKN45 and MKN74 EVs and cells in 2D and 3D cultures
(Z- score normalized expression values). Analysis performed with data for both MKN45 and MKN74 GC cell
lines (a), and individually for MKN45 (b) or MKN74 (c). d) Quantitative RT-PCR and small RNA sequencing data
of the six microRNAs from MKN45 and MKN74 cells and EVs selected for validation. Each biological replicate
is independently represented.
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Supplementary Figure 5. GSEA analysis results. GSEA analysis of 164 microRNAs detected in EVs from 3D

culture, showing pathways highly enriched in 3D EVs.
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Supplementary Figure 6. Protein expression profiles of EVs isolated from 2D and 3D cultures. Heatmap and
dendrogram of proteins detected individually in MKN45 (a) and MKN74 (b) EVs isolated from 2D and 3D cultures
(Z- score normalized expression values).
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Supplementary Figure 7. Association between cells and EVs isolated from 2D and 3D cultures. Representative
histograms showing the fluorescence intensity of EVs associated with different recipient cells (MCF10A, NHDF,
MKN45 and MKN74 cells). Black curves for the control, orange curves for association with 2D EVs and purple
for association with 3D EVs (a). Graphs showing the mean percentage of positive cells, i.e. cells that are
associated with fluorescently labelled EVs (b).
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Supplementary Figure 8. Functional impact of EVs isolated from 2D and 3D cultures. Graphs showing cell
viability (a), proliferation (b) and invasion (c) of MCF10A cells untreated and treated with EVs derived from
2D and 3D cultures of MKN45 and MKN74 cells. Results represent the mean + standard deviation of three
biological replicates. Data was analyzed with one-way analysis of variance (ANOVA) with Tukey’s multiple

comparisons test.
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Supplementary Tables

Supplementary Table 1. Technical information regarding the 2D and 3D culture systems used in this study

3D cultures 2D cultures
Working unit 9.15 cm? agarose matrix 175 cm?flask
Volume per working unit (mL) 6 20
Total period of culture (days) 7 5
Period of culture in EV-depleted medium (days) 6 2
i i MKN45 2,70x10° + 6,69x10° 1,77x107 + 8,36x10°
Number of cells at time of collection
per working unit MKN74 2,06x10° £ 1,16x10° 1,88x107 + 6,15x10°
MKN45 2,42x10° £ 1,09x10° 8,49x10° + 1,91x10°
Number of EVs collected
per working unit MKN74 2,02x10° £ 1,35x10° 6,09x10° + 1,87x10°
MKN45 4,04x10° + 1,82x10° 4 25x10° + 9,55x107
Number of EVs collected
permL MKN74 3,37x10° + 2,25x10° 3,04x10% + 9,37x107
MKN45 1019,59 + 687,36 636,49 + 374,97
Number of EVs collected
percell MKN74 1656,11 + 1621,61 365,10 £ 165,67

Results represent the mean + standard deviation of four biological replicates.

Intrinsic factors of tumour cells that modulate the cargo and functional effect of EVs _




Ly 622 zee 09z | ¥69z 891 | L6EL  GI8L | €6€ 9/€ 7 662 44" 8/6L  GZ9L | 8¥y  C9lLl 199 lesoL
Sy 6 9 9l 026 29 61€ 9.5 g€ 62 7 4 Gl 19 o 291 1S 1081 YNYus
8 z 4 € €zl 00} 88 26 1 €l 7 6 4 01 68 4 96 veT VYNYous
l 0 0 0 0 ! } l 0 0 7 0 0 0 ! 0 ! ! YNYos
! 0 b 0 6 ] 9 8 b I 0 6 8 z /l 6 YNYeos
8t b 47 0z 6l 961 8l 9lg Ie e 7 8l L 162 0€z 88 €5C 015 YN
0 0 0 0 0 0 ) 0 0 0 7 0 o | o 14 0 b 9 awkzoqu
74 ! b 0 € € € € 0 0 7 } b € € % € € VNS I
18 44 ¥ €5 10 991 8 651 201 18 7 86 9 991 591 6 zLl 0041 YNy osIw
61T 8l 111 891 €18 €8 bz 099 11z oz | el Iz 85/ 189 291 8.1 €082 YNYIW
gdey  jdoy | gdey  dey | gdey  |dey | gdey  ldey | gdey  (doy | gdey  jday | gdey  (dey | gdoy  Lday
as az as az as 7 az as az
sA3 siI20 sA3 sie0 uwwhw.w& D
40 19quiny YNY llews
PLNMIN SYNMIN
a|dwes yoea uj pajoajap sauab jo Jaquinu |ejo]

s8sse|0 YNY |lews ouoads 0} Buipioooe ayeoidal [eoibojoig yoes ul paiosiep sausb Jo Jequinu |ejo] g ajqel Atejuawsajddng

Chapter 1




deg-gyL-Hiw-esy 'dg-GG|-yiw-esy
de-gy-diw-esy :dg-GG|-Hiw-esy
de-ep)-Yiw-esy dg-GG-Hiw-esy
de-gy-diw-esy (dg-GG|-Hiw-esy

de-gpL-Ylw-esy :dg-GGL-yiw-esy

dg-/z1-Ylw-esy ‘dg-GGL-yiw-esy

dg-/z1-Ylw-esy ‘dg-GG|-yiw-esy

deg-gyL-diw-esy 'dg-GG|-yiw-esy
deg-gvL-Hiw-esy 'dg-GG|-yiw-esy

dg-/Z1-diw-esy 'dg-GG|-yiw-esy

deg-gyL-diw-esy 'dg-GG|-yiw-esy
dg-/zZ1-diw-esy 'dg-GG|-yiw-esy

de-/2Z)-diw-esy
‘dg-gpL-diw-esy 'dg-GG|-yiw-esy
de-gplL-diw-esy dg-GGL-yiw-esy
dg-gy-diw-esy ‘dg-GG|-Hiw-esy
dg-/z)-diw-esy :dg-GG|-Hiw-esy

de-/z)-diw-esy
‘dg-gv|-diw-esy (dg-GG| -yIw-esy
dg-/z)-diw-esy :dg-GG|-Hiw-esy

de-/z)-diw-esy
‘deg-gy|-Yiw-esy (dg-GG| -yIw-esy

slosinoaid/syNyIw

N N N N

N

€
4
4
4
©
4
©

paAlasqo

€0
1288220
1268220
1268220

1268/2°0

€¥1152°0

€V1252°0
ZY89€T'0
1582610

1G8261°0

62vLLL0
GL0
2€9285°0

1268210
1268210
12G821L°0

9€99/%°0
87209500
6684510

pajoadxa

aIn)nd Qg woly sAT ul jussald AjaAIsnjoxs SyYNYOIoIW Q| Jo sisAjeue uonejussaidal-ianQ ¢ ajqel Atejuswajddng

LEY920°0
€12/4220'0
€122220°0
€124220°0

€12/220°0

¥99€610°0

¥99€610°0
68909100
€¥2L010°0

€¥22010°0

9828€800°0
Z¥81€900°0

/60€S500°0

GGESY00°0
GGESY000
GGESY00°0

G6SZYE00°0
10625000°0
G0-3ELLES

anjea-d

pajuasaidal-1ano
pajuasaidal-iano
pajuasaidal-1ano

Uwucwmwv_aw‘_ -19A0

pajuasaidal-1ano

pajuasaidal-1ano

pajuasaidal-Iano
pajuasaidal-iano
pajuasaidal-1ano

Uwucwww.am‘_ -19A0

Umucmwmhamg -18A0

Umacmmm._am.h -l9A0

U@acwmwhaw‘_ -19A0

pajuasaidal-lano
pajussaidal-lano
pajussaidal-lono

UOHCOMOLQQL -19A0
U@acwwmhamg -19A0

U®HC®m®._Q®L -19N0

juawiyorug

Buipuig 8soon|b 9£5500009
9J01S9A 21jA00pUd

pa1eod uuyied y£eS#0009
sisAjoulql 02270009
ssaljs leays

pinj} 0} asuodsal G0¥Y£000D
Aynnoe

aseunjoxsy 96€70000D
uolenuaiayip

|19 q jo uone|nbai

aAsod 65570009
uonejAyew

aulsh| suoisly 896£0009D
[199-g ewoydwA

9¢0dNA

asuodsal

aunwuwl z adA} jo uonejnbal
anebau 628200009

SV
asuodsal

asunwuwi g 8dA} z60Z#0009
ewoydwA

90AN
CHH
971049

sayfooydwA-g
J9)Ud) |BUIWIBD)

ewoydwAT nung

Kiobajeoqgng

(Mremuiw) ABojojuQ auag
(Mremuiw) ABojojuQ suan
(Mremuiw) ABojojuQ auag
(Mremuiw) ABojojuQ suan

(Mremyiw) ABojojuQ auan

(Mremyiw) ABojojuQ susn

(Mremuiw) ABojojuQ suag
(Mremuiw) sasessiq
(aseque] yiw) sauab jabie]

(Mlemyiw) ABojojuQ auan

(aseque] yiw) sauab jabie]

(Mremyiw) ABojoyuQ susn

(Mremyiw) saseassiq

(eseque] yiw) sauab jobie)]
(aseque] yiw) sauab jabie]
(aseque] yiw) sauab jabie]

(Mremyiw) suebio
(remyiw) suebip

(Mremyiw) saseasiq

Kiobajen

N7
>
o
—
(@)
s
5
=
()
©
c
9
=
o
c
=]
=)
©
c
©
o
(@)
—
)
o
(]
c
—
]
=
o
=]
©
o]
S
—
©
c
=)
0
©
(&)
—_
S
(@]
S
=]
=
—
(@)
»
—
@]
=
o
©
o«
O
»
c
£
£




de-gyL-diw-esy 'dg-GG|-yiw-esy

deg-gyL-diw-esy 'dg-GG|-yiw-esy

deg-gyL-diw-esy 'dg-GG|-Yiw-esy

deg-gyL-diw-esy 'dg-GG|-yiw-esy

de-gyL-Hiw-esy 'dg-GG|-yiw-esy

dg-/Z1L-diw-esy 'dg-GG|-yiw-esy
deg-gyL-Hiw-esy 'dg-GG|-yiw-esy

dg-gyL-diw-esy ‘dg-GG|-Hiw-esy
de-gyL-Hiw-esy 'dg-GG|-yiw-esy
dg-/zZL-diw-esy 'dg-GG|-yiw-esy

de-gpL-Yiw-esy ‘dg-GGL-yiw-esy

deg-/z1-Yiw-esy
‘dg-gpL-Hiw-esy 'dg-GG|-yiw-esy
de-/z1-Yiw-esy
‘dg-gpL-yiw-esy ‘dg-GG | -yiw-esy

de-gyL-diw-esy 'dg-GG|-yiw-esy

de-gpL-yiw-esy 'dg-GGL-Hiw-esy

de-gyL-diw-esy 'dg-GG|-yiw-esy

982v9¢'0

G9E0GE0

1G8ZYE0

1G8ZYE0

1G8ZYE0

1682v€'0

62Y1L2ZE0

62vLee’o
62Y12E0
62vLee0

62vLee’o

158260

6271260

€0

€0

9€688€0°0

9116G€0°0

996v7€0°0

996¥¥€0°0

99677€0°0

996¥¥€0°0

607€0€0°0

607€0€0°0
60¥€0€0°0
60¥€0€0°0

607€0€0°0

20656200

1215/20°0

LEY920°0

L€¥920°0

LEYIZ0'0

U@ucwwmhamg -l9A0

U@ucwww.aw‘_ -19A0

pajuasaidai-1ano

Uwucwww.aw‘_ -19A0

Uwucwww‘_aw‘_ =190

U@ucwwmhawg -19A0
Uwucwww‘_aw‘_ -19A0

pajuasaidal-1ano
pajuasaidal-iano

pajuasaidal-iano
pajuasaidal-iano
pajuasaidal-iano
pajussaidal-1ano
pajuasaidal-iano

pajuasaidal-lano

U@ucwmmhamg -l9A0

x9]dwo9 uiIsoAw
|euojuaAuodun L9%910009
apease)

BumolD pooig z2zdM
uolonpsuely

|eubis uisjoid oel jo uonenbal
aAisod 2z0S£0009
doueusjUIEW

uljeAw waysAs snoAlau
[eJayduad /822£0009D
uoleAnoe

uabouiwseld jo uonenbai
anpebau /G/010009
uolew.oy

Jsyuso [euiwish /97200009
Buieay punom jo uone|nbai
aAnebau 640190009

yodwi asoon|6

jo uone|nbal $Z£9¥0009
Bulpuiq urewop 1| G/Z0£000D
uonew.oy Jauad jeuiw.iab

jo uone|nbal ££9200009D
sa10ads uabAxo aAoeal

0} asuodsal 0€000009D
uoljedo|sues} snajonu

ojul odwi uisjoid 090000009
asuodsal Aiojewwejiul

jo uone|nbal /Z/050009
sn|nwis plooiuodojelaulw

0} asuodsal 68€1 50009
puejsi 6do jo
uonelAyrowiadAy LZ0v¥0009D
uone|nbeod poojq jo uonenbai
anebau 66100009

(Mremyiw) ABojojuQ susg

(Mremyiw) skemyjed

(Mremyiw) ABojojuQ auan

(Mremyiw) ABojojuQ auan

(Mremuiw) ABojojuQ suag

(Mremyiw) ABojojuQ suag
(Mremuiw) ABojojuQ suag

(Mremyiw) ABojojuQ susg
(Mremyiw) ABojojuQ auag

(Mremyiw) ABojojuQ susg
(Mremyiw) ABojojuQ susg
(Mremuiw) ABojojuQ suag
(Mremyiw) ABojojuQ auan
(Mremyiw) ABojojuQ susg

(Mremyiw) ABojojuQ auan

(Mremyiw) ABojojuQ suag

‘penuiuo) "¢ a|qel Atejuswajddng

118" Chapter 1




deg-gyL-diw-esy 'dg-GGl-Hiw-esy

deg-gyl-Hiw-esy 'dg-GG|-Hiw-esy

de-epL-yiw-esy :dg-GG|-Hiw-esy

de-gpL-Yiw-esy ‘dg-GGL-yiw-esy

deg-gyL-diw-esy 'dg-GGL-Hiw-esy

dg-/zZ1-diw-esy
‘dg-eyL-diw-esy 'dg-GG|-Yiw-esy

de-gpL-yiw-esy 'dg-GGL-yiw-esy

deg-gyL-Hiw-esy 'dg-GG|-Yiw-esy

dg-/zZ1-diw-esy 'dg-GGL-yiw-esy

de-gyL-Hiw-esy 'dg-GG|-Hiw-esy

de-gyL-diw-esy 'dg-GG|-Hiw-esy

dg-/zZ)-Hiw-esy 'dg-GG|-Hiw-esy

dg-/zZ1-yiw-esy 'dg-GGL-yiw-esy

EVLLOY'O

EVLLOY'O

€VLLOV0

€VLL0¥'0

EVLLOY'O

EVLLO'L

¥1268€°0

¥1.G8€0

¥1268€°0

¥12G8€E0

¥1.G8€E0

¥1.G8€E0

98Z¥9¢‘0

9€6€870°0

9€6€£8170°0

9€6€£870°0

9€6€£870°0

9€6£870°0

LLBLEVOO

¥225€¥0°0

¥.2SEV0°0

¥225€¥0°0

¥22SE¥0°0

¥.2GEY0'0

¥22SEV0°0

9€688€0°0

pajuasalidal-lano

Umacmwm._ao._n._mgo

pajuasalidal-lano

pajuasaldal-1an0

pajuasaldal-lano

_uwucwww.aw._n._®>0

pajuasaldal-iano

UOMCOmm._QQ‘_J_®>O

pajuasaldal-iano

_uwucwww.hn_w‘_:‘_®>0

_uwﬂcwww.am.hn._®>0

_uwucwww._aw.hn._®>0

pajuasaldal-iano

uodsueln

uol wnojeo Jo uonenbal
aAlebau 926150009
sisauaboydiow

us 6850009

uononpoud

g upjnapdul Jo uonenbal
anysod /G/Z€0009
oi619eqeb

uoissiwsuel) ondeuAs

Jo uone|nBal 8zzze0009
uone|nbeod poojq Jo uonenbal
anisod $61.0£0009
juswdojarap

