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2 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 
UHJXODWRU\�7�FHOOV��7UHJV��ERWK�LQ�SHULSKHUDO�EORRG�DQG�DPRQJ�WXPRXU�LQ¿OWUDWLQJ�O\PSKRF\WHV��
Nevertheless, the contribution of Tregs to the development and progression of GC remains 
SRRUO\�GH¿QHG��DQG�WKHLU�SURJQRVWLF�YDOXH�KLJKO\�FRQWURYHUVLDO�

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 
WKDW�LQÀXHQFHV�*&�SURJUHVVLRQ�

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 I). 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 II). A comparative analysis of biochemical features, small RNA and 
SURWHRPLF�SUR¿OHV�RI�(9V��HYLGHQFHG�DQ�XSUHJXODWLRQ�RI�PLFUR51$V�DQG�GRZQUHJXODWLRQ�
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. 

Abstract
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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 
�'�*&�(9V��EHIRUH�LQMHFWLRQ�ZLWK��'�RU��'�FHOOV�(Paper III – 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 
ZDV� QRW� REVHUYHG� IRU� �'� FHOOV��$V� IRU� GLIIXVH�W\SH�*&��PLFH� LQMHFWHG�ZLWK� �'� FHOOV� KDG�
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 
REVHUYHG�WKDW�7UHJV�SUHIHUHQWLDOO\� LQ¿OWUDWH� LQWHVWLQDO�W\SH�*&�VSKHURLGV��6WULNLQJO\��7UHJV�
LQGXFHG� PHPEUDQRXV� ,/5�Į� H[SUHVVLRQ�� VSHFL¿FDOO\� LQ� LQWHVWLQDO�W\SH� *&� FHOOV�� ZKLFK�
DVVRFLDWHG�ZLWK�DFWLYDWLRQ�RI�0$3.�VLJQDOOLQJ�SDWKZD\�DQG�VSKHURLG�JURZWK��7KHVH�¿QGLQJV�
DUH�FRQVLVWHQW�ZLWK�WKH�LGHQWL¿FDWLRQ�RI�D�QHZ�WXPRXU�SURPRWLQJ�UROH�RI�7UHJV�LQ�*&��7KLV�
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 
FRQVROLGDWLQJ� WKHVH� ¿QGLQJV� PD\� SURYLGH� QHZ� FDQGLGDWHV� IRU� GLDJQRVLV� DQG� SURJQRVLV�
biomarkers and inspire innovative therapeutic strategies in GC.



4 Resumo

A capacidade com que os tumores sólidos se desenvolvem é determinada pela 
composição do microambiente tumoral e pela comunicação dinâmica estabelecida entre 
células malignas e não malignas. As vesículas extracelulares (EVs) destacam-se, entre os 
mecanismos de comunicação intercelular tumoral, por proporcionarem o transporte estável 
de moléculas bioativas que mantêm a comunicação entre células. Em cancro gástrico (GC), 
IRL�Mi�GHPRQVWUDGR�TXH�DV�(9V�GHVHPSHQKDP�XP�SDSHO�IXQGDPHQWDO�QR�GHVHQYROYLPHQWR�
do tumor. No entanto, o modo como estas EVs contribuem para a disseminação de GC 
à distância encontra-se ainda pouco explorada. Adicionalmente, os fatores intrínsecos e 
ambientais que modulam a carga e o efeito das GC-EVs permanecem ainda desconhecidos.

O GC prospera sob uma rigorosa vigilância imunológica que requer o desenvolvimento 
GH�HVWUDWpJLDV�H¿FD]HV�GH�HYDVmR�GR�WXPRU��'H�IDFWR��GRHQWHV�FRP�*&�DSUHVHQWDP�YDORUHV�
elevados de células T reguladoras (Tregs), tanto no sangue periférico como entre os 
OLQIyFLWRV�TXH�LQ¿OWUDP�R�WXPRU��7RGDYLD��D�FRQWULEXLomR�GDV�7UHJV�SDUD�R�GHVHQYROYLPHQWR�H�
SURJUHVVmR�GR�*&�SHUPDQHFH�PDO�GH¿QLGD�H�VHX�YDORU�SURJQyVWLFR�EDVWDQWH�FRQWURYHUVR�

'H�PRGR�D�FODUL¿FDU�R�SDSHO�GDV�(9V�H�GDV�7UHJV�QR�GHVHQYROYLPHQWR�H�SURJUHVVmR�GR�
GC, desenvolvemos a hipótese de que as Tregs modulam o fenótipo das células de GC, 
consequentemente alterando a comunicação via EVs estabelecida pelo tumor. Esta tese  
versou: 1) o impacto do tipo histológico do tumor e da arquitetura celular 3D na carga e 
função das GC-EVs; 2) o papel das EVs na disseminação in vivo de células de GC e; 3) as 
LQWHUDo}HV�HQWUH�7UHJV�H�FpOXODV�GH�*&��EHP�FRPR�D�VXD�LQÀXrQFLD�QD�SURJUHVVmR�GR�*&�

No capítulo 1, dissecamos o efeito das EVs produzidas pelas células de GC, 
representativas dos dois principais subtipos histológicos de GC, no comportamento de 
células epiteliais e mesenquimais, não malignas e isogénicas (Publicação I). Neste estudo, 
descobrimos que as GC-EVs do tipo difuso reduzem a migração de células recipientes, 
principalmente das células mesenquimais. Por outro lado, as GC-EVs do tipo intestinal 
promoveram a invasão de células epiteliais, mas não das células mesenquimais. Este 
estudo demonstrou que a mensagem transmitida pelas GC-EVs depende do tipo histológico 
do tumor, e tem efeitos diferentes de acordo com o estado de diferenciação das células 
recipientes. 

Posteriormente, procedemos ao estudo do impacto da arquitetura celular 3D no 
conteúdo e na função das GC-EVs (Publicação II). A análise comparativa das características 
ELRTXtPLFDV� H� GRV� SHU¿V� GH� SHTXHQRV�51$V� H� GH� SURWHtQDV� GDV�(9V�� HYLGHQFLRX� XPD�
regulação positiva de microRNAs e negativa de proteínas nas EVs produzidas em culturas 
�'�� $GLFLRQDOPHQWH�� YHUL¿FRX�VH� TXH� D� DUTXLWHWXUD� FHOXODU� �'� WHP� XP� HIHLWR� QHJDWLYR�
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na regulação da via de sinalização da ARF6 em EVs. As diferenças observadas foram 
particularmente relevantes no caso das GC-EVs produzidas por células do tipo difuso, uma 
vez que as EVs produzidas em culturas 3D potenciaram a invasão de células epiteliais 
QmR�PDOLJQDV��R�TXH�QmR�VH�YHUL¿FRX�FRP�DV�(9V�GHULYDGDV�GH�FXOWXUDV��'��(VWH�HVWXGR�
postulou que a alteração da arquitetura celular conduz à modulação do conteúdo em 
PLFUR51$V�H�SURWHtQDV�QDV�(9V��H�j�FRQVHTXHQWH�PRGL¿FDomR�GR�VHX�HIHLWR�IXQFLRQDO�QDV�
células recetoras.

De forma a compreender melhor o impacto da arquitetura celular e das mensagens 
transmitidas pelas EVs, no Capítulo 2, desenvolvemos ensaios metastáticos in vivo, nos 
quais tratamos os ratinhos com GC-EVs isoladas de culturas 2D ou 3D, antes de serem 
LQMHWDGRV�FRP�FpOXODV�FXOWLYDGDV�HP��'�RX��'�(Publicação III - em preparação). Células 
de GC do tipo intestinal, cultivadas em condições 2D ou 3D, disseminaram para o pulmão. 
Curiosamente, o tratamento prévio com 2D/3D GC-EVs, reduziu a formação de metástases 
DSHQDV� QD� FRQGLomR� HP�TXH� IRUDP� LQMHWDGDV� FpOXODV� �'��5HODWLYDPHQWH� DR�*&�GR� WLSR�
GLIXVR��UDWLQKRV�HP�TXH�IRUDP�LQMHWDGDV�FpOXODV��'�DSUHVHQWDUDP�GLPLQXLomR�GD�VREUHYLGD�
livre de doença, comparativamente àqueles 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 análise 
comparativa entre o conteúdo das EVs 2D e 3D, demonstrou um predomínio de microRNAs 
envolvidos na diferenciação de adipócitos, conversão de adipócitos brancos em adipócitos 
castanhos, e ativação de adipócitos 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 progressão do GC.

3RU�¿P��QR�&DStWXOR����DQDOLVDPRV�R�HIHLWR�GDV�7UHJV�QR�FRPSRUWDPHQWR�GDV�FpOXODV�
tumorais e no desenvolvimento do GC (Publicação IV). A imuno-fenotipagem de 82 tumores 
de doentes com GC demonstrou uma elevada prevalência de Tregs em GC do tipo intestinal, 
por comparação ao tipo difuso. Utilizando o modelo 3D previamente estabelecido para as 
células de GC, desenvolvemos co-culturas diretas entre Tregs e células tumorais. Através 
GD�PRQLWRUL]DomR�GHVWDV�FXOWXUDV��YHUL¿FDPRV�TXH�DV�7UHJV�LQ¿OWUDP�SUHIHUHQFLDOPHQWH�RV�
HVIHURLGHV�GH�*&�GR�WLSR�LQWHVWLQDO��$V�7UHJV�LQGX]LUDP�D�H[SUHVVmR�GH�,/5�Į�QD�PHPEUDQD�
das células tumorais do tipo intestinal, bem como ativação da via de sinalização da MAPK 
H�FUHVFLPHQWR�GRV�HVIHURLGHV��(VWDV�REVHUYDo}HV�VmR�FRQVLVWHQWHV�FRP�D�LGHQWL¿FDomR�GH�
uma nova função de promoção tumoral de GC pelas Tregs. Esta descoberta poderá ter 
implicações relevantes em estratégias terapêuticas direcionadas ao GC do tipo intestinal, 
ou ainda para outros tumores que apresentem um contexto imunológico semelhante.

Esta tese demonstrou o papel fundamental da arquitetura celular e da histologia 
do tumor na modulação do conteúdo e função das EVs, expôs novos mecanismos 
envolvidos na disseminação do GC, e revelou uma nova e inesperada função das Tregs 
no desenvolvimento de GC. A realização de estudos adicionais para consolidação destes 
UHVXOWDGRV�� SRGHUi� FRQGX]LU� j� LGHQWL¿FDomR� GH� QRYRV� FDQGLGDWRV� D� ELRPDUFDGRUHV� GH�
diagnóstico e prognóstico, bem como inspirar estratégias terapêuticas inovadoras em GC.



6 Abbreviations

2D Two-dimensional 

3D Three-dimensional 

ACRG Asian Cancer Research Group 

BMP Bone morphogenic protein 

CA Carbohydrate antigen 

CAFs�&DQFHU�DVVRFLDWHG�¿EUREODVWV�

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

Abbreviations
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HDGC Hereditary diffuse gastric cancer

HGF Hepatocyte growth factor 

HMGB Mobility group box

IDO Indole amine 2,3-dioxygenase 

,)1�Ȗ�,QWHUIHURQ�Ȗ

IL Interleukine

IL2R IL-2 receptor 

JAK2 Janus-associated kinase 2 

LGR5 Leucine-rich repeat-containing G protein-coupled receptor 5

LncRNA Long non-coding RNA 

MAPK Mitogen-activated protein kinase

MHC�0DMRU�KLVWRFRPSDWLELOLW\�FRPSOH[

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�UHFHSWRU�DFWLYDWRU�RI�QXFOHDU�IDFWRU�ț%

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�7XPRXU�LQ¿OWUDWLQJ�O\PSKRF\WHV�

TLR Toll-like receptor

Tregs Regulatory T cells

TRIM Tripartite motif containing 
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Integrative studies of the tumour and its microenvironment are of utmost importance, and 
developing complex, yet tuneable, models to study the tumour-microenvironment dynamics 
LV�DQ�XQPHW�FOLQLFDO�QHHG��'XH�WR�WKH�KLJK�KHWHURJHQHLW\�RI�*&V��WKH�µRQH�VL]H�¿WV�DOO¶�LV�QRW�
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 
VSHFL¿F�FRPSRQHQWV�WKDW�FDQ�EH�VWXGLHG�LQGLYLGXDOO\�DQG��WKHUHDIWHU��DVVHPEOHG�WR�DFKLHYH�
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 
RI�WKLV�WKHVLV�DQG�UHVXOWLQJ�VFLHQWL¿F�GLVFRYHULHV��:LWKLQ�WKHVH�FKDSWHUV��VSHFL¿F�LQWURGXFWLRQ��
material and methods, results and discussion sections were included. At last, transversal 
¿QGLQJV�DQG�¿QDO�REVHUYDWLRQV�DUH�SUHVHQWHG�LQ�WKH�&RQFOXGLQJ�5HPDUNV�VHFWLRQ�

Prologue
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1. The Disease Spectrum Called Gastric Cancer

1.1. 7KH�NQRZQV�RI�JDVWULF�FDQFHU�SDWKRJHQHVLV

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 
RI�*&�DUH�GLDJQRVHG�SHU�\HDU��PDNLQJ�WKLV�FDQFHU�WKH�¿IWK�PRVW�SUHYDOHQW�ZRUOGZLGH�1 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.1

GCs are mainly sporadic, with only 10% presenting familial history, from which hereditary 
forms account for 1-3% (Box 1).2,3 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.4 Adenocarcinomas 
often initiate from premalignant lesions of the mucosa via the “Correa cascade”.5�%ULHÀ\��
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 
FHOOV�RU� ¿EURVLV��$WURSKLF�JDVWULWLV�PD\�SURJUHVV� WR�D�PRUH�VHYHUH�SUHVHQWDWLRQ� LQ�ZKLFK�
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. 

General Introduction

Box 1 | Familial forms of GC

Hereditary GC is represented by three main syndromes: hereditary 
diffuse gastric cancer (HDGC), gastric adenocarcinoma and 

proximal polyposis of the stomach (GAPPS), and familial intestinal 
JDVWULF�FDQFHU��),*&���+'*&��WKH�¿UVW�KHUHGLWDU\�V\QGURPH�LGHQWL¿HG�
in GC, is mainly cause by heterozygous germline mutations of 
E-cadherin (CDH1) or E-catenin (&711$�) genes.6,7 Nevertheless, a 
reasonable proportion of HDGC cases have unknown inherited cause, 
which also occurs for non-APC related GAPPS and for all FIGC.8 



12 General Introduction

7KLV�WUDQVIRUPDWLRQ�FDVFDGH�KDV�EHHQ�ZHOO�GH¿QHG�DORQJ�WKH�\HDUV��+RZHYHU��LW�LV�QRW�
VXI¿FLHQW�WR�H[SODLQ�WKH�SDWKRJHQHVLV�RI�DOO�*&�FDVHV��,QGHHG��*&V�WKDW�SRRUO\�DVVRFLDWHG�
with environmental factors are thought to arise from genetic alterations. At the somatic 
level, GCs display a wide range of molecular alterations,9 that include: gene mutations, 
predominantly of 73���JHQH��a����RI�*&V���FRS\�QXPEHU�DOWHUDWLRQV��QDPHO\�DPSOL¿FDWLRQ�
of (5%%��JHQH��a����RI�*&V���JHQH�IXVLRQV��HSLJHQHWLF�PRGL¿FDWLRQV��DOWHUQDWLYH�VSOLFLQJ��
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).10 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 
JDVWULF�ZDOO��PD\�GLUHFWO\�LQYDGH�WKH�RUJDQV�WKDW�DUH�DGMDFHQW�WR�WKH�VWRPDFK� 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.11 In 
either case, tumour cells initiate a metastasis cascade that requires survival in the hostile 
HQYLURQPHQWV� RI� YDVFXODWXUH� DQG� LQWUDSHULWRQHDO� ÀXLG� FLUFXODWLRQ�� H[WUDYDVDWLRQ�� DQG�
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.12 Thus, metastasis is 
D�KLJKO\�LQHI¿FLHQW�SURFHVV�WKDW�PD\�WDNH�VHYHUDO�\HDUV�WR�RFFXU��8QIRUWXQDWHO\��WKLV�SURFHVV�
is thought to be initiated during the early steps of GC progression, where the disease is 
asymptomatic.13 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 
RI�*&�SDWLHQWV¶�GHDWK��

Box 2 | Layers of the stomach wall

The stomach wall is structured into four 
main tissue layers that enable the 

chemical and mechanic functions of the 
stomach. The mucosa is a highly specialized 
glandular layer encompassing surface 
mucous cells, gastric pits and glands, 
lamina propria and muscularis mucosa. 
This layer is followed by the submucosa, 
a connective tissue containing blood and 
lymphatic vessels, the muscularis propria, 
built by three sublayers of muscle, and; the 
VHURVD��WKH�¿EURXV�PHPEUDQH�WKDW�FRYHUV�
the outside of the stomach.
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1.2. +LVWRORJLFDO�DQG�PROHFXODU�FODVVL¿FDWLRQ�RI�*&

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 
SDWWHUQV�� $GHQRFDUFLQRPDV� KDYH� EHHQ� WUDGLWLRQDOO\� FODVVL¿HG� LQWR� LQWHVWLQDO� DQG� GLIIXVH�
W\SHV��DFFRUGLQJ� WR�/DXUpQ�FODVVL¿FDWLRQ��)LJXUH����14 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,15�ZKLFK�GLVSOD\�SRRUO\�FRKHVLYH�DQG�LQ¿OWUDWLYH�FHOOV�WKDW�GLVVHPLQDWH�
to lymph nodes and to the peritoneum, inducing peritoneal carcinomatosis. Diffuse GCs are 
prevalent in 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 
\HDUV��/DXUpQ¶V�FODVVL¿FDWLRQ�FRQWLQXHV�WR�EH�ZLGHO\�DFFHSWHG�DQG�XVHG��GXH�WR�WKH�FOLQLFDO�
relevance of the intestinal and diffuse subtypes. In some patients, tumours simultaneous 
present intestinal and diffuse growth patterns.16� 7KHVH� WXPRXUV�� FODVVL¿HG� DV� PL[HG�
GCs, associate with larger tumours, enhanced local and lymphatic invasion, and lymph 

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).  
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QRGH�PHWDVWDVHV��OHDGLQJ�WR�D�ZRUVW�SURJQRVLV�DV�FRPSDUHG�WR�µSXUH¶�LQWHVWLQDO�RU�GLIIXVH�
GCs.16 Nevertheless, some patients present tumours with neither intestinal, nor diffuse 
IHDWXUHV��WKDW�DUH�FODVVL¿HG�DV�LQGHWHUPLQDWH�*&V��7KLV� ODVW�JURXS�LQFOXGHV�D�SDUWLFXODUO\�
wide range of histological patterns, which fostered the need of more detailed histological 
FODVVL¿FDWLRQV��DV�SURSRVHG�E\� WKH�-DSDQHVH�*DVWULF�&DQFHU�$VVRFLDWLRQ�DQG� WKH�:RUOG�
Health Organization.17-19�$OWKRXJK�H[WUHPHO\�LQIRUPDWLYH��WKHVH�FODVVL¿FDWLRQV�GR�QRW�VKRZ�
VLJQL¿FDQW�DVVRFLDWLRQV�ZLWK�HSLGHPLRORJLFDO��FOLQLFRSDWKRORJLFDO�RU�SURJQRVWLF�IHDWXUHV�

Recently, the advent of next-generation sequencing approaches in the study of large 
VHULHV�RI�*&V��JXLGHG�WKH�LGHQWL¿FDWLRQ�RI�QHZ�*&�FODVVL¿FDWLRQV�EDVHG�RQ�WXPRXU�PROHFXODU�
IHDWXUHV�� 7KH� ¿UVW� FODVVL¿FDWLRQ� RI�*&V�ZDV� EDVHG� RQ� JHQH� H[SUHVVLRQ� VLJQDWXUHV� DQG�
proposed by Tan and colleagues, in 2011.20 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. 
7KH�RYHUDOO�FRQFRUGDQFH�EHWZHHQ�WKHLU�JHQRPLF�FODVVL¿FDWLRQ�DQG�/DXUpQ�FODVVL¿FDWLRQ�ZDV�
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 
DQG�FROOHDJXHV�FODVVL¿HG�*&V�DV�SUROLIHUDWLYH��PHWDEROLF��DQG�PHVHQFK\PDO�*&V�21 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 73�� mutations and seemed to respond 
better to treatments, whereas proliferative GCs had high number of 73�� mutations and 
shorter disease-free survival. 

Figure 2. +LVWRORJLFDO�FODVVL¿FDWLRQ�RI�*&V�DFFRUGLQJ�WR�WKH�/DXUpQ�FODVVL¿FDWLRQ� Representative images 
of the morphological patterns and summary of the main features for each class of tumours.
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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, mRNA and microRNA 
sequencing, and protein expression in 295 primary gastric adenocarcinomas.22 This 
FRPSUHKHQVLYH� DQDO\VLV� FXOPLQDWHG� LQ� WKH� LGHQWL¿FDWLRQ� RI� IRXU� *&� VXEW\SHV�� (SVWHLQ�
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 3,.�&$�� $5,'�$ and %&25, 
DQG�DPSOL¿FDWLRQ�RI�JAK2 and (5%%��JHQHV��7KLV�SUR¿OH�LQGLFDWHV�WKDW�(%9�SRVLWLYH�*&V�
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�(5%%��JHQHV��,QIHFWLRQ�E\�(%9��LQ�WKH�¿UVW�JURXS��DQG�
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.23 Therefore, EBV-positive and MSI GCs with overexpression of PD-L1/2 
are excellent candidates for immunotherapy based on immune checkpoint antagonists. 
&,1� *&V� IHDWXUHG� PDUNHG� DQHXSORLG\�� DQG� UHFXUUHQW� DPSOL¿FDWLRQ� RI� UHFHSWRU� W\URVLQH�
kinases (RTK) genes, e.g. (5%%�. Lastly, tumours without aneuploidy, hypermethylation, 
or elevated mutation rates were included in the GS subtype. GS tumours had CDH1 and 
5+2$�mutations, and &/'1���$5+*$3 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 
HQULFKHG�LQ�WXPRXUV�KLVWRORJLFDOO\�FODVVL¿HG�DV�GLIIXVH��

2YHUDOO�� WKH�7&*$�VWXG\�SURYLGHG�FUXFLDO� LQIRUPDWLRQ�IRU�*&�SDWLHQW�VWUDWL¿FDWLRQ�DQG�
therapeutic targets for distinct patient groups. Nevertheless, no association with clinical 
RXWFRPH�RU�SURJQRVLV�ZDV�IRXQG� LQ� WKLV�FRKRUW��7KLV�JDS�ZDV�¿OOHG�ZLWK� WKH�VWXG\�RI� WKH�
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.24� )RXU� VXEW\SHV� RI�*&�ZHUH� LGHQWL¿HG� EDVHG� RQ� WKH� FOLQLFDO� RXWFRPHV�
and prognosis: MSI-high GC, microsatellite stable/epithelial-mesenchymal transition (MSS/
EMT) GC, MSS/73��+ GC, and MSS/73��- GC. MSI-high GC was the group with best 
RYHUDOO�SURJQRVLV�DQG�ORZHVW�UHFXUUHQFH�IUHTXHQF\��������7KH�PDMRULW\�RI�06,�KLJK�WXPRXUV�
had intestinal histology and were diagnosed at early stages. MSI-high GC associated with 
hypermutation of $5,'�$, 0725, .5$6, PIK3CA, ALK and, 37(1 genes. Similar to the 
MSI group described by the TGCA study, these tumours also displayed overexpression of 
3'�/���DQG�KDG�DEXQGDQW�7�FHOO�LQ¿OWUDWLRQ��$W�WKH�RSSRVLWH�VLGH�RI�WKH�VSHFWUXP��066�(07�
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/73��+ GC and MSS/
73��- GC, generally displayed intestinal histology and occurred in males. MSS/73��+ GCs 
were characterized by frequent EBV infection and mutations of $5,'�$, PIK3CA, SMAD4, 
and APC genes, whereas MSS/73��- GCs featured high 73���mutation rates. 

&RPSDULQJ� WKH� ODVW� WZR� *&� FODVVL¿FDWLRQV�� WKH� (%9+, MSI, CIN, and GS subtypes 
GH¿QHG�LQ�7&*$�FRKRUW�JHQHUDOO\�PDWFK�WKH�066�73��+, MSI, MSS/73��-, and MSS/EMT 
groups proposed by the ACRG. The integrative data provided by these studies paved the 
ZD\� IRU� D� EHWWHU� SDWLHQW� VWUDWL¿FDWLRQ�� DQG� IRU� WKH�GHYHORSPHQW� RI� WDLORUHG� WKHUDSLHV�DQG�
immunotherapies in GC. 

1.3. 'LDJQRVLV�DQG�WUHDWPHQW�RI�*&

GC is asymptomatic during the initial steps of disease progression, and even at late 
VWDJHV�V\PSWRPV�DUH�QRW�VSHFL¿F��ZKLFK�KDPSHUV�DQ�DFFXUDWH�*&�GLDJQRVLV��)XUWKHUPRUH��
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, 
QRQH� RI� WKHVH� ELRPDUNHUV�� RU� WKHLU� FRPELQDWLRQ�� DUH� *&� VSHFL¿F� RU� SUHVHQW� VXI¿FLHQW�
sensitivity to detect GC at early stages.25 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).26 When 
combined with ultrasounds, endoscopy may also provide information on tumour penetration 
GHSWK�RU�LQYDVLRQ�RI�DGMDFHQW�VWUXFWXUHV��(QGRVFRS\�PD\�EH�FRPSOHPHQWHG�ZLWK�FRPSXWHG�
tomography scan or magnetic resonance imaging of the chest, abdomen, and pelvis, 
to evaluate metastasis. The stage, i.e.�� WKH� H[WHQW� RI� FDQFHU�� LV� FUXFLDO� WR� GH¿QH�SDWLHQW�
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.27�*LYHQ�WKH�EHQH¿WV�REVHUYHG�IURP�SUHRSHUDWLYH��QHRDGMXYDQW��
therapy in patients with localized GC, the number of patients that receive this therapy has 
EHHQ�ULVLQJ��1HRDGMXYDQW�WKHUDS\�PD\�UHGXFH�WXPRXU�EXUGHQ�DQG�PHWDVWDVLV��ZKLFK�DIIHFWV�
patient staging. Thus, before continuing the therapeutic course, patients may be re-staged 
�\S710��WR�SRWHQWLDOO\�DGMXVW�WKHUDS\��:KHQ�SDWLHQWV�DUH�HOLJLEOH�IRU�VXUJHU\��WKH�SDWKRORJLFDO�
DVVHVVPHQW�RI�WKH�LQYDGHG�VWUXFWXUHV�ZLOO�HQDEOH�WKH�UH¿QHPHQW�RI�WKH�VWDJLQJ��S710���7KH�
TNM staging system for GC describes tumours according to the depth of invasion of the 
VWRPDFK�ZDOO��7���WKH�UHJLRQDO�O\PSK�QRGHV�WKDW�ZHUH�LQ¿OWUDWHG�E\�WXPRXU�FHOOV��1���DQG�WKH�
presence of distant metastasis (M).