190 wisb 182200009
sisAjoulqu jo uonenbal
aAlebau 816150009
wnuajoeq aAlebau welb o)
asuodsal asuaep 628050009
uononpsuely

|eubis uiejosd oyJ jo uonejnbal
aAlebau $205£0009
ssao0.d oiayjuAsolq

9PIX0 dLIU 608900009
Ajiaioe aselsjsuelyjAyiow

G 8uIsSojko eup 988€0000D
ssao0.d

onojdode |82 g jo uonenbai
aaebau 06200009
snjnwils [BoL09]9

0} asuodsal 209150009

(Mlemyiw) ABojojuQ suan

(Mremyiw) ABojojuQ suan

(Mremyiw) ABojojuQ dusn

(Mremyiw) ABojojuQ susn

(Mlemyiw) ABojojuQ suan
(Mremyiw) ABojojuQ suan
(Mlemyiw) ABojojuQ auan

(Mremyiw) ABojojuQ susn

(Mlemyiw) ABojojuQ suan

(Mremyiw) ABojojuQ suan

(Mremyiw) ABojojuQ suan

(Mremyiw) ABojojuQ suag

(Mlemyiw) ABojojuQ auan

‘ponuiuo) "¢ a|qel Atejuswajddng

Intrinsic factors of tumour cells that modulate the cargo and functional effect of EVs



dg-ep0s-diw-esy

‘dg-gLo-Hiw-esy ‘dg-9zz L -HIw-esy S 98Z¥¥'Z  ZLLBOYO'0  pejussaldal-iono ZWOIN  (esequeyiw) sauab jabie
‘dg-| g-yiw-esy dg-ggh-diw-esy
de-oge-yiw-esy 6
‘9ze-yiw-esy ‘dg-qoz-yiw-esy [ 98z’ ‘ a)juasaldal-1ano SOUEPIND LIOXE Ut pAjonUl
e et ee ¥v'c  ZLL60¥0'0  P®} UoIsUsIX® UoXe 9pegpo00s  CHEMYIW) ABojojug susg
de-gLo-Yiw-esy dg-ege-Hiw . .
_esy ‘dg-| e-yyi-esy ‘dg-0)-10]-esy 14 16829} 8/9/G20'0  pejussaidai-ieno Ivdy  (esequeLyiw) sauab jebie
dg-gog-yiw-esy ‘909z L-Hiw-esy . .
T 12 1G829°L 81916200  pojussaidal-1ano SaN1O (asequeyiw) sauab jabie]
dg-gz-yiw
-esy 'dg-1/-}9|-esy ‘dg-e |G| -Hiw . .
sy ‘dg-0, ~o|-esy ‘dg-p,o|-esy L Z698L°C  9¥/8Z10'0  pojussaidal-lono sis|sield poolg (Mremyiw) suebio
‘dg-eQ | -yiw-esy ‘dg-a/-19]-eSY
dg-yi/-Hiw-esy
. 'dg-GL9-Yiw-esy 'dg-gg|-Yiw-esy S 1/G€0'Z  61L700L0°'0  Ppsjussaidai-iono VINMSdId (9sequelyiw) sauab jobie]
‘dg-9zz | -Hiw-esy ‘dg-gzz-Hiw-esy
slosinoald/SyNYIW  paAIasqo pajoadxa anjea-d juswiyoliug KiobBajeoqgng Kiobajen

saln)no g pue
@z ui Buimolb s|jeo ‘yoq Ul Jusseald pue 8inynd gz Woly SAT Ul JUasqe ‘@dn}nd ¢ Woly SAT Ul pajoslap SYNYOJoIW +9 Jo sisAjeue uonejussaidal-ianQ “ ajqel Arejuswajddng

120" Chapter 1




-ylw-esy 'dg-G6-yiw-esy ‘dg-egl-iw-esy ‘dg-y|-Hiw-esy :dg-6/-19|-esy ‘dg-qz-yiw-esy ‘dg-q6-Hiw
-esy !dg-4/-1o|-esy ‘dg-g6L-yiw-esy ‘dg-| zz-yiw-esy ‘dg-|z-yiw-esy ‘dg-czz-yiw-esy ‘dg-e|g|-yiw-esy
de-pz L-diw-esy 1dG-g66 |-y IW-esy ‘9ze-yiw-esy dg-e|G-yiw-esy dg-0lZ-yiw-esy ‘deg-gy | -Hiw-esy
‘dg-epz-yiw-esy ‘dg-9gp-yiw-esy ‘dg-y6 | -yiw-esy 'dg-gg|-yiw-esy ‘dg-GG|-Hiw-esy ‘dg-qez-yiw-esy
‘dg-q9z-yiw-esy ‘gzy-yiw-esy :/0}-Hiw-esy 'dg-qgz|-yiw-esy ‘dg-6eg-Hiw-esy ‘dg-pzg-Hiw-esy :dg-Gy|
-Yiw-esy ‘dg-eQpz-yiw-esy ‘dg-eQ | -yiw-esy ‘dg-gzz-yiw-esy ‘dg-e/-1o|-esy ‘dg-egy | -yiw-esy ‘ds-051L
-diw-esy !dg-| g-yiw-esy ‘dg-qgg-yiw-esy ‘dg-| L -yiw-esy ‘dg-qooz-yiw-esy dg-g|-yHiw-esy dg-pi|-Hiw
-esy ‘dg-egQl-yiw-esy ‘dg-zzL-yiw-esy ‘dg-/6 L -Hiw-esy ‘dg-gg|-yiw-esy ‘dg-qeeL-yiw-esy ‘dg-egz-yiw
-esy 'dg-/ |-yiw-esy ‘dg-e0z-yiw-esy ‘egze-yiw-esy :dg-Goz-ylw-esy ‘e Gy-yiw-esy ‘dg-egz | -yiw-esy
‘dg-epg-yiw-esy ‘dg-pog-yiw-esy ‘deg-000z-yiw-esy ‘dg-| z-yiw-esy ‘de-egz-yiw-esy ‘dg-gzz-yiw-esy
dg-zz-diw-esy dg-egz-yiw-esy
‘dg-g6z-ylw-esy ‘pziy-yiw-esy /0L -Hiw-esy ‘dg-eg-yiw-esy ‘dg-Gg|-yiw-esy ‘dg-Gy | -yiw-esy ‘dg-zzz
-Yiw-esy ‘dg-e/-jo|-esy ‘dg-9z | -yiw-esy ‘dg-| g-yiw-esy ‘dg-eg|-yiw-esy ‘dg-o0g-yiw-esy ‘dg-qooz-yiw
-esy !dg-6/-1o1-esy !dg-g|-yiw-esy 'dg-/61-Hiw-esy ‘dg-¢g|-yiw-esy :dg-s/-}9|-esy ‘dg-eQg-yiw-esy ‘dg
-3/-1e1-esy 'dg-g6-yiw-esy ‘el Gp-yiw-esy ‘dg-|zz-yiw-esy ‘dg-000z-yiw-esy ‘dg-|z-yiw-esy ‘dg-q/-}o|-esy
dg-zz-diw-esy ‘dg-eog-yiw-esy ‘dg-egh|
-diw-esy ‘dg-eae L -yiw-esy ‘de-yz L -yiw-esy ‘dg-q66 L -Hiw-esy ‘dg-9zz | -Hiw-esy ‘dg-e|Gl-yiw-esy dg
-q18l-yiw-esy ‘dg-0Lz-Hiw-esy ‘deg-68py-yiw-esy ‘dg-gy | -Hiw-esy dg-egz-yiw-esy 'dg-0/-19|-esy ‘dg-zg|
-diw-esy 'dg-001-yiw-esy ‘dg-gez-yiw-esy ‘dg-q9z-yiw-esy ‘6Zy-Hiw-esy {20 -yiw-esy ‘dg-q5z 1 -Hiw
-esy ‘dg-eg|-yiw-esy 'dg-qop|-yHiw-esy 'dg-/-yiw-esy 'dg-q5gL-yiw-esy ‘dg-eggl-yiw-esy (dg-gg|-yHiw
-esy !dg-Gy|-yiw-esy ‘G/e-yiw-esy ‘dg-eppz-yiw-esy ‘dg-zzz-yiw-esy ‘dg-eg|-yiw-esy ‘dg-e/-1o|-esy
‘dg-egy | -Hiw-esy !dg-gz)-yiw-esy ‘dg-| g-yiw-esy ‘dg-9g|-yiw-esy ‘dg-egoz-yiw-esy 'dg-G6-Hiw-esy
‘dg-eg | -Hiw-esy ‘dg-qez-yiw-esy ‘de- |y -Hiw-esy ‘dg-qo0z-yiw-esy ‘dg-6/-19|-esy ‘dg-q9oL-yiw-esy ‘dg
-9L-diw-esy dg-pz-yiw-esy (dg-zz | -Hiw-esy dg-g6 | -yiw-esy ‘dg-/6L-Hiw-esy ‘dg-gg|-Hiw-esy ‘dg-qg6l
-yiw-esy ‘dg-egz-yiw-esy ‘dg-/ |-yiw-esy ‘dg-4/-1o|-esy ‘dg-z6L-yiw-esy ‘dg-Goz-yiw-esy ‘dg-g6-yiw
-esy ‘elGy-yiw-esy ‘dg-| zg-yiw-esy ‘dg-eGz | -Hiw-esy 'dg-16 | -Hiw-esy ‘dg-epg-yiw-esy ‘dg-pog-yiw
-esy 'dg-000z-ylw-esy ‘dg-| z-yiw-esy ‘dg-egz-yiw-esy ‘dg-q/-1o|-esy ‘deg-gzg-yiw-esy ‘dg-eLg|-yiw-esy
dg-zz-diw-esy ‘dg
-e|0g-ylw-esy ‘dg-ege | -Hiw-esy ‘dg-qgy|-yiw-esy 'dg-gz-yiw-esy ‘dg-eae L -yiw-esy ‘dg-yz | -yiw-esy ‘dg
-0gg-ylw-esy ‘dg-|-00g-yiw-esy ‘dg-zg L-Hiw-esy ‘dg-q66 | -Hiw-esy ‘dg-9zz L-Hiw-esy ‘9ze-yiw-esy ‘dg
-eQg-yiw-esy ‘dg-g96-yiw-esy ‘dg-e|G|-yiw-esy dg-/z|-yiw-esy ‘ds-qLgL-yiw-esy ‘dg-0)z-yiw-esy ‘dg
-687-ylw-esy ‘dg-gi|-Hiw-esy ‘dg-eez-yiw-esy ‘dg-Gye-yHiw-esy :dg-0/-ja|-esy ‘dg-q90 | -Hiw-esy ‘dg-zg|
-yiw-esy ‘dg-gz | -yiw-esy ‘dg-00 L-Ylw-esy ‘dg-GG | -Hiw-esy ‘dg-gye-yiw-esy ‘dg-gez-yiw-esy dg-qg)
-ylw-esy ‘dg-eze-yiw-esy :dg-q9z-yiw-esy 6zy-yiw-esy dg-Gz-yiw-esy /0L -yiw-esy 'dg-qGz | -yiw-esy
‘dg-eg|-Hiw-esy ‘dg-eg/g-Hiw-esy 'dg-qgy | -Hiw-esy 'dg-gee-Hiw-esy ‘dg-/-yHiw-esy 'dg-qge | -Hiw-esy
‘dg-p/-jel-esy ‘dg-egQ|-yiw-esy ‘dg-egg|-Hiw-esy ‘dg-Gg|-yHiw-esy dg-yze-yHiw-esy 'dg-Gy | -Hiw-esy
‘G/e-diw-esy ‘dg-eQ0z-yiw-esy ‘dg-eg|-yiw-esy ‘dg-9z | -yiw-esy ‘dg-zzz-yiw-esy ‘dg-eg|-yiw-esy ‘dg
-e/-Jo|-esy ‘dg-egy | -yiw-esy ‘dg-0G|-yiw-esy ‘dg-p/-jo|-esy ‘dg-9z L -yiw-esy ‘dg-| g-yiw-esy :dg-9g|-yiw
-esy ‘dg-eg0z-yiw-esy ‘dg-G6 | -Hiw-esy ‘dg-eg | -Hiw-esy dg-qgg-yiw-esy dg-opg-yiw-esy dg-|y|-Hiw
-esy ‘dg-gzp-Hiw-esy ‘dg-qooz-yiw-esy :dg-6/-19-esy ‘dg-qop L -yiw-esy ‘dg-6¢ | -Hiw-esy ‘dg-g|-yiw-esy
‘de-pp1-dHiw-esy ‘dg-ego-yiw-esy ‘dg-pz-yiw-esy ‘dg-gg-yiw-esy ‘dg-q/z-yiw-esy ‘dg-g6 | -Hiw-esy
‘dg-/61-Hiw-esy ‘dg-egoe-yiw-esy ‘dg-¢g|-yiw-esy ‘dg-a/-19|-esy ‘dg-qg6 L -Hiw-esy ‘dg-egz-yiw-esy ‘dg
-/ L-diw-esy dg-eQz-yiw-esy 'dg-}/-1o|-esy ‘eQze-yiw-esy ‘dg-g6 | -yiw-esy ‘dg-Goz-yiw-esy ‘dg-ga-Hiw
-esy ‘el Gy-yiw-esy ‘dg-| zz-yiw-esy :dg-eGz | -yiw-esy ‘dg-|6 | -yiw-esy ‘dg-epg-yiw-esy ‘dg-e/z-yiw
-esy !dg-000z-yiw-esy ‘dg-| z-yiw-esy ‘dg-egg-yiw-esy 'dg-q/-jo1-esy ‘dg-ggz-yiw-esy ‘dg-e|g| -yiw-esy
slosindaid/syNyIw

S}y 0g-do} — aunynd Qg Wouj SAT Ul pajoslep SYNYOIOIW 191 JO siskleuy yaso g alqel Atejuswajddng

0€

6%

8¢

0L

90}

paAlasqo

¥0-3vy'C

¥0-3EV'C

G0-3zL'C

10-3rL'6

60-3€0'%

anjea-d

payouus uonewweu|
sisejsejol\
payoLuS wse|dosN
payouus swse|doaN bun
payouus ewouloie)
payouus swsejdosaN
juawiyonug Kiobajeaqng

(lremyiw)
saseasiq

(remyiw)
saseasIq

(lremyiw)
saseasIq

(remyw)
saseasiq

(lremyiw)
saseasiq

KioBajen

Intrinsic factors of tumour cells that modulate the cargo and functional effect of EVs

121



dg-gy|-yiw-esy ‘dg-egz-yiw-esy dg-epe-yiw-esy ‘dg-| z-yiw-esy ‘dg-q;-19|-esy

de-ae6L-diw-esy 'dg-Gog-yiw-esy 1dg-q/-1s|-esy

dg-zz)-diw-esy ‘dg-gp|-Hiw-esy

‘deg-epg-diw-esy 'dg-GG | -yiw-esy dg-gaz-yiw-esy dg-eg|-yiw-esy G/ e-yiw-esy ‘dg-epg-yiw-esy ‘dg
-e/-19|-esy ‘dg-q0z-yiw-esy ‘dg-g|-yiw-esy ‘dg-egz-yiw-esy ‘dg-/ | -yiw-esy ‘dg-eQz-yiw-esy ‘dg-4/-19|
-esy !dg-epg-yiw-esy 'dg-000z-yiw-esy 'dg-|g-yiw-esy 'dg-q/-}o|-esy ‘dg-qog-yiw-esy ‘dg-e|g| -Hiw-esy
/01-diw-esy ‘dg-eg|-yiw-esy :dg-gg|-yiw-esy :dg-Gy | -yiw-esy :dg-ggg

-diw-esy 'dg-|g-Yiw-esy dg-6/-jo1-esy :dg-gl-Hiw-esy ‘el Gy-yiw-esy dg-| gz-yiw-esy (dg-| g-Hiw-esy
de-pzlL-Yiw-esy ‘dg-q66 L -HIW-esy 9ze-Hiw-esy ‘dg-gz|-yiw-esy ‘dg-eze-yiw-esy

‘dg-qg9y | -Hiw-esy ‘dg-/-Hiw-esy ‘dg-gzz-Hiw-esy ‘dg-eg|-yiw-esy ‘dg-e/-jo|-esy ‘dg-p/-jo-esy ‘dg-G6
-Yiw-esy ‘dg-egl-Hiw-esy ‘dg-pz-yiw-esy ‘dg-egz-yiw-esy ‘dg-/ | -Hiw-esy ‘dg-epz-yiw-esy ‘dg-z6 | -Hiw
-esy 'dg-g6-yiw-esy ‘el Gp-yiw-esy (dg-| zz-yiw-esy ‘dg-eyg-Hiw-esy ‘dg-|z-yiw-esy ‘dg-e|g|-yiw-esy
de-pzZlL-yiw-esy ‘9ze-yiw

-esy 'dg-001-Hiw-esy 'dg-qz-Hiw-esy ‘dg-egoz-yiw-esy 1dg-gz L -Hiw-esy ‘dg-ggl-yiw-esy ‘dg-egz-yiw
-esy 'dg-e0z-yIW-esy ‘el Gp-yiw-esy ‘dg-| zg-yiw-esy ‘dg-eGz | -Hiw-esy ‘dg-|6-yiw-esy 'dg-| z-Hiw-esy
de-gpL-yiw-esy ‘dg-qG|-yiw-esy ‘dg-Gz-yiw-esy /0 -yiw-esy ‘dg-Gy|

-yiw-esy ‘dg-e/-jo1-esy ‘dg-9g | -yiw-esy ‘dg-9g|-Hiw-esy ‘dg-G6 | -yiw-esy ‘dg-qoQ L -yiw-esy ‘deg-egog
-Hiw-esy 'dg-gg|-Yiw-esy ‘eQze-yiw-esy 'dg-z6 | -Hiw-esy ‘dg-epg-yiw-esy dg-| z-yiw-esy 'dg-q/-j9|-esy
dg-oge-diw-esy ‘de-g | -diw-esy 'dg-gez-iw

-esy {/0}-ylw-esy ‘dg-qGzL-yiw-esy ‘dg-Gg|-yiw-esy ‘dg-Gy | -Yiw-esy ‘dg-9z|-yiw-esy ‘dg-e/-}9|-esy
‘dg-egy|-yiw-esy ‘dg-gz | -yiw-esy ‘dg- |y -Hiw-esy ‘dg-q90 | -yiw-esy ‘dg-g| -yHiw-esy !dg-zz|-yiw-esy
‘dg-egz-yiw-esy ‘dg-Goz-yiw-esy ‘dg-|zz-yiw-esy ‘dg-epg-yiw-esy :dg-000z-yiw-esy ‘dg-1z-yiw-esy

dg-}z-yiw-esy ‘dg-e|g|-yiw-esy

dg-zz-ylw-esy ‘dg-ee6 | -yiw-esy ‘dg-0ge-yiw-esy ‘dg-9zz L -Hiw-esy ‘9z¢

-diw-esy ‘dg-g9a-yiw-esy (dg-q|g|-yiw-esy ‘dg-eez-Hiw-esy ‘dg-Gpe-yiw-esy ‘dg-zg|-yiw-esy ‘dg-gzl
-diw-esy 'dg-GG-yiw-esy ‘dg-zye-yiw-esy ‘dg-qez-yiw-esy dg-ege-yiw-esy {201 -yiw-esy ‘dg-q5z L -Hiw
-esy !dg-qoy | -yiw-esy (dg-gee-yiw-esy ‘dg-/-yiw-esy dg-Gg|-yiw-esy 'dg-G | -Hiw-esy G/ g-Hiw-esy ‘dg
-eQ0z-yiw-esy ‘dg-zzz-yiw-esy ‘dg-e/-je|-esy ‘dg-egy | -Hiw-esy ‘dg-0GL-yiw-esy :dg-9z | -yiw-esy ‘dg-1¢
-yiw-esy ‘dg-egoz-yiw-esy ‘dg-o0g-yiw-esy ‘de-LyL-yiw-esy ‘dg-qooz-yiw-esy ‘dg-g|-yiw-esy ‘dg-ego|
-diw-esy ‘dg-qeel-yiw-esy ‘dg-/ L-yiw-esy ‘dg-egz-yiw-esy ‘dg-4/-jo|-esy ‘dg-G0zZ-HIw-esy ‘e|Gp-yiw-esy
‘dg- | zz-diw-esy ‘dg-egz|-Hiw-esy ‘dg-epg-yiw-esy ‘dg-e/ z-Hiw-esy :dg-000z-yiw-esy ‘dg-| z-yiw-esy
de-zz-yiw-esy ‘deg-eLog-Hiw-esy ‘dg-ee61-yiw-esy ‘de-pz | -Hiw-esy ‘dg-|-00g-yiw-esy :dg-ge6 L-yiw
-esy ‘dg-e| G -yiw-esy (dg-q| g -yiw-esy ‘dg-0lg-Hiw-esy ‘dg-gp|-yiw-esy ‘dg-eaz-iw-esy :dg-0/-j9|-esy
‘dg-gez-yiw-esy :dg-qgz | -Hiw-esy ‘dg-Gg|-yiw-esy ‘d5-Gy | -Hiw-esy G/ g-Hiw-esy ‘dg-eQz-yiw-esy ‘dg
-ZZz-diw-esy ‘dg-eg|-yiw-esy ‘dg-e/-}9|-esy ‘dg-9g|-yiw-esy ‘dg-egoz-yiw-esy ‘dg-G6 L-yiw-esy ‘dg-qeg
-Yiw-esy ‘dg-6/-19|-esy ‘:dg-q90 | -yiw-esy ‘dg-g|-yiw-esy ‘de-pi | -Hiw-esy :dg-zz | -yiw-esy ‘dg-¢g|-Hiw
-esy ‘dg-qg6l-yiw-esy ‘dg-egz-yiw-esy 'dg-g-yiw-esy ‘dg-| gz-HIw-esy ‘dg-eGz|-yiw-esy :dg-|61-yHiw
-esy ‘dg-pog-yiw-esy ‘dg-|z-yiw-esy ‘dg-egz-yiw-esy :dg-q/-18|-esy dg-gzz-yiw-esy ‘dg-e|g|-yiw-esy

dg-q/-1el-esy 'dg-gzz-yiw-esy

dg-gz-diw-esy 'dg-1/-0-esy ‘dg-q1.8 | -Hiw-esy ‘dg-GG | -yiw-esy ‘dg-q6Z-Hiw
-esy ‘dg-Gz-yiw-esy /01 -yiw-esy :dg-qoy | -yiw-esy ‘dg-/-yiw-esy dg-69/-Hiw-esy ‘dg-ep0z-yiw-esy
‘dg-eq | -yiw-esy ‘dg-e/-}9|-esy ‘dg-e9y | -iw-esy :dg-p/-jo|-esy ‘dg-9z | -Hiw-esy ‘dg-| g-Hiw-esy :dg-e¢0g

74

L

ve

14

Ll

74

8y

1994

€0-38L'%

€0-361°¢

€0-396'C

€0-3G62°L

€0-35¥°L

€0-35¥°L

€0-312°)

€0-3€1L°}L

€0-3C1L°L

¥0-309°'6

¥0-36%'S

¥0-36¢'V

payouus

payouus

payouus

payouus

payouus

payouus

payouus

payouus

payouus

payouus

payouus

payouus

sijeydeous

snAsN

ewoydwAT

BunT e0-llews
-UON Bewouloie)

BLUO}SE|qOI|D

90UualINday

swse|dos| 21Uoj0)

swse|jdoaN
onejsold

aoue)sisay ulnsu|

swse|doa) jsealg

Jejn|j@oojedaH
ewouinie)

%o0ys

‘penuiuo) g a|qel Atejuswajddng

(Mremyiw)
sasessIq

(Mremyiw)
saseasiq

(lremyiw)
saseasiq

(remyiw)
saseasIq

(lremyiw)
saseasIq

(Mremyiw)
saseasIq

(lremyiw)
saseasiq

(Mremyiw)
saseasi

(lremyiw)
saseasiq

(remyiw)
saseasIq

(remyiw)
saseasiq

(lremyiw)
saseasiq

122" Chapter 1



dg-zz-diw-esy ‘dg-yz | -Hiw-esy :9ze-yiw-esy 'dg-q|g|-yiw-esy ‘dg-gy|-Hiw-esy :dg-Gog-yiw-esy ‘dg
-epz-yiw-esy de-gz | -yiw-esy ‘dg-GGL-yiw-esy ‘de-qez-yiw-esy ‘dg-eze-yiw-esy /0L -ydiw-esy ‘dg-qgzL
-Yiw-esy ‘dg-eg|-yiw-esy ‘dg-qge L-yiw-esy ‘dg-ego-yiw-esy ‘dg-G L -yiw-esy ‘dg-epoz-yiw-esy ‘dg-eg|
-Hiw-esy ‘dg-zzz-yiw-esy ‘dg-e/-j8|-esy ‘dg-0G L -yiw-esy ‘dg-9z L -yiw-esy ‘dg-q9oL-yiw-esy ‘dg-g|-yiw
-esy ‘dg-pz-yiw-esy 'dg-zz|-yiw-esy ‘dg-ggL-yiw-esy ‘dg-egz-yiw-esy ‘eQze-yiw-esy :dg-ga-yiw-esy
‘dg-1zz-diw-esy ‘dg-egz | -yiw-esy ‘dg-epg-yiw-esy ‘dg-|g-yiw-esy ‘dg-gzz-yiw-esy ‘dg-e|g|-yiw-esy
dg-zz-diw-esy ‘dg-qgy | -yiw-esy ‘dg

-CyL-diw-esy ‘dg-qoQ L-Hiw-esy ‘dg-gg|-yiw-esy ‘dg-qez-yiw-esy ‘dg-qg | -yiw-esy dg-Gz-Hiw-esy /0|
-diw-esy ‘dg-eg90 | -yiw-esy ‘G/g-yiw-esy ‘dg-gzg-yiw-esy ‘dg-e/-jo-esy ‘ds-egy | -yiw-esy :ds-0gG | -Hiw
-esy 'dg-9z|-yiw-esy 'dg-qg0 | -yiw-esy 'dg-9|-yiw-esy dg-g6-Hiw-esy ‘e|Gy-yiw-esy ‘dg-|zz-Hiw-esy
‘dg-egz|-Hiw-esy ‘dg-epg-yiw-esy ‘dg-e/z-yiw-esy ‘dg-| z-yiw-esy ‘dg-egz-yiw-esy ‘dg-gzz-yiw-esy

de-LyL-diw-esy 'dg-qoog-Hiw-esy ‘egze-Hiw-esy 1dg-| z-Hiw-esy

A

e

€0-326'S

€0-306'S

€0-361°S

payouue

payouua

payoLus

e 1w
o
swsejdosN (rremyiw)
yosewols sases9sig
ewouloiesolbuejoyn Otiemyw)
saseasiq

‘panuiuo) °g ajqe] Asejuswajddng

N7
>
o
—
(@)
s
5
=
()
©
c
9
=
o
c
=]
=)
©
c
©
o
(@)
—
)
o
(]
c
—
]
=
o
=]
©
o]
S
—
©
c
=)
0
©
(&)
—_
S
(@]
S
=]
=
—
(@)
»
—
@]
=
o
©
o«
O
»
c
£
£




£9809°0
298090
298090
298090
£9809°0
£9809°0
£9809°0
298090
198090
9vY.L¥0
9vY.LY0
9vY.LY'0
9vY.LY'0
9vY.LY0
9vv.LY0
9vY.LY0
9vv.LY0
9vY.LY0
61€62°0

6L£62°0
anjep-d
pajsnipe jsa]-}

68/0€0°0
€€20€0°0
6670€0°0
608820°0
L€L120°0
805120°0
960200
910200
LE¥210°0
161100
L6¥110°0
6160100
LEL0LO0
18€9600°0
9/1€800°0
61¥6.00°0
8¥¥S500°0
G€69700°0
6¥7€100°0

22801000
anjep
-d meu 3sa -}

Al
L0‘L-
99°}-
1=
80°}
2.L0-
z8')-
2so
GZ'L-
L¥'0-
6€'L-
G¥'0-
G9'}-
L2'0-
990
19°}-
6v'L-
6v'L-
Gg'e-
20°)-
abueyo
PIo} ()60l

A
G0
zeo
G0
ZLe
19°0
820
eVl
zro
2L0
80
€20
zeo
19°0
8G°L
€€0
9¢‘0
9¢‘0
200
6¥°0
abueya pjo}

LG'L€
Lr'ey
€6°LY
8L
8Z'9lL
62°61
96°'Ly
298l
v.'6€
299l
6e'ce
8'0lL

[Reets
9'/lL

8e'g

A
62'9¢
20'Le
€€'8¢
€0°LL

4
dnoib Apys

9L'9
69°Gl
6€61
€6°L
Ly'EY
L0°C)
8901
802
G6'cl
Geel
9z'el
8ccl
€6'9
Glle
zz8lL
G6°LL

L'y
GLEL
€'l2
61°Gl

l
dnoub Apys

g'evi
L'0el
S6'vEL
G8'Gzl
2’29
Ge'gel
G6°GGL
G/‘98
GG'oEl
G6°LLL
Gz'zsl
SOELL
8'lLS1
Sy'62)
28
GZ'LyL
6'9vl
Gl LEL
GGLLL

GEVEL
Z dnoub
ueipaw

G919
G.6S
YAYA 4
829
L1€L
€9
(44
174"
€8
S8
G6°'LS
6°28
(STAN 14
v'6.
862l
Gl'8y
v‘cs
GL8Y
6Ll
299
| dnoub
ueipaw

Widlv
LdINV
S99llI

diid
L1dy
LVXNV
¢voll
(Al E]
1910
OLNVaV
1991l
L9NdX
EVOll
9vad
IMOd
1S1Add
C¢VHd3
Ndd491d
[2-Dle)
VINVdSL

19}eds

"SUOIJIPUOD 8INYIND g SNSJaA Q€ woly SAT Ul pajeinbal Ajpsow suigloid gz-dol 9 ajqe] Arejuswajddng

124 Chapter 1




Supplementary Table 7. Detailed description of antibodies and TagMan Advanced microRNA assays