Patients with local or locoregional disease are eligible for surgery, the only potentially 
curative treatment currently available.28 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 
LQ¿OWUDWHG� O\PSK�QRGHV�28 Patients that present inoperable locally advanced or metastatic 
WXPRXUV��6WDJH�,9��KDYH�WKH�ZRUVW�SURJQRVLV��,I�SDWLHQWV�DUH�¿W�HQRXJK��WKH\�DUH�JXLGHG�WR�
palliative chemotherapy that shows improved survival and quality of life, as compared to 
EHVW�VXSSRUWLYH�FDUH�DORQH��&XUUHQWO\��WKH���\HDU�VXUYLYDO�UDWH�VLJQL¿FDQWO\�GHFUHDVHV�IURP�
57% to 5%, for patients with clinical stage I and IV, respectively (Table 1).27

The molecular characterization of GC has provided new therapeutic targets and 
LGHQWL¿HG�SDWLHQWV�WKDW�PD\�EHQH¿W�IURP�WKHVH�WKHUDSLHV��DV�ZHOO�DV�IURP�LPPXQRWKHUDS\��
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.29

Currently, GC management entails two main problems: the late diagnosis and the 
limited success of the available therapeutic options for advanced disease. Both problems 
VHHP� WR� EH� SDUWLDOO\� GXH� WR� WKH� KLJK� WXPRXU� KHWHURJHQHLW\�� WKDW� UHÀHFWV� QRW� RQO\� WKH�
distinct histological and molecular features observed interpatient, but also the intratumoral 
heterogeneity, i.e., variations within the same tumour.30 As aforementioned, GC diagnosis 
LV�HVWDEOLVKHG�EDVHG�RQ�ELRSVLHV��UHÀHFWLQJ�WXPRXU�SDWKRORJ\�LQ�VSHFL¿F�VLWHV�RI�WKH�WXPRXU�
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. 

)RU� WKHVH� UHDVRQV�� FXUUHQW� HIIRUWV� WR� ¿QG�
early GC biomarkers are focusing on liquid 
biopsies (Box 3).31 This minimally invasive 
collection of tumour-derived material would 
facilitate the dynamic and more frequent 
monitoring of the disease. Additionally, these 
samples would include the contribution of all 
tumour cells, which may reduce the sampling 
problem associated with tissue biopsies. Given 
the known pathogenesis of GC, the most 
SURPLVLQJ�ERGLO\�ÀXLGV�IRU�OLTXLG�ELRSVLHV�LQFOXGH�

Box 3 | Liquid biopsies

Liquid biopsies are samples obtained 
IURP�ERG\�ÀXLGV��e.g., blood, saliva, 

or urine, containing tumour genetic 
material or bioproducts resulting from 
its activity. Circulating tumour cells, 
cell-free 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. 
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Table 1. Clinical stage and 5-year overall survival in GC patients. Adapted from the AJCC Cancer Staging 
Manual27 
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WKH�EORRG��SHULWRQHDO�ÀXLG��JDVWULF�MXLFH��DQG�O\PSKDWLF�ÀXLG�25 This strategy has provided a 
KLJK�QXPEHU�RI�ELRPDUNHU�FDQGLGDWHV�ZLWK�JRRG�VHQVLWLYLW\�DQG�VSHFL¿FLW\��KRZHYHU��QRQH�RI�
these has been validated for clinical use.25

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 
YDOXDEOH�LQIRUPDWLRQ�IRU�*&�SDWLHQW�GLDJQRVLV��VWUDWL¿FDWLRQ��WUHDWPHQW��DQG�IROORZ�XS��EXW�
WKHLU� FOLQLFDO� YDOXH� LV� \HW� WR�EH�FRQ¿UPHG��0DNLQJ�XVH�RI� WKH�JUHDW�DPRXQW�RI�PROHFXODU�
LQIRUPDWLRQ� FXUUHQWO\� DYDLODEOH�� SURVSHFWLYH� VWXGLHV� VKRXOG� IRFXV� RQ� DGGUHVVLQJ� VSHFL¿F�
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 
SURJUHVVLRQ��LV�D�PDMRU�KXUGOH�IRU�WKH�GHYHORSPHQW�RI�IDLWKIXO�SUH�FOLQLFDO�FDQFHU�PRGHOV�32 
Consequently, 90% of the drugs that perform well in pre-clinical studies fail in human clinical 
WULDOV�� OHDGLQJ� WR�D�FKDOOHQJLQJ� WUDQVODWLRQ�RI�SURPLVLQJ�VFLHQWL¿F�NQRZOHGJH� LQWR�HIIHFWLYH�
therapies.33,34

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 
ÀDW�SODVWLF�RU�JODVV�VXUIDFHV��DQG�UHSUHVHQW�D�VLPSOH��FRQYHQLHQW��DQG�FRVW�HIIHFWLYH�RSWLRQ��
Moreover, cell monolayers allow an easy handling and integration with a wide range of 
techniques.35 Nevertheless, these in vitro cultures do not reproduce in vivo cell architecture, 
polarization, or growth; hence, their physiological relevance is highly limited.36

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.37 PDTXs are generated by subcutaneous 
RU�RUWKRWRSLF� WUDQVSODQWDWLRQ�RI� IUHVK�SDWLHQW�GHULYHG�VDPSOHV� LQWR� LPPXQRGH¿FLHQW�PLFH��
These models are expensive, time- and resource-consuming approaches, and their success 
PD\�EH�OLPLWHG�E\�WKH�HI¿FLHQF\�RI�HQJUDIWPHQW��DQG�E\�WKH�DYDLODELOLW\�RI�SDWLHQW�GHULYHG�
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VDPSOHV�LQ�VRPH�WXPRXU�W\SHV��2I�QRWLFH��DV�3'7;V�PD\�XQGHUJR�PRXVH�VSHFL¿F�WXPRXU�
evolution, the output provided by these models may diverge from that observed in patients, 
thus making these models less representative of human tumours.38 Moreover, animal 
models may not faithfully recapitulate the genetic heterogeneity, histological complexity, 
immune interactions, and anatomical human contexts.39 Hence, differences between 
species, may foster distinct responses in animal models and in humans, namely regarding 
toxicity.40 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 
VWXGLHV� DQG� WR� UHGXFH� WKH� XVH� RI� DQLPDO� PRGHOV�� 6LQFH� WKH� ¿UVW� UHSRUW� RI� PXOWLFHOOXODU�
spheroids in cancer research, in 1971,41�WKH�¿HOG�KDV�HYROYHG�WR�EHWWHU�UHFDSLWXODWH�WXPRXU�
VSHFL¿FDWLRQV�DQG�KHWHURJHQHLW\��OHDGLQJ�WR�D�FRPSOH[�P\ULDG�RI��'�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.42 Thus, to select the most appropriate 3D model, 
UHVHDUFKHUV�KDYH� WR�FRQVLGHU� WKH�SURV�DQG�FRQV� �)LJXUH����� WKH�DELOLW\� WR�PLPLF�VSHFL¿F�
biological contexts, and the predictive value of each method.

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.43 Spheroids 
PDLQWDLQ�WKH��'�DUFKLWHFWXUH�DQG�WLVVXH�VSHFL¿F�IXQFWLRQV��HLWKHU�JURZLQJ�LQ�VXVSHQVLRQ�RU�
embedded in relevant matrices.44 This model offers a highly controlled and relevant context 
to assess cell-cell and cell-matrix interactions underlying tumour growth, progression, and 
therapeutic response.45 Spheroid arrangement generates gradients of nutrients, metabolites, 
and oxygen that recapitulate those observed in tumours. Interestingly, when spheroids grow 

Figure 3. Pros and cons of the 2D in vitro (monolayers), 3D in vitro (spheroids and organoids) and 
animal models.
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over 400–600 µm, the central core becomes necrotic, as observed in poorly vascularized 
tumours.46 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, 
DQG�XQGHU� VXSSOHPHQWDWLRQ�ZLWK� VSHFL¿F� VWHPQHVV�DVVRFLDWHG�JURZWK� IDFWRUV��&HOOV� WKDW�
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.47�7KLV�PRGHO�ZDV�¿UVW�HVWDEOLVKHG�LQ�
2009 by Sato and colleagues,48 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 
VWHP�FHOO�QLFKH��DQG�WLVVXH�VSHFL¿F�JURZWK�IDFWRUV��5�VSRQGLQ��DQ�:QW�DJRQLVW��HSLGHUPDO�
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.49

Currently, organoids can be derived from several healthy organs, such as intestine, brain, 
and stomach, but also from tumour tissues.47 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 
WKHUDSHXWLF�HI¿FDF\�DQG�WR[LFLW\��1RQHWKHOHVV��RUJDQRLG�FXOWXUHV�DOVR�GLVSOD\�OLPLWDWLRQV�OLNH�
the lack of blood vessels.50 Moreover, their ex vivo culture requires the supplementation 
with growth factors and embedding in an appropriate extracellular matrix (ECM), which may 
LQÀXHQFH�RU�HYHQ�KDPSHU�WKH�VWXG\�RI�FHUWDLQ�ELRORJLFDO�TXHVWLRQV��$Q�DGGLWLRQDO�FRQFHUQ�
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.51

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.52,53�7LVVXH�VSHFL¿F�GHFHOOXODUL]HG�PDWULFHV�KDYH�
EHHQ�SUHVHQWHG�DV�D�JRRG�RSWLRQ�WR�VSHFL¿FDOO\�UHSURGXFH�WKH�in vivo extracellular signals 
involved in tumour pathogenesis.61-63 The decellularization process involves the removal of 
cellular components from native or regenerated tissues, maintaining the ECM composition 
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and architecture.64�([SHULPHQWV�XVLQJ�GHFHOOXODUL]HG�(&0V�PD\�EH�GLI¿FXOW�WR�LPSOHPHQW�LQ�
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.  
)XUWKHU� VWXGLHV�� RQ� WLVVXH�VSHFL¿F� FRPSRVLWLRQ� DQG� DUUDQJHPHQW� RI� WKHVH�PDWULFHV�PD\�
allow for its in vitro production using, for instance, 3D bioprinting techniques. 

Indeed, microfabrication techniques allow the establishment of in vitro co-cultures 
ZLWK�ZHOO�GH¿QHG�ORFDOL]DWLRQ�DQG�FRPSRVLWLRQ�RI�(&0�DQG�FHOOXODU�VXEW\SHV�65 Therefore, 
complex cultures can now be generated to reconstitute several in vivo environments and 
QLFKHV�� &RPELQDWLRQ� RI� WKH� DIRUHPHQWLRQHG� WHFKQLTXHV� ZLWK� PLFURÀXLGLFV� IXUWKHU� DOORZV�
the study of diffusion of substrates and nutrients, as well as the effect of mechanical 
factors.66,67�0LFURÀXLGLFV�LV�NQRZQ�WR�SURYLGH�D�KLJKHU�FRQWURO�DQG�SUHGLFWDELOLW\�RI�WKH�VSDWLR�
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.68�1RWDEO\��WKH�G\QDPLF�PHFKDQLFDO�IRUFHV�SURYLGHG�E\�PLFURÀXLGLFV�FDQ�
replicate forces encountered in the body, such as the shear stress in blood circulation.69,70 
0LFURÀXLGLF�H[SHULPHQWV�RIIHU� WKH� UHSUHVHQWDWLRQ�RI�GLIIHUHQW�PLFURHQYLURQPHQWV�DQG�FHOO�
SRSXODWLRQV�FRQ¿QHG�LQ�LQGHSHQGHQW��DOEHLW�FRQQHFWHG��FRPSDUWPHQWV��7KHVH�RUJDQ�RQ�D�
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 
WR� RWKHU� ¿HOGV�� ,QGHHG�� WKH� YDOXH� RI� WKHVH� PRGHOV� WR� EHWWHU� XQGHUVWDQG� *&� PROHFXODU�

Box 4 | Synthetic and natural ECM 

Synthetic materials, like polyethylene 
glycol, provide a great control over 

the physical and biochemical experimental 
conditions, but they do not represent the in 
vivo matrix composition and they are not 
bioactive, i.e., they lack interaction with 
cells. To improve their bioactivity, synthetic 
PDWHULDOV� FDQ�EH�PRGL¿HG� WR� LQFOXGH�ZHOO�
known ECM signals, such as cell adhesion 
peptides (Arginine-Glycine-Aspartic acid), 
metalloproteinase sensitive sites, and 
growth factors. Due to their highly regulated 
composition, these scaffolds can be easily 
produced and used for large-scale studies. 

Natural matrices, such as collagen or 
reconstituted basement membrane 

(e.g., Matrigel), are easy to use, bioactive, 
and capable of reconstituting the ECM in 
which tumours arise; nevertheless, their 
composition is not constant, which may 
be particularly important regarding their 
content in growth factors. Moreover, the 
composition of the ECM varies among 
tissues. Hence, using mouse sarcoma 
basement membrane (Matrigel) may not 
be the best option to recapitulate the ECM 
of human gastric adenocarcinoma, for 
instance. To address this problem, several 
studies have already proposed Matrigel 
substitutes for organoid cultures.54,60
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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.

7KH�¿UVW��'�PRGHOV�RI�*&�ZHUH�GHYHORSHG�LQ�������ZKHQ�0D\HU�DQG�FROOHDJXHV�DSSOLHG�
the concept of multicellular spheroids to the in vitro study of human gastric carcinomas.71 

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 
JURZWK�SDWWHUQ�DQG�GLIIHUHQWLDWLRQ� OHYHOV�RI� FRUUHVSRQGLQJ� [HQRJUDIWV� LQ� LPPXQRGH¿FLHQW�
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,72 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-
DGKHUHQW� FRQGLWLRQV��7DNDLVKL� DQG� FROOHDJXHV� YHUL¿HG� WKDW� VRPH�RI� WKHVH� FRXOG�SURGXFH�
spheroids.73 Interestingly, only the cell lines that were able to form spheroid colonies were 
IRXQG� WR�EH� WXPRULJHQLF� LQ� VHYHUH� FRPELQHG� LPPXQRGH¿FLHQW�PLFH��7KHVH�REVHUYDWLRQV�
suggested the existence of a population of cells with cancer stem cell phenotype among 
*&�FHOO�OLQHV��6XFK�*&�LQLWLDWLQJ�FHOOV�FRXOG�EH�LGHQWL¿HG�WKURXJK�WKH�H[SUHVVLRQ�RI�&'���
VXUIDFH�PDUNHU��ZKLFK�EHFDPH�WKH�¿UVW�*&�VWHP�FHOO�PDUNHU�WR�EH�XVHG�LQ�WKH�LVRODWLRQ�RI�
cancer stem cells from primary human tissues.74 Endowed with self-renewal and tumorigenic 
capabilities, cancer stem cells play a central role in tumour development, metastasis, and 
drug resistance.75 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. 

$ORQJVLGH��*&�VSKHURLGV�KDYH�EHHQ�XVHG�WR�WHVW�GUXJ�GHOLYHU\��HI¿FDF\��DQG�WR[LFLW\�GXH�
to the improved capacity to recapitulate tumour growth, architecture, and differentiation, 
as compared to traditional monolayered cultures.76-80 Indeed, by culturing GC cells lines 
LQ� QDQR¿EHU� VFDIIROGV�� .LP� DQG� FR�ZRUNHUV� VKRZHG� WKDW� LQFUHDVHG� GUXJ� UHVLVWDQFH�� LQ�
3D conditions, was not due to limitations in mass transport, but rather to intrinsic cellular 
properties.81

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 
�'�PRQROD\HUV��ZDV�LGHQWL¿HG�LQ�KXPDQ�SUHPDOLJQDQW�DQG�PDOLJQDQW�JDVWULF�OHVLRQV�83 Of 
notice, CD44 splicing switch was associated with increased expression of genes involved 
in metastasis-related processes, like epithelial-to-mesenchymal transition (6QDLO�� =(%�), 
angiogenesis ($1*37�), and aberrant metabolic pathways ($&/<�� ,*)%�). Moreover, 
GC cells cultured as 3D spheroids may undergo extensive modulation of the glycosylation 
pattern.84 Balmaña and colleagues demonstrated that changes in the glycocalyx of GC cells 
resulted in increased expression of cancer-associated glycan antigens and mucin (MUC)1, 
UHSURGXFLQJ� WKH�SUR¿OH�RI� JO\FDQV�DQG�JO\FRSURWHLQV�REVHUYHG� LQ� WXPRXUV��$V�VXFK�� WKLV�
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.85

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 5+2$ mutations (~14-25%),22,86-88 to 
unveil the molecular mechanisms underlying recurrent mutations of .07�& gene (~41%)89, 
and to validate and modulate the metastatic potential of 7*)%5� loss90 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.91-98 

7KH�XVH�RI��'�PRGHOV�WR�VWXG\�SUHPDOLJQDQW� OHVLRQV�KDV�VKRZQ�WKDW� ,)1�Ȗ�SURPRWHV�
parietal cell atrophy during the progression of gastritis to gastric atrophy and metaplasia99 
and that Trefoil Factor 1 (TFF1) may suppress gastric pathogenesis by blocking the 
,/��67$7�� SUR�LQÀDPPDWRU\� VLJQDOOLQJ� D[LV�100 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.101 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 7US���JHQHV�ZDV�VXI¿FLHQW�WR�SURPRWH�*&��,QWHUHVWLQJO\��Cdkn2a-/-

7US��-/- mice organoids showed replication stress, which exposed a potential susceptibility to 
DNA damage response inhibitors.102 The development of gastric organoids also empowered 
WKH�VWXG\�RI�*&�SDWKRJHQHVLV�LQ�DUHDV�ZLWK�MXQFWLRQ�RI�WZR�W\SHV�RI�JDVWULF�HSLWKHOLXP�103 
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 
VTXDPRXV�FROXPQDU�MXQFWLRQ�FRQWDLQHG�D�KLJKO\�SUROLIHUDWLYH�SRRO�RI�LPPDWXUH�/*5�-CD44+ 
cells that were prone to transformation and that originated early dysplastic lesions. 

7KH� KLJK� ¿GHOLW\� DQG� ÀH[LELOLW\� UHQGHUHG� E\� �'� PRGHOV� LV� DOVR� VXSSRUWLQJ� D� EHWWHU�
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.104 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 CDH1 and 73�� genes conferred R-spondin 
VLJQDOOLQJ�LQGHSHQGHQF\��7KLV�VWXG\�VKRZHG��IRU�WKH�¿UVW�WLPH��D�VXFFHVVIXOO\�WUDQVODWLRQ�RI�
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 
WR�WKH�PROHFXODU�SUR¿OH�RI�KXPDQ�*&�RUJDQRLGV��e.g., trastuzumab for (5%%� alterations 
and palbociclib for CDKN2A loss).105,106 On the other hand, the analysis of the gene 
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H[SUHVVLRQ�SUR¿OHV�RI�LQWHVWLQDO�DQG�GLIIXVH�VSKHURLGV�OHG�WR�WKH�LGHQWL¿FDWLRQ�RI�FDQGLGDWH�
genes for targeted therapy.107 (5%%�� H[SUHVVLRQ�ZDV�VSHFL¿FDOO\� LQFUHDVHG� LQ� LQWHVWLQDO�
spheroids, and its downregulation resulted in suppression of both in vitro spheroid formation 
and in vivo tumour growth. Of notice, (5%%� expression in intestinal-type GC correlated 
with decreased patient survival.

)LQDOO\�� WKH�JUHDW�ÀH[LELOLW\�RI�VSKHURLG�FXOWXUHV�IDFLOLWDWHV�WKH�VWXG\�RI�WKH�LQWHUDFWLRQV�
established between the tumour and its microenvironment. Notably, co-cultures between 
*&� VSKHURLGV� DQG� ¿EUREODVWV� GHPRQVWUDWHG� WKH� LPSRUWDQW� UROH� RI� ¿EUREODVWV� LQ� WKH� in 
vitro invasion and in vivo peritoneal dissemination of GC cells.108,109 Similarly, Zhao and 
colleagues addressed the molecular mechanisms underlying tumour innervation through 
the analysis of organotypic cultures of GC cells and neurons.110 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. 1HZ�DSSURDFKHV�WR�LPSURYH�JDVWULF�FDQFHU�SUHFOLQLFDO�VWXGLHV

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.111-113 Due to the high heterogeneity 
of GC, organoid biobanks should include models of the distinct molecular and histological 
phenotypes encompassed in GC pathogenesis.114 The simultaneous use of these organoids 
IRU� PROHFXODU� SUR¿OLQJ� DQG� GUXJ� UHVSRQVH� DVVHVVPHQW�� PD\� XQYHLO� FDXVDO� JHQHWLF� DQG�
HSLJHQHWLF�DOWHUDWLRQV�WKDW�FRXOG�LPSURYH�SDWLHQW�VWUDWL¿FDWLRQ�DQG�SDWLHQW�FHQWUHG�WUHDWPHQW�
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.115 
$V� SUHYLRXVO\� REVHUYHG� IRU� PLVPDWFK� UHSDLU�GH¿FLHQW� FRORUHFWDO� FDQFHU� DQG� QRQ�VPDOO�
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.116 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.117 
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. 
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6SKHURLGV� SURYLGHG� D� ÀH[LEOH� RSWLRQ� WR� VWXG\� WKH� FRPSOH[� WXPRXU� LQWHUFHOOXODU�
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,118�DQG�WKH�LQWHJUDWLRQ�ZLWK�PLFURIDEULFDWLRQ�DQG�PLFURÀXLGLF�
techniques.119,120 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. 

2YHUDOO�� WKH� FRPSOH[LW\� RI� WKH� PRGHO� VKRXOG� UHÀHFW� WKH� FRPSOH[LW\� RI� WKH� ELRORJLFDO�
TXHVWLRQ�DQG�LQFOXGH�WKH�QHFHVVDU\�HOHPHQWV�WKDW�PD\�LQÀXHQFH�WKH�RXWFRPH��$V�D�PRGHO��
WKHVH�DSSURDFKHV�ZLOO�QHYHU�SHUIHFWO\�UHSURGXFH�KXPDQ�ELRORJ\��\HW�D�¿QH�DQG�EDODQFHG�
complexity may highly improve their predictive value and pave the way for ‘clinical trials-on-
FKLS¶�

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.

,QWHUFHOOXODU� FRPPXQLFDWLRQ� LV� XVXDOO\� GHVFULEHG� DFFRUGLQJ� WR� WKH� µOHQJWK¶� RI� WKH�
interactions.121 DLUHFW� FHOO� FRPPXQLFDWLRQ� W\SLFDOO\� UHJDUGV� DXWRFULQH� DQG� MX[WUDFULQH�
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 
PRGL¿FDWLRQV� LQ� WKH� LQWUDFHOOXODU� VLJQDOOLQJ� SDWKZD\V�� RIWHQ� SURGXFLQJ� D� VSHFL¿F� FHOOXODU�
response. Intercellular communication is supported by highly regulated mechanisms that 
may include the production of supramolecular structures, such as tunnelling nanotubes,122 
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.123� $OWKRXJK� WKH� ¿UVW�
reports of EVs can be dated to 1946,124 only 50 years later researchers realized that these 
YHVLFOHV�FRXOG�EH�PRUH�WKDQ�µSODWHOHW�GXVW¶�SDUWLFOHV�DQG�FHOOXODU�µZDVWH�EDJV¶��7KH�VWXG\�RI�
=LWYRJHO�DQG�FROOHDJXHV�VXJJHVWHG��IRU�WKH�¿UVW�WLPH��D�UROH�RI�(9V�LQ�LPPXQH�LQWHUFHOOXODU�
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communication.125� ,W� LV� QRZ� DFNQRZOHGJHG� WKDW� (9V� GLVSOD\� VWDEOH� FRQ¿JXUDWLRQV� WKDW�
enable them to mediate intercellular communication not only locally, but also systemically. 
)RU�WKLV�UHDVRQ��(9V�DUH�FRPPRQO\�IRXQG�LQ�ERGLO\�ÀXLGV��VXFK�DV�EORRG��XULQH��DQG�VDOLYD��
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.

7KH�WHUP�µ(9V¶�UHIHUV�WR�D�YDULHW\�RI�YHVLFOHV�ZLWK�GLVWLQFW�ELRJHQHVLV��FDUJR��VL]H��DQG�
IXQFWLRQDO� HIIHFWV�� WKDW� KDYH� EHHQ� WUDGLWLRQDOO\� FODVVL¿HG� DV� H[RVRPHV� RU�PLFURYHVLFOHV��
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.126,127 On the other hand, microvesicles result directly from the outward budding 
of the cellular membrane.128 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).129 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.130

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.130 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. 

&XUUHQWO\��WKH�KLJK�KHWHURJHQHLW\�RI�(9�SRSXODWLRQV�KDPSHUV�WKH�LGHQWL¿FDWLRQ�RI�VSHFL¿F�
(9�PDUNHUV� DQG� WKH� SURSHU� FODVVL¿FDWLRQ� RI�(9� VXEW\SHV�131-133 Following the guidelines 
of the International Society of Extracellular Vesicles, the present work makes use of the 
JHQHUDO�WHUP�µ(9V¶�WR�GHVFULEH�WKH�FRQWULEXWLRQV�RI�ERWK�H[RVRPHV�DQG�PLFURYHVLFOHV�134

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.134,135 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,136 mRNAs and 
microRNAs,137 proteins,138 retrotransposon elements,139 and DNA140 are actively sorted to 
tumour-derived EVs, that will convey the message to malignant and non-malignant cells, 
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located at the tumour surroundings, or at distant sites. As previously mentioned, the content 
DQG�VXUIDFH�PROHFXOHV�LQ�(9V�PD\�UHÀHFW�WKH�LGHQWLW\�RI�GRQRU�FHOOV��&RQVHTXHQWO\��WKH�KLJK�
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 
PHFKDQLVPV�� 7KLV� HIIHFW� ZDV� ¿UVWO\� UHSRUWHG� E\� 6NRJ� DQG� FROOHDJXHV�� LQ� ������ ZKR�
demonstrated that messages delivered by glioblastoma EVs were translated by recipient 

Box 5 | Biogenesis of extracellular vesicles

The wide heterogeneity of EVs is partially explained by its distinct mechanisms of biogenesis, 
sorting of cargo and secretion.128-130 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/II may trigger the 
inward budding of the endosomal membrane, which culminates in the formation of intraluminal 
YHVLFOHV�GXH�WR�PHPEUDQH�FRQVWULFWLRQ�DQG�¿VVLRQ�SURPRWHG�E\�(6&57�,,,�DQG�$73DVH�YDFXRODU�
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 
LQWUDFHOOXODU�WUDI¿FNLQJ�LV�QRWDEO\�UHJXODWHG�E\�VHYHUDO�5$6�UHODWHG�SURWHLQ�*73DVHV��LQFOXGLQJ�
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 Ca2+-
dependent mechanisms. In the latter scenario, Ca2+�GHSHQGHQW�HQ]\PHV��VXFK�DV�ÀLSSDVHV�
ÀRSSDVHV��VFUDPEODVHV�DQG�FDOSDLQ��SURPRWH�WKH�FXUYDWXUH�RI�WKH�SODVPD�PHPEUDQH�WKURXJK�
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. 
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cells, and that these EVs could induce proliferation of a human glioma cell line.141 One year 
ODWHU��4X�DQG�FR�ZRUNHUV�VKRZHG�D�VLPLODU�DXWR�SURPRWLQJ�HIIHFW�LQ�*&�FHOOV��LQ�WKH�¿UVW�UHSRUW�
on the role of EVs in GC.141 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.142,143 Among these, Li et al. found that CD97 was 
involved in the EV-mediated enhancement of tumour cell proliferation and invasion.144,145 
Additionally, miR-423-5p transported by GC-EVs inhibited the expression of suppressor 
of fused protein (SUFU), thus enhancing tumour cell proliferation and migration.146 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.147 Similar drug resistance mechanisms 
KDYH�EHHQ�DGGLWLRQDOO\�LGHQWL¿HG�LQ�SURVWDWH��OXQJ��EUHDVW�DQG�OLYHU�FDQFHUV�148-151 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.152,153

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.154 
In GC, tumour-derived EVs modulate the phenotype of T cells, macrophages, and neutrophils 
WRZDUGV�D�SUR�WXPRUDO�HQYLURQPHQW��6SHFL¿FDOO\��*&�(9V�SURPRWH�GLIIHUHQWLDWLRQ�RI�QDwYH�
T cells into regulatory T cells and Th17 subpopulations via�7*)�ȕ�DQG�PL5�����PHGLDWHG�
mTOR activation, respectively.155,156 As for macrophages, two distinct mechanisms were 

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.
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LGHQWL¿HG�� )LUVWO\��*&�(9V�ZHUH� VKRZQ� WR� FRQYHUW�PDFURSKDJHV� LQWR� D� SUR�LQÀDPPDWRU\�
SKHQRW\SH� GXH� WR� WKH� VWLPXODWLRQ� RI� QXFOHDU� IDFWRU� �1)��ț%� SDWKZD\�157 then, treatment 
with GC-EVs promoted increased expression of PD-1 in tumour-associated macrophages, 
ZKLFK�ZDV�VXI¿FLHQW� WR�VXSSUHVV� WKH�DFWLYLW\�RI� F\WRWR[LF�7�FHOOV�H[SUHVVLQJ�3'�/��158 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.159 
In this case, GC-EVs carrying high mobility group box (HMGB)-1 interacted with toll-like 
UHFHSWRU� �7/5��� WR�DFWLYDWH�1)�ț%�SDWKZD\��&RQVHTXHQWO\��QHXWURSKLOV�SRODUL]HG� LQWR�1��
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.143,160 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.161,162

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.163,164 Furthermore, macrophages produced apolipoprotein 
E-EVs that promoted GC cell migration, though PI3K signalling pathway.165 Again, immune 
cells may also produce anti-tumour EVs that act on other immune cells to potentiate tumour 
immunity. 

)LEUREODVWV� DUH� D� GRPLQDQW� SRSXODWLRQ� LQ�PRVW� VROLG� WXPRXUV��8QGHU� VSHFL¿F� VWLPXOL��
these stromal cells may undergo conversion into CAFs, whose main functions include 
(&0�GHSRVLWLRQ�DQG�UHPRGHOOLQJ��VXSSRUWLQJ�WXPRXU�JURZWK��DQG�LQWHUDFWLRQ�ZLWK�LQ¿OWUDWLQJ�
immune cells. Accordingly, tumour-derived EVs have been implicated in the mechanisms 
RI�&$)� LQGXFWLRQ��*&�(9V� LQGXFHG�&$)V�IURP�QRUPDO�¿EUREODVWV��XPELOLFDO�FRUG�GHULYHG�
mesenchymal stem cells, or pericytes, via�H[RVRPDO�PL5���D��7*)�ȕ�DQG�ERQH�PRUSKRJHQLF�
protein (BMP)2, respectively.166-168�7*)�ȕ�FDUULHG�E\�*&�(9V�ZDV�VKRZQ� WR� LQWHUDFW�ZLWK�
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.166,169 

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.170 
Moreover, by functioning as a miR-133 sponge, ciRS-133 activated PRDM16 expression, 
which promoted the conversion of white to brown adipocytes.171 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.172 GC-EVs promoted migration on GC 
cells, and adhesion between mesothelial and GC cells, due to increased expression of 
¿EURQHFWLQ���DQG�ODPLQLQ�Ȗ����)ROORZLQJ�WKHVH�REVHUYDWLRQV��*&�(9V�ZHUH�VKRZQ�WR�LQGXFH�
SHULWRQHDO� PHVRWKHOLDO� FHOO� LQ¿OWUDWLRQ�� ZKLFK� DFFHOHUDWHG� WXPRXU� LQYDVLRQ� WKURXJK� WKH�
stomach wall.173 Moreover, GC-EVs promoted apoptosis of peritoneal mesothelial cells and 
mesothelial-to-mesenchymal transition, resulting in the destruction of the mesothelial barrier 
DQG�SHULWRQHDO�¿EURVLV�174,175 MiR-21-5p carried by GC-EVs targeted Smad7 in peritoneal 
mesothelial cells to promote mesothelial-to-mesenchymal transition, and consequent GC 
peritoneal dissemination.175�$OWRJHWKHU��WKHVH�¿QGLQJV�SURYLGHG�VWURQJ�HYLGHQFH�RQ�WKH�UROH�
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 
RQ�D�SHUPLVVLYH�PHWDVWDWLF� HQYLURQPHQW��7KH� ¿UVW� VWHS� WR� LPSURYH� VXFK�SHUPLVVLYHQHVV�
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.176 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.177�%ULHÀ\��SDQFUHDWLF�
cancer-derived EVs were shown to contain macrophage migration inhibitory factor (MIF), 
DQG� LQGXFH� D� SUR�LQÀDPPDWRU\� PLFURHQYLURQPHQW� �H[SUHVVLRQ� RI� 7*)�ȕ�� 6���$�� DQG�
6���3��XSRQ�XSWDNH�E\�.XSSIHU�FHOOV��8QGHU�WKLV�LQÀDPPDWRU\�HQYLURQPHQW��KHSDWLF�VWHOODWH�
FHOOV�SURGXFHG�DQG�DFFXPXODWHG�¿EURQHFWLQ��ZKLFK�SURPRWHG�UHFUXLWPHQW�RI�ERQH�PDUURZ�
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.178 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.178

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.179 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.180 Notably, EVs from patient 
VDPSOHV�PD\�HQFORVH�GLVWLQFW�H[SUHVVLRQ�SUR¿OHV�RU�HYHQ�JHQHWLF�DOWHUDWLRQV�IRXQG�LQ�WKH�
original tumour samples.181-183 In GC patients, few genomic alterations have been found in 
*&�(9V��,Q�IDFW��WKHUH�LV�RQO\�RQH�VWXG\�VKRZLQJ�WKDW�(9V�LVRODWHG�IURP�WKH�JDVWULF�MXLFH�RI�
GC patients, displayed distinct methylation status of %$5+/� gene, which discriminated 
*&�SDWLHQWV�IURP�KHDOWK\�GRQRUV�ZLWK�D�����VHQVLWLYLW\�DQG������VSHFL¿FLW\�184 

On the other hand, EVs isolated from patient and healthy donors often display distinct 
WUDQVFULSWRPLF�SUR¿OHV��PDLQO\�UHJDUGLQJ�PLFUR51$�� ORQJ�QRQ�FRGLQJ�51$��OQF51$���DQG�
FLUFXODU�51$��FLUF51$���7KH�FORVH�DQDO\VLV�RI�WKHVH�SUR¿OHV�KDV�SURYLGHG�D�JUHDW�QXPEHU�
of potential biomarkers which, alone or as a panel, could be used in GC diagnosis and 
prognosis.185

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 
WULSDUWLWH�PRWLI� FRQWDLQLQJ� �75,0���(9�DVVRFLDWHG� SURWHLQV�ZHUH� IRXQG� WR� EH� VLJQL¿FDQWO\�
decreased in the serum of GC patients, as compared with healthy donors.186,187 In fact, 
GKN1 levels in EVs could even discriminate GC patients from patients with non-neoplastic 
gastric lesions (atrophic gastritis), hepatocellular or colorectal carcinomas.186 Exosomal 
7*)�ȕ��ZDV�FRUUHODWHG�ZLWK�DGYDQFHG�VWDJH�*&�DQG�O\PSK�QRGH�PHWDVWDVLV��VXJJHVWLQJ�D�
putative predictive role of GC prognosis.155 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 
WXPRXU�VSHFL¿F�F\WRWR[LF�7�FHOO� UHVSRQVH�188 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.189 Although therapeutic strategies targeting the 
release of EVs by tumour cells have been widely suggested, the effects on EV-mediated 
physiological communications remain unknown.190,191 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.133 A growing body of evidence has demonstrated that 
GLVWLQFW� ELRJHQHVLV� PHFKDQLVPV� RULJLQDWH� (9V� ZLWK� VSHFL¿F� IHDWXUHV��$V� WKH� FDUJR� DQG�
biochemical characteristics change, the role of the different subtypes of EVs in tumour 
progression may also differ.194 +HQFH��D�FOHDU�FODVVL¿FDWLRQ�PHWKRG�LV�UHTXLUHG�WR�HQOLJKWHQ�
WKH�PHFKDQLVPV� RI� DFWLRQ� IRU� VSHFL¿F� (9� FDWHJRULHV�� 7KLV� ¿UVW� FKDOOHQJH� LV� LQWULQVLFDOO\�
UHODWHG�ZLWK�WKH�DEVHQFH�RI�VWDQGDUGL]H�SURWRFROV�IRU�LVRODWLRQ��TXDQWL¿FDWLRQ��DQG�DQDO\VLV�
RI�(9V��,QGHHG��LVRODWLRQ�PHWKRGV�DUH�NQRQZQ�WR�GLUHFWO\�LQÀXHQFH�WKH�UHSUHVHQWDWLRQ�RI�(9�
subtypes, introducing a bias in the downstream analysis of EVs and their functional effects. 
Together, these issues are hindering the translation of EV-based therapeutic strategies 
LQWR�FOLQLFV��7KH�XVH�RI�(9V�DV�GUXJ�YHKLFOHV�IXUWKHU�UHTXLUHV�WKH�GH¿QLWLRQ�DQG�YDOLGDWLRQ�
of appropriate cellular sources of EVs, methods of large-scale production, storage and 
formulation of EV preparations.195,196�$V�IRU�WKH�WDUJHWLQJ�RI�(9V��ZHOO�GH¿QHG�PHFKDQLVPV�
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, 
XSWDNH��DQG�IXQFWLRQDO�WUDQVODWLRQ�RI�(9V¶�FDUJR��LV�RI�XWPRVW�LPSRUWDQFH�DQG�PD\�FODULI\�WKH�
aforementioned concerns in EV investigations.

4. The Immune Landscape of Gastric Cancer

4.1. 7XPRXU�LPPXQLW\

The tumour microenvironment is composed by a complex milieu of malignant and 
QRQ�PDOLJQDQW� FHOOV�� LQFOXGLQJ�DGMDFHQW� HSLWKHOLDO� FHOOV�� ¿EUREODVWV�� HQGRWKHOLDO� FHOOV�� DQG�
immune cells (Figure 6). The close proximity between tumour cells and these stromal cells 
LQWHQVL¿HV�WKHLU�LQWHUDFWLRQV��ZKLFK�DUH�NQRZQ�WR�DIIHFW�WXPRXU�SURJUHVVLRQ��7KH�¿QDO�UHVXOW� 
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.197

Innate and adaptative cells involved in the anti-tumour immune response differently 
LQ¿OWUDWH�WXPRXUV��OHDGLQJ�WR�VSHFL¿F�LPPXQRORJLFDO�FRQWH[WV��+HQFH��WXPRXUV�KDYH�EHHQ�
FODVVL¿HG�DV� µKRW¶�RU� µFROG¶�� UHJDUGLQJ� WKHLU� LQ¿OWUDWLRQ�E\� LPPXQH�FHOOV��KRW� WXPRXUV��DOVR�
NQRZQ�DV�7�FHOO�LQÀDPHG��SUHVHQW�DEXQGDQW�OHYHOV�RI�WXPRXU�LQ¿OWUDWLQJ�O\PSKRF\WHV��7,/V���
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whereas cold tumours display absence or very low number of TILs.198-200 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 
HOLFLW� LPPXQH�UHVSRQVH��KRZHYHU�� LQ�WKLV�FDVH�� LPPXQH�FHOOV�FDQQRW� LQ¿OWUDWH�WKH�WXPRXU��
these tumours display an immune-excluded phenotype. In contrast, cold tumours that do 
not stimulate immune cells have an ignorant phenotype.201 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. 
6SHFL¿F�FKHPRNLQH�JUDGLHQWV�DQG�DGKHVLRQ�PROHFXOHV�ZLOO�JXLGH�WKHVH�DFWLYDWHG�HIIHFWRU�7�
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.202 If this cancer-
LPPXQLW\�F\FOH�IXQFWLRQV�SURSHUO\��WKH�LPPXQH�V\VWHP�ZRXOG�EH�DEOH�WR�¿JKW�DQG�HUDGLFDWH�
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 

Figure 6. Tumour microenvironment. Invasion of the basement membrane renders tumours a high contact 
with stromal cell populations, including with immune cells.
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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. ,PPXQH�HYDVLRQ�E\�UHJXODWRU\�7�FHOOV

Tregs are primarily formed during thymic development (natural Tregs) by agonist 
selection, i.e., the selection of T cells with intermediate self-reactivity.203 Alternatively, 
QDwYH� 7� FHOOV� H[SRVHG� WR� 7*)�ȕ�� LQGROH� DPLQH� ����GLR[\JHQDVH� �,'2��� RU� UHWLQRLF� DFLG��
may be converted into Tregs at the periphery (peripheric Tregs).204,205 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)-2.206-209�7UHJV�DUH�QRW�NQRZQ�WR�H[SUHVV�DQ\�VSHFL¿F�PDUNHU��DQG�IRUNKHDG�
Box P3 (FoxP3), a transcription factor that orchestrates their immunosuppressive function, 
has been suggested as the most reliable molecular marker.210-212 In addition to FoxP3, Tregs 
DOVR�H[SUHVV�KLJK�OHYHOV�RI�Į�FKDLQ�,/���UHFHSWRU��,/�5�RU�&'�����F\WRWR[LF�7�O\PSKRF\WH�
DVVRFLDWHG�SURWHLQ����&7/$�����,/�����7*)�ȕ��DQG�*,75�

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 
SHULSKHUDO�WROHUDQFH��,Q�FDQFHU��7UHJV�DFFXPXODWH�DW�HDUO\�VWDJHV�RI�WKH�GLVHDVH�WUDMHFWRU\�DQG�
their immunosuppressive activity hinders an appropriate establishment of tumour immunity.213 
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.214 At 
D�¿UVW�JODQFH��VXFK�REVHUYDWLRQ�FRXOG�LQGLFDWH�WKDW�WKH�PDMRULW\�RI�WXPRXU�LQ¿OWUDWLQJ�7UHJV�
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.215-217

6HYHUDO� IDFWRUV� KDYH� DOUHDG\� EHHQ� LGHQWL¿HG� DV� SURPRWRUV� RI� 7UHJ� DFFXPXODWLRQ� LQ�
WXPRXUV��7XPRXU�FHOOV�DQG�LQQDWH�LPPXQH�FHOOV�WKDW�LQ¿OWUDWH�WXPRXUV��VXFK�DV�PDFURSKDJHV�
and dendritic cells, produce cytokines and chemokines that activate local Tregs or induce their 
recruitment from peripheric regions.218�&RQFRPLWDQWO\��KLJK�FRQFHQWUDWLRQV�RI�,/�����7*)�ȕ��
and IDO, at the tumour regions, may induce conversion of helper T cells into Tregs.219 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.220 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.221-223 

Most recently, Wang et al. demonstrated that CD36 modulated Treg metabolism to 
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SURPRWH�WKH�DGDSWDWLRQ�WR�D�ODFWLF�DFLG�HQULFKHG�HQYLURQPHQW��E\�¿QH�WXQLQJ�PLWRFKRQGULDO�
¿WQHVV�224�2QFH�DFWLYDWHG��7UHJV�PD\�GLUHFWO\�FRPSHWH�ZLWK�HIIHFWRU�QDwYH�7�FHOOV�IRU�DQWLJHQ�
presenting cells signals and cytokines, such as IL-2, or cause their metabolic disruption 
WR� KLQGHU� QDwYH�HIIHFWRU�7� FHOO� SUROLIHUDWLRQ�225 Interestingly, Akkaya and colleagues have 
VKRZQ�WKDW�DQWLJHQ�VSHFL¿F�7UHJV�PD\�IRUP�VWURQJ�LQWHUDFWLRQV�ZLWK�GHQGULWLF�FHOOV��UHVXOWLQJ�
LQ�VHOHFWLYH�LQKLELWLRQ�RI�WKH�QDwYH�7�FHOO�ELQGLQJ�WR�DQWLJHQ�SUHVHQWLQJ�FHOOV�226 Such strong 
ELQGLQJ� UHVXOWHG� LQ� WKH� UHPRYDO�RI� WKH�SHSWLGH�PDMRU�KLVWRFRPSDWLELOLW\�FRPSOH[� �0+&��,,�
from the surface of dendritic cells, reducing their antigen presentation capacity. 

Additionally, Tregs secrete inhibitory cytokines that suppress effector T cell activity, 
VXFK�DV�,/�����,/�����DQG�7*)�ȕ��DQG�JUDQXOHV��OLNH�SHUIRULQV�DQG�JUDQ]\PHV��WKDW�LQGXFH�
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.227,228

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.229 In a mouse breast 
cancer model, Tan et al.� GHPRQVWUDWHG� WKDW� WXPRXU�LQ¿OWUDWLQJ� 7UHJV� SURGXFHG� UHFHSWRU�
activator of nuclear factor-B ligand (RANKL) that acted on its receptor RANK, expressed in 
tumour cells, promoting formation of lung metastasis.230 Together, these studies provided 
strong evidence for putative non-immunosuppressive roles of Tregs in tumour progression. 

,Q�*&�SDWLHQWV��HOHYDWHG�QXPEHUV�RI�SHULSKHUDO�DQG�WXPRXU�LQ¿OWUDWLQJ�7UHJV�have been 
described.231-235 Interestingly, 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.236,237 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.238,239 The following 
increased number of Tregs promotes an immunosuppressive environment that sustains 
persistent H. pylori infection.240 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.241�0RUHRYHU��*&�FHOOV�SURGXFH�KLJK�OHYHOV�RI�7*)�ȕ�DQG�,'2��ZKLFK�
favours Treg differentiation.242,243 

The absolute number of Tregs in TILs is positively correlated with tumour stage, 
whereas its relative increase, as compared to effector T cells, has been reported in tumour-
draining lymph nodes.244,245 Indeed, high expression of FoxP3+ Tregs in sentinel lymph 
nodes was shown to predict metastasis in downstream lymph nodes.246 Notwithstanding, 
WKH�SURJQRVWLF�YDOXH�RI�7UHJV�LQ�*&�UHPDLQV�FRQWURYHUVLDO��$EXQGDQW�7UHJ�LQ¿OWUDWLRQ�DQG�
higher Treg/effector T cell ratios have been associated with poor prognosis and reduced 
patient survival.247-251� /LNHZLVH�� SDWLHQWV� WKDW� UHFHLYHG� QHRDGMXYDQW� FKHPRWKHUDS\�� DQG�
which displayed increased number of cytotoxic T cells and decreased Tregs in peripheral 
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blood, had improved prognosis.252 Nonetheless, other studies have demonstrated that Treg 
LQ¿OWUDWLRQ�DVVRFLDWHV�ZLWK�D�IDYRXUDEOH�SURJQRVLV��SDUWLFXODUO\� LQ�SDWLHQWV�ZLWK�WXPRXUV�LQ�
the cardia region or with MSI phenotype.253-255 Further, association of intratumoral Tregs 
and macrophages also predicts survival of advanced GC patients after radical tumour 
resection.256

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. 
241 In this study, Treg spreading was predictive of poor prognosis.The distance between 
7UHJV�DQG�F\WRWR[LF�7�FHOOV�DOVR�VHHPV�WR�LQÀXHQFH�SDWLHQW�SURJQRVLV��,QWHUHVWLQJO\��ZKHQ�
WKH�SUHGRPLQDQW�GLVWDQFH�VHSDUDWLQJ�7UHJV�DQG�F\WRWR[LF�7�FHOOV� LV�EHWZHHQ��������ȝP��
patients display better prognosis.257 

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 
WKH�PDUNHUV�XVHG�WR�LGHQWLI\�7UHJV��PD\�DLG�WKH�HVWDEOLVKPHQW�RI�VSHFL¿F�7UHJ�FRQWULEXWLRQV�
and, consequently, improve Treg-based therapies.

4.3. 5HJXODWRU\�7�FHOOV�LQVSLUHG�WKHUDS\

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.258,259 

Moreover, the idea of boosting anti-tumour response through the sole expansion of 
HIIHFWRU�7� FHOOV� DQG�QDWXUDO� NLOOHU� FHOOV� GRHV� QRW� VHHP� WR� EH� VXI¿FLHQW� WR� SURPSW� WXPRXU�
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.224 Surprisingly, the authors observed that this variant was less 
HIIHFWLYH� LQ�PHGLDWLQJ� WXPRXU� UHMHFWLRQ�� DV� FRPSDUHG� WR� WKH�ZLOG�W\SH� ,/��� IRUP�� ,Q� IDFW��
effective immune response was only achieved with Treg depletion. 

7KHVH� ¿QGLQJV� KLJKOLJKW� WKH� QHHG� IRU� GLVWLQFWLYH� PDUNHUV� WR� GLVFULPLQDWH� WXPRXU�
LQ¿OWUDWLQJ�7UHJV�� IURP�SHULSKHULF�7UHJV� WKDW�PDLQWDLQ� LPPXQRORJLFDO� WROHUDQFH� LQ� QRUPDO�
tissues, and from effector T cells at the tumour microenvironment. Preclinical studies 
have already pinpointed some promising Treg therapeutic targets, such as CCR4, CCR8, 
and CD36. Firstly, Sugiyama and colleagues showed that anti-CCR4 antibody could 
VSHFL¿FDOO\�GHSOHWH�&&5��H[SUHVVLQJ�FHOOV��SUHVHUYLQJ�WKH�H[SDQVLRQ�RI�F\WRWR[LF�7�FHOOV�
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in response to tumour antigens.260 In another study, in vivo experiments with anti-CCR8 
DQWLERG\�VSHFL¿FDOO\�GHSOHWHG�WXPRXU�UHVLGHQW�7UHJV��UHVXOWLQJ�LQ�LQKLELWHG�WXPRXU�JURZWK�261 
The recently discovered Treg metabolic modulator, CD36, was found to be selectively 
upregulated in intratumoral Tregs.262 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 
UHVSRQGHG�WR�WKLV�WUHDWPHQW�GLVSOD\HG�VLJQL¿FDQW�UHGXFWLRQ�RI�WXPRXU�LQ¿OWUDWLQJ�7UHJV�263 To 
further improve this therapy, Ravi and colleagues propose the use of antibody-ligand traps 
WKDW�IXVH�DQWL�&7/$���DQWLERGLHV�ZLWK�D�7*)�ȕ�UHFHSWRU�,,�HFWRGRPDLQ�VHTXHQFH�264 These 
engineered antibodies could provide a dual and most powerful effect of inhibition of CTLA-
���DQG�7*)�ȕ�PHGLDWHG�GLIIHUHQWLDWLRQ�RI�7UHJV��

Through a different perspective, Pilato et al. explored TCR-dependent signalling 
SDWKZD\V�WKDW�FRXOG�EH�WDUJHWHG�WR�GLVDEOH�WXPRXU�LQ¿OWUDWLQJ�7UHJ�IXQFWLRQ�265 In this work, 
the authors demonstrated that after a partial disruption of the CARMA1–BCL10–MALT1 
VLJQDORVRPH� FRPSOH[�� 7UHJV� ORVW� WKHLU� VXSSUHVVLYH� IXQFWLRQ� DQG� SURGXFHG� ,)1�Ȗ�� i.e., 
JDLQHG�HIIHFWRU�DFWLYLW\��,)1�Ȗ�SURGXFWLRQ�ZDV�FRQFRPLWDQW�ZLWK�DFWLYDWLRQ�RI�PDFURSKDJHV��
and upregulation of MHC-I and PD-L1 in tumour cells. When combined with PD-1 blockade, 
WKLV�VWUDWHJ\�UHVXOWHG�LQ�WXPRXU�UHMHFWLRQ��WKXV�DYRLGLQJ�WKH�DFWLYDWLRQ�RI�DGDSWLYH�LPPXQH�
resistance by PD-L1 upregulation.

The role played by Tregs in GC development and progression highlights these cells as 
SXWDWLYH�WKHUDSHXWLF�WDUJHWV��1RWDEO\��WKH�LGHQWL¿FDWLRQ�RI�PDUNHUV�WKDW�GLVWLQJXLVK�WXPRXU�
LQ¿OWUDWLQJ� IURP�SHULSKHULF�7UHJV��PD\� UHQGHU�7UHJ�EDVHG� WKHUDSLHV�PRUH� UHDOLVWLF��7KXV��
XQGHUVWDQGLQJ� WKH�VSHFL¿F�VFHQDULRV� LQ�ZKLFK� WKHVH�WKHUDSLHV�PD\�VXFFHHG� LV�RI�XWPRVW�
LPSRUWDQFH�IRU�IXWXUH�SDWLHQW�VWUDWL¿FDWLRQ�
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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 
VLJQDOV�WKDW�DOORZ�HI¿FLHQW�LQWHUFHOOXODU�FRPPXQLFDWLRQ��

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 
WXPRXU�LPPXQH�HYDVLRQ��<HW��VRPH�¿QGLQJV�KDYH�DOVR�GHPRQVWUDWHG�WKDW�7UHJV�PD\�SURPRWH�
WXPRXU�JURZWK��DQJLRJHQHVLV�DQG�PHWDVWDVLV�YLD�QRQ�LPPXQH�WDUJHWV��7KHVH�¿QGLQJV�OHG�
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 
LQÀXHQFHG�E\�WXPRXU�LQWULQVLF�IDFWRUV��VXFK�DV�WXPRXU�KLVWRORJ\�DQG�FHOOXODU�DUFKLWHFWXUH��
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 
WXPRXU� IHDWXUHV��ZH�H[SHFW� FRQVHTXHQW�PRGL¿FDWLRQV�RQ� WKHLU� DELOLW\� WR�GULYH�PHWDVWDWLF�
dissemination of GC cells.

Finally, the dynamic interactions occurring within the tumour microenvironment may 
DOVR� LQGXFH�PRGL¿FDWLRQV� LQ� WKH�FDUJR�RI�*&�(9V�� UHVXOWLQJ�RQ� WKH� UHVKDSLQJ�RI� WXPRXU�
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.

Rational & Aims
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3DUWLFXODUO\��LQ�WKLV�ZRUN��ZH�KDYH�DGGUHVVHG�WKH�IROORZLQJ�VSHFL¿F�DLPV�

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 II – 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 II – Paper 2

7R� GLVVHFW� WKH� UROH� RI� (9V� LQ�*&� FHOOV¶� GLVVHPLQDWLRQ�� E\� FRUUHODWLQJ�PLFUR51$� DQG�
SURWHRPLF�SUR¿OHV�RI�(9V�DQG�FHOOV�ZLWK�WKH�in vivo metastatic burden. Chapter III – 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 
DQG�LPPDWXUH�¿HOG�RI�*&�UHVHDUFK��7KH�UHVXOWLQJ�¿QGLQJV�XQUDYHOOHG�QHZ�DVSHFWV�RI�*&�
biology and metastasis, involving the contribution of EVs and Tregs. In particular, we 
LGHQWL¿HG�VSHFL¿F�IDFWRUV�WKDW�VKDSH�WKH�FDUJR�RI�WXPRXU�GHULYHG�(9V��DQG�GLVFORVHG�KRZ�
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.





Chapter 1

Intrinsic factors of tumour cells that modulate the 
cargo and functional effect of extracellular vesicles
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Extracellular vesicles (EVs) secreted 
E\� WXPRU� FHOOV� PRGXODWH� UHFLSLHQW� FHOOV¶�
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, on the behavior of normal 
isogenic epithelial and mesenchymal cells. 

GC-EVs were isolated by differential 
centrifugation and characterized by 
transmission electron microscopy, 
nanoparticle tracking analysis, and imaging 
ÀRZ�F\WRPHWU\��(SLWKHOLDO�DQG�PHVHQFK\PDO�
cells were challenged with GC-EVs and 
submitted to proliferation, migration, and 
invasion assays. Expression of epithelial 
and mesenchymal markers was followed by 
LPPXQRÀXRUHVFHQFH�DQG�ÀRZ�F\WRPHWU\��

Our results indicated that GC-EVs 
secreted by diffuse-type cancer cells 
decrease the migration of recipient cells. 
This effect was more prominent and 

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.