Antibodies

ID Clone Supplier Dilution Application
Integrin a6 3750 Cell Signaling Technology 1:800 WB
Integrin 31 D6S1W Cell Signaling Technology 1:200 WB
EPHA-2 D4A2 Cell Signaling Technology 1:800 WB
GAPDH G-9 Santa Cruz 1:500 WB
E-cadherin C36 BD Biosciences 1:500 WB
p120 Catenin H-90 BD Biosciences 1:500 WB
B-catenin E-5 Santa Cruz 1:100 WB
Importin-B1 E1F1G Cell Signaling Technology 1:200 WB
Tubulin DLN-15303 Dianova 1:500 wB
LAMP1 D401S Cell Signaling Technology 1:800 WB
JAM-A 1H2A9 Santa Cruz 1:300 wWB
Integrin a3 C-18 Santa Cruz 1:400 WB
CD151 17327 Cell Signaling Technology 1:500 WB
Integrin a2 AF1740 R&D Systems 1:200 WB
Ki-67 SP6 ThermoFisher Scientific 1:200 IHC
E-cadherin 24E10 Cell Signaling Technology 1:200 ICC & IHC
Mucin -1 collaborators ICC & IHC
CD9 ALB6 Santa Cruz 3:20 IFC
CD81 5A6 Santa Cruz 3:20 IFC
Flotillin-1 H-104 Santa Cruz 3:20 IFC
Cytochrome ¢ 7H8 Santa Cruz 3:20 IFC

TaqMan Advanced microRNA assays
Assay name Assay ID Supplier
hsa-miR-210-3p 477970_mir ThermoFisher Scientific
hsa-miR-27a-3p 478384 _mir ThermoFisher Scientific
hsa-miR-183-5p 477937_mir ThermoFisher Scientific
hsa-miR-375 478074 _mir ThermoFisher Scientific
hsa-miR-181b-5p 478583 _mir ThermoFisher Scientific
hsa-miR-483-3p 478122 _mir ThermoFisher Scientific
hsa-miR-30d-5p 478606_mir ThermoFisher Scientific
hsa-miR-152-3p 477921_mir ThermoFisher Scientific
hsa-miR-26b-5p 478418 _mir ThermoFisher Scientific
hsa-miR-155-5p 477927_mir ThermoFisher Scientific

WB: Western Blotting; IHC: Immunohistochemistry; ICC: Immunocytochemistry; IFC: Imaging Flow Cytometry
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Extracellular vesicles promote gastric cancer metastasis to brown adipose

tissue
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The role of extracellular vesicles (EVs)
in the systemic dissemination of tumour
cells has been widely studied, however
such evidence remains scarce in gastric
cancer (GC). This study addressed the
contributions of GC-secreted EVs to the
in vivo dissemination and colonization of
intestinal- and diffuse-type GC cells.
this,
an in vivo metastatic assay by priming
immunodeficient with  GC-EVs
secreted by 2D and 3D cultures, followed

To accomplish we performed

mice

by tail-vein injection of 2D and 3D GC cells.
Haematoxylin-Eosin  and  Ki-67/keratin
staining evaluated the resulting metastatic
burden and proliferative rates, respectively.
We also performed an integrative analysis
of the small RNA and proteomic profiles of
cells and EVs, to dissect putative targets and
pathways involved in GC cell dissemination
and colonization.

Our results confirmed distinct metastatic
organotropism for intestinal- and diffuse-
type GC cells. Whilst intestinal-type GC cells
metastasized to the lungs, diffuse-type GC
cells displayed simultaneous lesions at the
lungs and in brown adipose tissue (BAT).

In particular, we observed a high
prevalence of lung metastasis for intestinal-
type GC cells cultured in 2D comparing with
3D counterparts. Moreover, diffuse-type GC
cells cultured in 3D displayed faster disease
progression and multiple metastasis foci in
BAT, while 2D cells mainly metastasized to
the lungs.

EVs led to a decreased ability of
3D intestinal-type GC cells to form lung
metastasis, and potentiated the spread to
BATs of both 2D and 3D diffuse-type cells.
Interestingly, 3D EVs that enhance the ability
of diffuse-type GC cells to form metastasis
in BATs were enriched in microRNAs
associated with BAT differentiation and
activation.

Overall, this work unveils a role for EVs
in GC metastasis, and provides evidence of
putative regulators of GC metastasis in BAT.

Keywords

Extracellular vesicles
Gastric cancer
Brown adipose tissue
Metastasis

Liquid biopsies
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Introduction

Metastasis is a multistep and highly inefficient process that allows tumour dissemination
to regional or distant organs, mainly through lymphatics or the blood vasculature.” Gastric
cancer (GC) patients are often diagnosed with locally advanced or metastatic disease,
when tumours are unresectable, and the available therapeutic options are poorly effective.?
In fact, the 5-year survival rates significantly decrease from 65% to 5% if, at the moment
of the diagnosis, tumours have already spread to distant organs.® GCs often disseminate
early in the disease trajectory,*® and their metastatic organotropism is associated with
the histological properties of the tumour. Whilst intestinal-type GCs often induce distant
metastasis in liver and lung, diffuse-type GCs tend to disseminate through the peritoneum
and to regional and distant lymph nodes.®

Extracellular vesicles (EVs) are small, membrane-enclosed vesicles that transport
specific biomolecules, such as RNAs and proteins, from donor to recipient cells, that can
be either localized in the surroundings or at distant sites.” Moreover, EVs are have been
implicated in several steps of tumour progression and metastasis.® As so, EVs derived from
pancreatic adenocarcinoma and melanoma contribute to the pre-metastatic niche formation
in lymph nodes and lungs.®" Furthermore, EVs from tumour cells with distinct organotropism
were shown to fuse preferentially with resident cells at their predicted destination, due
to specific integrin profiles carried by EVs."? In GC, tumour-derived EVs carry epidermal
growth factor receptor (EGFR) to liver stromal cells, which activates hepatocyte growth
factor (HGF) through the suppression of miR-26a/b expression.” HGF binds the c-MET
receptor expressd by migrating GC cells, thus facilitating liver colonization. Nevertheless,
the mechanisms underlying EV-mediated GC metastasis in other organs remains unclear.
We have previously demonstrated that the cargo and functional effects of GC-secreted
EVs (GC-EVs) is dependent on the tumour histology and cellular architecture.’ In this
work, we hypothesized that these tumour intrinsic factors also modulate the role of EVs
in GC metastasis. Hence, we pursued to unveil the contributions of GC-EVs to the in vivo
dissemination and colonization of intestinal- and diffuse-type GC cells.

In the present study, we evaluated the in vivo dissemination of intestinal- and diffuse-
type GC cells cultured in 2D and 3D conditions, which confirmed their distinct metastatic
organotropism. Intestinal-type GC cells metastasized solely to the lungs, and higher
metastatic burden was identified for cells cultured in 2D, as compared to 3D counterparts.
Instead, diffuse-type GC cells displayed metastasis in the lung and in brown adipose
tissue (BAT). Of notice, whilst diffuse-type GC cells cultured in 3D displayed faster disease
progression and multiple metastasis foci in BAT, 2D cells mainly metastasized to the lungs.

We then assessed whether an initial priming with EVs produced by 2D and 3D cells
would modulate the observed patterns of GC cell dissemination. Strikingly, EVs led to a
decreased ability of 3D intestinal-type GC cells to form lung metastasis and potentiated
the spread to BATs of both 2D and 3D diffuse-type cells. Further analysis on the content
of 3D EVs, showed an enrichment of microRNAs associated with BAT differentiation and




activation. Ongoing integrative analysis of the small RNA and proteomic profiles of cells and
EVs, will potentially unravel new targets and pathways involved in GC cell dissemination
and colonization.

Results

To investigate the role of EVs in the in vivo dissemination of intestinal and diffuse-type
GC cells, we conducted the following experimental workflow (Figure 1). Briefly, EVs isolated
from 2D and 3D cultures of intestinal- or diffuse-type GC cells, were intravenously injected
in nude mice for four weeks, followed by a single tail-vein injection of GC cells.

At (days)

Plasma &

Organs for

Week 1 Week 2 Week 3 Week 4
metastasis
2D Cells (n=5) evaluation
Vehicle
Monitorization until
3D Cells (n=5)
Humane Endpoint
« Body weightloss
) 2D Cells (n=10) * Dehydration
’ g < T i
. X 2D EVs umour size
Tail vein 3D Cells (n=10)
Nude CBA mice
2D Cells (n=10)
3D EVs
3D Cells (n=10)

Figure 1. Treatment scheme in the in vivo metastatic assay. Tail vein injections of EVs isolated from 2D or 3D
GC cultures were performed for 4 weeks, twice a week, followed by GC cells injection. Animals were euthanized
when humane endpoint was achieved. Organs and peripheral blood were collected for further analysis.

EVs inhibit lung metastasis of intestinal-type GC cells

We observed that intestinal-type GC cells (MKN74) previously cultured in 2D and 3D
conditions developed disease symptoms at similar timepoints, which were not altered
upon treatment with EVs (Figure 2A). Of notice, some of these animals did not present
disease symptoms during the experimental time (90 days). Moreover, a deep analysis of
the metastatic lesions revealed a tropism exclusively to the lungs, though with differences
in terms of size and lung occupancy (Figure 2B). Further, macroscopic evaluation of these
lesions showed that 2D cells mostly develop extensive metastasis, which was not modified
by the treatment with EVs, either collected from 2D or 3D cultures. In contrast, cells that
had been previously cultured in 3D conditions, displayed only mild metastatic lesions.
Interestingly, the ability to form metastasis was further reduced in animals treated with EVs,
particularly those isolated from 3D cultures.

Overall, these results showed that 3D cell architecture modulates the ability of intestinal-
type GC cells to metastasize to the lungs, and that EVs hampered lung colonization.
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Figure 2. Intestinal-type GC cell in vivo dissemination. (A) Time until experimental endpoint. (B) Number of
animals with extensive, moderate or low/absent lung metastasis, after macroscopic evaluation of the lungs.

EVs promote metastasis of diffuse-type GC cells to brown adipose tissue

Thereafter, we performed similar experiments using diffuse-type GC cells (MKN45)
cultured in 2D or 3D conditions, and their corresponding EVs. In contrast to intestinal-type
GC cells, 2D and 3D diffuse-type GC cells developed disease at different timepoints, and
with distinct organotropisms (Figure 3A, 3B). Hence, mice injected with 3D cells achieved
a humane endpoint faster than the group injected with 2D cells (Figure 3A). Moreover, 3D
cells formed more and larger metastatic lesions that were distributed by different anatomic
locations, as compared to the ones formed by 2D cells (Figure 3B). Interestingly, treatment
with 2D and 3D EVs resulted in a marked increase of the metastatic burden of 2D and 3D
cells (Figure 3A, 3B). In particular, treatments with EVs isolated from 3D cultures, potentiated
the size, number and spread of metastatic lesions (Figure 3A, 3B). Next, the microscopy
evaluation of these lesions revealed a close contact, or nearby, adipocyte tissue, mainly
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Figure 3. Diffuse-type GC cell in vivo dissemination. (A) Time until experimental endpoint and number of
metastasis detected in each animal. (B) Anatomic location of diffuse-type metastasis and percentage of mice
displays metastasis in each location. (C) Representative HE staining of a tumour metastasis (T) developing
within BAT.




comprised by brown adipocytes (Figure 3C). Additional lung metastasis was found both in
mice injected with 2D or 3D cells. These lesions are currently being subject of microscopic
evaluation.

Altogether, these observations suggest that diffuse-type GC cells may have a particular
tropism for brown adipocyte depots, which is fuelled by EVs.

EVs carry microRNAs involved in brown adipocyte differentiation and activation

To further dissect the putative role of EVs in the dissemination of diffuse-type GC cells,
we performed a comparative analysis of the microRNAs expressed in 2D and 3D EVs
from both intestinal- and diffuse-type GC. Interestingly, within the 37 microRNAs enriched
in 3D EVs of diffuse-type GC cells (MKN45 3D EVs), 60% (22 out of 37) were involved in
the regulation of adipocyte differentiation, conversion of white to brown adipocytes, and
activation of brown adipocytes (Figure 4). Moreover, 24% of the microRNAs enriched in 3D
EVs of diffuse-type GC (green arrows) displayed a strong and positive association with the
aforementioned processes.

These results suggest that EVs may be active modulators of the adipose tissues that
receive diffuse-type GC cells, thus facilitating metastasis to BATSs.

MKN74 2D EVs
MKN74 3D EVs
MKN45 2D EVs
MKN45 3D EVs
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Figure 4. Heatmap of microRNAs enriched in diffuse-type GC EVs cultured in 3D conditions. Arrow identify
microRNAs involved in adipocyte differentiation, conversion of white to brown adipocytes, and activation of
brown adipocytes. Green and red arrows pinpoint microRNAs with positive and negative association with these
processes, respectively. Grey arrows identify microRNAs with weak association or undefined effect.

Discussion

This study presents novel insights on the role of EVs in the dissemination of GC,
particularly of the diffuse-type. Although preliminary, the data gathered in this work suggested
that diffuse-type GC cells display a tropism to BATs, which is mediated and fueled by EVs.

Patient-derived studies have showed that intestinal-type GCs often metastasize to
lung and liver, while diffuse-type GCs disseminate through the peritoneum and to lymph
nodes.®'® Concordantly, in this study, intestinal-type GC cells developed lung metastatic
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lesions, whereas diffuse-type GC cells originated multiple and widely distributed tumour
lesions. Interestingly, such anatomical locations corresponded to the previously identified
human-like BAT and beige depots.!” Histological analysis of these lesions confirmed that
diffuse-type GC cells colonized and grew in close proximity with brown adipose tissue.

In brown and beige adipocytes, uncoupling protein 1 (UCP1) renders the inner
mitochondrial membrane ‘leaky’, which makes mitochondrial respiration remarkably
inefficient.’® This event dramatically increases cellular respiration and the release of energy
in the form of heat. Thus, activated brown/beige adipocytes require the uptake of free fatty
acids and glucose from blood circulation to support fatty acid oxidation. Importantly, BAT
activity and conversion of white to brown adipocytes (browning) has been correlated with
cancer-associated cachexia, i.e., the loss of adipose and skeletal muscle tissues that lead
to a marked patient weight loss.' Although the prevalence of BAT decreases drastically
since birth, metabolically active BATs have been reported in healthy adult humans, both
in visceral and subcutaneous locations.? Interestingly, visceral locations of human BATs
included the greater omentum, transverse mesocolon, and periphery of solid organs like
live, spleen and pancreas.?! These locations overlap with the preferential site of diffuse-
type GC metastasis, suggesting that our findings may closely mimic the human aspects of
metastatic disease.

Notably, diffuse-type EVs enhanced the formation of BAT-associated lesions, thus
suggesting the involvement of EVs in the tropism of diffuse-type GC. In fact, tumour-
associated EVs have been previously identified as stimulators of beige/brown differentiation
and important players in the metabolic reprograming of stromal adipocytes that underlies
tumour progression.?22 To further explore the role on EVs and their cargo in GC cell
dissemination and colonization we are currently performing an integrative analysis of
microRNA and proteomic contents of EVs. Potential targets will be thereafter validated in
EVs isolated from the plasma of mice with BAT lesions and from the plasma of GC patients.

Overall, this study suggests that BAT may be anchoring points for circulating diffuse-
type GC cells, and that EVs may potentiate this colonization. Ongoing integrative analysis
may unravel new targets and pathways involved in GC metastasis that may reveal useful
for patient management.