Gastric cancer extracellular vesicles tune the migration and invasion 
of epithelial and mesenchymal cells in a histotype-dependent manner
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Introduction

Extracellular vesicles (EVs) are crucial mediators of the µGLDORJ¶�between tumor and 
stromal cells at local and distant microenvironments.1 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.2-4 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).5 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 
ZO-1) and upregulation of mesenchymal (e.g., Vimentin) markers.6-8 This EMT program 
FDQ� DOVR� EH� WULJJHUHG� E\�(9V� VHFUHWHG� E\� VWURPDO� FHOOV�� VXFK� DV� ¿EUREODVWV�9,10 Indeed, 
EUHDVW�FDQFHU�DVVRFLDWHG�¿EUREODVWV�VHFUHWH�(9V�WKDW�SURPRWH�EUHDVW�FDQFHU�FHOO�SURWUXVLYH�
activity and motility through the Wnt-planar cell polarity signaling.11

Particularly in gastric cancer (GC), several studies have explored the role of EVs in 
the crosstalk between tumors and several types of stromal cells.12 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 
¿EUREODVWV��&$)V��YLD�7UDQVIRUPLQJ�*URZWK�)DFWRU�EHWD��7*)ȕ���RU�UHSURJUDP�¿EUREODVWV�
and pericytes into CAFs by transferring miR-27a and BMP, respectively.13,14 GC-EVs may 
also affect the immunomodulatory functions of MSCs through Nuclear Factor Kappa B (NF-
ț%��VLJQDOLQJ15,16�DQG�LQGXFH�WKH�H[SUHVVLRQ�RI�SUR�LQÀDPPDWRU\�IDFWRUV�LQ�PDFURSKDJHV�RU�RI�
autophagy in neutrophils,17,18 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,19 and MSCs-
derived EVs induce EMT and stemness of GC cells, further promoting cancer cell growth 
and migration.20 As reported in other cancer models,4,21 GC-EVs have also been implicated 
in the remodeling of the pre-metastatic microenvironment. Zhang et al. showed that EGFR-
FRQWDLQLQJ�*&�(9V�IDFLOLWDWH�OLYHU�VSHFL¿F�PHWDVWDVLV�WKURXJK�WKH�VXSSUHVVLRQ�RI�PL5���D�E�
expression and activation of HGF on liver stromal cells.22 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 SMAD7.23,24

Notwithstanding, it remains to be elucidated how GC cells modulate not only non-
transformed epithelial cells present in the tumor microenvironment but also mesenchymal 
FHOOV�DULVLQJ�LQ�WKH�FRQWH[W�RI�HSLWKHOLDO�WR�PHVHQFK\PDO�WUDQVLWLRQ�LQ�RIWHQ�LQÀDPHG�WXPRU�
microenvironments. Further, no evidence exists about the role of EVs in mediating the 
¿UVW�VWHSV�RI�WXPRU�FHOO�PLJUDWLRQ�DQG�LQYDVLRQ�RI�LQWHVWLQDO��DQG�GLIIXVH�W\SH�*&��WKH�PDLQ�
histological types of this disease. Herein, we sought to dissect the functional impact of 
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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 
III and IPA220 cells presented characteristics resembling the diffuse-type GC, and MKN45 
harbored both intestinal and diffuse components (Figure S1A).25,26

���7*)ȕ��LQGXFHV�(07�LQ�D�QRQ�WXPRULJHQLF�HSLWKHOLDO�FHOO�OLQH

)LUVW�� ZH� HVWDEOLVKHG� DQG� FKDUDFWHUL]HG� D� KXPDQ� 7*)ȕ�LQGXFHG� (07� FHOO� UHFLSLHQW�
model. As there is no non-tumorigenic gastric cell line currently available, we induced EMT 
in MCF10A, a non-tumorigenic breast epithelial cell line.

By adapting a previously described approach27�DQG�XVLQJ�7*)ȕ��DV�D�FODVVLFDO�LQGXFHU�
of EMT, we derived, from the same genotypic background, two distinct phenotypic cell types: 
epithelial and mesenchymal. Whilst epithelial cells presented cobblestone morphology, 
WKH� PHVHQFK\PDO� FRXQWHUSDUW� DFTXLUHG� DQ� HORQJDWHG� VSLQGOH�VKDSH� �¿EUREODVWLF�OLNH��
PRUSKRORJ\� DQG� ORVW� FHOO�FHOO� DGKHVLRQ� �)LJXUH� �$��� 7R� FRQ¿UP� ZKHWKHU� WKH� REVHUYHG�
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, 
PHVHQFK\PDO�FHOOV�GLVSOD\HG�D�VLJQL¿FDQW�GHFUHDVH�RI�HSLWKHOLDO�CDH1 and OCLN and a 

Figure 1. Scheme illustrating the experimental design of the study. Four distinct GC cell lines (MKN74, MKN45, 
Kato III and IPA220) were used as donor cells of EVs, which were isolated by differential centrifugation and 
FKDUDFWHUL]HG�E\�7(0��17$�DQG�LPDJLQJ�ÀRZ�F\WRPHWU\��(SLWKHOLDO��UHG��DQG�0HVHQFK\PDO��JUHHQ��FHOOV�ZHUH�
used as recipients of GC-EVs and submitted to distinct functional assays.
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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.

���'LVWLQFW�*&�FHOO�OLQHV�VHFUHWH�(9V�ZLWK�VLPLODU�SK\VLFDO�DQG�ELRFKHPLFDO�SURSHUWLHV

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.28 The harvested EVs were analyzed by transmission 
HOHFWURQ� PLFURVFRS\� �7(0��� QDQRSDUWLFOH� WUDFNLQJ� DQDO\VLV� �17$��� DQG� LPDJLQJ� ÀRZ�
cytometry (Figure 3). TEM showed that vesicles recovered at 100 K were of the size 
generally assigned to exosomes (Figure 3A),29 but in all cell lines except MKN74, a fair 
FRQFHQWUDWLRQ�RI�ODUJHU�(9V��a����QP��ZHUH�DOVR�SUHVHQW��7KHVH�UHVXOWV�ZHUH�DOVR�FRQ¿UPHG�
by NTA, which revealed a mean size of 111, 116, 121, 127 nm, for MKN74-, MKN45-, Kato 
,,,���DQG�,3$����(9V��UHVSHFWLYHO\��)LJXUH��%���0RUHRYHU��LPDJLQJ�ÀRZ�F\WRPHWU\�GHWHFWHG�
commonly associated exosomal markers CD9, CD81, and Flotillin-1 in EVs secreted by 
the four distinct GC cell lines (Figure 3C).30 However, EVs from all four GC cell lines seem 
to have different contributions of these markers, with IPA220 showing equivalently high 

Figure 2. &KDUDFWHUL]DWLRQ�RI�D�KXPDQ�7*)ȕ�LQGXFHG�(07�FHOO�PRGHO���$��%ULJKW�¿HOG�PLFURVFRSLF�LPDJHV�RI�
HSLWKHOLDO�DQG�PHVHQFK\PDO�FHOOV�� �%��4XDQWL¿FDWLRQ�RI�HSLWKHOLDO� �CDH1; OCLN) and mesenchymal markers 
(&'+���9,0��)1) 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���������8QSDLUHG�W�WHVW�ZLWK�:HOFK¶V�FRUUHFWLRQ����&��,PPXQRÀXRUHVFHQFH�IRU�(�FDGKHULQ��UHG�
staining), Fibronectin (green staining) in epithelial and mesenchymal cells. Scale bar: 20 µm. (E-epithelial cells; 
M-mesenchymal cells)
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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.  

Figure 3. Characterization of EVs secreted by MKN74, MKN45, Kato III 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 
&� �QHJDWLYH� FRQWURO�� E\� LPDJLQJ� ÀRZ� F\WRPHWU\�� 'LVWULEXWLRQ� DQG� UHSUHVHQWDWLYH� LPDJHV� RI� WKH� LQWHQVLW\� RI�
ÀXRUHVFHQFH�GHWHFWHG� IRU�HDFK�PDUNHU� LQ� WKUHH�ELRORJLFDO� UHSOLFDWHV��%ULJKW�¿HOG� LPDJHV��%)��VKRZHG�EHDGV�
WR�ZKLFK�(9V�ZHUH�FRXSOHG��ÀXRUHVFHQFH�LPDJHV��$)�����VKRZHG�(9V�ODEHOHG�ZLWK�VSHFL¿F�PDUNHUV��PHUJHG�
images (M) showed labeled EVs coupled to beads. 
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���*&�(9V�GR�QRW�PRGXODWH�(�FDGKHULQ�H[SUHVVLRQ�DW�WKH�FHOO�PHPEUDQH

6LQFH�(�FDGKHULQ�LV�D�FODVVLFDO�(07�PDUNHU��ZH�¿UVW�FKHFNHG�ZKHWKHU�*&�(9V�PRGXODWH�
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 
DQDO\]HG� WKH�H[SUHVVLRQ�DQG� ORFDOL]DWLRQ�RI�(�FDGKHULQ�E\�ÀRZ�F\WRPHWU\� �)LJXUH�����$V�
H[SHFWHG�� WKH�QRQ�WUHDWHG��FRQWURO��PHVHQFK\PDO�FHOOV�SUHVHQWHG�D�VLJQL¿FDQWO\� UHGXFHG�
percentage of membrane E-cadherin-positive cells, in comparison with non-treated (control) 
epithelial cells (p�����������)LJXUH��$���:KHQ�HSLWKHOLDO�DQG�PHVHQFK\PDO�FHOOV�ZHUH�WUHDWHG�
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.

���*&�(9V�LPSDLU�PLJUDWLRQ�DQG�LQYDVLRQ�RI�HSLWKHOLDO�DQG�PHVHQFK\PDO�FHOOV�

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.31 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.

:H� VWDUW� E\� H[DPLQLQJ�ZKHWKHU�*&�(9V� LQÀXHQFH� WKH�PLJUDWLRQ� UDWH� DQG� SDWWHUQ� RI�
the different recipient cell types, by performing wound-healing assays followed by time-

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 
FHOOV�ZHUH�DVVHVVHG�E\�ÀRZ�F\WRPHWU\��*UDSK�UHSUHVHQWV�WKH�PHDQ���VWDQGDUG�GHYLDWLRQ�RI�WKUHH�LQGHSHQGHQW�
experiments (****p�����������7ZR�ZD\�$129$�ZLWK�7XNH\¶V�PXOWLSOH�FRPSDULVRQV�WHVW����%��,QWHQVLW\�RI�(�FDGKHULQ�
VXUIDFH�H[SUHVVLRQ�RI�QRQ�WUHDWHG��FRQWURO��DQG�WUHDWHG�HSLWKHOLDO�DQG�PHVHQFK\PDO�FHOOV�ZDV�DVVHVVHG�E\�ÀRZ�
cytometry. Graph represents the mean ± standard deviation of three independent experiments and data was 
QRUPDOL]HG�WR�HDFK�UHVSHFWLYH�FRQWURO�FHOOV���(�HSLWKHOLDO�FHOOV��0�PHVHQFK\PDO�FHOOV���7*)ȕ��ZDV�PDLQWDLQHG�
in M cultures (control and treated M cells).
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ODSVH�EULJKW�¿HOG�PLFURVFRS\��,Q�WKH�DEVHQFH�RI�*&�(9V��HSLWKHOLDO�DQG�PHVHQFK\PDO�FHOOV�
(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 
FHOOV��:H�YHUL¿HG�WKDW�(9V�VHFUHWHG�E\�.DWR�,,,�DQG�,3$����*&�FHOOV�LPSDLUHG�VLJQL¿FDQWO\�
the migration of both epithelial and mesenchymal cells, by decreasing their rate, but without 
affecting migration patterns (Figure 5A, 5B). To overcome variability among experiments, 
we normalized the data of treated cells to the respective control cells, considering each 
WLPH�SRLQW� �)LJXUH� �&���6SHFL¿FDOO\��ZH� IRXQG� WKDW� ,3$����(9V� OHG� WR� D� UHGXFWLRQ� LQ� WKH�
PLJUDWLRQ�UDWH�RI�HSLWKHOLDO�FHOOV� LQ� WKH�¿UVW���K��ZKLFK�ZDV�UHFRYHUHG�DW� ODWHU� WLPH�SRLQWV�
(Figure 5C, left). Regarding the migration rate of mesenchymal cells, both Kato III- and 
,3$����(9V�OHG�WR�D�PRUH�SHUPDQHQW�UHGXFWLRQ�LQ�WKH�¿UVW���K�WKDW�ZDV�PDLQWDLQHG�GXULQJ�
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 
PLJUDWLRQ� UDWHV�� ZH� PHDVXUHG� (G8� LQFRUSRUDWLRQ� LQWR� QHZO\� V\QWKHWL]HG� '1$� E\� ÀRZ�
cytometry. We observed that, in the absence of GC-EVs, mesenchymal cells proliferate 
OHVV�WKDQ�HSLWKHOLDO�FHOOV��DOWKRXJK�ZLWK�QR�VWDWLVWLFDO�VLJQL¿FDQFH��������YV��������RI�(G8�
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). 

7DNHQ�WRJHWKHU��WKHVH�UHVXOWV�SLQSRLQWHG�WKDW�(9V�IURP�VSHFL¿F�*&�FHOO�OLQHV�DUH�DEOH�
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; 
KRZHYHU�� WKLV� HIIHFW� ZDV� RQO\� VWDWLVWLFDOO\� VLJQL¿FDQW� IRU� 0.1���(9V� �DGMXVWHG� p-value 
0.0143, Figure 6A). In contrast, mesenchymal cells became less invasive upon treatments 
with MKN45-, Kato III- 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 
VLJQL¿FDQFH�REVHUYHG�IRU�DOO�FRQGLWLRQV��LW�ZDV�FOHDU�WKDW�.DWR�,,,�(9V�KDG�D�VWURQJHU�LPSDFW�
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���������

p���������


p����������



p�����������7ZR�ZD\�$129$�ZLWK�'XQQHWW¶V�PXOWLSOH�FRPSDULVRQV�
test; blue and orange asterisks correspond to E and M cells treated with IPA220-EVs or Kato III-EVs, respectively; 
(E-epithelial cells; M-mesenchymal cells).
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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 III- 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 
FHOO�OLQHV��.DWR�,,,�DQG�,3$�����GR�QRW�LQÀXHQFH�LQYDVLRQ�RI�HSLWKHOLDO�FHOOV�EXW�GHPRQVWUDWH�
a trend towards decreasing the invasion of mesenchymal recipient cells.

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���������RQH�ZD\�$129$�ZLWK�.UXVNDO�:DOOLV�WHVW����&��,PPXQRÀXRUHVFHQFH�IRU�(�FDGKHULQ��UHG�VWDLQLQJ��
and Fibronectin (green staining) in non-treated (control) and treated epithelial and mesenchymal cells. Scale 
bars: 50 µm (E-epithelial cells; M-mesenchymal cells).
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&ROOHFWLYHO\�� WKHVH�¿QGLQJV� LQGLFDWHG� WKDW�*&�(9V�PRGXODWH� WKH�EHKDYLRU�RI�HSLWKHOLDO�
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 
GULYLQJ�WXPRU�SURJUHVVLRQ��EXW�KRZ�*&�FHOOV�PRGLI\�WKH�HQYLURQPHQW�IRU�WKHLU�RZQ�EHQH¿W�
is less clear. In the present study, we hypothesized that EVs secreted by GC cells are 
DEOH�WR�VXEMXJDWH�QRUPDO�FHOOV�ZLWKLQ�WKH�WXPRU�VWURPD�WR�SDUWLFLSDWH�LQ�FDQFHU�SURJUHVVLRQ��
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. 
1RUPDO� HSLWKHOLDO� FHOOV� UHSUHVHQW� WKH�DGMDFHQW� QRUPDO� FHOOV� VXUURXQGLQJ� WKH� WXPRU��ZKLOH�
mesenchymal cells represent epithelial cells exposed to transdifferentiating agents, such as 
LQÀDPPDWRU\�IDFWRUV��e.g.��7*)ȕ���RIWHQ�DULVLQJ�GXULQJ�(07�32 To this end, we established 
DQG�FKDUDFWHUL]HG�D�KXPDQ�7*)ȕ��LQGXFHG�(07�FHOO�PRGHO�WR�REWDLQ�ERWK�HSLWKHOLDO�DQG�
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 
RWKHU�FDQFHUV�IURP�WKH�GLJHVWLYH�V\VWHP��KDYH�EHHQ�LGHQWL¿HG�LQ�WKH�WXPRXU�VSHFWUXP�RI�
GC-associated syndromes, such as hereditary diffuse gastric cancer.33 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 
FHOO� OLQH� IRU�*&�(9V��7KLV�UHFLSLHQW�PRGHO�XQGHUZHQW�(07�ZKHQ�WUHDWHG�ZLWK�7*)ȕ���DV�
demonstrated by cell morphological alterations and the differential expression of classical 
epithelial and mesenchymal markers.34 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 
¿UVW�VWXG\�DGGUHVVLQJ�WKH�LPSDFW�RI�*&�(9V�IURP�GLIIHUHQW�KLVWRORJLFDO�W\SHV�RYHU�RWKHUZLVH�
normal epithelial and mesenchymal stromal cells.

*&� LV� KLVWRORJLFDOO\� FODVVL¿HG� LQWR� WZR�PDLQ� VXEW\SHV²LQWHVWLQDO� DQG� GLIIXVH²ZKLFK�
are recognized by distinct morphological features, differentiation patterns, and clear-cut 
differences on the metastatic pattern.35,36 Intestinal-type GC is characterized by well-
differentiated glandular structures and metastasizes, mainly to the liver, whilst diffuse-type 
*&�FRQVLVWV�RI�LQGLYLGXDOO\�QHRSODVWLF�FHOOV�WKDW�LQ¿OWUDWH�WKH�VWRPDFK�ZDOO�DQG�XVXDOO\�IRUPV�
peritoneal and lymph node metastasis.37 Notwithstanding, the two histotypes share several 



67Intrinsic factors of tumour cells that modulate the cargo and functional effect of EVs 67

sequential and interrelated events, such as local invasion into the surrounding tumor-
associated stroma.38

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 III 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 III- and IPA220-EVs also induced the highest expression of Fibronectin 
LQ�PHVHQFK\PDO�FHOOV��7KHVH�¿QGLQJV�WRJHWKHU�PD\�VXJJHVW�WKDW�GLIIXVH�W\SH�*&�FHOOV�PDNH�
use of EVs to render the microenvironment permissive for their further colonization and 
JURZWK�DW�SUHIHUUHG�PHWDVWDWLF� VLWHV�� VXFK�DV� WKH�SHULWRQHXP��$FWXDOO\��RXU� ¿QGLQJV�PD\�
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.23 Additionally, it has been demonstrated 
WKDW�*&�(9V�FDQ�VWLPXODWH�WKH�H[SUHVVLRQ�RI�DGKHVLRQ�UHODWHG�PROHFXOHV��VXFK�DV�¿EURQHFWLQ�
1 and laminin gamma 1, in mesothelial cells.39 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 
WXPRU�YLFLQLW\��DQG�HYHQWXDOO\�DGKHUH�WR�WKHP�WKURXJK�¿EURQHFWLQ��\HW�WR�EH�VHHQ��WRZDUGV�
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 
FRPSRVLWLRQV��ZKLFK�PD\�LQÀXHQFH�WKHLU�XSWDNH�E\�UHFLSLHQW�FHOOV��2Q�WKH�RWKHU�KDQG��HSLWKHOLDO�
(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 
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PDUNHUV��LQFOXGLQJ�Į�VPRRWK�PXVFOH�DFWLQ��6���$���DQG�VQDLO���DV�ZHOO�DV�WKH�PRWLOLW\�DQG�
invasiveness of normal recipient uroepithelial cells.6 These phenotypes were also detected 
when lung-cancer EVs derived from highly metastatic cells were applied to normal epithelial 
cells.8�6SHFL¿FDOO\��WKHVH�OXQJ�FDQFHU�(9V�KDYH�EHHQ�IRXQG�WR�LQFUHDVH�WKH�H[SUHVVLRQ�RI�
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.40,41

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 

���(VWDEOLVKPHQW�DQG�&KDUDFWHUL]DWLRQ�RI�(07�UHFLSLHQW�PRGHO�

7UHDWPHQW�RI�0&)��$�HSLWKHOLDO�FHOO�OLQH�ZLWK�7*)ȕ��

$�KXPDQ�7*)ȕ��LQGXFHG�(07�FHOO�PRGHO�ZDV�HVWDEOLVKHG�DV�SUHYLRXVO\�GHVFULEHG�27 
The non-tumorigenic epithelial cell line MCF10A (E-cells) was cultured in D-MEM/F12-
GlutamaxTM��7KHUPR�)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$��VXSSOHPHQWHG�ZLWK�KRUVH�VHUXP�
�����7KHUPR�)LVKHU�6FLHQWL¿F���SHQLFLOOLQ�VWUHSWRP\FLQ��36������7KHUPR�)LVKHU�6FLHQWL¿F���
UHFRPELQDQW� KXPDQ� LQVXOLQ� ���ȝJ�P/��6LJPD�$OGULFK��6W�� /RXLV��02��86$��� UHFRPELQDQW�
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 6×104 epithelial cells (E cells) during seven days with the 
DERYHPHQWLRQHG�FXOWXUH�PHGLXP�VXSSOHPHQWHG�ZLWK�WUDQVIRUPLQJ�JURZWK�IDFWRU�ȕ���7*)ȕ���
8 ng/mL, Sigma- Aldrich).

&R�LPPXQRÀXRUHVFHQFH�RI�(�FDGKHULQ�DQG�)LEURQHFWLQ�

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, 
7H[DV��7;��86$���%ULHÀ\��FHOOV�ZHUH�¿[HG�LQ����3)$�����PLQ���IROORZHG�E\�WUHDWPHQW�ZLWK�
NH4Cl (50×10í� 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 
)LVKHU�6FLHQWL¿F��DW� URRP�WHPSHUDWXUH� �57��� ,PDJHV�ZHUH� WDNHQ�ZLWK�D�=HLVV� ,PDJHU�=���
AxioCam MRm (Zeiss, Oberkochen, Germany).
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51$�H[SUHVVLRQ�TXDQWL¿FDWLRQ�RI�HSLWKHOLDO�DQG�PHVHQFK\PDO�PDUNHUV�

RNA was extracted from three biological replicas of E and M cells following instructions 
RI� WKH�PLU9DQD�PL51$� ,VRODWLRQ�.LW� �7KHUPR�)LVKHU�6FLHQWL¿F���DQG� UHYHUVHG� WUDQVFULEHG�
(1000 ng) to cDNA with Superscript II Reverse Transcriptase and random hexamer primers 
�7KHUPR� )LVKHU� 6FLHQWL¿F��� 4XDQWLWDWLYH� UHDO� WLPH�3&5� �T57�3&5�� ZDV� FDUULHG� RXW� LQ�
triplicates for the epithelial (CDH1 and OCLN) and mesenchymal (CDH2, VIM and FN) 
target genes and for the endogenous control *$3'+ using PrimeTime-qPCR 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 
�7KHUPR�)LVKHU�6FLHQWL¿F���'DWD�ZDV�DQDO\]HG�E\�WKH�FRPSDUDWLYH��í¨¨&7 method.42 For all 
GDWD�FRPSDULVRQV��WKH�8QSDLUHG�W�WHVW�ZLWK�:HOFK¶V�FRUUHFWLRQ�ZDV�XVHG�

���&KDUDFWHUL]DWLRQ�RI�*&�(9V�

GC cell culture and viability 

Human GC cell lines MKN74, MKN45, Kato III (ATCC), and IPA220 (established at 
Ipatimup26��ZHUH�FXOWXUHG�LQ�530,������PHGLXP��7KHUPR�)LVKHU�6FLHQWL¿F��VXSSOHPHQWHG�
with 10% fetal bovine serum (FBS, Biowest, Nuaillé, France) and 1% PS (Penicillin-
6WUHSWRP\FLQ��7KHUPR�)LVKHU�6FLHQWL¿F�� DW� ���&� LQ����&22� KXPLGL¿HG�DWPRVSKHUH��*&�
FHOOV�ZHUH�VHHGHG�LQ�7����ÀDVNV�DQG�PDLQWDLQHG�ZLWK�WKH�DERYHPHQWLRQHG�PHGLXP�XQWLO�D�
FRQÀXHQFH�RI���±����ZDV�UHDFKHG��*&�FHOOV�ZHUH�IXUWKHU�FXOWXUHG�LQ�(9�GHSOHWHG�PHGLXP�
during 48 h. This medium was obtained as previously described.43�%ULHÀ\��530,�PHGLXP�
VXSSOHPHQWHG�ZLWK�����)%6�DQG����36�ZDV�FHQWULIXJHG�21�DW��������îJ��¿OWHUHG��DQG�
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 PI double staining followed by 
ÀRZ�F\WRPHWU\��DV�GHVFULEHG�43 

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.43�%ULHÀ\�� WKH�
conditioned media of each GC cell line was submitted to two sequential centrifugation 
VWHSV��DW����îJ�IRU����PLQ�DQG�����îJ�IRU����PLQ��IROORZHG�E\�D�¿OWUDWLRQ�VWHS��7KH�¿OWHUHG�
supernatant was centrifuged at 100,000×g, 4°C, in a SW32 rotor (Beckman Coulter, 
Fullerton, CA, USA) for 4 h to pellet EVs, and was further washed in PBS without Ca2+ and 
Mg2+� �7KHUPR�)LVKHU�6FLHQWL¿F��DQG�FHQWULIXJHG�DW��������îJ����&�� IRU���K��(DFK�SHOOHW�
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. 
%ULHÀ\��(9�SUHSDUDWLRQV�ZHUH�DGGHG�WR�)RUPYDU�FDUERQ�FRDWHG�JULGV�DQG�LQFXEDWHG�IRU���
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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.43 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 
ÀRZ�F\WRPHWU\��,PDJH6WUHDP;�$PQLV�&RUSRUDWLRQ��6HDWWOH��:$��86$��DV�GHVFULEHG�43�%ULHÀ\��
EVs were coupled to previously sonicated aldehyde/sulfate latex beads (1×109 particles 
GHWHUPLQHG�E\�17$�SHU���ȝ/�RI�EHDGV��IRU���K�DW�57�ZLWK�DJLWDWLRQ�IROORZHG�E\�21�LQFXEDWLRQ�
at 4°C and blocking with glycine solution with agitation (100×10í� 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 
VHFRQGDU\�DQWLERGLHV��,QYLWURJHQ�����PLQ��DQG�DQDO\VLV�E\�LPDJLQJ�ÀRZ�F\WRPHWU\��)RU�HDFK�
VDPSOH����������HYHQWV�ZHUH�DFTXLUHG�DW�D���î�PDJQL¿FDWLRQ��)OXRUHVFHQFH�RI�WKH�VWDLQHG�
EVs–beads was excited with a 488 argon laser and collected on channel 2 (505–560 nm). 
$�����QP�ODVHU�ZDV�DFWLYDWHG�IRU�VLGH�VFDWWHU�DQG�FROOHFWHG�RQ�FKDQQHO����DQG�EULJKW�¿HOG�
LPDJHV�ZLWK�DGMXVWHG�LQWHQVLW\�ZHUH�FROOHFWHG�RQ�FKDQQHO����'DWD�DQDO\VLV�ZDV�SHUIRUPHG�
using the IDEAS software (Amnis Corporation).

���)XQFWLRQDO�DVVD\V�ZLWK�UHFLSLHQW�FHOOV�WUHDWHG�ZLWK�*&�(9V

Treatment of Epithelial and Mesenchymal cells with GC-EVs

$IWHU�HVWDEOLVKLQJ�0�FHOOV�E\�WUHDWLQJ�(�FHOOV���������FHOOV��IRU�VHYHQ�GD\V�ZLWK�7*)ȕ��
(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 1×109�RI�*&�(9V��7*)ȕ��
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.44� %ULHÀ\�� (� DQG� 0� FHOOV� �WUHDWHG� DQG�
QRQ�WUHDWHG� ZLWK� *&�(9V�� ZHUH� GHWDFKHG� ZLWK� 9HUVHQH� �7KHUPR� )LVKHU� 6FLHQWL¿F�� DQG�
resuspended in ice-cold PBS with 0.05 mg/mL CaCl2. For all conditions, cells were centrifuged 
at 1500 rpm for 5 min at 4°C and washed in PBS with 0.05 mg/mL CaCl2 and 3% BSA. Cells 
were then incubated for 1 h with mouse anti-E-cadherin primary antibody HECD-1 (1:50 
GLOXWLRQ��7KHUPR�)LVKHU�6FLHQWL¿F���ZDVKHG�WZLFH��DQG�LQFXEDWHG�ZLWK�VHFRQGDU\�DQWLERG\�
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DQWL�PRXVH�$OH[D������������GLOXWLRQ��7KHUPR�)LVKHU�6FLHQWL¿F��LQ�WKH�GDUN�IRU���K��$W�OHDVW�
2×104 single cells were acquired using FACS Canto II cytometer, and further analyzed using 
FlowJo software (Ashland, Oregon, OR, USA). Results represent the mean ± standard 
GHYLDWLRQ�RI�WKUHH�ELRORJLFDO�UHSOLFDWHV��'DWD�ZDV�DQDO\]HG�E\�7ZR�ZD\�$129$�ZLWK�7XNH\¶V�
multiple comparisons test.

Wound-healing migration assay

Wound-healing assays of E and M cells (treated and non-treated with GC-EVs) were 
SHUIRUPHG� XVLQJ� ȝ�3ODWH� ��� ZHOO� ZLWK� FXOWXUH�LQVHUWV� �,ELGL�� DQG� WLPH�ODSVH� PLFURVFRS\��
%ULHÀ\���î��4 cells were seeded in each of the two wells of the culture insert and grown 
WR�FRQÀXHQFH� IRU��DSSUR[LPDWHO\�����K��$IWHU� WKLV�SHULRG�� WKH�FXOWXUH� LQVHUW�ZDV� UHPRYHG��
cells were washed with PBS, and fresh EV-depleted medium supplemented with GC-EVs 
(5×108��ZDV�DGGHG��%ULJKW�¿HOG�LPDJHV�RI�WKH�ZRXQGV�ZHUH�SKRWRJUDSKHG�LPPHGLDWHO\�DIWHU�
removing the insert (0 h) and again at 4, 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% CO2�KXPLGL¿HG�DWPRVSKHUH�GXULQJ�
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 
ZLWK�'XQQHWW¶V�PXOWLSOH�FRPSDULVRQ�WHVW�

Proliferation assay

Proliferation assays of E and M cells (treated and non-treated with GC-EVs) were 
SHUIRUPHG�IROORZLQJ�WKH�LQVWUXFWLRQV�RI�WKH�&OLFN�L770�3OXV�(G8�3DFL¿F�%OXH�)ORZ�&\WRPHWU\�
$VVD\�.LW��7KHUPR�)LVKHU�6FLHQWL¿F���$W�OHDVW��î��4 single cells were acquired using FACS 
Canto II 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 
XVLQJ�&RUQLQJ�%LR&RDW�0DWULJHO�,QYDVLRQ�&KDPEHUV��7KHUPR�)LVKHU�6FLHQWL¿F���%ULHÀ\��DIWHU�
24 h of treatment with GC-EVs as abovementioned, 5×104 of E and M cells were seeded 
in the upper compartment and incubated for 24 h at 37°C in 5% CO2. Filters were then 
ZDVKHG� LQ�3%6�DQG�¿[HG� LQ� LFH�FROG�PHWKDQRO� IRU����PLQ��$IWHU� UHPRYDO�RI�QRQ�LQYDVLYH�
FHOOV�DGKHUHQW�WR�PDWULJHO�ZLWK�D�SUHZHW�FRWWRQ�VZDE��HDFK�¿OWHU�ZDV�ZDVKHG�DQG�PRXQWHG�
LQ�JODVV�FRYHUVOLSV�ZLWK�9HFWDVKLHOG�'$3,��$�PRVDLF�RI� WKH�HQWLUH�¿OWHU�ZDV�REWDLQHG�ZLWK�
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.

&R�LPPXQRÀXRUHVFHQFH�RI�(�FDGKHULQ�DQG�)LEURQHFWLQ

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

4. Statistical Analysis

7KH�8QSDLUHG�W�WHVW�ZLWK�:HOFK¶V�FRUUHFWLRQ�ZDV�XVHG�IRU�FRPSDULVRQV�RI�51$�H[SUHVVLRQ�
levels of epithelial and mesenchymal markers. Flow-cytometry and wound-healing data 
ZHUH� DQDO\]HG� E\� D�7ZR�ZD\�$129$�ZLWK�7XNH\¶V� DQG�'XQQHWW¶V�PXOWLSOH� FRPSDULVRQV�
tests, respectively. Matrigel invasion data was analyzed with a one-way ANOVA with a 
Kruskal–Wallis test.
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Supplementary Information

Figure S1.�&KDUDFWHUL]DWLRQ�RI�*&�FHOOV�EHIRUH�(9V�LVRODWLRQ���$��5HSUHVHQWDWLYH�EULJKW�¿HOG�PLFURVFRSLF�LPDJHV�
of MKN74, MKN45, Kato III and IPA220 GC cell lines. MKN74 and MKN45 displayed a more differentiated 
morphology, resembling the intestinal-type GC. Kato III and IPA220 presented a poorly differentiated phenotype, 
UHSUHVHQWDWLYH�RI�GLIIXVH�W\SH�*&���%��9LDELOLW\�RI�*&�FHOOV�WHVWHG�E\�ÀRZ�F\WRPHWU\�RI�DQQH[LQ�9��),7&��DQG�
propidium iodide (PE).

Figure S2. GC-EVs do not affect proliferation of epithelial and mesenchymal recipient cells. Graphs represents 
the mean percentage of proliferating cells ± standard deviation of three independent experiments.
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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 
IHDWXUHV��51$�DQG�SURWHRPLF�SUR¿OHV�RI�(9V�
secreted by 2D vs 3D cultures of gastric 
cancer cells, is performed. 3D cultures are 
VLJQL¿FDQWO\� PRUH� HI¿FLHQW� LQ� SURGXFLQJ�
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 
VLJQL¿FDQWO\�GRZQUHJXODWHG�LQ��'�(9V��7KH�
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 organs1 and the success of tumor 
initiation and progression ultimately depends on the dynamic interactions taking place 
between the tumor cells and their microenvironment.2,3�5HFHQW�¿QGLQJV�KDYH�VKRZHG�WKDW�
extracellular vesicles (EVs) act as key mediators of this crosstalk.4-6 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 µm in diameter produced by some tumors).7,8 
EVs serve as a universal mechanism of intercellular communication, transporting genetic 
information and bioactive molecules, such as DNA,9-11 coding and non-coding RNA,12-14 
proteins15,16 and lipids17,18 from donor to recipient cells.19 The information conveyed by tumor-
GHULYHG�(9V�PD\�IXQFWLRQDOO\�LQÀXHQFH�UHFLSLHQW�FHOOV�DQG�IRVWHU�WKHLU�UHSURJUDPPLQJ�20 thus 
contributing to the regulation of different stages of tumor progression.21-25 Therefore, once 
released into the circulation, EVs and EV-associated molecules can be used as biomarkers 
in diagnosis,26-28 prognosis29,30 and therapeutic follow-up of cancer patients.31,32 The role 
of EVs in tumor progression has been addressed using mostly in vivo and conventional 
two-dimensional (2D) in vitro models.22,24 In these studies, EVs have been isolated either 
IURP� ELRORJLFDO� ÀXLGV� RI� FDQFHU� SDWLHQWV� RU��PRUH� RIWHQ�� IURP� �'� FHOO� FXOWXUHV� RI� FDQFHU�
cells.33,34 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.35,36�0RUHRYHU���'�VRXUFHV�RI�(9V�DUH�SRRUO\�HI¿FLHQW�DV�D�ODUJH�
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.37-41 In fact, it has been demonstrated that tumor 
cells growing in 3D conditions acquire morphology,42,43 differentiation,44 growth pattern40,45 
and gene expression signatures similar to those observed in human tumors.46 Importantly, 
it has already been shown that some of these cellular features, such as differentiation47 and 
phenotype,48,49 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.50-52 
$GGLWLRQDOO\��LW�LV�XQFOHDU�ZKHWKHU��'�PRGHOV�SURYLGH�DQ�HI¿FLHQW�DQG�FRVW�HIIHFWLYH�SURGXFWLRQ�
of EVs as compared to 2D models.

In this 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 model53 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-RNA transcriptome 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 
SUR¿OHV�RI�(9V�SURGXFHG�LQ��'�DQG��'�FRQGLWLRQV�ZHUH�VLPLODU��KRZHYHU��WKHUH�ZHUH�VSHFL¿F�
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microRNA signatures distinguishing EVs released in these two conditions. Moreover, EVs 
REWDLQHG�IURP��'�DQG��'�FXOWXUHV�H[KLELWHG�GLIIHUHQW�SURWHLQ�H[SUHVVLRQ�SUR¿OHV��VKRZLQJ�
VLJQL¿FDQW� GRZQUHJXODWLRQ� RI� SURWHLQV� DVVLJQHG� WR� WKH�$5)�� VLJQDOLQJ� SDWKZD\V� LQ� �'��
We also observed increased association between cells and EVs and invasion capacity of 
UHFLSLHQW�FHOOV�XSRQ�WUHDWPHQW�ZLWK�(9V�GHULYHG�IURP��'�FXOWXUHV�RI�D�VSHFL¿F�WXPRU�FHOO�OLQH��
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. 

$OWRJHWKHU��WKHVH�UHVXOWV� LQGLFDWH�WKDW�WKH��'�FHOOXODU�DUFKLWHFWXUH�PRGL¿HV�SURGXFWLRQ�
OHYHOV�DQG�FDUJR�RI�(9V��ZKLFK�PD\�DIIHFW�HI¿FLHQF\�RI�DVVRFLDWLRQ�DQG�FRQVHTXHQWO\�XSWDNH�
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

(VWDEOLVKPHQW�DQG�FKDUDFWHUL]DWLRQ�RI��'�PLFURZHOO�DUUD\�FXOWXUH�RI�*&�FHOOV

7R�GLVVHFW� D� SRWHQWLDO� LQÀXHQFH�RI� �'� FHOOXODU� DUFKLWHFWXUH�RQ� WKH� UHOHDVH�DQG� FDUJR�
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,53 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 µm when seeded at a density of 1x105 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,54 formed aggregates of cells loosely attached to each other 
(Figure 2b, upper panel), MKN74, a moderately differentiated tubular adenocarcinoma cell 
line,54 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.55 
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 GC56 and its expression has been correlated with 
worse prognosis and tumor differentiation.57 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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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� WXPRUV�� JURZQ� DV� [HQRJUDIWV� LQ�PLFH� �)LJXUH� �E�� ULJKW� SDQHO���$OO� WKHVH� ¿QGLQJV�
corroborated previous results using an in vitro multicellular gastric cancer spheroid model 
based on liquid overlay technique.58 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.59 Of notice, the percentage of dead cells growing in 

Figure 1. 6FKHPH�RI�WKH�H[SHULPHQWDO�ÀRZ�IRU�(9V�SURGXFWLRQ��LVRODWLRQ��FKDUDFWHUL]DWLRQ�DQG�GDWD�DQDO\VLV��
Conditioned medium (CM) isolated after six days of 3D cell culture and two days of 2D cell culture was used 
IRU�(9V�LVRODWLRQ�E\�GLIIHUHQWLDO�FHQWULIXJDWLRQ��4XDOLW\�FRQWURO�WHFKQLTXHV��17$��7(0��,PDJLQJ�ÀRZ�F\WRPHWU\��
were performed on the isolated EVs prior Next Generation Sequencing of small RNAs and Mass Spectrometry 
RI� SURWHLQV�� 5HVXOWLQJ� GDWD�ZHUH� DQDO\]HG� VHSDUDWHO\� DQG� IXUWKHU� LQWHJUDWHG� IRU� WKH� LGHQWL¿FDWLRQ� RI� DOWHUHG�
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).
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Figure 2. 3D culture of GC cells resemble the native GC histological subtype. a) Illustration of the 3D culture 
method. Agarose microwell arrays with 1000 conical microwells were placed in 6-well plates and 1x106 GC cells 
were seeded on the top of each matrix. GC aggregates, formed by liquid overlay, were allowed to grow for six 
days under EV-depleted medium. b) Representative images of the morphology (BF), expression of epithelial 
markers (E-cad/MUC1) of 2D and 3D cultures, and histology (H&E) of 3D cultures and xenograft tumors of 
*&�FHOOV��6FDOH�EDUV������P��%)��%ULJKW¿HOG��(FDG�08&���(�FDGKHULQ�0XFLQ���+	(��+HPDWR[\OLQ�DQG�HRVLQ�
VWDLQLQJ��;HQRJUDIW�WXPRUV�ZHUH�REWDLQHG�IURP�VXEFXWDQHRXV�LQMHFWLRQ�RI��[��6 MKN45 cells and 5x106 MKN74 
in athymic nude mice. c) Ki-67 staining showing representative proliferative patterns in 3D cultures. Scale bars, 
����P��G��9LDELOLW\�RI�FHOOV�KDUYHVWHG�IURP��'�DQG��'�FXOWXUHV��GLVVRFLDWHG�VSKHURLGV��WHVWHG�E\�ÀRZ�F\WRPHWU\�RI�
$QQH[LQ�9�DQG�3URSLGLXP�,RGLGH��'DWD�UHSUHVHQWDWLYH�RI�¿YH�LQGHSHQGHQW�H[SHULPHQWV�ZHUH�VKRZQ��1��1HFURWLF�
cells; LA: Late apoptotic cells; EA: Early apoptotic cells; Live: Live cells.
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2D conditions was already above 10% (Figure 2d). This result combined with the fact that 
FHOOV�JURZ�IDVW�DQG�EHFRPH�RYHU�FRQÀXHQW�ODWHVW�DIWHU�GD\�¿YH��SUHYHQWV�ORQJHU�SHULRGV�RI�
2D cultures.59

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 
µm.60 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,61-63 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 
WUDFNLQJ�DQDO\VLV��17$���DQG�LPDJLQJ�ÀRZ�F\WRPHWU\�RQ�(9V�LVRODWHG�E\�XOWUDFHQWULIXJDWLRQ�
from 2D and 3D cultures. TEM revealed vesicular structures of a size typically assigned 
to exosomes and microvesicles (Figure 3a).8 Additionally, EVs derived from 3D cultures 
WHQGHG� WR� EH� VPDOOHU� WKDQ� (9V� LVRODWHG� IURP� �'� FXOWXUHV�� ZKLFK� ZDV� IXUWKHU� FRQ¿UPHG�
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 
DJJUHJDWHV���ZH�REVHUYHG�WKDW�WKH�DYHUDJH�QXPEHU�RI�(9V�SHU�FHOO�ZDV�VLJQL¿FDQWO\�KLJKHU�
LQ��'�LQ�FRPSDULVRQ�WR��'��)LJXUH��G��7DEOH�6����7KLV�UHVXOW�PD\�UHÀHFW�WZR�NH\�SDUDPHWHUV�
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 
VWUHQJWKHQHG�WKH�HI¿FLHQF\�RI�WKH��'�V\VWHP�

7KHVH�¿QGLQJV�ZHUH�LQ�DJUHHPHQW�ZLWK�SUHYLRXV�VWXGLHV�VKRZLQJ�WKDW�H[RVRPHV�UHOHDVHG�
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.52 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�������0DQQ�:KLWQH\�7HVW��H�I��'HWHFWLRQ�RI�&'���&'���DQG�)ORWLOOLQ���E\�LPDJLQJ�ÀRZ�F\WRPHWU\��
H��'LVWULEXWLRQ�DQG�UHSUHVHQWDWLYH�LPDJHV�RI�WKH�LQWHQVLW\�RI�ÀXRUHVFHQFH�GHWHFWHG�IRU�HDFK�PDUNHU��%ULJKW�¿HOG�
images (BF) showed beads to which EVs were coupled; Fluorescence images (AF488) showed EVs labelled 
ZLWK�VSHFL¿F�PDUNHUV��0HUJHG�LPDJHV��0��VKRZHG�ODEHOOHG�(9V�FRXSOHG�WR�EHDGV��I��4XDQWLWDWLYH�DQDO\VLV�RI�
WKH�LQWHQVLW\�RI�ÀXRUHVFHQFH�RI�HDFK�PDUNHU��5HVXOWV�UHSUHVHQW�WKH�PHDQ���VWDQGDUG�GHYLDWLRQ�RI�DW�OHDVW�WKUHH�
biological replicates.
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vesicles corresponding to the size of exosomes,64 we tested the expression of exosome 
markers CD9, Flotillin-1 and CD81 (Cytochrome C – as a negative control) by imaging 
ÀRZ�F\WRPHWU\��)LJXUH��H��I��)LJXUH�6����:H�REVHUYHG�WKDW�(9V�IURP��'�DQG��'�FXOWXUHV�
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 
VKRZHG�WKDW�*&�FHOO�OLQHV�FXOWXUHG�LQ��'�FRQGLWLRQV�DUH�KLJKO\�HI¿FLHQW�LQ�SURGXFLQJ�(9V�WKDW�
maintain the expression of exosomal markers.

(9V�LVRODWHG�IURP��'�DQG��'�FXOWXUHV�H[KLELW�VLPLODU�VPDOO�51$�SUR¿OHV

7R� HYDOXDWH� WKH� LPSDFW� RI� �'� FHOOXODU� DUFKLWHFWXUH� RQ� WKH� VPDOO� 51$� SUR¿OH� RI� (9V��
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.65 Of notice, the sequencing of one of the biological replicates 
RI�0.1����'�FHOOV�ZDV� OHVV�HI¿FLHQW��H[KLELWLQJ�D� ORZHU�QXPEHU�RI� UHDGV��7R�RYHUFRPH�
WKLV��¿QGLQJV�IURP�RQH�ELRORJLFDO�UHSOLFDWH�ZHUH�FRQVLGHUHG�WR�EH�VXI¿FLHQW�IRU�DOO�GHVFULEHG�
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). 

1RWDEO\��WKH�YDVW�PDMRULW\�RI�PDSSHG�UHDGV�IURP�(9V�OLEUDULHV�FRUUHVSRQGHG�WR�UHDGV�
that mapped to multiple genomic locations, whereas cellular libraries also encompassed 
VHTXHQFHV�PDSSHG�WR�VLQJOH�JHQRPLF�UHJLRQV��)LJXUH��D���7R�GLVVHFW�WKH�VPDOO�51$�SUR¿OH�
of each sample, we assigned the mapped reads to the different small RNA classes using 
WKH�ELRW\SHV�GH¿QHG�E\�(QVHPEO�DQG�0LU%DVH��2Q�DYHUDJH��ZH�GHWHFWHG�WKH�H[SUHVVLRQ�
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).

,Q� IDFW��RWKHU�VWXGLHV�KDYH� UHSRUWHG� WKDW� WKH�PDMRULW\�RI�VPDOO�51$V�GHWHFWHG� LQ�(9V�
were assigned to microRNAs.66 Interestingly, our study used a NGS platform distinct from 
the ones used in such studies, which goes against the notion that the NGS platform may 
LQWURGXFH�ELDV� LQ� WKH�51$�ELRW\SHV� LGHQWL¿HG�67 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 
51$V�HQFORVHG�E\�(9V�PD\�UHÀHFW�WKH�GLIIHUHQW�RULJLQV�RI�(9V�DV�GHVFULEHG�HOVHZKHUH�67-69 
The sorting of all these small RNAs into EVs remains unclear, hence future investigations 
should focus on understanding how different types of small RNAs are recruited to EVs. By 
KLHUDUFKLFDO�FOXVWHULQJ��ZH�REVHUYHG�WKDW�WKH�H[SUHVVLRQ�SUR¿OHV�RI�VPDOO�51$V�ZHUH�QRW�
affected by the culture condition, neither among cells nor among EVs (Figure 4c). Principle 
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component analysis revealed striking differences between small RNAs detected in EVs and 
LQ�GRQRU�FHOOV��:KLOH� WKH�VPDOO�51$�SUR¿OHV�RI�DOO�(9V�VDPSOHV�H[KLELWHG�KLJK�VLPLODULW\��
VWURQJ�GLIIHUHQFHV�ZHUH�REVHUYHG�EHWZHHQ�VPDOO�51$�SUR¿OHV�RI�FHOOV��)LJXUH��G��

Figure 4. (9V�UHOHDVHG�E\�*&�FHOOV�XQGHU��'�DQG��'�FRQGLWLRQV�H[KLELW�VLPLODU�VPDOO�51$�SUR¿OHV��D��7RWDO�
number of reads and percentage of mapped reads detected by small RNA sequencing. Reads that could not 
be mapped in the genome are shown in black; unique mappable reads are shown in dark grey; and reads 
that were mapped to multiple regions are shown in light grey. b) Distribution of mapped reads by small RNA 
FODVVHV��F��+HDWPDS�DQG�GHQGURJUDP�RI�VPDOO�51$�SUR¿OHV�RI�0.1���DQG�0.1���(9V�DQG�FHOOV�LQ��'�DQG��'�
FXOWXUHV��=�VFRUH�QRUPDOL]HG�H[SUHVVLRQ�YDOXHV���G��3ULQFLSDO�&RPSRQHQW�$QDO\VLV��3&$��RI�VPDOO�51$�SUR¿OHV�
of MKN45 and MKN74 EVs and cells in 2D and 3D cultures. 1 and 2 represent two independent biological 
replicates. *Sample with reduced number of reads.
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(9V�DQG�GRQRU�FHOOV�IURP��'�DQG��'�FXOWXUHV�H[KLELW�VSHFL¿F�PLFUR51$�VLJQDWXUHV�

6LQFH�PLFUR51$�ZDV�WKH�PRVW�SUHYDOHQW�ELRW\SH� LGHQWL¿HG�ERWK� LQ�(9V�DQG�FHOOV��ZH�
IXUWKHU�H[SORUHG�WKH�PLFUR51$�H[SUHVVLRQ�SUR¿OHV�RI�RXU�VDPSOHV��)LJXUH����)LJXUH�6�D�I���
8VLQJ� XQVXSHUYLVHG� KLHUDUFKLFDO� FOXVWHULQJ�� ZH� REVHUYHG� QR�PDMRU� GLIIHUHQFHV� EHWZHHQ�
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 
DIIHFWHG� VSHFL¿F�PLFUR51$� VLJQDWXUHV�� E\� VHDUFKLQJ� IRU�PLFUR51$V� H[FOXVLYHO\� SUHVHQW�
HLWKHU� LQ�FHOOV�RU� LQ�(9V��GHULYHG� IURP��'�DQG��'�FXOWXUHV��:H� LGHQWL¿HG����PLFUR51$V�
exclusively expressed in cells from 2D cultures and 137 microRNAs exclusively expressed 
in cells from 3D cultures (Figure 5b). Whereas most microRNAs detected in EVs were also 
SUHVHQW�LQ�FHOOV��ZH�LGHQWL¿HG�IRXU�PLFUR51$V�VSHFL¿F�IRU�(9V�LVRODWHG�IURP��'�FXOWXUHV�DQG�
���PLFUR51$V�VSHFL¿F�IRU�(9V�LVRODWHG�IURP��'�FXOWXUHV��$�VLQJOH�PLFUR51$�ZDV�VKDUHG�
E\�(9V�IURP��'�DQG��'�FXOWXUHV�DQG�QRW�E\�FHOOV��)LJXUH��E���,QWHUHVWLQJO\��WKHVH�VSHFL¿F�
microRNAs, which discriminate spatial condition (2D vs 3D) and entity (cells vs EVs), 
corresponded to a small percentage of the total number of detected microRNAs (Figure 5c). 
7KH�REVHUYDWLRQ�WKDW�(9V�KDUERUHG�D�VSHFL¿F�VHW�RI�PLFUR51$V��GLVWLQFW�IURP�GRQRU�FHOOV��
was also seen in a breast-cancer model, suggesting that it might be a general phenomenon 
in tumor-derived EVs.67 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 
�F���2I�QRWLFH��WKH�QXPEHU�RI�VSHFL¿F�PLFUR51$V�SUHVHQW�LQ�FHOOV�RU�LQ�(9V�IURP��'�FXOWXUHV�
was higher than the number of microRNAs detected exclusively in 2D (Figure 5c). Although, 
experimental data explaining this phenomenon are scarce, sorting of certain microRNAs 
WR�(9V�PD\� UHTXLUH� VSHFL¿F�51$�ELQGLQJ� SURWHLQV� DQG� UHFRJQLWLRQ� RI� VSHFL¿F� VHTXHQFH�
motifs.70

7R�H[SORUH�WKH�ELRFKHPLFDO�FDWHJRULHV�DQG�SDWKZD\V�VLJQL¿FDQWO\�HQULFKHG�DPRQJ�WKH�
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.71 Firstly, from the 10 
microRNAs exclusively present in EVs from 3D cultures (Figure 5b), hsa-miR-155-5p, 
KVD�PL5������S��DQG�KVD�PL5������S�ZHUH�VLJQL¿FDQWO\�HQULFKHG�LQ����FDWHJRULHV��PRVWO\�
associated with disease-state e.g., lymphoma, KRAS pathway, hypermethylation and 
LQÀDPPDWRU\�UHVSRQVH��7DEOH�6����

Next, from the group of 64 microRNAs shared by cells growing in 2D and 3D conditions 
DQG�SUHVHQW�RQO\�LQ�(9V�GHULYHG�IURP��'�FXOWXUHV��)LJXUH��E���VL[�VLJQL¿FDQW�FDWHJRULHV�ZHUH�
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 differentiation72 and invasion73 (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).71 Among the top 20 
hits, main cancer-associated signaling pathways p53, MAPK, TGF beta and Ras were 
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LGHQWL¿HG��)LJXUH�6����

)LQDOO\�� WR� YDOLGDWH� WKH� 1*6� GDWD�� ZH� TXDQWL¿HG� VL[� UDQGRPO\� VHOHFWHG� PLFUR51$V��
detected in both cells and EVs, using quantitative Real-Time PCR (qRT-PCR) (Figure 
S5a-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).