Materials and Methods

Cell culture

Human GC cell lines MKN74 (intestinal-type) and MKN45 (diffuse-type) (Japanese
Collection of Research Bioresources Cell Bank) were cultured in RPMI 1640 medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS; Biowest, Nuaillé, France) and 1% penicillin—streptomycin (PS; Thermo Fisher
Scientific, Waltham, MA, USA). All cells were maintained at 37°C in 5% CO2 humidified




atmosphere.

EV-depleted medium was obtained by overnight ultracentrifugation at 100 000xg in a
70Ti rotor (Beckman Coulter, Fullerton, CA, USA) of RPMI medium supplemented with 20%
FBS and 1% PS. This EV-depleted medium was filtered through a 0.22 um filter and further
diluted in the same amount of RPMI medium supplemented with 1% PS and without FBS,
to reach a final 10% FBS concentration.

2D and 3D GC cultures were performed as previously described'. Briefly, cell monolayers
were maintained in normal medium until 60—70% confluent, and then cultured in EV-depleted
medium during 48 h. As for the 3D cultures, GC cells were seeded in agarose microwell
arrays, grown in normal medium for 24 h and in EV-depleted medium for another 6 d. At the
end, conditioned medium was collected for EV isolation. Cells growing as monolayers or
spheroids were detached/dissociated using 0.5% Trypsin-EDTA (Thermo Fisher Scientific,
Waltham, MA, USA; 5 min, 37 °C), resuspended in normal medium and counted.

Isolation of EV's

EVs were isolated from cell culture medium by differential centrifugation, as previously
described. Briefly, conditioned medium was subjected to centrifugation at 300xg (4°C, 10
min), and 2 000xg (4°C, 20 min) and filtered through a 0.22 um filter. EVs were pelleted
through a 100 000xg (4°C, 4 h) centrifugation in a SW32 rotor (Beckman Coulter, Fullerton,
CA, USA). The EVs pellet was washed in PBS without Ca?* and Mg?* (Capricorn Scientific
GmbH, Ebsdorfergrund, Germany), recovered by 100 000xg (4°C, 2 h) centrifugation, and
resuspended in appropriate volumes of 0.9% NacCl.

Nanoparticle tracking analysis

The number and size of EVs was determined using Nanosight NS 300 system (Malvern,
Worcestershire, UK). EVs suspension was diluted (1:200) in 0.9% NaCl to achieve a particle
count ~1x108-1x10° particles/mL. Samples were acquired under controlled fluid flow with a
pump speed set to 40. For each sample, three videos of 30 s, with more than 1000 detected
tracks per video, were analyzed using the automatic functions of NTA 3.1 Build 3.1.54
software and a detection threshold fixed at 5. Mode and mean size were calculated from the
three videos per biological replicate.

In vivo metastasis assay

Male nude mice (CBA, 6~8 weeks) were housed in a pathogen-free animal facility with
access to water and food, and allowed to eat and drink ad libitum. All of the experimental
procedures were performed in accordance with protocols approved by the ethical committee
of the Instituto de Investigacédo e Inovagéo em Saude (i3S).

To investigate the role of EVs in GC metastasis, 1x10° 2D or 3D EVs were injected in
the tail vein of nude CBA mice, twice a week for 4 weeks. Control mice were injected at
the same timepoints, with the same volume of vehicle (0.9% NaCl). EVs injections were
followed by a single cell injection of 1x10% GC cells, also at the tail vein. Body weight




loss, dehydration and presence of tumour lesions were monitored. Humane endpoints were
considered terminal. When mice were euthanized, all organs and blood were collected
for further analysis. Organs were fixed in formalin, paraffin-embedded and stained with
hematoxylin/eosin (HE) to evaluate metastases by microscopy. Blood was centrifuged at
2000xg (10 min, room temperature) to collect plasma, which was stored at -80°C until
further analysis.

Proteomics

EV and cell pellets obtained from 2D and 3D cultures were processed for liquid
chromatography—tandem mass spectrometry at the i3S Proteomics Scientific Platform.
Protein identification was performed using the UniProt/SwissProt human database.

microRNA profiling and proteomics data integration sequencing experiments

Small RNA data, obtained in previous studies,'* was used to compare the expression of
microRNAs in EVs cultured in 2D and 3D conditions. FPKM values were used for heatmap
construction using GraphPad Prism software version 8.0. Integrative analysis of microRNA
and proteomic profiles is currently being performed.
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Regulatory T (Tregs) cells are abundant
in the peripheral blood and among
tumour-infiltrating lymphocytes of gastric
cancer (GC) patients. Nevertheless, the
role of Tregs in GC progression remains
controversial. This study identifies a non-
immunosuppressive mechanism through
which Tregs directly modulate GC cells by
promoting tumour growth. A comprehensive
T cell immunophenotyping of 82 human
GC cases, shows that Tregs located at the
tumour nest are frequent in intestinal-type
GCs but do not associate with increased
levels of effector T cells. Moreover, 3D in vitro
co-cultures reveal that Tregs preferentially
infiltrate intestinal-type GC spheroids and,
strikingly, induce the expression of IL2Ra

and activation of MAPK signalling pathway
in tumour cells, promoting spheroid growth.
Accumulation of Tregs in intestinal-type GCs
is increased at early stages and associates
with the absence of vascular and perineural

invasion. These findings hold insightful
implications  for therapeutic strategies
targeting intestinal-type GCs and other

tumours with similar immune context.
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Introduction

Recent advances on the molecular aspects of gastric cancer (GC) have provided
invaluable knowledge that led to the identification of new actionable targets and therapies.’
Targeted treatments and immunotherapies are mainly offered to advanced cancer patients
and have, so far, minimally improved GC prognosis, justifying why GC ranks as the third
leading cause of cancer-related deaths worldwide.? Gastric tumours with high mutation
load, microsatellite instability (MSI) or positive for Epstein—Barr viral infection are potentially
immunogenic, and thus amenable for immunotherapy based on checkpoint inhibitors
(e.g., anti-PD-1/PD-L1).3# Finding additional contexts for immuno-related therapies is an
opportunity that is worth investigating further.

Regulatory T cells (Tregs) are CD4*T cells characterized by the surface expression
of CD25/ILR2a, and nuclear expression of the transcription factor FoxP3. Tregs are
endowed with immunosuppressive activity that enforces peripheral tolerance and maintains
immunological homeostasis.® However, in cancer, the immunosuppressive environment
promoted by Tregs withholds the antitumor immune response, hence promoting tumour
progression and dissemination.®” In GC patients, peripheral blood and tumour-infiltrating
lymphocytes are enriched in Tregs,®'? which associates with increased tumour stage, poor
prognosis and reduced patient survival.’”*'” Nevertheless, other studies have shown that
tumour infiltrating Tregs may also be associated with favourable prognosis, specifically
in patients carrying tumours from the cardia or with MSI.'®2° Hence, the role of Tregs in
GC progression remains poorly understood and highly controversial. Further, it is also
unexplored in GC whether Tregs may promote tumour progression via non-immunological
mechanisms, as described in other cancer models.?"?? Thus, we sought to explore the
contribution of Tregs in GCs with distinct histology, and whether Tregs can directly impact
tumour cells to promote GC progression.

To address this, we integrated the results of T cell immunophenotyping analysis with
clinicopathological features of 82 GC patients. This analysis unveiled an enrichment of
Tregs specifically in intestinal- and indeterminate-type GC, as compared to diffuse-type GC.
Furthermore, our data suggests that a population of Tregs is maintained at the tumour nest
of intestinal-type GC independently of the prevalence of effector T cells. Given these results,
and to understand whether Tregs may actively modulate the phenotype of tumour cells, we
established and explored 3D co-cultures of Tregs with intestinal- or diffuse-type GC cell
lines. We found that Tregs actively infiltrate intestinal-type GC spheroids. Upon co-culture
with Tregs, intestinal-type GC cells acquire expression of ILR2a at the cell membrane,
have increased activation of MAPK signalling pathway and spheroid growth. Furthermore,
we found an enrichment of Tregs in early-stage intestinal-type GC, and in the absence of
vascular and perineural invasion.

Altogether, our data suggests a direct effect of Tregs on tumour cells that may be
particularly important in early stages of intestinal-type GC progression.




Results

Intestinal-type GC maintain a population of Tregs at the tumour nest independently on
the prevalence of effector T cells

Toinvestigate theimmune T cell landscape within GC, we performed immunophenotyping
of 82 patient samples. Each tumour section was stained simultaneously for a panel of seven
markers, including five T cell-associated (CD3, CD8, FoxP3, PD-1, and CD103), cytokeratin
to label epithelial tumour cells and DAPI for nuclei detection (Figure 1A, 1B). We focused the
analysis on three major phenotypes, defined as follows: 1) Helper T cells, CD3*CD8FoxP3-
cells (Figure 1C); 2) Cytotoxic T cells, CD3*CD8* cells (Figure 1D); and 3) Tregs, CD3*CD8&
FoxP3* cells (Figure 1E). Cells expressing cytokeratin were excluded when building the T
cell profiles. Poor performance of anti-IL2Ra antibodies in the immunofluorescence staining
hampered the analysis of IL2Ra expression in tissue samples.

To disclose a potential association between T cell phenotypes and GC histology, we
evaluated the density of each cell population according to GC histological types (Figure
1G; File S1). We observed that whereas the presence of helper and cytotoxic T cells only
slightly changed across GC histological types, Tregs were significantly enriched in intestinal-
and indeterminate-type GC, as compared to diffuse-type GC (p=0.0175 and p=0.0028,
respectively; Figure 1G).

We further assessed whether these differences could be explained through a differential
prevalence of MSI cases within each histotype. Whilst, 37% and 40% of intestinal- and
indeterminate-type GC cases were MSI, only 13% and 18% of diffuse- and mixed-type GC
had this phenotype (Figure 2A). Given these differences, we re-assessed the distribution of T
cell populations considering both GC histotype and MSI status. We found that indeterminate-
type MSS cases have more helper, cytotoxic cells and Tregs as compared to intestinal-type
MSS cases (p=0.0261, p=0.0349 and p=0.0026, respectively); display increased numbers
of helper T cells and Tregs in comparison to diffuse-type MSS (p=0.0297 and p=0.0002,
respectively); and increased number of Tregs in comparison to mixed-type MSS (p=0.0065;
Figure 2B-2D). Although, indeterminate-type MSS cases had increased number of Tregs
as compared to MSI cases (p=0.0444; Figure 2D), the Treg/cytotoxic T cell ratio was not
significantly changed (Figure 2E). Overall, these results suggested that indeterminate-type
MSS cases elicit stronger immune responses, as compared to the other histotypes, and that
the increased accumulation of Tregs was likely the result of an accumulation of effector T
cell populations. As for intestinal-type GC, MSS cases displayed significantly lower numbers
of cytotoxic T cells (p=0.0014), but not of Tregs, as compared to MSI cases (Figure 2C, 2D).
This led to a higher Treg/cytotoxic T cell ratio in intestinal-type MSS cases comparing with
MSI cases (p=0.0414; Figure 2E).

To further dissect this unbalanced ratio in intestinal-type GC, we characterized the
distribution of T cell populations regarding their location at the stroma (S) or tumour nest
(T) areas (Figure 2F-2I; Supplementary Figure 1). We observed that the increased Treg/
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Figure 1. Characterization of the immune T cell landscape in GC tissue sections. (A-B) Representative composite
and single-staining immunofluorescence images of the two main histological GC types, intestinal-type (A) and
diffuse-type (B), obtained by multispectral imaging. Scale bar: 100 um. (C-E) Main T cell populations identified in
the GC microenvironment based on the positivity for CD3, CD8, and FoxP3 cell markers. (G) Relative numbers
of helper, cytotoxic T cells and Tregs, according to the histologic properties of the tumour: intestinal-type, n=41;
diffuse-type, n=15; mixed-type, n=11; indeterminate-type, n=15 patients. Box and whiskers represent median
10-90 percentile. *p<0.05, **p<0.01; Kruskal-Wallis test with Dunn’s multiple comparison test.

cytotoxic T cell ratio in MSS tumours was maintained both at the stroma and tumour nest
regions (p=0.0274 and p=0.0109, respectively; Figure 2F, 2G). Of notice, several MSS
intestinal-type tumours showed particularly high numbers of Tregs comparing to the numbers
of cytotoxic T cells, at the tumour nest (Figure 2G). Moreover, we observed that increased
levels of cytotoxic T cells in MSI tumours were counterbalanced by increased numbers of
Tregs at the stroma, but not at the tumour nest (Figure 2H, 21). Hence, these data suggest
that intestinal-type GCs, independently of MSI status, maintain a population of Tregs at the
tumour nest that did not accompany the prevalence of cytotoxic T cells.

Altogether, these observations support the hypothesis that Tregs may have a non-
immunosuppressive activity by directly affecting GC tumour cells with intestinal histology.
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Figure 2. Distribution of T cell populations in MSS and MSI GC tumours. (A) Relative and absolute frequency of
MSS and MSI cases for each GC histological type. (B-E) Relative numbers of helper (B), cytotoxic T cells (C),
Tregs (D), and Tregs normalized to cytotoxic T cells (E), according to the MSI status and tumour histology. (F-I)
Relative (F, G) and absolute (H, I) numbers of Tregs and cytotoxic T cells within the stroma (green; F, H) and
tumour nest (red; G, I) areas of intestinal-type GC cases, according to MSI status. Box and whiskers represent
median + 10-90 percentile. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Two-way ANOVA with Tukey’s/Sidak’s
multiple comparisons test (B-E) and Mann-Whitney U test (F-I).
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Tregs actively infiltrate intestinal-type GC spheroids

To scrutinise the potential interactions between Tregs and tumour cells, we established
direct 3D in vitro co-cultures of T cells, isolated from the peripheral blood of healthy donors,
with GC cell lines (intestinal-type MKN74, and diffuse-type MKN45). Given the impossibility of
using intracellular FoxP3 for cell sorting, we isolated CD3*CD4*CD127-ILR2a* T cells, which
are highly enriched in Tregs, from the peripheral blood of healthy donors (Supplementary
Figure 2). As a control, CD3*CD4*CD127*ILR2a" cells (naive T cells) were also collected
from the same donors.

T cells (either Tregs or naive T cells) were added to GC spheroids recapitulating
intestinal- or diffuse-type GC (Figure 3A). Co-cultures, imaged with time-lapse for 48 h,
evidenced distinct Treg infiltration capacities depending on GC histology (Figure 3B, 3C).
Whilst Tregs accumulated inside the intestinal-type GC spheroids (Figure 3B), they remained
preferentially at the periphery of diffuse-type spheroids (Figure 3C). In both situations, the
accumulation of Tregs was proportional to the number of Tregs in the co-culture (Figure 3B,
3C). As far as naive T cells are concerned, accumulation either inside or at the periphery of
spheroids was very low as compared to that of Tregs (Figure 3D, 3E). These observations
support the findings from patients’ tumours and reinforce specific crosstalk between Tregs
and intestinal-type GC cells. Active infiltration of intestinal-type GC spheroids by Tregs was
further validated through a four-angle analysis of the spheroids at distinct time-points (Figure
3F-3L; Supplementary Figure 3; Supplementary Video 1-3). This analysis revealed that only
a small fraction of Tregs was actively infiltrating the spheroids (Figure 3F-3L), recapitulating
the proportion of Treg infiltration observed in patients’ intestinal tumours (Figure 1A).