 

$5)��VLJQDOLQJ�SDWKZD\�LV�GRZQUHJXODWHG�LQ�(9V�LVRODWHG�IURP��'�FXOWXUHV�

Next, we performed a comprehensive proteomics analysis of EVs released under 2D and 
�'�FRQGLWLRQV�E\�PDVV�VSHFWURPHWU\��,Q�WRWDO������SURWHLQV�ZHUH�LGHQWL¿HG�LQ�(9V�UHOHDVHG�E\�
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 
DUFKLWHFWXUH� ��'� YV� �'��� 7KH� SURWHLQ� H[SUHVVLRQ� SUR¿OHV� VKRZHG� WZR� VHSDUDWH� FOXVWHUV�
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, 
VXSHUYLVHG� FOXVWHULQJ� ZDV� DSSOLHG� WR� WKH� ��� SURWHLQV� ZLWK� KLJKHVW� VLJQL¿FDQFH� �)LJXUH�
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 

Figure 5. EVs and cells cultured under 2D and 3D conditions display distinct microRNA repertoires. a) Heatmap 
DQG�GHQGURJUDP�RI�PLFUR51$�SUR¿OHV�RI�*&�(9V�DQG�FHOOV�LQ��'�DQG��'�FXOWXUHV��=�VFRUH�QRUPDOL]HG�H[SUHVVLRQ�
values). b) Venn diagrams showing the distribution of detected microRNAs in both cell lines. c) Plots showing 
WKH�QXPEHU�RI�WRWDO�PLFUR51$V�DQG�SHUFHQWDJH�RI�VSHFL¿F�PLFUR51$V�GHWHFWHG�LQ�HDFK�FRQGLWLRQ����ELRORJLFDO�
replicates for each cell line). 
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Figure 6. 3URWHLQ�VHW�HQULFKPHQW�DQG�QHWZRUN�DQDO\VLV�VKRZ�$5)��VLJQDOLQJ�SDWKZD\�VLJQL¿FDQWO\�DOWHUHG�LQ�(9V�
VHFUHWHG�E\��'�FHOO�FXOWXUHV��D��+HDWPDS�DQG�GHQGURJUDP�RI�SURWHLQ�SUR¿OHV�RI�*&�(9V�LQ��'�DQG��'�FXOWXUHV�
(Z-score normalized expression values). b) Supervised clustering was performed to highlight the differences 
EHWZHHQ�(9V�VHFUHWHG�E\��'�DQG��'�FXOWXUHV��+HDWPDS�DQG�GHQGURJUDP�RI�WKH����PRVW�VLJQL¿FDQWO\�GLIIHUHQW�
proteins between EVs isolated from 2D and 3D cultures (Z-score normalized expression values). c) Protein set 
HQULFKPHQW�DQDO\VLV�UHYHDOHG�$5)��VLJQDOLQJ�SDWKZD\�DV�WKH�RQO\�SDWKZD\�VLJQL¿FDQWO\�DOWHUHG�EHWZHHQ��'�DQG�
3D conditions in both cell lines. The corresponding proteins were ranked according to the degree of deregulation 
EHWZHHQ��'�DQG��'��G��5XQQLQJ�VXP�VWDWLVWLFV�KLJKOLJKWLQJ�WKH�VLJQL¿FDQW�HQULFKPHQW�RI�WKH�SURWHLQV�OLVWHG��H��
5HSUHVHQWDWLRQ�RI�WKH�$5)��VLJQDOLQJ�QHWZRUN��I�J��:HVWHUQ�EORW�YDOLGDWLRQ�DQG�SURWHRPLFV�GDWD�RI�VLJQL¿FDQWO\�
DOWHUHG�SURWHLQV� LQ��'�(9V�� I��5HSUHVHQWDWLYH�:HVWHUQ�EORW� LPDJHV�� J��3URWHLQ� OHYHOV�RI� VLJQL¿FDQWO\� DOWHUHG�
SURWHLQV�TXDQWL¿HG�E\�GHQVLWRPHWU\�DQDO\VLV�RI�:HVWHUQ�%ORW�DQG�YDOLGDWLRQ�RI�SURWHRPLFV�GDWD��7XEXOLQ�ZDV�XVHG�
as endogenous control for cells and GAPDH for EVs. Each biological replicate was independently represented.
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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 6c). 

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,74� ZH� GH¿QHG� $5)��
�$'3�ULERV\ODWLRQ� IDFWRU� ��� VLJQDOLQJ� SDWKZD\V� WR� EH� VLJQL¿FDQWO\� GRZQUHJXODWHG� LQ� (9V�
derived from 3D cultures (Figure 6e). ARF6 is a ubiquitously expressed protein involved 
LQ�WKH�UHJXODWLRQ�RI�PHPEUDQH�WUDI¿FNLQJ�XQGHU�SK\VLRORJLFDO�FRQGLWLRQV�DQG��WRJHWKHU�ZLWK�
syntenin, serves as one of the main regulators of exosome biogenesis.75,76 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.77 In 
fact, ARF6 upregulation/activation has been associated with an increase of cell motility and 
invasiveness in tumors.78�7DNLQJ�LQWR�DFFRXQW�WKDW�WKH�SURWHRPLF�SUR¿OH�RI�(9V�IURP�FHOOV�
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 
WKDW�WKH�FHOOXODU�VSDWLDO�DUFKLWHFWXUH�LQÀXHQFHV�WKH�ELRJHQHVLV�RI�(9V�LQ�DQ�$5)��DVVRFLDWHG�
manner. 

:H�YDOLGDWHG�VHYHQ�SURWHLQV�VLJQL¿FDQWO\�GRZQUHJXODWHG� LQ�(9V� IURP��'�FXOWXUHV��E\�
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 
DOO� SURWHLQV� H[FHSW� FDWHQLQ�ȕ��DQG� FDWHQLQ� į��ZHUH�GRZQUHJXODWHG� LQ� �'� �)LJXUH��I�� J���
6SHFL¿FDOO\� IRU�$5)��SURWHLQ��ZH�REVHUYHG�QR�VLJQL¿FDQW�DOWHUDWLRQV�DW� WKH�SURWHLQ� OHYHOV�

Figure 6. Continued.
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LQ� WKH�GRQRU�FHOOV� �)LJXUH��I��J���$QDO\VLV�RI�$5)�� LQ�(9V�E\�ZHVWHUQ�EORWWLQJ�FRQ¿UPHG�
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 
RI�$5)��H[SUHVVLRQ�PD\�EH�FHOO� OLQH�VSHFL¿F��+RZHYHU��WDNLQJ�LQWR�DFFRXQW�WKH�REVHUYHG�
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,79which 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.

'\QDPLF�FR�UHJXODWLRQ�RI�PLFUR51$V�DQG�SURWHLQV� LQ� UHVSRQVH� WR�FKDQJHV� LQ�VSDWLDO�
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 
DQDO\]HG�WKH�HI¿FLHQF\�RI�DVVRFLDWLRQ�EHWZHHQ�(9V�GHULYHG�IURP��'�DQG��'�FXOWXUHV�ZLWK�
E\�GLIIHUHQW�UHFLSLHQW�FHOOV��QRUPDO�KXPDQ�GHUPDO�¿EUREODVWV��1+')���LPPRUWDOL]HG�QRUPDO�
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 
DVVHVVHG��)LJXUH�6����:H�REVHUYHG� LQFUHDVHG�DVVRFLDWLRQ�GXULQJ� WKH�¿UVW����PLQ�RI� WKH�
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 
WKH�SUROLIHUDWLRQ�DQG�YLDELOLW\�RI�UHFLSLHQW�FHOOV��1HYHUWKHOHVV��D�VLJQL¿FDQW� LQFUHDVH�LQ�WKH�
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-
VSHFL¿F�FRQWH[W�

Next, we performed an integrative network analysis of NGS and LC-MS/MS data to 
SLQSRLQW�FOXVWHUV�RI�PLFUR51$V�DQG�SURWHLQV�UHÀHFWLQJ�WKH��'�FHOOXODU�DUFKLWHFWXUH��)RU�WKLV��
two main criteria were considered: 1) miRTarBase indicated strong or weak evidence that 
D�PLFUR51$�WDUJHWHG�D�VSHFL¿F�SURWHLQ��DQG����WKH�H[SUHVVLRQ�SDWWHUQV�RI�PLFUR51$V�DQG�
their target proteins were negatively correlated. With this analysis, several clusters were 
LGHQWL¿HG��WKUHH�RI�ZKLFK�GHSLFWHG�LQ�)LJXUH�6���2I�QRWLFH��VXFK�FOXVWHUV�PD\�EH�FRQVWLWXWHG�
by more than one microRNA targeting the same protein.80 By combining the full set of 
VLJQL¿FDQW�FOXVWHUV��ZH�LGHQWL¿HG�D�QHWZRUN�VSHFL¿F�IRU��'�FRQGLWLRQV��)LJXUH��D��E���

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 
SURWHLQV�LQ�(9V�LQ��'��D��1HWZRUN�RI�PLFUR51$V��UHG�UKRPEV��DQG�VSHFL¿F�WDUJHW�SURWHLQV��JUHHQ�UHFWDQJOHV��GH�
regulated in opposite direction. Upregulation and downregulation in 3D conditions were represented in different 
scales of red and green, respectively. b) Schematic representation of dynamic co-regulation of microRNAs in 
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PL5������S� DQG� KVD�PL5������S�� DQG� ¿YH� GRZQUHJXODWHG� SURWHLQV� �(SKULQ� UHFHSWRU�$���
&'�����-XQFWLRQDO�DGKHVLRQ�PROHFXOH�$��,PSRUWLQ�ȕ��DQG�/\VRVRPH�DVVRFLDWHG�PHPEUDQH�
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 
SURWHLQV��ZLWK�WKH�H[FHSWLRQ�RI�LPSRUWLQ�ȕ���ZKLFK�ZDV�QRW�GHWHFWHG��)LJXUH��G��H��

Concluding Remarks

2XU�VWXG\� IRFXVHG�RQ� WZR�PDLQ�REMHFWLYHV�� ¿UVWO\�� WR�HVWDEOLVK�D� UREXVW�H[SHULPHQWDO�
V\VWHP� DOORZLQJ� HI¿FLHQW� (9V� SURGXFWLRQ� XQGHU� FRQWUROOHG� FRQGLWLRQV� DQG� FORVHU� WR� WKH�
physiological environment, in comparison with conventional 2D cultures; secondly, to 
XQGHUVWDQG�WKH�LQÀXHQFH�RI�FHOOXODU�DUFKLWHFWXUH�RQ�WKH�UHOHDVH�DQG�FRQWHQW�RI�(9V��+HUH��
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 
VWXG\�LV�WKH�¿UVW��WR�RXU�NQRZOHGJH��DGGUHVVLQJ�WKH�LPSDFW�RI��'�FXOWXUH�FRQGLWLRQV�RQ�(9V��
2XU�¿QGLQJV�VXJJHVW�WKDW�VSDWLDO�DUFKLWHFWXUH�LQÀXHQFHV�WKH�ELRJHQHVLV�DQG�FDUJR�RI�(9V�
DQG�WKDW�RXU��'�V\VWHP�UHSUHVHQWV�DQ�LPSURYHPHQW�IRU�D�PRUH�SK\VLRORJLFDO��KLJKO\�HI¿FLHQW�

FHOOV�DQG�(9V��ZKLWH��DQG�SURWHLQV�LQ�(9V��EODFN��KLJKOLJKWLQJ�VSHFL¿F�VHWV�RI�PL51$V�DQG�WKHLU�FRPPRQ�WDUJHW�
proteins in 3D conditions. c) 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 
WKH�LQWHJUDWLYH�QHWZRUN�TXDQWL¿HG�E\�GHQVLWRPHWU\�DQDO\VLV�RI�:HVWHUQ�EORW�GDWD�DQG�SURWHRPLFV��7XEXOLQ�ZDV�
used as endogenous control for cells and GAPDH for EVs. c-e) Each biological replicate was independently 
represented.
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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 
530,� ����� PHGLXP� �7KHUPR)LVKHU� 6FLHQWL¿F�� :DOWKDP�� 0$�� 86$�� VXSSOHPHQWHG� ZLWK�
10% foetal bovine serum (FBS; Biowest, Nuaillé, France) and 1% penicillin-streptomycin 
�36��7KHUPR)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$���0&)��$��$7&&��0DQDVVDV��9$��ZHUH�
culture in DMEM/F12 supplemented with 5 µg mL-1 insulin, 1 µg mL-1 hydrocortisone, 5% 
horse serum, 1 ng mL-1 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% CO2�KXPLGL¿HG�DWPRVSKHUH�

EVs-depleted medium was obtained by overnight ultracentrifugation at 100 000×g in 
a 70Ti rotor (Beckman Coulter, Fullerton, CA, USA) of RPMI medium supplemented with 
����)%6�DQG����36��7KLV�(9V�GHSOHWHG�PHGLXP�ZDV�¿OWHUHG�WKURXJK�D�������P�¿OWHU�DQG�
further diluted in the same amount of RPMI medium supplemented with 1% PS and without 
)%6��WR�UHDFK�D�¿QDO�����)%6�FRQFHQWUDWLRQ��

)RU��'�FXOWXUHV��*&�FHOOV�ZHUH�VHHGHG�LQ�7����ÀDVNV��DQG�FXOWXUHG�LQ�530,������PHGLXP�
VXSSOHPHQWHG�ZLWK� ����)%6�DQG����36�XQWLO� D� FRQÀXHQFH�RI� ��������ZDV� UHDFKHG��
1H[W��*&�FHOOV�ZHUH�ZDVKHG�ZLWK�SKRVSKDWH�EXIIHU�VROXWLRQ��3%6��7KHUPR)LVKHU�6FLHQWL¿F��
:DOWKDP��0$��86$��DQG�FXOWXUHG� LQ�(9�GHSOHWHG�PHGLXP������)%6�¿QDO�FRQFHQWUDWLRQ��
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 
�7KHUPR)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$����PLQ�����&���UHVXVSHQGHG�LQ�QRUPDO�PHGLXP�
and counted. 

For 3D cultures, GC cells were seeded in customized microwell arrays developed at the 
Medical Center University of Freiburg,53 which are in the meantime commercially available 
as 3D CoSeedis (abc biopply, Switzerland). Cell seeding was performed at a density of 
1x105 cells mL-1��FRUUHVSRQGLQJ�WR�§�[��6 cells per array and 1000 cells per microwell. GC 
3D cultures were grown in RPMI medium supplemented with 10% FBS and 1% PS during 
WKH�¿UVW�GD\��DQG�WKHQ�FXOWXUHG�IRU���G�LQ�(9V�GHSOHWHG�PHGLXP��2SWLFDO�PLFURVFRS\�ZDV�XVHG�
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-
('7$��7KHUPR)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$����PLQ�����&���FHOOV�ZHUH�UHVXVSHQGHG�
in normal medium and counted.
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+LVWRORJLFDO�DQDO\VLV�DQG�,PPXQRÀXRUHVFHQFH

*&�FHOOV�JURZLQJ�LQ��'�FXOWXUHV�ZHUH�¿[HG�RYHUQLJKW��DW�URRP�WHPSHUDWXUH��57���XVLQJ�
���SDUDIRUPDOGHK\GH��3)$��0HUFN��'DUPVWDGW��*HUPDQ\�� IROORZHG�E\�*LOO¶V�KHPDWR[\OLQ�
�%LR�2SWLFD��0LODQ��,WDO\��VWDLQLQJ�IRU����PLQ��7KHQ�������ORZ�PHOWLQJ�SRLQW�DJDURVH�����&��
Lonza, Basel, Switzerland) was added on top of 3D cultures followed by gelling (10 min 
DW�57�DQG����PLQ�RQ�LFH���3DUDI¿Q�VHFWLRQV�RI����P�ZHUH�XVHG�IRU�KHPDWR[\OLQ�DQG�HRVLQ�
�+	(���.L����DQG�LPPXQRÀXRUHVFHQFH�VWDLQLQJ��

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 
PLQ��7KHUPR)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$���$IWHU�ZDVKLQJ��VOLGHV�ZHUH� LQFXEDWHG�
with REAL™ EnVision™ Detection System (Dako, Glostrup, Denmark) substrate buffer (30 
min) and with DAB Chromogen (10 min). 

)RU� LPPXQRÀXRUHVFHQFH�� VDPSOHV� IURP� �'� DQG� �'� FXOWXUHV� ZHUH� FR�VWDLQHG� IRU�
(�FDGKHULQ�DQG�0XFLQ�����'�FXOWXUHV�ZHUH�¿[HG�LQ����3)$�����PLQ���IROORZHG�E\�WUHDWPHQW�
with NH4Cl 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.  

$QQH[LQ�9�),7&�3URSLGLXP�,RGLGH�VWDLQLQJ

Cell viability was measured using Annexin V-FITC and Propidium Iodide (PI) double 
VWDLQLQJ�IROORZHG�E\�ÀRZ�F\WRPHWU\��&HOOV�IURP��'�FXOWXUHV�ZHUH�KDUYHVWHG�XVLQJ�7U\S/(��
Express Enzyme. Aggregates from 3D cultures were retrieved from the agarose matrix by 
centrifugation (3 min, at 300×g) and dissociated using 0.5% Trypsin-EDTA. Cells recovered 
from the centrifuged conditioned media (300×g pellet – EVs isolation protocol described 
below) were pooled with cells dissociated from 2D or 3D cultures prior to Annexin V-FITC/
PI staining. Dissociated 2D and 3D cells were washed with Annexin V binding buffer (AVBB; 
10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2) and stained with Annexin V-FITC (1:20, 15 
min; ImmunoTools, Friesoythe, Germany). Cells were stained with PI (2 µg mL-1, 15 min; 
7KHUPR)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$���ZDVKHG� WZLFH�ZLWK�$9%%�� ¿OWHUHG� WKURXJK�
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D�������P�¿OWHU�DQG�DQDO\]HG� LQ�D�%'�$FFXUL�&��ÀRZ�F\WRPHWHU� �%HFWRQ��'LFNLQVRQ�DQG�
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.59 
%ULHÀ\��WKH�FROOHFWHG�FRQGLWLRQHG�PHGLD�ZDV�FHQWULIXJHG�DW����îJ����&��IRU����PLQ�WR�SHOOHW�
cells. The remaining supernatant was transferred to new tubes, centrifuged at 2000×g, 
��&�IRU����PLQ�DQG�¿OWHUHG�WKURXJK�D�������P�¿OWHU��7KH�¿OWHUHG�VXSHUQDWDQW�ZDV�IXUWKHU�
centrifuged in a SW32 rotor (Beckman Coulter, Fullerton, CA, USA) at 100 000× g, 4°C 
for 4 h to pellet EVs. The EVs pellet was washed in PBS without Ca2+ and Mg2+ (Capricorn 
6FLHQWL¿F� *PE+�� (EVGRUIHUJUXQG�� *HUPDQ\�� DQG� FHQWULIXJHG� DW� ���� ���îJ�� ��&� IRU� ��
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.

1HJDWLYH�VWDLQLQJ�DQG�YLVXDOL]DWLRQ�RI�(9V�E\�7UDQVPLVVLRQ�(OHFWURQ�0LFURVFRS\

The morphology of EVs was analyzed by TEM at the Histology and Electron Microscopy 
facility of i3S. In brief, an aliquot (10 µL) of fresh isolated EVs preparations were mixed with 
DQ�HTXDO�YROXPH�RI����3)$��WR�PDNH�D�¿QDO�FRQFHQWUDWLRQ�RI����3)$��)L[HG�(9V�����/��
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).

1DQRSDUWLFOH�7UDFNLQJ�$QDO\VLV�RI�(9V

The size and concentration of isolated EVs was measured by NTA, using the NanoSight 
16���� LQVWUXPHQW� �0DOYHUQ��:RUFHVWHUVKLUH��8.��ZLWK�VFLHQWL¿F�&026�VHQVRU��6DPSOHV�
were diluted in 0.9% NaCl to achieve a particle count between 1×108-1×109 particles mL-1. 
For each biological replicate, three technical measurements (videos) were recorded under 
FRQWUROOHG�ÀXLG�ÀRZ�ZLWK�D�SXPS�VSHHG�VHW� WR�����&DPHUD� IRFXV�ZDV�DGMXVWHG� WR�JLYH�D�
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 
IXQFWLRQV�RI�17$�����%XLOG��������VRIWZDUH�DQG�D�GHWHFWLRQ�WKUHVKROG�¿[HG�DW����0RGH�DQG�
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 
ZHUH�DQDO\]HG�XVLQJ�WKH�0DQQ�:KLWQH\�WHVW��*UDSK3DG�3ULVP���6WDWLVWLFDO�VLJQL¿FDQFH�ZDV�
considered when pޒ��������
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(9V�FKDUDFWHUL]DWLRQ�E\�,PDJLQJ�)ORZ�&\WRPHWU\

EVs isolated from 2D and 3D cultures were analyzed for the expression of CD9, CD81, 
)ORWLOOLQ���DQG�&\WRFKURPH�F�XVLQJ�LPDJLQJ�ÀRZ�F\WRPHWU\��)LUVWO\��DOGHK\GH�VXOSKDWH�ODWH[�
EHDGV�����P�����Z�Y��7KHUPR)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$��ZHUH�ZDVKHG�LQ�3%6��
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 (1x109 particles determined by NTA per 3 µL 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 c 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 
ÀRZ�F\WRPHWU\��(9V�EHDGV�LQFXEDWHG�RQO\�ZLWK�VHFRQGDU\�DQWLERGLHV�ZHUH�XVHG�DV�QHJDWLYH�
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.81 For each sample, 100 000 events were acquired 
DW� D� ��[�PDJQL¿FDWLRQ�� )OXRUHVFHQFH�RI� WKH� VWDLQHG�(9V�EHDGV�ZDV�H[FLWHG�ZLWK� D� ����
argon laser and collected on channel two (505-560 nm). A 745 nm laser was activated for 
VLGH�VFDWWHU�DQG�FROOHFWHG�RQ�FKDQQHO����DQG�EULJKW�¿HOG�LPDJHV�ZLWK�DGMXVWHG�LQWHQVLW\�ZHUH�
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.  

51$�H[WUDFWLRQ

Small RNA was isolated from 2D and 3D cells using mirVana miRNA isolation kit 
�7KHUPR)LVKHU� 6FLHQWL¿F�� :DOWKDP�� 0$�� 86$�� DFFRUGLQJ� WR� PDQXIDFWXUHU¶V� LQVWUXFWLRQV�
DQG� LQFOXGLQJ� WKH� ¿QDO� SURFHGXUH� IRU� VPDOO� 51$� HQULFKPHQW�� )RU� WKH� LVRODWLRQ� RI� VPDOO�
51$� IURP��'�DQG��'�(9V�SUHSDUDWLRQV��PLU&85<�51$� LVRODWLRQ�NLW� ��%LRÀXLGV� �([LTRQ��
9HGEDHN��'HQPDUN��ZDV�XVHG��DFFRUGLQJ�WR�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��3ULRU�WR�WKH�VPDOO�
51$�LVRODWLRQ��(9V�ZHUH�WUHDWHG�ZLWK�51$VH�$��¿QDO�FRQFHQWUDWLRQ�����PJ�P/��DW����&�����
min; NZYTech, Lisbon, Portugal). RNAse A was inhibited with RNasin ribonuclease inhibitor 
�¿QDO� FRQFHQWUDWLRQ� �� 8��/�� 3URPHJD�� 0DGLVRQ�� :,�� 86$��� 6DPSOHV� ZHUH� WUHDWHG� ZLWK�
SURWHLQDVH�.��¿QDO�FRQFHQWUDWLRQ������PJ�P/��DW����&�����PLQ��4LDJHQ��+LOGHQ��*HUPDQ\���
and inactivated at 75°C for 10 min. Concentration and quality of small RNAs, including 
microRNAs, were measured using the Agilent 2100 Bioanalyzer with the small RNA kit 
(Agilent, Santa Clara, CA, USA).
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6PDOO�51$�OLEUDU\�SUHSDUDWLRQ�DQG�VHTXHQFLQJ

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 
WKH� ,RQ�7RWDO� 51$�6HT�.LW� Y�� �7KHUPR)LVKHU� 6FLHQWL¿F��:DOWKDP��0$��86$��� DFFRUGLQJ�
WR�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��%ULHÀ\���¶�DQG��¶�DGDSWRUV�ZHUH�DWWDFKHG�GLUHFWLRQDOO\��DQG�
VLPXOWDQHRXVO\��WR���ȝ/�RI�VPDOO�51$�LQSXW�VDPSOH��§���QJ�RI�PL51$���7KHQ��K\EULGL]HG�DQG�
ligated RNA was reversed transcribed using Ion RT primer v2 and SuperScript III Enzyme 
PL[�IROORZHG�E\�SXUL¿FDWLRQ�DQG�VL]H�VHOHFWLRQ�ZLWK�D�PDJQHWLF�EHDG�EDVHG�PHWKRG��(DFK�
F'1$�VDPSOH�ZDV�DPSOL¿HG�DQG�EDUFRGHG�XVLQJ�3ODWLQXP�3&5�6XSHU0L[�+LJK�)LGHOLW\��
,RQ� ;SUHVV� 51$� �¶� %DUFRGH� 3ULPHU� DQG� D� XQLTXH� ,RQ� ;SUHVV� 51$�6HT� %DUFRGH� %&�
3ULPHU��ZKLFK�DOORZHG�VDPSOH�LGHQWL¿FDWLRQ�DQG�WUDFNLQJ��$PSOL¿HG�'1$�ZDV�VXEPLWWHG�WR�
SXUL¿FDWLRQ�DQG�VL]H�VHOHFWLRQ�ZLWK�D�PDJQHWLF�EHDG�FOHDQXS�PRGXOH�DQG�WKH�\LHOG�DQG�VL]H�
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 
¿QDO�SRRO��3RROHG�OLEUDULHV�ZHUH�SURFHVVHG�RQ�,RQ�&KHI��6\VWHP��6�1�&+()�������XVLQJ�
the – Ion 540™ Kit-Chef (P/N A27759) and the resulting 540™ chip (P/N A27766) was 
VHTXHQFHG� RQ� ,RQ�6���;/�6\VWHP� �6�1� ��������������� )$674� ¿OHV�ZHUH� JHQHUDWHG�
using the Torrent Suit plugin FileExporter v5.0.  

6PDOO�51$�VHTXHQFLQJ�GDWD�DQDO\VLV

+LJK� TXDOLW\� UHDGV� IURP� WKH� UHVXOWLQJ� VL[WHHQ� )$674� ¿OHV� ZHUH� DOLJQHG� WR� +RPR�
sapiens reference genome (Assembly: GCA_000001405.15) using Bowtie2.82 Mapped 
reads were annotated using the corresponding GenBank information and mirBase (v.21).83 
([SUHVVLRQ�GDWD�IRU�HDFK�VDPSOH�ZDV�FDOFXODWHG�XVLQJ�&XIÀLQNV84 and obtained in FPKM 
(Fragments Per Kilobase Of Exon Per Million Fragments Mapped). Cuffdiff84 was used to 
pinpoint differentially expressed genes for each described sample comparison. Private 
Perl scripts and Ensembl database85 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) 
KHDWPDS�FRQVWUXFWLRQ�XVLQJ�)3.0�YDOXHV�VFDOHG�WR�]�VFRUH�ZLWK�WKH�5�SDFNDJH�µJSORWV¶�86 
2) supervised and unsupervised hierarchical clustering for dendrogram construction using 
FDOFXODWHG�(XFOLGHDQ�GLVWDQFHV��XVLQJ�5�SDFNDJH�µJSORWV¶�86 3) Venn diagrams plotting using 
MYHQQ�87 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.71�7HQ�PLFUR51$V�VSHFL¿FDOO\�SUHVHQW�LQ��'�
(9V�DQG����PLFUR51$V�SUHVHQW�LQ��'�(9V�DQG�LQ��'�DQG��'�FHOOV�ZHUH�VXEMHFWHG�WR�WKH�
DQDO\VLV��$V�D�UHIHUHQFH�OLVW�ZH�GH¿QHG�D�WRWDO�QXPEHU�RI�����PLFUR51$V�WKDW�ZHUH�GHWHFWHG�
in all EVs from 3D culture. We considered all categories with nominal p-values below 0.05 
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DV�VLJQL¿FDQW�EXW�RQO\�FRQVLGHUHG�FDWHJRULHV�FRQWDLQLQJ�DW�OHDVW�WZR�PL51$V��)RU�D�*6($��
the 164 miRNAs detected in EVs from 3D culture were ranked according to their average 
)3.0�YDOXH�DQG�DQDO\]HG�XVLQJ�WKH�GHIDXOW�VHWWLQJV� LQ�PL($$�WRRO��VXFK�DV�VLJQL¿FDQFH�
value 0.05 and threshold level 2. The categories pathways, Gene Ontology, diseases and 
targets were selected for the analysis. 

4XDQWLWDWLYH�5HDO�7LPH�3&5

7DT0DQ��$GYDQFHG�PLFUR51$�DVVD\V��7KHUPR)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$��
ZHUH�XVHG�WR�TXDQWLI\�VSHFL¿F�PLFUR51$V�RQ�FHOOXODU�DQG�(9V�51$�VDPSOHV��RQ�D������
)DVW� 5HDO�7LPH� 3&5� V\VWHP� �7KHUPR)LVKHU� 6FLHQWL¿F�� :DOWKDP�� 0$�� 86$��� $QDO\VLV�
was performed using the cell and EVs RNA samples, previously submitted to small 
RNA sequencing plus one independent biological replicate for MKN74 samples and two 
LQGHSHQGHQW�ELRORJLFDO�UHSOLFDWHV�IRU�0.1���VDPSOHV��%ULHÀ\�����QJ�RI�51$�ZHUH�UHYHUVHG�
transcribed using universal RT primers and the TaqMan™ Advanced microRNA cDNA 
6\QWKHVLV�.LW��7KHUPR)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$���DFFRUGLQJ�WR�PDQXIDFWXUHU¶V�
LQVWUXFWLRQV��7KHQ��UHDO�WLPH�T3&5�ZDV�SHUIRUPHG�IRU�HDFK�VDPSOH�XVLQJ���ȝ/�RI�GLOXWHG�
cDNA, TaqMan™ Advanced microRNA assays and TaqMan™ Fast Advanced Master Mix 
�7KHUPR)LVKHU� 6FLHQWL¿F�� :DOWKDP�� 0$�� 86$�� XQGHU� IDVW� F\FOLQJ� FRQGLWLRQV�� 5HDFWLRQV�
were done in triplicates and data was analyzed by the comparative 2�ǻ&7�method, where 
ǻ&7� �&�W�miRNA 3D cells -  C(t)miRNA 2D cells�RU�ǻ&7� �&�W�miRNA 3D EVs -C(t)miRNA 2D EVs.  Results were 
represented as mean ± standard deviation. 

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 
VDPSOHV��������)ROG�FKDQJH���������$V�ZH�FRXOG�QRW�¿QG�D�VLQJOH�FDQGLGDWH�IRU�QRUPDOL]DWLRQ�RI�
qRT-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 
DGMXVWHG�WR������/�ZLWK�5DSL*HVW�������LQ�7($%�����0��S+�����5HGXFWLRQ�RI�����J�RI�SURWHLQ�
SHU�VDPSOH�ZDV�GRQH�ZLWK�7&(3��WULV���FDUER[\HWK\O�SKRVSKLQH��DW�¿QDO�FRQFHQWUDWLRQ�RI�
10 mM; the samples reacted for 30 min at 60°C. Alkylation was done with iodoacetamide, 
DGGHG�WR�D�¿QDO�FRQFHQWUDWLRQ�RI����P0�WR�HDFK�VDPSOH�IROORZLQJ�LQFXEDWLRQ�IRU����PLQ��LQ�
the dark, at RT. Trypsin was added (ratio of 1:25, w/w), and the digestion was performed 
RYHUQLJKW�DW����&��7KHQ��D����SOH[�7DQGHP�PDVV�7DJV� �707�� �7KHUPR)LVKHU�6FLHQWL¿F��
ODEHOLQJ�ZDV�SHUIRUPHG�DFFRUGLQJ�WR�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��707�UHDJHQW�WDJV�ZHUH�
GLVVROYHG� LQ�$&1��DQG�HDFK�VDPSOH�ZDV� LQFXEDWHG� IRU����PLQ�DW�57�ZLWK�D�VSHFL¿F� WDJ��
For TMT quenching, 8 µL 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 
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10 min, supernatants were recovered and dried under vacuum. Samples were dissolved 
LQ����$&1������)$�DQG�GHVDOWHG�ZLWK�&���PLFUR�VSLQ�FROXPQV��7KHUPR)LVKHU�6FLHQWL¿F���
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 µg µL-1. 
Mass spectrometry experiments were performed on a Q Exactive Plus equipped with an 
(DV\�QDQR/&��7KHUPR)LVKHU�6FLHQWL¿F���3HSWLGHV�ZHUH�WUDSSHG�RQ���FP�[�����P�,'�����P�
pre-column and separated on an Easy-spray column, 50 cm×75 µm ID, PepMap C18, 2 µm 
�7KHUPR)LVKHU�6FLHQWL¿F���7KH�DQDO\WLFDO�VHSDUDWLRQ�ZDV�UXQ� IRU����PLQ�XVLQJ�D�JUDGLHQW�
RI�+�2�)$�������������VROYHQW�$��DQG�&+�&1�)$�������������VROYHQW�%��DW�D�ÀRZ�UDWH�
of 300 nL min-1. For MS survey scans, the OT resolution was set to 140 000 and the ion 
population was set to 3×106 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 1×105 (isolation window of 0.5 m/z) and normalized collision energy 
set to 30%.

3URWHLQ�LGHQWL¿FDWLRQ�DQG�TXDQWL¿FDWLRQ

5DZ�GDWD�ZHUH� ORDGHG�RQ�3URWHRPH�'LVFRYHUHU�����VRIWZDUH� IRU� LGHQWL¿FDWLRQ�DQG�RU�
TXDQWL¿FDWLRQ�RI�SHSWLGHV�DQG�SURWHLQV��,GHQWL¿FDWLRQ�ZDV�SHUIRUPHG�LQ�WKH�8QL3URW�6ZLVV3URW�
KXPDQ�GDWDEDVH������B������¶����HQWULHV��XVLQJ�0DVFRW��9HUVLRQ��������0DWUL[�6FLHQFHV��
London, UK). Carbamidomethylation of cysteines, TMT-sixplex amino terminus, TMT-
VL[SOH[� O\VLQH��IRU�707�ODEHOHG�VDPSOHV��ZHUH�VHW�DV�¿[HG�PRGL¿FDWLRQV�DQG�PHWKLRQLQH�
R[LGDWLRQ�DV�YDULDEOH�PRGL¿FDWLRQV��7U\SVLQ�ZDV�VHOHFWHG�DV�WKH�HQ]\PH��ZLWK�WZR�SRWHQWLDO�
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 
OHYHOV��2QO\� KLJK�FRQ¿GHQW�PDVWHU� SURWHLQV�ZLWK� DW� OHDVW� WZR� GLVWLQFW� SHSWLGH� VHTXHQFHV�
ZHUH�VXEMHFWHG�WR�LGHQWL¿FDWLRQ��

Western blotting 

Cells and EVs pellets were lysed in HEPES lysis buffer (25 mM HEPES, pH 7.4, 150 
mM NaCl, 5 mM MgCl2, 1% TritonX-100, 2 mM PMSF, protease inhibitor Tabs, EDTA-free, 
Promega) for 45 min at 4°C. After lysis, samples were centrifuged at 15 000×g, 4°C for 20 
PLQ��)RU�DQDO\VLV������J�RI�FHOO�O\VDWHV�DQG�����J�RI�(9V�O\VDWHV�ZHUH�VXEMHFWHG�WR�6'6�
PAGE followed by immunoblotting. SuperSignal West DURA Extended Duration Substrate 
(Pierce) was used for signal detection. See antibody details on Table S7. 

Uptake assay 

7R�HVWLPDWH�HI¿FLHQF\�RI�(9�XSWDNH�� WKH�DVVRFLDWLRQ�EHWZHHQ�(9V�DQG�UHFLSLHQW�FHOOV�
ZDV�PHDVXUHG�XVLQJ�ÀRZ�F\WRPHWU\��(9V�UHOHDVHG�IURP�WKH��'�DQG��'�0.1���DQG�0.1���
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cultures were tested in this assay. As recipients MCF10A, NHDF (normal human dermal 
¿EUREODVWV��DQG�WKH�(9�GRQRUV��0.1���DQG�0.1���FHOOV��ZHUH�WHVWHG��5HFLSLHQW�FHOOV�ZHUH�
seeded in 24-well plates, next day by 80% density, association was analyzed using EVs 
ODEHOHG�ZLWK� 3.+��� �6LJPD�� DFFRUGLQJ� WR� WKH� UHFRPPHQGDWLRQV� RI� WKH� VXSSOLHU�� %ULHÀ\��
1.25×109�(9V�ZHUH�EURXJKW�WR�WKH�¿QDO�YROXPH�RI������/�ZLWK�WKH�GLOXHQW�&�DQG�PL[HG����
µL of PKH26 was mixed with 249 µL diluent C; both solutions were mixed and incubated 
for 5 min in the dark. Staining was stopped with 500 µL 1% BSA. To remove unbound dye, 
WKH�(9V�ZHUH� ORDGHG� LQ�FHQWULIXJDO�¿OWHU�XQLWV������N'D�FXW�RII��DQG�FHQWULIXJHG���PLQ�DW�
����îJ�57��)ORZ�WKURXJK�ZDV�GLVFDUGHG�DQG�(9V�ZHUH�EURXJKW�WR�WKH�¿QDO�YROXPH�RI�����
µL 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, 1.25×109 labeled EVs 
were added to each well and incubated for 5, 15 or 30 min at 37°C. After that EVs were 
UHPRYHG�DQG� WKH� FHOOV�ZHUH�ZDVKHG�� WU\SVLQL]HG�� DQG�PHDVXUHG�E\� ÀRZ� F\WRPHWU\� �%'�
$FFXUL�&���XVLQJ�WKUHVKROGV�)6&�+���������66&�+�����ÀRZ�UDWH�����/�PLQ-1, core size 16 
µm 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, MCF10A cells were washed with PBS and harvested using Versene (ThermoFisher 
6FLHQWL¿F�� IROORZHG� E\� VWDLQLQJ� ZLWK� &HOO7UDFH� &HOO� SUROLIHUDWLRQ� NLW�� DFFRUGLQJO\� WR�
PDQXIDFWXUHU¶V� LQVWUXFWLRQV� �7KHUPR)LVKHU� 6FLHQWL¿F��� 7KHQ�� �î��5 labeled cells were 
seeded and treated with 5×109 EVs in the next day. After 24 h of treatment, cells were 
collected and submitted to different functional assays. For the invasion assay, Corning™ 
%LR&RDW��0DWULJHO�� ,QYDVLRQ� &KDPEHUV� �7KHUPR)LVKHU� 6FLHQWL¿F�� ZHUH� K\GUDWHG� ZLWK�
'0(0�)���PHGLXP��7KHUPR)LVKHU�6FLHQWL¿F��GXULQJ���K�DW����&��7KHQ���î��4 cells were 
seeded in the upper compartment and incubated for 24 h at 37°C in 5% CO2. Filters were 
ZDVKHG�LQ�3%6�DQG�¿[HG�LQ�LFH�FROG�PHWKDQRO�IRU����PLQ��1RQ�LQYDVLYH�FHOOV�DQG�0DWULJHO�
ZHUH�UHPRYHG�ZLWK�D�SUH�ZHW�FRWWRQ�VZDE��DQG�¿OWHUV�ZHUH�ZDVKHG�DQG�PRXQWHG�LQ�JODVV�
FRYHUVOLSV�ZLWK�9HFWDVKLHOG�'$3,��$�PRVDLF�RI�WKH�HQWLUH�¿OWHUV�ZDV�REWDLQHG�ZLWK�$[LRYHUW�
200M (Zeiss, Oberkochen, Germany) and the total number of invasive nuclei was counted 
using ImageJ software. Cell proliferation was determined by analyzing CellTrace dilution 
XVLQJ� D� %'� )$&6&DQWR�� ,,� ÀRZ� F\WRPHWHU� �%HFWRQ�� 'LFNLQVRQ� DQG�&RPSDQ\�� )UDQNOLQ�
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-
ZD\�DQDO\VLV�RI�YDULDQFH��$129$��ZLWK�7XNH\¶V�PXOWLSOH�FRPSDULVRQV�WHVW�
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PLFUR51$�SUR¿OLQJ�DQG�3URWHRPLFV�'DWD�,QWHJUDWLRQ

For proteomic data, protein set enrichment analysis was performed using the multi-
omics analysis toolkit GeneTrail2,88 freely available at https://genetrail2.bioinf.uni-sb.
GH��� 3URWHLQV� ZHUH� RUGHUHG�ZLWK� UHVSHFW� WR� WKH� GHJUHH� RI� GHUHJXODWLRQ� DQG� VLJQL¿FDQFH�
values were calculated by an exact algorithm relying on dynamic programming.74 Next, an 
integrative analysis of miRNAs and proteins was performed using the criteria described in 
the Results section. Two criteria were considered: 1) miRTarBase indicated strong or weak 
HYLGHQFH� WKDW�D�PLFUR51$� WDUJHWHG�D�VSHFL¿F�SURWHLQ�DQG����� WKH�H[SUHVVLRQ�SDWWHUQV�RI�
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 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 1x105 cells/mL (1x106 cells per 

agarose array) enables the establishment of larger aggregates (~200�m). (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, 50�m.  

 

 

 

 

 

 

 

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 1x105 cells/mL (1x106 
FHOOV� SHU� DJDURVH� DUUD\�� HQDEOHV� WKH� HVWDEOLVKPHQW� RI� ODUJHU� DJJUHJDWHV� �a���� ȝP��� �E�� 5HSUHVHQWDWLYH�
microscope images of aggregates cultured with distinct FBS supplementations. FBS seems to accelerate 
DJJUHJDWHV�JURZWK��SDUWLFXODUO\�GXULQJ�WKH�¿UVW�KRXUV�LQ�FXOWXUH��6FDOH�EDUV����ȝP�
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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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2.�6WHS�ZLVH� LPDJLQJ�ÀRZ�F\WRPHWU\�DQDO\VLV�RI�(9V�FRXSOHG� WR�EHDGV��D��)RFXVHG�
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 
WKH�ÀXRUHVFHQFH�VWDLQLQJ��$OH[D�)OXRU������ZDV�SORWWHG�LQ�D�KLVWRJUDP�RI�FKDQQHO���LQWHQVLW\�
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Supplementary Figure 3. Individual analysis of microRNA repertoires of MKN45 (a-c) and MKN74 (d-f) cells 
DQG�(9V��D��G��+HDWPDS�DQG�GHQGURJUDP�RI�PLFUR51$�SUR¿OHV�RI�*&�(9V�DQG�FHOOV� LQ��'�DQG��'�FXOWXUHV�
(Z-score normalized expression values). b, e) Venn diagrams showing the distribution of detected microRNAs. 
�F�� I��3ORWV�VKRZLQJ�WKH�QXPEHU�RI� WRWDO�PLFUR51$V�DQG�SHUFHQWDJH�RI�VSHFL¿F�PLFUR51$V�GHWHFWHG� LQ�HDFK�
FRQGLWLRQ����ELRORJLFDO�UHSOLFDWHV���J��K��7KH�WRS����PLFUR51$V�LQ�FHOOV��J��DQG�(9V��K��LGHQWL¿HG�E\�VXSHUYLVHG�
KLHUDUFKLFDO� FOXVWHULQJ� DFFRUGLQJ� WR� XQ�SDLUHG� W�WHVWV�� DQG� VXEMHFWHG� WR� WUDQVIRUPDWLRQ� RI� WKH� QRUPDOL]HG�
expression intensities to z- scores.
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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. 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5. GSEA analysis results. GSEA analysis of 164 microRNAs detected in EVs from 3D 
culture, showing pathways highly enriched in 3D EVs.

Supplementary Figure 6. 3URWHLQ�H[SUHVVLRQ�SUR¿OHV�RI�(9V�LVRODWHG�IURP��'�DQG��'�FXOWXUHV��+HDWPDS�DQG�
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 
KLVWRJUDPV�VKRZLQJ�WKH�ÀXRUHVFHQFH�LQWHQVLW\�RI�(9V�DVVRFLDWHG�ZLWK�GLIIHUHQW�UHFLSLHQW�FHOOV��0&)��$��1+')��
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 
DVVRFLDWHG�ZLWK�ÀXRUHVFHQWO\�ODEHOOHG�(9V��E��
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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 
ELRORJLFDO� UHSOLFDWHV�� 'DWD�ZDV� DQDO\]HG�ZLWK� RQH�ZD\� DQDO\VLV� RI� YDULDQFH� �$129$��ZLWK�7XNH\¶V�PXOWLSOH�
comparisons test.
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Supplementary Figure 9. Protein set enrichment and integrative network analysis. Three representative 
FOXVWHUV�VKRZLQJ�WKDW�PLFUR51$V��UKRPEV��WDUJHW�VSHFL¿F�SURWHLQV��UHFWDQJOHV���EHLQJ�GH�UHJXODWHG�LQ�RSSRVLWH�
direction. All proteins in EVs are down-regulated (red) while the microRNAs targeting these proteins are up-
regulated (green).
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Supplementary Table 1. Technical information regarding the 2D and 3D culture systems used in this study

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

 
Results represent the mean ± standard deviation of four biological replicates. 
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Supplementary Table 7. Detailed description of antibodies and TaqMan Advanced microRNA assays

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

Antibodies 
ID Clone Supplier Dilution Application 

,QWHJULQ�Į�� 3750 Cell Signaling Technology 1:800 WB 

,QWHJULQ�ȕ�� 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 

ȕ-catenin E-5 Santa Cruz 1:100 WB 

Importin-ȕ� E1F1G Cell Signaling Technology 1:200 WB 

Tubulin DLN-15303 Dianova 1:500 WB 

LAMP1 D4O1S Cell Signaling Technology 1:800 WB 

JAM-A 1H2A9 Santa Cruz 1:300 WB 

,QWHJULQ�Į�� C-18 Santa Cruz 1:400 WB 

CD151 17327 Cell Signaling Technology 1:500 WB 

,QWHJULQ�Į� 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 c 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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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. 

To accomplish this, we performed 
an in vivo metastatic assay by priming 
LPPXQRGH¿FLHQW� PLFH� ZLWK� *&�(9V�
secreted by 2D and 3D cultures, followed 
E\�WDLO�YHLQ�LQMHFWLRQ�RI��'�DQG��'�*&�FHOOV��
Haematoxylin-Eosin and Ki-67/keratin 
staining evaluated the resulting metastatic 
burden and proliferative rates, respectively. 
We also performed an integrative analysis 
RI� WKH�VPDOO�51$�DQG�SURWHRPLF�SUR¿OHV�RI�
cells and EVs, to dissect putative targets and 
pathways involved in GC cell dissemination 
and colonization. 

2XU�UHVXOWV�FRQ¿UPHG�GLVWLQFW�PHWDVWDWLF�
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.

Extracellular vesicles promote gastric cancer metastasis to brown adipose 
tissue

6DUD� 5RFKD�1,2,3 Mafalda Santos,1,2 Irina Amorim,1,2,3� 6DUD� 3�� 7HOHV�1,2 Patrícia Oliveira,1,2 

Joaquin J. Maqueda,1,2 Diana Martins,1,2 Nuno Mendes,1 Joana Carvalho1,2 & Carla Oliveira1,2,4

1i3S – Instituto de Investigação e Inovação em Saúde, Universidade do Porto
2Ipatimup – Institute of Molecular Pathology and Immunology of University of Porto
3ICBAS – Instituto de Ciências Biomédicas Abel Salazar, Universidade do Porto
4Department Pathology and Oncology, Faculty of Medicine, University of Porto, Porto, Portugal

Keywords 

Extracellular vesicles
Gastric cancer
Brown adipose tissue
Metastasis
Liquid biopsies
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Introduction

0HWDVWDVLV�LV�D�PXOWLVWHS�DQG�KLJKO\�LQHI¿FLHQW�SURFHVV�WKDW�DOORZV�WXPRXU�GLVVHPLQDWLRQ�
to regional or distant organs, mainly through lymphatics or the blood vasculature.1 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.2 
,Q�IDFW��WKH���\HDU�VXUYLYDO�UDWHV�VLJQL¿FDQWO\�GHFUHDVH�IURP�����WR����LI��DW�WKH�PRPHQW�
of the diagnosis, tumours have already spread to distant organs.3 GCs often disseminate 
HDUO\� LQ� WKH� GLVHDVH� WUDMHFWRU\�4,5 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.6

Extracellular vesicles (EVs) are small, membrane-enclosed vesicles that transport 
VSHFL¿F�ELRPROHFXOHV��VXFK�DV�51$V�DQG�SURWHLQV��IURP�GRQRU�WR�UHFLSLHQW�FHOOV��WKDW�FDQ�
be either localized in the surroundings or at distant sites.7 Moreover, EVs are have been 
implicated in several steps of tumour progression and metastasis.8 As so, EVs derived from 
pancreatic adenocarcinoma and melanoma contribute to the pre-metastatic niche formation 
in lymph nodes and lungs.9-11 Furthermore, EVs from tumour cells with distinct organotropism 
were shown to fuse preferentially with resident cells at their predicted destination, due 
WR�VSHFL¿F� LQWHJULQ�SUR¿OHV�FDUULHG�E\�(9V�12 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.13 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.14,15 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-
W\SH�*&�FHOOV�FXOWXUHG�LQ��'�DQG��'�FRQGLWLRQV��ZKLFK�FRQ¿UPHG�WKHLU�GLVWLQFW�PHWDVWDWLF�
organotropism. Intestinal-type GC cells metastasized solely to the lungs, and higher 
PHWDVWDWLF�EXUGHQ�ZDV�LGHQWL¿HG�IRU�FHOOV�FXOWXUHG�LQ��'��DV�FRPSDUHG�WR��'�FRXQWHUSDUWV��
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 
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DFWLYDWLRQ��2QJRLQJ�LQWHJUDWLYH�DQDO\VLV�RI�WKH�VPDOO�51$�DQG�SURWHRPLF�SUR¿OHV�RI�FHOOV�DQG�
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 
*&�FHOOV��ZH�FRQGXFWHG�WKH�IROORZLQJ�H[SHULPHQWDO�ZRUNÀRZ��)LJXUH�����%ULHÀ\��(9V�LVRODWHG�
IURP��'�DQG��'�FXOWXUHV�RI�LQWHVWLQDO��RU�GLIIXVH�W\SH�*&�FHOOV��ZHUH�LQWUDYHQRXVO\�LQMHFWHG�
LQ�QXGH�PLFH�IRU�IRXU�ZHHNV��IROORZHG�E\�D�VLQJOH�WDLO�YHLQ�LQMHFWLRQ�RI�*&�FHOOV�

(9V�LQKLELW�OXQJ�PHWDVWDVLV�RI�LQWHVWLQDO�W\SH�*&�FHOOV

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 
OHVLRQV�VKRZHG�WKDW��'�FHOOV�PRVWO\�GHYHORS�H[WHQVLYH�PHWDVWDVLV��ZKLFK�ZDV�QRW�PRGL¿HG�
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 1. Treatment scheme in the in vivo�PHWDVWDWLF�DVVD\��7DLO�YHLQ�LQMHFWLRQV�RI�(9V�LVRODWHG�IURP��'�RU��'�
*&�FXOWXUHV�ZHUH�SHUIRUPHG�IRU���ZHHNV��WZLFH�D�ZHHN���IROORZHG�E\�*&�FHOOV�LQMHFWLRQ��$QLPDOV�ZHUH�HXWKDQL]HG�
when humane endpoint was achieved. Organs and peripheral blood were collected for further analysis.
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(9V�SURPRWH�PHWDVWDVLV�RI�GLIIXVH�W\SH�*&�FHOOV�WR�EURZQ�DGLSRVH�WLVVXH

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 
ZLWK�GLVWLQFW�RUJDQRWURSLVPV��)LJXUH��$���%���+HQFH��PLFH�LQMHFWHG�ZLWK��'�FHOOV�DFKLHYHG�
D�KXPDQH�HQGSRLQW�IDVWHU�WKDQ�WKH�JURXS�LQMHFWHG�ZLWK��'�FHOOV��)LJXUH��$���0RUHRYHU���'�
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 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.
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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.
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comprised by brown adipocytes (Figure 3C). Additional lung metastasis was found both in 
PLFH�LQMHFWHG�ZLWK��'�RU��'�FHOOV��7KHVH�OHVLRQV�DUH�FXUUHQWO\�EHLQJ�VXEMHFW�RI�PLFURVFRSLF�
evaluation.

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

(9V�FDUU\�PLFUR51$V�LQYROYHG�LQ�EURZQ�DGLSRF\WH�GLIIHUHQWLDWLRQ�DQG�DFWLYDWLRQ

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 BATs.

 

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.6,16 Concordantly, in this study, intestinal-type GC cells developed lung metastatic 
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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 
SURFHVVHV��UHVSHFWLYHO\��*UH\�DUURZV�LGHQWLI\�PLFUR51$V�ZLWK�ZHDN�DVVRFLDWLRQ�RU�XQGH¿QHG�HIIHFW�
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lesions, whereas diffuse-type GC cells originated multiple and widely distributed tumour 
OHVLRQV��,QWHUHVWLQJO\��VXFK�DQDWRPLFDO�ORFDWLRQV�FRUUHVSRQGHG�WR�WKH�SUHYLRXVO\�LGHQWL¿HG�
human-like BAT and beige depots.17�+LVWRORJLFDO�DQDO\VLV�RI�WKHVH�OHVLRQV�FRQ¿UPHG�WKDW�
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 µOHDN\¶, which makes mitochondrial respiration remarkably 
LQHI¿FLHQW�18 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.19 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.20 Interestingly, visceral locations of human BATs 
included the greater omentum, transverse mesocolon, and periphery of solid organs like 
live, spleen and pancreas.21 These locations overlap with the preferential site of diffuse-
W\SH�*&�PHWDVWDVLV��VXJJHVWLQJ�WKDW�RXU�¿QGLQJV�PD\�FORVHO\�PLPLF�WKH�KXPDQ�DVSHFWV�RI�
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-
DVVRFLDWHG�(9V�KDYH�EHHQ�SUHYLRXVO\�LGHQWL¿HG�DV�VWLPXODWRUV�RI�EHLJH�EURZQ�GLIIHUHQWLDWLRQ�
and important players in the metabolic reprograming of stromal adipocytes that underlies 
tumour progression.22,23 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 
�7KHUPR�)LVKHU�6FLHQWL¿F��:DOWKDP��0$��86$��VXSSOHPHQWHG�ZLWK�����IHWDO�ERYLQH�VHUXP�
(FBS; Biowest, Nuaillé, France) and 1% penicillin–streptomycin (PS; Thermo Fisher 
6FLHQWL¿F��:DOWKDP��0$��86$���$OO�FHOOV�ZHUH�PDLQWDLQHG�DW����&� LQ����&2��KXPLGL¿HG�
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atmosphere.

EV-depleted medium was obtained by overnight ultracentrifugation at 100 000×g in a 
70Ti rotor (Beckman Coulter, Fullerton, CA, USA) of RPMI medium supplemented with 20% 
)%6�DQG����36��7KLV�(9�GHSOHWHG�PHGLXP�ZDV�¿OWHUHG�WKURXJK�D������ȝP�¿OWHU�DQG�IXUWKHU�
diluted in the same amount of RPMI medium supplemented with 1% PS and without FBS, 
WR�UHDFK�D�¿QDO�����)%6�FRQFHQWUDWLRQ�

2D and 3D GC cultures were performed as previously described14��%ULHÀ\��FHOO�PRQROD\HUV�
ZHUH�PDLQWDLQHG�LQ�QRUPDO�PHGLXP�XQWLO���±����FRQÀXHQW��DQG�WKHQ�FXOWXUHG�LQ�(9�GHSOHWHG�
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 
VSKHURLGV�ZHUH�GHWDFKHG�GLVVRFLDWHG�XVLQJ������7U\SVLQ�('7$��7KHUPR�)LVKHU�6FLHQWL¿F��
Waltham, MA, USA; 5 min, 37 °C), resuspended in normal medium and counted.

Isolation of EVs

EVs were isolated from cell culture medium by differential centrifugation, as previously 
GHVFULEHG��%ULHÀ\��FRQGLWLRQHG�PHGLXP�ZDV�VXEMHFWHG�WR�FHQWULIXJDWLRQ�DW����îJ����&�����
PLQ���DQG������îJ����&�����PLQ��DQG�¿OWHUHG�WKURXJK�D������ȝP�¿OWHU��(9V�ZHUH�SHOOHWHG�
through a 100 000×g (4°C, 4 h) centrifugation in a SW32 rotor (Beckman Coulter, Fullerton, 
CA, USA). The EVs pellet was washed in PBS without Ca2+ and Mg2+��&DSULFRUQ�6FLHQWL¿F�
GmbH, Ebsdorfergrund, Germany), recovered by 100 000×g (4°C, 2 h) centrifugation, and 
resuspended in appropriate volumes of 0.9% NaCl.