Tregs induce ILR2a expression at the membrane of intestinal-type GC cells

Next, we investigated whether GC cells could affect the phenotype of T cells and vice-
versa. We started by analysing the expression of CD3, CD4, ILR2a and FoxP3 T cell
markers in cells collected from the co-culture conditioned media, and after dissociation
of GC spheroids into single-cell suspensions. To assess the expression of these markers
both in T cells (Tregs and naive, stained with CTV) and in GC cells, we followed the gating
strategy showed on Supplementary Figure 4. Both Tregs and naive T cells maintained their
original phenotype after 48 th of co-culture (Figure 4A), indicating that GC cells unlikely
impact the expression of markers of Treg activation and immunosuppression, such as
ILR2a and FoxP3. Surprisingly, when co-culturing intestinal-type GC cells with Tregs, but
not with naive T cells, GC cells show de novo expression of membranous ILR2a (Figure 4B,
4C), the a-chain of the IL2 receptor. This phenomenon was specific for intestinal-type GC
cells, and the extent of expression was proportional to the number of Tregs in the co-culture
(Figure 4B-4E). When intestinal-type GC spheroids were cultured in media supplemented
with IL2 and increasing concentrations of anti-CD3/anti-CD28 beads, no ILR2a induction
was observed (Supplementary Figure 5A). Moreover, conditioned media from co-cultures
did not elicit ILR2a expression in tumour cells from spheroids that have not been previously
exposed to T cells (Supplementary Figure 5B, 5C).
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Figure 3. T cell infiltration of GC spheroids. (A) Schematic representation of the co-culture timeline. Spheroids
(green) resembling intestinal- and diffuse-type GC were independently cultured for 7 days. Thereafter, Tregs
and naive T cells (red) were sorted from peripheral blood of healthy donors, based on the expression of CD3,
CD4, CD127, and ILR2a T cell markers, and added to GC spheroids. After 48h of co-culture, spheroids were
dissociated for further characterization of both T cells and GC cells. (B-E) Monitorization of GC spheroids-T cell
interactions during the 48h of co-culture by time-lapse microscopy. Control represents GC spheroids (green)
that were not cultured with T cells (red). 1:1, 1:5 and 1:15 (GC cell:T cell) represent the increasing proportions
of T cells to GC cells tested for (B) intestinal-type spheroids co-cultured with Tregs, (C) diffuse-type spheroids
co-cultured with Tregs, (D) intestinal-type spheroids co-cultured with naive T cells, (E) diffuse-type spheroids
co-cultured with naive T cells. (F-G) Light-sheet microscopy of 24h co-cultures of intestinal-type GC spheroids
(green) and Tregs (red). (F) Co-culture 3D visualization after four-angle fusion of light-sheet microscopy images.
(J-L) Lateral views of the 3D representation obtained from the light-sheet imaging data corresponding to the
regions indicated in (G) ~124 nm, (H) ~290 nm, and (I) ~434 nm, to the entire co-culture. Scale bar: 50 pm.
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We further confirmed by imaging flow cytometry, that after co-culture with Tregs,
intestinal-type GC cells displayed a 1.8-fold increase of the median membranous ILR2a
fluorescence intensity (3312 £ 72 a.u.), in comparison to GC cells cultured with naive T cells
(1839 £ 71 a.u.; Figure 4F, 4G).

Altogether, these results suggest that while GC cells do not seem to affect the phenotype
of Tregs, their direct interaction induces expression of ILR2a at the membrane of intestinal-
type GC cells.

ILR2a expression in intestinal-type GC cells associates with MAPK signalling pathway
activation and spheroid growth

IL2 is a key cytokine in the regulation of immune cell activation and proliferation,
particularly in Tregs and effector T cells. In immune cells, the high-affinity IL2 receptor,
comprising the a-chain (CD25), p-chain (CD122) and yc-chain (CD132), initiates signal
transduction via JAK1/3, leading to the activation of MAPK, PI-3K and STAT signalling
pathways.?®?6 We tested whether these pathways were activated in intestinal-type GC
cells expressing ILR2a, since, to the best of our knowledge ILR2a expression has never
been described in epithelial tumour cells. We observed that sorted ILR2a* intestinal-type
GC cells overexpressed total and phospho-ERK1/2 (Figure 5A, 5B; Supplementary Figure
6A), but STAT3 and Akt expression/activation were not detected (Supplementary Figure
6B). Accordingly, we observed that intestinal-type GC spheroids co-cultured with Tregs
had increased growth, as a consequence of higher proliferation (p=0.0021; Figure 5C, 5D;
Supplementary Figure 6C). Indeed, during the first 24 h of co-culture, GC:Treg spheroid
growth rate particularly increased in the 1:5 condition in comparison to control spheroids, and
to GC:naive T cell co-cultures (Figure 5C). This observation indicates an early proliferative
effect of Tregs over intestinal-type GC cells. In contrast, Tregs, but not naive T cells, induced
a reduction of diffuse-type GC spheroid growth after 24 h of co-culture as compared to
control spheroids (p<0.05; Supplementary Figure 6D). The latter observations suggest that
Tregs may have the opposite effect over diffuse-type GC spheroids, and likely through a
distinct mechanism. Altogether, these results show that Tregs potentiate activation of the
MAPK signalling pathway and intestinal-type GC spheroid growth.

Early-stage intestinal-type GCs are enriched in Tregs

Considering that Treg interaction with intestinal-type GC spheroids potentiates their
growth, we hypothesized that the population of Tregs present at the tumour nest of intestinal-
type GC could also trigger tumour growth. We addressed this hypothesis by analysing
whether the number of Tregs in GCs was associated with tumour growth into the stomach
wall (T stage). We detected higher density of Tregs in earlier T stages of intestinal-type GC,
namely comparing tumours limited to the submucosa and muscularis propria with those
growing throughout the stomach wall and into nearby organs or structures (pT2 vs pT4,




Tregs Naive T cells
10° 411 89.5 105 473 10° Joo 97.6 105 403 0.0
10 4 10° 4
o ,
2 I ® 2
o} o} ﬁ
o 5 10° O 10y I
0 i 107 4
02 03 0 %3 12 01
0 10° 10° 10* 10° 0 10° 10 10° 0102 10° 10*  10° 0 10° 10t 10°
CD4 FoxP3 CD4 FoxP3
50— Intestinal GC cells Intestinal GC:Tregs Intestinal GC:naive T cells
s\i *kkk 504 ; .
w40 L : :
= Co-culture with: 401 i 5 150 5
o I
5 30 ** 4 - Tregs e ool ) _
[} - < £ 1004
E 20 Naive T cells 3 3
2 I [8) | [8)
5 7 ol ] \ %1
E 10+ ; /,‘ \ \
- g 0 o T T T 0 Ll T T T
- 0,"7‘7‘7‘7 0 10° 10¢ 10° 0 10° 104 10°
1.0 111 15 1:15 (GCcells: T cells) ILR2a ILR2a
50 Diffuse GC cells Diffuse GC:Tregs Diffuse GC:naive T cells
g
o 40 . 250 A R 600 X 141
5 Co-culture with: il 5 I 15
o 200 I |
5 307 ~s- Tregs - [ = 40
o c 1504 [ =4
£ Naive T cell 3 | 3
S 204 aive T cells 8§ o || 8 o]
+ WA
<] s [/ |
N — | \
S 10 I
- T 0 T T T T 0 T
= gl weoeeegr ® 0 100 10¢  10° 10°
ILR2a
Intestinal GC cells Intestinal GC cells
§ 0.9+ g 4000 ~
() <
> 2 >
© 06 / = 3000+
i 1 N 2
° AN o
I [\ O\ =
5 0.3 \ s 2000
£ \ =
5 | B
Z g £ 1000+
1x103 1x104 8
ILR2a intensity o 0

Co-culture with:
— naive T cells + -

— Tregs - +

Figure 4. Characterization of GC and T cells after 48 h of co-culture. (A) Representative pseudocolour plots with
the expression of CD3, CD4, ILR2a, and FoxP3 T cells markers by flow cytometry show that Tregs and naive T
cells maintain their characteristic phenotype after 48h of co-culture. (B-E) Quantitative expression of ILR2a in
GC cells. (B, D) Plots showing percentage of ILR2a positive intestinal- (B) or diffuse-type GC (D) cells after 48 h
co-culture with Tregs (black) or naive T cells (grey). Data are shown as mean + SD for co-cultures treated with
T cells isolated from at least 6 healthy donors. **p<0.01, ****p<0.0001. Two-way ANOVA with Dunnett’'s multiple
comparisons test. (C, E) Representative histograms of ILR2a expression in intestinal- (C) or diffuse-type GC
(E) cells after co-cultured at 1:1 (red) or 1:5 (blue) proportions with T cells. (F-G) Detection of membranous
ILR2a expression by imaging flow cytometry. (F) Representative images of ILR2a expression in ILR2a positive
(top left) and negative (top right) intestinal GC cells, as well as in Tregs (bottom left) and naive T cells (bottom
right). Scale bar: 10 ym. (G) Representative histogram of ILR2a expression at the cell membrane (left graph)
of intestinal-type GC cells co-cultured with naive T cells (1-dark line) or Tregs (2-pink line) at 1:5 proportion and
after 48 h of co-culture. Quantification of the median ILR2a intensity at the cell membrane (right graph). Graphs
represent data from at least three independent experiments.
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p=0.0092, Figure 6A; tumour nest: pT2 vs pT3, p=0.0263 and pT2 vs pT4, p=0.0119, Figure
6B; stroma: pT1 vs pT4, p=0.0493, and pT2 vs pT4, p=0.0305, Figure 6C). Additionally, a
higher density of Tregs was also associated with the absence of vascular (p=0.0049; Figure
6D) and perineural invasion (p=0.0263, Figure 6E). Importantly, none of these associations
were found when analysing helper or cytotoxic T cells (Supplementary Figure 7A-7C).
Further, no association of T cell density was found with the presence/number of lymph
nodes metastases (N), the presence of distant metastases (M), or with the TNM stage
(Supplementary Figure 7D-7F).

These data suggest that the crosstalk between Tregs and intestinal-type GC cells is
important at the early stages of tumour progression when the tumour is growing through
the stomach wall into the muscularis propria, and before vascular and perineural invasion
(Figure 6F).
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Figure 6. Distribution of Tregs in intestinal-type GCs and association with clinicopathological features. (A-C)
Density of Tregs at tumour nest and stroma areas (A), tumour nest only (B), or stroma only (C), according to T
stage: T1, n=2; T2, n=5; T3, n=19; T4, n=15. (D) Density of Tregs in intestinal-type GC with absence (n=8) or
presence (n=33) of vascular invasion. (E) Density of Tregs in intestinal-type GC with absence (n=16) or presence
(n=25) of perineural invasion. (F) Summary of the association of Treg density with clinicopathological features
of intestinal-type GC. Box and whiskers represent median + 10-90 percentile. *p<0.05, **p<0.01; Kruskal-Wallis
test with Dunn’s multiple comparison test (A-C) and Mann-Whitney U test (D-F).

Discussion

In this study, we combined single-cell immunophenotyping of GC samples,
clinicopathological data, and 3D in vitro co-culture cell models to highlight and characterize
a tumour-promoting, non-immunosuppressive role of Tregs in GC progression (Figure
7). According to our findings, intestinal-type GCs are enriched in Tregs that preferentially
accumulate during the initial steps of tumour progression. Tregs that successfully infiltrate
the tumour nest of intestinal-type GCs may directly contribute to tumour growth by inducing
membranous expression of ILR2a in tumour cells, which associated with MAPK pathway
activation and cell proliferation.

Despite growing evidence of Treg enrichment in GC microenvironment, the role of Tregs
in GC remains poorly understood. Studies showing that Tregs are already increased in non-
neoplastic lesions, such as gastritis and peptic ulcers,?”?® suggest that Treg accumulation
may be a consequence of inflammation and occurs before GC initiation. These findings
have initially fostered our hypothesis that Tregs might differently contribute to the neoplastic
development of tumours arising in distinct inflammatory contexts. To investigate this and
considering recent data on the importance of studying the immunophenotype of GC,3°
we performed a single-cell spatial analysis of the immune landscape of GC tumours with
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Figure 7. Schematic model of Tregs non-immunosuppressive role in intestinal-type GC. Early-stage intestinal
GC, that do not present vascular and perineural invasion, display higher density of Tregs. In vitro results indicate
that Tregs induce ILR2a expression at the membrane of tumour cells, which associates with activation of MAPK
signalling pathway, increased proliferation, and spheroid growth. Further studies are required to understand the
mechanism behind ILR2a expression in tumour cells and its implications in future 1O therapies.

distinct histology. Our results showed that among the T cell populations analysed, Tregs
were enriched in intestinal-type and indeterminate-type GC, which are often associated
to chronic inflammation, in comparison to diffuse-type GC. This association of Tregs with
inflammatory environments supports the proposed mechanisms of Treg accumulation in
GC tumours based on CCL17/CCL22-mediated recruitment of Tregs or TGF-B-mediated
conversion of naive T cells into Tregs.®'*3 Another similarity between intestinal-type and
indeterminate-type GCs was the increased proportion of MSI cases, which could elicit
stronger anti-tumour immune responses.* Indeterminate-type MSS GCs showed elevated,
though highly variable, T cell numbers that likely recapitulate the heterogenous nature of
these tumours. Interestingly, in intestinal-type GCs, we observed an unbalanced ratio of
Tregs and cytotoxic T cells, comparing MSS and MSI tumours. Such findings were more
evident at the tumour nest of MSS tumours, where the number of Tregs greatly overdid the
number of cytotoxic T cells. This excess of Tregs at the tumour nest fostered the hypothesis
of a direct crosstalk between Tregs and intestinal-type tumour cells. Hence, we established
direct co-cultures of T cells and 3D GC spheroids recapitulating the histological properties
of intestinal- and diffuse-type GC.* This valuable tool allowed us to assess specific and
active spheroid infiltration by T cells. As tumours can remodel their microenvironment,




modulating Tregs’ phenotype or even converting naive T cells into Tregs,” we prepared
co-cultures with T cells isolated from healthy donors, presumably without prior contact with
tumour cells. We demonstrated that only a small fraction of Tregs infiltrates GC spheroids,
even if high numbers of Tregs are added to the culture. Our 3D co-culture system not only
closely mimics tumours from GC patients, but also their microenvironment context: 1) Treg
density is higher outside than inside GC spheroids, which resembles the high T cell density
at the GC stroma comparing to tumour nest; 2) Tregs, but not naive T cells, infiltrate GC
spheroids, recapitulating the increased Treg numbers observed in the tumour nest; 3) Tregs
preferentially infiltrate intestinal-type GC spheroids, mimicking the histological differences
observed between intestinal- and diffuse-type GC. Noteworthy is also the fact that
intestinal-type GC spheroids display stronger homotypic cell-to-cell adhesion than diffuse
spheroids,?* which would hamper Treg infiltration. Furthermore, our study suggests that the
interaction between Tregs and tumour cells has functional consequences, as intestinal-type
cells acquire ILR2a expression at the cell membrane, have stimulation of MAPK signalling
pathway and increased spheroid growth. To our knowledge, this is the first study reporting
ILR2a de novo expression in epithelial tumour cells, which may hold important implications
for the design of novel therapeutic strategies. Thus, it is critical to further understand the
mechanisms that lead to ILR2a expression in tumour cells and its molecular consequences.
Our data suggests that ILR2a is not passively transferred from Tregs to tumour cells, as
tumour cells do not acquire other membrane Treg markers nor the cell tracer that was
used to stain Tregs. Moreover, the conditioned medium of the Treg-intestinal tumour cell
co-cultures was not sufficient to induce ILR2a expression in other intestinal-type GC cells.
Thus, it is unlikely that Treg-derived soluble factors or extracellular vesicles could actively
foster or transfer ILR2a to tumour cells. We expect that further studies focused on direct cell-
cell interactions between Tregs and tumour cells, will enlighten the mechanisms underlying
ILR2a expression in tumour cells.

In immune cells, ILR2a is known to bind IL2 and form heterodimers with the - (CD122)
andyc- (CD132)chains ofthe IL2 receptor, to activate downstream signalling transduction.?526
Hence, it would be important to address whether ILR2a-tumour cells additionally express
B- and and yc-chains of IL2R, and are responsive to IL2 signals. These experiments are
crucial to determine the molecular effects of Tregs in tumour cells that should be further
validated in tissue samples.

A deeper understanding on why, and under which circumstances, Tregs may induce
expression of ILR2a in tumour cells, may greatly impact the therapeutic strategies for
intestinal-type GC patients and others presenting tumours with similar behaviour. This
knowledge may also shed light on the contrasting effects of IL2-based tumour therapies.3 Our
results suggest that, under specific tumour contexts, therapies based on IL2 administration
may favour tumour growth instead of just promoting immune T cell proliferation and survival.
Additionally, tumour cells expressing ILR2a at the membrane may compete with effector
T cells for IL2, a tumour immune evasion strategy that, until now, was solely attributed
to Tregs.” Finally, innovative tumour therapies may arise directly from knowing that the




initial steps of tumour growth may be dependent/potentiated by ILR2a-mediated signalling.
Strategies targeting ILR2a3¢ can be specifically directed to epithelial cells, which may reduce
the secondary effects from unspecific targeting of Tregs.

Overall, our study suggests that during the early steps of intestinal-type gastric
carcinogenesis, Treg cells accumulate within the tumour microenvironment and, likely
through a contact-dependent mechanism, promote ILR2a expression and stimulation of
growth signalling pathways, such as MAPK pathway, in tumour cells. Our findings hold
promising and relevant implications for future 10 therapies and patient stratification in GC,
which may potentially be expanded to other immune cold tumours.

Materials and Methods

Patient data

Tissue samples were obtained retrospectively from 82 GC patients who underwent
gastric surgery with curative intent at Centro Hospitalar Universitario Sao Joao (CHUSJ;
Porto, Portugal). Clinicopathological features were collected from medical and pathological
records for further analysis (Table S1). Formalin-fixed paraffin-embedded (FFPE) specimens
from 41 intestinal-type, 15 diffuse-type, 11 mixed-type, and 15 indeterminate-type GC
tumours, according to Laurén histological classification, were included. For each case, the
H&E-stained section used for histological classification was sequential to the one used for
immunophenotyping analysis, to allow the association between the T cell immune profiling
and tissue histological features. All cases were staged according to the eighth edition of the
American Joint Committee on Cancer (AJCC) staging system. None of the patients included
in this study was treated with neoadjuvant chemotherapy nor chemo-radiation therapy. The
study was approved by the CHUSJ Ethics Committee (protocol 78/13).

Immunofluorescence staining, image acquisition, and analysis

T cell immunophenotyping of GC samples was performed using a seven-target
immunofluorescence detection protocol on single FFPE tissue sections, following a
previously described combination of tyramide signal amplification (TSA) with direct and
indirect immunostaining.*® Briefly, after an initial deparaffinisation of 4-um tissue sections
with xylene and washing with ethanol, endogenous peroxidase was inactivated by blocking
with 0.3% hydrogen peroxide in methanol (20 min; Merck Millipore, Burlington, MA, USA)
and heat-induced antigen retrieval was performed with Tris-EDTA buffer (10 mM/1 mM,
pH 9.0, 10 min). After cooling, slides were incubated with Superblock solution (30 min;
Thermo Fisher Scientific, Waltham, MA, USA) to block non-specific binding. For TSA,
slides were incubated with anti-PD-1 antibody (D4W2J, 1:2000 dilution, 60 min; Cell
Signalling Technology, Danvers, MA, USA), followed by incubation with poly-horseradish
peroxidase solution (30 min; Immunologic, Duiven, The Netherlands) and with Opal 520
reagent (1:100 dilution, 60 min; Perkin Elmer, Waltham, MA, USA). Before proceeding to




the indirect immunofluorescence step, microwave-induced antibody stripping was achieved
by incubating slides in citrate buffer (10 mM, pH 6.0) at 90 W for 15 min. For the two-
step immunofluorescence detection, slides were incubated with anti-FoxP3 (236A/E7, 1:25
dilution; Thermo Fisher Scientific), anti-CD8 (4B11, 1:50 dilution; Dako, Glostrup, Denmark)
and anti-CD103 (EPR4166 2, 1:100 dilution; Abcam, Cambridge, UK) primary antibodies
overnight, and with corresponding conjugated secondary antibodies (CF and Alexa Fluor
dyes; Sigma—Aldrich, Saint Louis, MO, USA, and Thermo Fisher Scientific, respectively) for
60 min. Direct conjugated antibodies anti-CD3-AF594 (EP447E; Abcam) and anti-keratin-
AF546 (AE1/AE3 and C11; Thermo Fisher Scientific and Cell Signalling Technology) were
incubated for 5 h, after which slides were incubated with DAPI (1 uM) for nuclear staining
and mounted using Prolong™ gold antifade reagent (Cell Signalling Technology). Further
details on the antibodies used can be found in Table S2.

A complete scan of the slides was obtained using Vectra 3.0 Automated Quantitative
Pathology Imaging System (4x magnification; Perkin Elmer) after which three regions of
interest at the tumour core and another three at the invasive front were scanned with 20x
magnification (1340x1000 pym images). Single-marker immunostainings were used to create
the spectral libraries at the InForm Cell Analysis software (Perkin Elmer; Figure S7A). DAPI/
keratin staining was used to segment images into tumour nest and stroma (Figure S7B). For
cell segmentation, DAPI staining was used to segment nuclei, while CD3/CD8 staining was
used to detect cell membrane (Figure S7C). The resulting cells were analysed based on the
following phenotypes (Figure S7D): 1) T helper cells, which were CD3*CD8FoxP3- cells;
2) CD8 T cells, CD3*CD8*; 3) and Treg cells that were CD3*FoxP3* but CD8". We have
also analysed the expression of CD103 (resident T cells) and PD-1 (activated cells) within
these phenotypes (Figure S7E). Cells expressing cytokeratin were excluded when building
T cell profiles. For each of the previous steps (i.e., tissue segmentation, cell segmentation,
and immunophenotyping), the InForm Cell Analysis software was manually trained before
automated classification. Cell density (cells mm2) was calculated by normalizing the cell
counts by the tissue area of a given image.

Gastric Cancer 3D cell culture

Human GC cell lines MKN74 and MKN45 (intestinal- and diffuse-type GC, respectively;
Japanese Collection of Research Bioresources Cell Bank) were seeded on 3D CoSeedis
matrices (1x10° cells mL"; abc biopply, Solothurn, Switzerland), as previously described,
and cultured in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS; Biowest, Nuaillé, France) and 1% penicillin-streptomycin (PS; Thermo
Fisher Scientific), at 37 °C in 5% CO2 humidified atmosphere, for 7 d to allow spheroid
formation before co-culture with T cells.

Preparation of Treg and naive T cell enriched samples

Human T cells were freshly isolated from anonymized healthy donor buffy coats, provided
by Instituto Portugués do Sangue e da Transplantagao (Porto, Portugal). The isolation of
immune cells from healthy blood donors was approved by the CHUSJ Ethics Committee




(protocol 90/19) after each donor informed consent collection. Blood samples were diluted
(1:3)in 2% FBS/PBS, layered on top of Histopaque®-1077 (Sigma-Aldrich), on SepMateTM
tubes (Stemcell Technologies, Vancouver, BC, Canada), and centrifuged at 1200xg (10 min,
with the brake on). Resulting peripheral blood mononuclear cells (PBMCs) were enriched
for CD4* T cells using MojoSortTM Human CD4 T Cell Isolation Kit (BioLegend, San Diego,
SA, USA). According to the manufacturer instructions, PBMCs were filtered through a 70-
pm cell strainer and incubated with CD4 magnetic Nanobeads (20 min, on ice). CD4* T cells
were separated and washed in 2% FBS/PBS using a DynaMag™-15 magnet (Thermo Fisher
Scientific). Thereafter, CD4* T cells were incubated with fluorescent conjugated antibodies
anti-CD3-PE (OKT3, 1:400 dilution; Thermo Fisher Scientific), anti-CD4-FITC (OKT4, 1:400
dilution; Thermo Fisher Scientific), anti-IL2Ra-PE/Cy7 (BC96, 1:25 dilution; Thermo Fisher
Scientific) and anti-CD127 APC/Cy7 (eBioRDRS, 1:50 dilution; Thermo Fisher Scientific) for
30 min. Fluorescence-activated cell sorting (FACS) of Tregs (CD3*CD4*CD127-1L2Ra*) and
naive T cells (CD3*CD4*CD127*IL2Ra") was performed on FACSAriall flow cytometer (BD
Biosciences). Further details on the antibodies used can be found in Table S2.

Co-culture of GC spheroids and T cells

For the co-culture of GC spheroids and T cells, MKN74 (intestinal-type) and MKN45
(diffuse-type) GC spheroids were transferred to round-bottom 96-well plates, and Tregs/
naive T cells were added to the culture media at 1:1, 1:5 and 1:15 (GC cell:T cell) ratios.
Co-cultures were maintained in RPMI 1640 with 25 mM HEPES (Lonza, Basel, Switzerland)
supplemented with 10% FBS, 1% PS, 1% Sodium pyruvate (Sigma-Aldrich) and recombinant
human IL-2 (10 ng mL"; PeproTech, London, UK). Treg cultures were further supplemented
with anti-CD3/anti-CD28 MACSiBead (0.5 beads per T cell; T Cell Activation Kit, Miltenyi
Biotec, Bergisch Gladbach, Germany). As a control, MKN74/MKN45 single cultures (1:0;
GC cell:T cell) were maintained in the same conditions as co-cultures.

Live cell imaging

To monitor T cell infiltration into tumour spheroids, MKN74 and MKN45 cell lines stably
expressing mEmerald were used to form the GC spheroids, and sorted Tregs and naive T
cells were stained with CellTrace™ Far Red (CTFR) Cell Proliferation Kit (20 min, 37°C;
Thermo Fisher Scientific) before co-culture. First, co-cultures were imaged using an
automated fluorescence widefield HCS microscope (IN Cell Analyzer 2000; GE Healthcare,
Chicago, IL, USA), equipped with a Plan-Fluor Nikon 20x/0.45 objective lens and a large-
chip CCD camera (CoolSNAP K4). Emerald-GC spheroids were acquired in the FITC
channel (Excitation/Emission: 490/525 nm; Exposure: 50 ms) and T cells in the Cy5 channel
(Excitation/Emission: 645/705 nm; Exposure: 30 ms). Images were acquired at every 2 h for
60 h, under temperature-controlled conditions.

To further confirm Treg (CTFR) infiltration into intestinal-type GC spheroids (MKN74-
Emerald), spheroids were transferred to a fluorinated ethylene propylene (FEP) microtube
and imaged with a custom-built Digital Scanner Laser Light Sheet microscope (LSFM)
equipped with a Nikon Plan-Fluor 10x/0.3 water-immersion objective lens in illumination




and detection plans. The fluorescence signals of the Emerald-MKN74 spheroids and
CTFR-Tregs were recorded using a Hamamatsu Orca-Flash 4.0 V3 camera, after sample
excitation with a 488 (1.0 mW) and 640 nm (1.0 mW) laser lines, respectively, with a 525/50
nm bandpass (BP) emission filter for emerald-spheroids and a 700/75 nm BP emission filter
for CTFR-Tregs. The co-culture was imaged at three timepoints (16 h, 24 h, and 48 h) from
four angles (90° rotation) every 16 min. Each view consists of multiple slices 1-um apart
covering the entire spheroid. Image reconstruction was performed using the arivis Vision4D
v3.1.4 (arivis AG, Rostock, Germany).

Immunophenotype by conventional and imaging flow cytometry analysis

After 48 h of co-culture, conditioned media and spheroids were collected to analyse
the phenotype of Tregs and naive T cells. Before co-culture with GC spheroids, Tregs and
naive T cells were stained using CellTrace™ Violet (CTV) Cell Proliferation Kit (20 min,
37°C; Thermo Fisher Scientific), to allow further evaluation of T cell proliferation and to
separate T cells (CTV+) from GC cells (CTV-) in the flow cytometry analysis. To prepare
single-cell suspensions, spheroids were dissociated using 0.5% Trypsin-EDTA (5 min, 37°C;
Thermo Fisher Scientific). Both T cells and GC cells were stained with anti-CD3-PE, anti-
CD4-FITC, and anti-IL2Ra-PE/Cy7, as previously mentioned, and with Fixable Viability Dye
eFluor™780 (1:1000 dilution; Thermo Fisher Scientific) to assess cell viability. Intracellular
staining of FoxP3 was performed using the Foxp3/Transcription Factor Staining Buffer Set
(Thermo Fisher Scientific), following manufacturer’s instructions. Briefly, cells were fixed with
Fixation/Permeabilization Buffer (30 min; Thermo Fisher Scientific), blocked with human IgG
(1 mg mL", 15 min; Sigma-Aldrich) and stained with anti-FoxP3-APC (1:15, 30 min; Thermo
Fisher Scientific). Data acquisition was performed on an LSRFortessa cytometer (Becton,
Dickinson & Company, Franklin Lakes, NJ, USA) and analysed using FlowJo v10 software
(Becton, Dickinson & Company) following the gating strategy explained on Figure S3A.

Imaging flow cytometry was performed on single-cell suspensions derived from co-
cultures of MKN74-GC spheroids with Tregs/naive T cells and stained with anti-IL2Ra-PE/
Cy7 antibody. Data was acquired on an imaging flow cytometer (ImageStreamX; Amnis
Corporation, Seattle, WA, USA) equipped with INSPIRE software. Samples were excited
with a 488 nm argon laser, and for each event, bright-field cell images were acquired (40x
magnification) on channel 1, while IL2Ra signal was detected on channel 6 (Excitation/
Emission: 496/774 nm). Laser power was not modified throughout the sample acquisition.
Data analysis was performed using the IDEAS software (Amnis Corporation). Further details
on the antibodies used can be found in Table S2.

Recovery of IL2Ra* GC cells and Western Blot analysis

To analyse the effect of IL2Ra expression specifically on intestinal-type GC cells,
MKN74-GC cells were stained with CellTrace™ Yellow (CTY) Cell Proliferation Kit (Thermo
Fisher Scientific) before grown as spheroids, while Tregs and naive T cells were stained
with CellTrace™ Far Red (CTFR) Cell Proliferation Kit (Thermo Fisher Scientific) before co-
culture. As previously, after co-culture, spheroids were dissociated, and the resulting single-




cell suspension was stained with anti-IL2Ra-PE/Cy7 antibody. MKN74-GC cells (CTY")
positive or negative for IL2Ra were sorted on the FACSAria Il flow cytometer (Becton,
Dickinson & Company) and collected to FBS. According to the number of sorted cells,
samples were resuspended in proportional volumes of radioimmunoprecipitation assay
buffer (RIPA buffer) supplemented with protease and phosphatase inhibitors (Thermo Fisher
Scientific) and cell lysis was allowed for 30 min, on ice. To enhance protein recovery, lysates
were sonicated twice (10 sec, 20x, 50%) before centrifugation at 14000 rpm (15 min, 4°C)
to recover cleared lysates. Equal amounts of protein lysate (25 pL) from each biological
replicate were subjected to western blotting. Primary antibodies targeting phospho-Stat3
(Tyr705, D3A7; Cell Signalling Technology), Stat3 (124H6; Cell Signalling Technology),
phospho-Akt (Serd473, DOE; Cell Signalling Technology), Akt (Cell Signalling Technology),
phospho-p44/42 MAPK (phospho-ERK1/2, Thr202/Tyr204; Cell Signalling Technology),
p44/42 MAPK (ERK1/2; Cell Signalling Technology), and GAPDH (1E6D9; ProteinTech,
Rosemont, IL, USA) were used, as well as corresponding ECLTM anti-mouse and anti-rabbit
IgG horseradish peroxidase-conjugated secondary antibodies (GE Healthcare). Detected
signals were quantified using Quantity One® Basic software (Bio-Rad, Hercules, CA, USA).
Unprocessed scans of western blots are provided in Figure S8. Additional information on
the antibodies used is detailed in Table S2.

Ki-67 staining on GC-spheroids

To investigate GC-spheroid proliferation after co-culture, spheroids were fixed with 2%
paraformaldehyde (overnight; Merck, Darmstadt, Germany), stained with Gill's hematoxylin
(10 min; Bio-Optica, Milan, Italy) and injected within a drop of 2.4% low melting point agarose
(50°C; Lonza). After gelling (10 min at room temperature followed by 20 min on ice), the
agarose structures were included in paraffin blocks and then sectioned into 3-um slides.
Antigen retrieval was performed using citrate buffer (10 mM, pH 6.0, at 98 °C, 40 min;
Abcam). Endogenous peroxidase activity was blocked using 0.3% hydrogen peroxidase
solution (20 min; Sigma-Aldrich) followed by incubation with anti-Ki-67 antibody (SP6, 1:200
dilution, 90 min; Thermo Fisher Scientific). After washing, slides were incubated with REAL
EnVision Detection System (Dako) substrate buffer (30 min) and with DAB Chromogen (10
min).
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Supplementary Figure 1. Distribution of T cell populations in MSS and MSI GC tumours. (A) Density of helper,
cytotoxic T cells and Tregs within tumour nest (red) and stroma (green) areas, according to tumour histology.
Each dashed line matches tumour nest and stroma areas of the same patient sample. *p<0.05, ***p<0.001,
****p<0.0001; Wilcoxon matche- d-pairs signed-rank test. (B-G) Relative (B, E) and absolute numbers of Tregs
(C, F) and cytotoxic T cells (D, G) within the stroma (B-D) and tumour nest (E-G) areas of intestinal-type GC
cases, according to MSI status and tumour histology. Box and whiskers represent median + 10-90 percentile.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Mann-Whitney U test (F-I).
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Supplementary Figure 2. Gating strategy of Tregs and naive T cell sorting from peripheral blood of healthy
donors. Firstly, T cells (P1) are gated from the general events acquired, and single cells (P2) are selected from
this population. Then, CD3*CD4* T cells are gated (P3) followed by the identification of naive T cells, IL2Ra
CD127* (P4), and Tregs IL2Ra*CD127- (P5).
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Supplementary Figure 3. T cell infiltration of GC spheroids by light-sheet microscopy. Co-cultures of intestinal-
type GC spheroids (green) and Tregs (red) were imaged at 16 h (A-G) and 48 h (H-N). (A, H) 3D tomography of
a four-angle fusion of the co-culture. Location of (B, ) section 1 (135 and 270 nm, respectively), (C, J) section
2 (348 and 392 nm, respectively) and (D, K) section 3 (552 and 678 nm, respectively) in relation to the entire
co-culture. Images of cross-sections 1 (E, L), 2 (F, M) and 3 (G, N) show Tregs within GC spheroids. Scale bar:
50 um.
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Supplementary Figure 4. Characterization of T cells before and after co-culture. (A) Detection of CTV on
naive T cells and Tregs before co-culture showing that all T cells were successfully stained. (B) Step-wise
analysis of the flow cytometry data acquired after co-cultures. From the “All cells” gate, GC cells and T cells
were separated according to their size (SSC-A) and intensity of CTV dye (which is only present in T cells) and
analysed separately. Within each cell populations, gates on single and live (LD negative) cells were used to
analyse the expression of CD3, CD4, IL2Ra and FoxP3 markers in T cells and GC cells. In GC cells, IL2Ra was
the only marker with altered expression after co-culture.
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Supplementary Figure 5. Effect of IL2, anti-CD3/anti-CD28 beads, and co-culture conditioned medium in the
expression of IL2Ra in GC cells. (A) Histograms showing that IL2Ra expression in intestinal-type GC cells is
not altered by culture in IL2 only or IL2 with increasing concentrations of anti-CD3/anti-CD28 beads, the same
concentrations used for the co-cultures with Treg cells. (C-D) Bar plots showing percentage of IL2Ra positive
intestinal-type GC (B) or diffuse-type GC (C) cells after 48 h co-culture with conditioned media collected from
independent co-cultures with Tregs (dark grey) or naive T cells (light grey). Black bars represent spheroids that
were not exposed to conditioned media from co-cultures. Data shown as mean + SD for co-cultures treated with

T cells isolated from at least three healthy donors.
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Supplementary Figure 6. GC cell phenotype after co-culture with T cells. (A) Gating strategy to analyse GC
cells expressing IL2Ra at cell membrane. Intestinal-type GC cells were gated on general events acquired (P1),
and single cells (P2) are selected from this population. Then, Cell Tracer Yellow+ cells (only GC cells) were
gated (P5) followed by the identification of IL2Ra- (P3) and IL2Ra* (P4) GC cells. (B) Western blot analysis for
phosphorylated and total protein levels of Stat3, Akt and Erk1/2 in intestinal-type IL2Ra" and IL2Ra* GC cells
after 48h co-culture with Tregs. Images show unprocessed scans for three biological replicates. (C) Whole
spheroid image sections of Ki-67 nuclear expression in intestinal GC spheroids after 48 h of co-culture with Treg
or naive T cells, at different 1:0 (control), 1:1, 1:5 or 1:15 proportions. Selected region are shown by the dash
boxes. (D) Plots of growth area for intestinal GC spheroids co-cultured with Treg (left graph) or naive T cells
(right graph) for 48 h. Control spheroids (dark) represent intestinal GC spheroids without T cells in co-culture.
Co-cultures at 1:1, 1:5 and 1:15 proportions are represented in red, blue and orange respectively. Data shown
as mean = SD of three independent co-cultures. *p<0.05. Two-way ANOVA with Dunnett’s multiple comparisons
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Supplementary Figure 7. Distribution of T cell populations in intestinal-type GC patients and association with
clinicopathological features. (A-C) Density of helper and cytotoxic T cells according to (A) T stage: T1, n=2; T2,
n=5; T3, n=19; T4, n=15; (B) absence (n=8) or presence (n=33) of vascular invasion; and, (C) absence (n=16)
or presence (n=25) of perineural invasion. (D-F) Density of helper, cytotoxic T cells and Tregs according to (D)
N stage: NO, n=10; N1, n=7; N2, n=7; N3a, n=14; N3b, n=3; (E) M stage: MO, n=30; M1, n=11; and, (F) TNM
stage: Stage |, n=5; Stage Il, n=8; Stage lll, n=17; and, Stage IV, n=11. Box and whiskers represent median +
10-90 percentile.
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Supplementary Figure 8. Step-wise multispectral imaging analysis of the immune T cell landscape in GC
tissue sections. (A) Spectral library used for dye separation and image preparation at InForm cell analysis
software. (B-E) Images illustrating the consecutive steps for image analysis in InForm software. (B) Tissue
segmentation into tumour nest (red), and stroma (green). Areas without nuclei detection are represented in blue.
(C) Cell segmentation based on nuclei and membrane staining. (D-E) Phenotyping and automatic cell count.
In a first analysis cell phenotype was based on CD3, CD8 and FoxP3 expression (D) and in a second analysis,
based on CD103 and PD1 expression (E).

Intestinal GC cells Intestinal GC cells
R1 R2 R3

= e o w. .= | p-Erk1/2

42, 44 kDa

T P —— - | Erk1/2

42, 44 kDa

| e __ wsww GAPDH

37 kDa

Supplementary Figure 9. Western blot quantification for phosphorylated (p-ERK1/2) and total ERK1/2 protein
levels in intestinal-type IL2Ra- and IL2Ra* GC cells after 48 h co-culture with Tregs. Images showing unprocessed
scans for three biological replicates (left panel) and band quantification strategy (right panel).
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Supplementary Tables
Supplementary Table 1. Description of patient information included in the analysed GC cohort

Patient gender

Female 37 (45%)
Male 45 (55%)
Age of onset

Mean 70
Standard deviation 12

Histological type (Laurén Classification)

Intestinal 41 (50%)
Diffuse 15 (18%)
Mixed 11 (13%)
Indeterminate 15 (18%)
TNM Staging

I 8 (10%)
Il 13 (16%)
11 42 (51%)
v 19 (23%)
pT stage

T1b 3 (4%)
T2 8 (10%)
T3 36 (44%)
T4a 31 (38%)
T4b 4 (5%)

N Stage

NO 16 (20%)
N1 11 (13%)
N2 16 (20%)
N3a 24 (29%)
N3b 15 (18%)
M stage

MO 63 (77%)
M1 19 (23%)
Lymphatic Invasion

Absent 8 (10%)
Present 74 (90%)
Vascular Invasion

Absent 18 (22%)
Present 64 (78%)
Perineural Invasion

Absent 26 (32%)
Present 56 (68%)
Microsatellite Instability

MSS 57 (70%)
MSI 25 (30%)
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The role of tumour immune microenvironment in gastric cancer progression







Concluding Remarks

Recent advances on GC research nourished hopes of using complex 3D models as
nuclear tools to improve the predictive value of in vitro findings. This thesis enclosed a
bottom-up strategy to deconstruct GC into three essential elements: the 3D tumoral
architecture; the intercellular communication mediated by EVs; and, the influence of Tregs,
a prevalent cellular population in GCs. Through the individual analysis of these elements,
this thesis enlightened crucial, albeit poorly understood, aspects of GC biology that may
hold relevant clinical implications.

The discovery of glypican-1 as an EV-associated biomarker that detects early pancreatic
cancer' has renewed the expectations on the game changing role of EVs in the early
diagnosis of other cancers. Nevertheless, potential biomarkers identified for the early
diagnosis of GC patients are scarce and require further validation.?® Hence, understanding
the role of EVs in GC microenvironment, and the intrinsic and external factors modulating
their cargo, may be of utmost importance to improve the clinical value of putative GC
biomarkers. Data gathered in this thesis demonstrated that both the histological properties
and the 3D cellular architecture impact the cargo and functional effect of EVs released by
GC cells. To accomplish this, we developed a 3D model that could better recapitulate tumour
morphology and organization. Importantly, this model was required to provide a feasible
scalability to ensure enough EV-derived material for downstream applications. Notably, the
established model not only provided a better representation of the tumour properties, as it
proved to be even more efficient in producing EVs, as compared to traditional monolayers.
This observation was validated by other studies, which reinforced that 3D cultures provide
high yield EV production, associated with a more in vivo like phenotype.**> Moreover, when
evaluating the metastatic potential of GC cells isolated from spheroids or monolayers, we
observed distinctive metastatic burden and dissemination patterns. Of notice, 3D diffuse-
type GC cells had an EV-mediated tropism towards brown adipocytes, which was not
observed for the intestinal counterparts. Findings resulting from these experiments may
provide crucial insights regarding the metastatic requirements of intestinal-type and diffuse-
type GCs, as well as highlight a role for adipocytes in the dissemination of diffuse GCs,
as previously shown in ovarian cancer.® To further address this issue, we are currently
analysing the small RNA and proteomic profiles of cells and EVs, as well as the metastatic
lesions resulting from their dissemination. Putative biomarkers emerging from this analysis
will be validated in EVs isolated from plasma of animals included in the in vivo metastatic
assay, and from plasma of GC patients.

Concluding Remarks _



The results presented in this thesis indicate that, from the biological standpoint, EVs may
have distinct roles in GC, thus fulfilling the distinct requirements of intestinal-type and diffuse-
type GC biology and progression. From a clinical perspective, this minimal investigation
may hold clinical implications for the differential diagnosis, follow-up or prognosis of GC
patients with distinct tumour histological features.

Alongside, this thesis aimed at unveiling the contribution of external factors in the
modulation of GC cell phenotypes and, consequently, on the communication mediated
through EVs. Indeed, each component of the GC microenvironment could be held
accountable for such modulation. However, given the importance of immune cells in
the characterization of GC,” and the poorly understood role of Tregs in GC biology, we
decided to focus our study on these immune regulatory cells. The immunophenotyping of
gastric tumours revealed a differential prevalence of Tregs in GCs with distinct histological
properties, which was unique for this immune population. These results guided the
hypothesis of a distinct role of Tregs in intestinal and diffuse-type GCs, which was further
validated using the previously established 3D in vitro model. These direct co-cultures
provided a unique view on the interactions between Tregs and GC cells, which led to the
identification of a novel mechanism of tumour growth induced by Tregs. As so, this thesis
also demonstrates that Tregs induce de novo expression of ILR2a in GC cells, which was
associated with enhanced MAPK activity and spheroid growth. These preliminary, albeit
exciting, results require further validation in tumour samples, and a deeper analysis on the
molecular mechanisms involved in ILR2a expression in GC cells. If confirmed, this set of
findings may spark new therapeutic strategies in GC; namely, the specific blocking of ILR2a
downstream effectors in epithelial GC cells. Notably, as previously demonstrated in other
cancer models,?® our study evidenced a role of Tregs in tumour progression that was not
related with the well-described effect on immunosuppression.

Overall, this dataset demonstrated that Tregs modulate the phenotype of GC cells,
which is likely to alter the cargo of GC-EVs. Thus, the main question left unaddressed in
this thesis was whether and how this interaction between Tregs and GC cells affects the
signals conveyed by GC-EVs.

The beauty of science is that for each ‘known unknown’ that becomes a ‘known known’
several ‘unknown unknowns’ become ‘known unknowns’. Thus, because of this thesis...
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...we now know that:

+ The message conveyed by GC-EVs has distinct functional impacts in recipient cells and
is dependent on tumour histological properties.

e 3D cellular architecture induces upregulation of microRNAs, and downregulation of
proteins in 3D EVs, leading to distinct functional effects on non-malignant recipient cells.

» 3D cellular architecture provides important clues for the in vivo dissemination of GC cells,
particularly of the diffuse-type GC.

* EVs secreted by 3D cultures, potentiate the metastatic burden and tropism of diffuse-type
GC cells towards brown adipocyte depots.

* EVs produced by 3D cultures of diffuse-type GC cells are enriched in microRNAs involved
in adipocyte differentiation, conversion of white to brown adipocytes, and activation of
brown adipocytes.

* Intestinal-type GCs are enriched in Tregs, as compared to diffuse-type GCs.

* Tregs induce de novo expression of IL2Ra in intestinal-type GC cells, which associates
with activation of MAPK signalling pathway and spheroid growth.

...we now know that we do not know:

*  Whether the mechanisms involved in the biogenesis of EVs are dependent on the 3D
cellular architecture.

*  Why diffuse-type GC cells have a tropism to brown adipocytes, and how EVs mediate this
dissemination.

* How, and in which circumstances, GC cells gain expression of ILR2a.
» If other epithelial tumour cells may also express ILR2a.
» If GC cells expressing ILR2a are responsive to IL2 stimuli.

*  What other consequences arise from ILR2a expression in GC cells.
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