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 ~1×108-1×109�SDUWLFOHV�P/��6DPSOHV�ZHUH�DFTXLUHG�XQGHU�FRQWUROOHG�ÀXLG�ÀRZ�ZLWK�D�
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 
VRIWZDUH�DQG�D�GHWHFWLRQ�WKUHVKROG�¿[HG�DW����0RGH�DQG�PHDQ�VL]H�ZHUH�FDOFXODWHG�IURP�WKH�
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 Investigação e Inovação em Saúde (i3S).

To investigate the role of EVs in GC metastasis, 1×106��'�RU��'�(9V�ZHUH�LQMHFWHG�LQ�
WKH�WDLO�YHLQ�RI�QXGH�&%$�PLFH��WZLFH�D�ZHHN�IRU���ZHHNV��&RQWURO�PLFH�ZHUH�LQMHFWHG�DW�
WKH�VDPH�WLPHSRLQWV��ZLWK� WKH�VDPH�YROXPH�RI�YHKLFOH�������1D&O���(9V� LQMHFWLRQV�ZHUH�
IROORZHG� E\� D� VLQJOH� FHOO� LQMHFWLRQ� RI� �î��6 GC cells, also at the tail vein. Body weight 
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loss, dehydration and presence of tumour lesions were monitored. Humane endpoints were 
considered terminal. When mice were euthanized, all organs and blood were collected 
IRU� IXUWKHU� DQDO\VLV��2UJDQV�ZHUH� ¿[HG� LQ� IRUPDOLQ�� SDUDI¿Q�HPEHGGHG� DQG� VWDLQHG�ZLWK�
hematoxylin/eosin (HE) to evaluate metastases by microscopy. Blood was centrifuged at 
����îJ� ����PLQ�� URRP� WHPSHUDWXUH�� WR� FROOHFW� SODVPD�� ZKLFK�ZDV� VWRUHG� DW� ����&� XQWLO�
further analysis.

Proteomics 

EV and cell pellets obtained from 2D and 3D cultures were processed for liquid 
FKURPDWRJUDSK\±WDQGHP� PDVV� VSHFWURPHWU\� DW� WKH� L�6� 3URWHRPLFV� 6FLHQWL¿F� 3ODWIRUP��
3URWHLQ�LGHQWL¿FDWLRQ�ZDV�SHUIRUPHG�XVLQJ�WKH�8QL3URW�6ZLVV3URW�KXPDQ�GDWDEDVH�

PLFUR51$�SUR¿OLQJ�DQG�SURWHRPLFV�GDWD�LQWHJUDWLRQ�VHTXHQFLQJ�H[SHULPHQWV

Small RNA data, obtained in previous studies,14 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 
DQG�SURWHRPLF�SUR¿OHV�LV�FXUUHQWO\�EHLQJ�SHUIRUPHG�
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Regulatory T (Tregs) cells are abundant 
in the peripheral blood and among 
WXPRXU�LQ¿OWUDWLQJ� O\PSKRF\WHV� RI� JDVWULF�
cancer (GC) patients. Nevertheless, the 
role of Tregs in GC progression remains 
FRQWURYHUVLDO�� 7KLV� VWXG\� LGHQWL¿HV� D� QRQ�
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 
LQ¿OWUDWH� LQWHVWLQDO�W\SH� *&� VSKHURLGV� DQG��
VWULNLQJO\�� LQGXFH� WKH� H[SUHVVLRQ� RI� ,/�5Į�

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 
LQYDVLRQ�� 7KHVH� ¿QGLQJV� KROG� LQVLJKWIXO�
implications for therapeutic strategies 
targeting intestinal-type GCs and other 
tumours with similar immune context.

Regulatory T cells fuel de novo expression of ILR2α and proliferation of 
intestinal-type gastric cancer
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Introduction

Recent advances on the molecular aspects of gastric cancer (GC) have provided 
LQYDOXDEOH�NQRZOHGJH�WKDW�OHG�WR�WKH�LGHQWL¿FDWLRQ�RI�QHZ�DFWLRQDEOH�WDUJHWV�DQG�WKHUDSLHV�1 

Targeted treatments and immunotherapies are mainly offered to advanced cancer patients 
DQG�KDYH��VR�IDU��PLQLPDOO\�LPSURYHG�*&�SURJQRVLV��MXVWLI\LQJ�ZK\�*&�UDQNV�DV�WKH�WKLUG�
leading cause of cancer-related deaths worldwide.2 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).3,4 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 
RI� &'���,/5�Į�� DQG� QXFOHDU� H[SUHVVLRQ� RI� WKH� WUDQVFULSWLRQ� IDFWRU� )R[3��� 7UHJV� DUH�
endowed with immunosuppressive activity that enforces peripheral tolerance and maintains 
immunological homeostasis.5 However, in cancer, the immunosuppressive environment 
promoted by Tregs withholds the antitumor immune response, hence promoting tumour 
progression and dissemination.6,7� ,Q�*&�SDWLHQWV��SHULSKHUDO�EORRG�DQG� WXPRXU�LQ¿OWUDWLQJ�
lymphocytes are enriched in Tregs,8-12 which associates with increased tumour stage, poor 
prognosis and reduced patient survival.13-17 Nevertheless, other studies have shown that 
WXPRXU� LQ¿OWUDWLQJ� 7UHJV�PD\� DOVR� EH� DVVRFLDWHG� ZLWK� IDYRXUDEOH� SURJQRVLV�� VSHFL¿FDOO\�
in patients carrying tumours from the cardia or with MSI.18-20 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.21,22 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 
7UHJV�VSHFL¿FDOO\�LQ�LQWHVWLQDO��DQG�LQGHWHUPLQDWH�W\SH�*&��DV�FRPSDUHG�WR�GLIIXVH�W\SH�*&��
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 
OLQHV��:H�IRXQG�WKDW�7UHJV�DFWLYHO\�LQ¿OWUDWH�LQWHVWLQDO�W\SH�*&�VSKHURLGV��8SRQ�FR�FXOWXUH�
ZLWK�7UHJV�� LQWHVWLQDO�W\SH�*&� FHOOV� DFTXLUH� H[SUHVVLRQ� RI� ,/5�Į� DW� WKH� FHOO�PHPEUDQH��
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.
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Results

,QWHVWLQDO�W\SH�*&�PDLQWDLQ�D�SRSXODWLRQ�RI�7UHJV�DW�WKH�WXPRXU�QHVW�LQGHSHQGHQWO\�RQ�
WKH�SUHYDOHQFH�RI�HIIHFWRU�7�FHOOV

To investigate the immune T cell landscape within GC, we performed immunophenotyping 
of 82 patient samples. Each tumour section was stained simultaneously for a panel of seven 
PDUNHUV��LQFOXGLQJ�¿YH�7�FHOO�DVVRFLDWHG��&'���&'���)R[3���3'����DQG�&'������F\WRNHUDWLQ�
to label epithelial tumour cells and DAPI for nuclei detection (Figure 1A, 1B). We focused the 
DQDO\VLV�RQ�WKUHH�PDMRU�SKHQRW\SHV��GH¿QHG�DV�IROORZV�����+HOSHU�7�FHOOV��&'�+CD8-FoxP3- 
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 
FHOO�SUR¿OHV��3RRU�SHUIRUPDQFH�RI�DQWL�,/�5Į�DQWLERGLHV�LQ�WKH�LPPXQRÀXRUHVFHQFH�VWDLQLQJ�
KDPSHUHG�WKH�DQDO\VLV�RI�,/�5Į�H[SUHVVLRQ�LQ�WLVVXH�VDPSOHV�

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 
VOLJKWO\�FKDQJHG�DFURVV�*&�KLVWRORJLFDO�W\SHV��7UHJV�ZHUH�VLJQL¿FDQWO\�HQULFKHG�LQ�LQWHVWLQDO��
and indeterminate-type GC, as compared to diffuse-type GC (p ������� DQG� p ��������
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 ��������p �������DQG�p ��������UHVSHFWLYHO\���GLVSOD\�LQFUHDVHG�QXPEHUV�
of helper T cells and Tregs in comparison to diffuse-type MSS (p �������DQG�p ��������
respectively); and increased number of Tregs in comparison to mixed-type MSS (p ��������
Figure 2B-2D). Although, indeterminate-type MSS cases had increased number of Tregs 
as compared to MSI cases (p ��������)LJXUH��'���WKH�7UHJ�F\WRWR[LF�7�FHOO�UDWLR�ZDV�QRW�
VLJQL¿FDQWO\�FKDQJHG��)LJXUH��(���2YHUDOO��WKHVH�UHVXOWV�VXJJHVWHG�WKDW�LQGHWHUPLQDWH�W\SH�
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 
FHOO�SRSXODWLRQV��$V�IRU�LQWHVWLQDO�W\SH�*&��066�FDVHV�GLVSOD\HG�VLJQL¿FDQWO\�ORZHU�QXPEHUV�
of cytotoxic T cells (p ���������EXW�QRW�RI�7UHJV��DV�FRPSDUHG�WR�06,�FDVHV��)LJXUH��&���'���
This led to a higher Treg/cytotoxic T cell ratio in intestinal-type MSS cases comparing with 
MSI cases (p ��������)LJXUH��(���

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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cytotoxic T cell ratio in MSS tumours was maintained both at the stroma and tumour nest 
regions (p ������� DQG� p �������� UHVSHFWLYHO\�� )LJXUH� �)�� �*��� 2I� QRWLFH�� VHYHUDO�066�
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, 2I). 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 1. Characterization of the immune T cell landscape in GC tissue sections. (A-B) Representative composite 
DQG�VLQJOH�VWDLQLQJ�LPPXQRÀXRUHVFHQFH�LPDJHV�RI�WKH�WZR�PDLQ�KLVWRORJLFDO�*&�W\SHV��LQWHVWLQDO�W\SH��$��DQG�
GLIIXVH�W\SH��%���REWDLQHG�E\�PXOWLVSHFWUDO�LPDJLQJ��6FDOH�EDU������ȝP���&�(��0DLQ�7�FHOO�SRSXODWLRQV�LGHQWL¿HG�LQ�
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 ����
diffuse-type, n ����PL[HG�W\SH��n ����LQGHWHUPLQDWH�W\SH��n ���SDWLHQWV��%R[�DQG�ZKLVNHUV�UHSUHVHQW�PHGLDQ���
10–90 percentile. *p<0.05, **p�������.UXVNDO�:DOOLV�WHVW�ZLWK�'XQQ¶V�PXOWLSOH�FRPSDULVRQ�WHVW�
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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���������7ZR�ZD\�$129$�ZLWK�7XNH\¶V�6LGDN¶V�
multiple comparisons test (B-E) and Mann-Whitney U test (F-I).
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7UHJV�DFWLYHO\�LQ¿OWUDWH�LQWHVWLQDO�W\SH�*&�VSKHURLGV

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-,/5�Į+ T cells, which 
are highly enriched in Tregs, from the peripheral blood of healthy donors (Supplementary 
Figure 2). As a control, CD3+CD4+CD127+,/5�Į-�FHOOV��QDwYH�7�FHOOV��ZHUH�DOVR�FROOHFWHG�
from the same donors.

7� FHOOV� �HLWKHU� 7UHJV� RU� QDwYH� 7� FHOOV�� ZHUH� DGGHG� WR� *&� VSKHURLGV� UHFDSLWXODWLQJ�
intestinal- or diffuse-type GC (Figure 3A). Co-cultures, imaged with time-lapse for 48 h, 
HYLGHQFHG�GLVWLQFW�7UHJ�LQ¿OWUDWLRQ�FDSDFLWLHV�GHSHQGLQJ�RQ�*&�KLVWRORJ\��)LJXUH��%���&���
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, 
�&���$V�IDU�DV�QDwYH�7�FHOOV�DUH�FRQFHUQHG��DFFXPXODWLRQ�HLWKHU�LQVLGH�RU�DW�WKH�SHULSKHU\�RI�
spheroids was very low as compared to that of Tregs (Figure 3D, 3E). These observations 
VXSSRUW�WKH�¿QGLQJV�IURP�SDWLHQWV¶�WXPRXUV�DQG�UHLQIRUFH�VSHFL¿F�FURVVWDON�EHWZHHQ�7UHJV�
DQG�LQWHVWLQDO�W\SH�*&�FHOOV��$FWLYH�LQ¿OWUDWLRQ�RI�LQWHVWLQDO�W\SH�*&�VSKHURLGV�E\�7UHJV�ZDV�
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 
D�VPDOO�IUDFWLRQ�RI�7UHJV�ZDV�DFWLYHO\�LQ¿OWUDWLQJ�WKH�VSKHURLGV��)LJXUH��)��/���UHFDSLWXODWLQJ�
WKH�SURSRUWLRQ�RI�7UHJ�LQ¿OWUDWLRQ�REVHUYHG�LQ�SDWLHQWV¶�LQWHVWLQDO�WXPRXUV��)LJXUH��$���

7UHJV�LQGXFH�,/5�Į�H[SUHVVLRQ�DW�WKH�PHPEUDQH�RI�LQWHVWLQDO�W\SH�*&�FHOOV

Next, we investigated whether GC cells could affect the phenotype of T cells and vice-
YHUVD��:H� VWDUWHG� E\� DQDO\VLQJ� WKH� H[SUHVVLRQ� RI� &'��� &'��� ,/5�Į� DQG� )R[3�� 7� FHOO�
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 
ERWK�LQ�7�FHOOV��7UHJV�DQG�QDwYH��VWDLQHG�ZLWK�&79��DQG�LQ�*&�FHOOV��ZH�IROORZHG�WKH�JDWLQJ�
VWUDWHJ\�VKRZHG�RQ�6XSSOHPHQWDU\�)LJXUH����%RWK�7UHJV�DQG�QDwYH�7�FHOOV�PDLQWDLQHG�WKHLU�
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 
,/5�Į�DQG�)R[3���6XUSULVLQJO\��ZKHQ�FR�FXOWXULQJ�LQWHVWLQDO�W\SH�*&�FHOOV�ZLWK�7UHJV��EXW�
QRW�ZLWK�QDwYH�7�FHOOV��*&�FHOOV�VKRZ�GH�QRYR�H[SUHVVLRQ�RI�PHPEUDQRXV�,/5�Į��)LJXUH��%��
�&���WKH�Į�FKDLQ�RI�WKH�,/��UHFHSWRU��7KLV�SKHQRPHQRQ�ZDV�VSHFL¿F�IRU�LQWHVWLQDO�W\SH�*&�
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 
ZLWK�,/��DQG�LQFUHDVLQJ�FRQFHQWUDWLRQV�RI�DQWL�&'��DQWL�&'���EHDGV��QR�,/5�Į�LQGXFWLRQ�
was observed (Supplementary Figure 5A). Moreover, conditioned media from co-cultures 
GLG�QRW�HOLFLW�,/5�Į�H[SUHVVLRQ�LQ�WXPRXU�FHOOV�IURP�VSKHURLGV�WKDW�KDYH�QRW�EHHQ�SUHYLRXVO\�
exposed to T cells (Supplementary Figure 5B, 5C).  
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Figure 3. 7�FHOO�LQ¿OWUDWLRQ�RI�*&�VSKHURLGV���$��6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�FR�FXOWXUH�WLPHOLQH��6SKHURLGV�
(green) resembling intestinal- and diffuse-type GC were independently cultured for 7 days. Thereafter, Tregs 
DQG�QDwYH�7�FHOOV��UHG��ZHUH�VRUWHG�IURP�SHULSKHUDO�EORRG�RI�KHDOWK\�GRQRUV��EDVHG�RQ�WKH�H[SUHVVLRQ�RI�&'���
&'���&'�����DQG�,/5�Į�7�FHOO�PDUNHUV��DQG�DGGHG�WR�*&�VSKHURLGV��$IWHU���K�RI�FR�FXOWXUH��VSKHURLGV�ZHUH�
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 
FR�FXOWXUHG�ZLWK�7UHJV���'��LQWHVWLQDO�W\SH�VSKHURLGV�FR�FXOWXUHG�ZLWK�QDwYH�7�FHOOV���(��GLIIXVH�W\SH�VSKHURLGV�
FR�FXOWXUHG�ZLWK�QDwYH�7�FHOOV���)�*��/LJKW�VKHHW�PLFURVFRS\�RI���K�FR�FXOWXUHV�RI�LQWHVWLQDO�W\SH�*&�VSKHURLGV�
(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 
UHJLRQV�LQGLFDWHG�LQ��*��a����QP���+��a����QP��DQG��,��a����QP��WR�WKH�HQWLUH�FR�FXOWXUH��6FDOH�EDU�����ȝP�
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:H� IXUWKHU� FRQ¿UPHG� E\� LPDJLQJ� ÀRZ� F\WRPHWU\�� WKDW� DIWHU� FR�FXOWXUH� ZLWK� 7UHJV��
LQWHVWLQDO�W\SH�*&�FHOOV�GLVSOD\HG�D�����IROG� LQFUHDVH�RI� WKH�PHGLDQ�PHPEUDQRXV� ,/5�Į�
ÀXRUHVFHQFH�LQWHQVLW\������������D�X����LQ�FRPSDULVRQ�WR�*&�FHOOV�FXOWXUHG�ZLWK�QDwYH�7�FHOOV�
(1839 ± 71 a.u.; Figure 4F, 4G). 

Altogether, these results suggest that while GC cells do not seem to affect the phenotype 
RI�7UHJV��WKHLU�GLUHFW�LQWHUDFWLRQ�LQGXFHV�H[SUHVVLRQ�RI�,/5�Į�DW�WKH�PHPEUDQH�RI�LQWHVWLQDO�
type GC cells.

 

,/5�Į�H[SUHVVLRQ�LQ�LQWHVWLQDO�W\SH�*&�FHOOV�DVVRFLDWHV�ZLWK�0$3.�VLJQDOOLQJ�SDWKZD\�
DFWLYDWLRQ�DQG�VSKHURLG�JURZWK

IL2 is a key cytokine in the regulation of immune cell activation and proliferation, 
SDUWLFXODUO\� LQ�7UHJV� DQG� HIIHFWRU�7� FHOOV�� ,Q� LPPXQH� FHOOV�� WKH� KLJK�DI¿QLW\� ,/�� UHFHSWRU��
FRPSULVLQJ� WKH� Į�FKDLQ� �&'����� ȕ�FKDLQ� �&'����� DQG� ȖF�FKDLQ� �&'������ LQLWLDWHV� VLJQDO�
transduction via JAK1/3, leading to the activation of MAPK, PI-3K and STAT signalling 
pathways.25,26 We tested whether these pathways were activated in intestinal-type GC 
FHOOV�H[SUHVVLQJ�,/5�Į��VLQFH��WR�WKH�EHVW�RI�RXU�NQRZOHGJH�,/5�Į�H[SUHVVLRQ�KDV�QHYHU�
EHHQ�GHVFULEHG�LQ�HSLWKHOLDO� WXPRXU�FHOOV��:H�REVHUYHG�WKDW�VRUWHG�,/5�Į+ 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 ��������)LJXUH��&���'��
6XSSOHPHQWDU\�)LJXUH��&��� ,QGHHG��GXULQJ� WKH�¿UVW����K�RI�FR�FXOWXUH��*&�7UHJ�VSKHURLG�
growth rate particularly increased in the 1:5 condition in comparison to control spheroids, and 
WR�*&�QDwYH�7�FHOO�FR�FXOWXUHV��)LJXUH��&���7KLV�REVHUYDWLRQ�LQGLFDWHV�DQ�HDUO\�SUROLIHUDWLYH�
HIIHFW�RI�7UHJV�RYHU�LQWHVWLQDO�W\SH�*&�FHOOV��,Q�FRQWUDVW��7UHJV��EXW�QRW�QDwYH�7�FHOOV��LQGXFHG�
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.

(DUO\�VWDJH�LQWHVWLQDO�W\SH�*&V�DUH�HQULFKHG�LQ�7UHJV

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, 
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Figure 4. Characterization of GC and T cells after 48 h of co-culture. (A) Representative pseudocolour plots with 
WKH�H[SUHVVLRQ�RI�&'���&'���,/5�Į��DQG�)R[3��7�FHOOV�PDUNHUV�E\�ÀRZ�F\WRPHWU\�VKRZ�WKDW�7UHJV�DQG�QDwYH�7�
FHOOV�PDLQWDLQ�WKHLU�FKDUDFWHULVWLF�SKHQRW\SH�DIWHU���K�RI�FR�FXOWXUH���%�(��4XDQWLWDWLYH�H[SUHVVLRQ�RI�,/5�Į�LQ�
*&�FHOOV���%��'��3ORWV�VKRZLQJ�SHUFHQWDJH�RI�,/5�Į�SRVLWLYH�LQWHVWLQDO���%��RU�GLIIXVH�W\SH�*&��'��FHOOV�DIWHU����K�
FR�FXOWXUH�ZLWK�7UHJV��EODFN��RU�QDwYH�7�FHOOV��JUH\���'DWD�DUH�VKRZQ�DV�PHDQ���6'�IRU�FR�FXOWXUHV�WUHDWHG�ZLWK�
T cells isolated from at least 6 healthy donors. **p<0.01, ****p���������7ZR�ZD\�$129$�ZLWK�'XQQHWW¶V�PXOWLSOH�
FRPSDULVRQV�WHVW���&��(��5HSUHVHQWDWLYH�KLVWRJUDPV�RI�,/5�Į�H[SUHVVLRQ�LQ�LQWHVWLQDO���&��RU�GLIIXVH�W\SH�*&�
(E) cells after co-cultured at 1:1 (red) or 1:5 (blue) proportions with T cells. (F-G) Detection of membranous 
,/5�Į�H[SUHVVLRQ�E\�LPDJLQJ�ÀRZ�F\WRPHWU\���)��5HSUHVHQWDWLYH�LPDJHV�RI�,/5�Į�H[SUHVVLRQ�LQ�,/5�Į�SRVLWLYH�
�WRS�OHIW��DQG�QHJDWLYH��WRS�ULJKW��LQWHVWLQDO�*&�FHOOV��DV�ZHOO�DV�LQ�7UHJV��ERWWRP�OHIW��DQG�QDwYH�7�FHOOV��ERWWRP�
ULJKW���6FDOH�EDU�����ȝP���*��5HSUHVHQWDWLYH�KLVWRJUDP�RI�,/5�Į�H[SUHVVLRQ�DW�WKH�FHOO�PHPEUDQH��OHIW�JUDSK��
RI�LQWHVWLQDO�W\SH�*&�FHOOV�FR�FXOWXUHG�ZLWK�QDwYH�7�FHOOV����GDUN�OLQH��RU�7UHJV����SLQN�OLQH��DW�����SURSRUWLRQ�DQG�
DIWHU����K�RI�FR�FXOWXUH��4XDQWL¿FDWLRQ�RI�WKH�PHGLDQ�,/5�Į�LQWHQVLW\�DW�WKH�FHOO�PHPEUDQH��ULJKW�JUDSK���*UDSKV�
represent data from at least three independent experiments.



150 Chapter 3150

p ��������)LJXUH��$��WXPRXU�QHVW��S7��YV�S7���p �������DQG�S7��YV�S7���p ��������)LJXUH�
6B; stroma: pT1 vs pT4, p ��������DQG�S7��YV�S7���p ��������)LJXUH��&���$GGLWLRQDOO\��D�
higher density of Tregs was also associated with the absence of vascular (p ��������)LJXUH�
6D) and perineural invasion (p ��������)LJXUH��(���,PSRUWDQWO\��QRQH�RI�WKHVH�DVVRFLDWLRQV�
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 5. Spheroid growth after co-culture 
with T cells. (A-B) Western blot analysis for 
phosphorylated (p-ERK1/2) and total ERK1/2 
SURWHLQ� OHYHOV� LQ� LQWHVWLQDO�W\SH� ,/5�Į� SRVLWLYH�
and negative cells after 48 h co-culture with 
Tregs (1:5 proportion). (A) WB scans and 
(B) normalized expression represent three 
independent experiments. (C) Plots of growth 
area for intestinal GC spheroids co-cultured 
ZLWK� 7UHJV� �OHIW� JUDSK�� RU� QDwYH� 7� FHOOV� �ULJKW�
graph) for 48 h. Control spheroids (dark) 
represent intestinal-type 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 mean ± 
SD of three independent co-cultures. **p<0.01. 
7ZR�ZD\� $129$� ZLWK� 'XQQHWW¶V� PXOWLSOH�
comparisons test. (D) Representative images of 
Ki-67 nuclear expression (dark brown nuclei) in 
intestinal-type GC spheroids after 48 h of co-
FXOWXUH�ZLWK�7UHJV�RU�QDwYH�7�FHOOV��DW�GLIIHUHQW�
1:0 (control), 1:1, 1:5 or 1:15 proportions.
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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 
����$FFRUGLQJ�WR�RXU�¿QGLQJV��LQWHVWLQDO�W\SH�*&V�DUH�HQULFKHG�LQ�7UHJV�WKDW�SUHIHUHQWLDOO\�
DFFXPXODWH�GXULQJ�WKH�LQLWLDO�VWHSV�RI�WXPRXU�SURJUHVVLRQ��7UHJV�WKDW�VXFFHVVIXOO\�LQ¿OWUDWH�
the tumour nest of intestinal-type GCs may directly contribute to tumour growth by inducing 
PHPEUDQRXV�H[SUHVVLRQ�RI�,/5�Į�LQ�WXPRXU�FHOOV��ZKLFK�DVVRFLDWHG�ZLWK�0$3.�SDWKZD\�
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,27,28 suggest that Treg accumulation 
PD\�EH�D�FRQVHTXHQFH�RI� LQÀDPPDWLRQ�DQG�RFFXUV�EHIRUH�*&� LQLWLDWLRQ��7KHVH�¿QGLQJV�
have initially fostered our hypothesis that Tregs might differently contribute to the neoplastic 
GHYHORSPHQW�RI� WXPRXUV�DULVLQJ� LQ�GLVWLQFW� LQÀDPPDWRU\�FRQWH[WV��7R� LQYHVWLJDWH� WKLV�DQG�
considering recent data on the importance of studying the immunophenotype of GC,29,30 
we performed a single-cell spatial analysis of the immune landscape of GC tumours with 
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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 ���7���n ���7���n ����7���n �����'��'HQVLW\�RI�7UHJV�LQ�LQWHVWLQDO�W\SH�*&�ZLWK�DEVHQFH��n ���RU�
SUHVHQFH��Q ����RI�YDVFXODU�LQYDVLRQ���(��'HQVLW\�RI�7UHJV�LQ�LQWHVWLQDO�W\SH�*&�ZLWK�DEVHQFH��n ����RU�SUHVHQFH�
(n ����RI�SHULQHXUDO�LQYDVLRQ���)��6XPPDU\�RI�WKH�DVVRFLDWLRQ�RI�7UHJ�GHQVLW\�ZLWK�FOLQLFRSDWKRORJLFDO�IHDWXUHV�
of intestinal-type GC. Box and whiskers represent median ± 10–90 percentile. *p<0.05, **p<0.01; Kruskal-Wallis 
WHVW�ZLWK�'XQQ¶V�PXOWLSOH�FRPSDULVRQ�WHVW��$�&��DQG�0DQQ�:KLWQH\�8�WHVW��'�)��
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distinct histology. Our results showed that among the T cell populations analysed, Tregs 
were enriched in intestinal-type and indeterminate-type GC, which are often associated 
WR�FKURQLF�LQÀDPPDWLRQ��LQ�FRPSDULVRQ�WR�GLIIXVH�W\SH�*&��7KLV�DVVRFLDWLRQ�RI�7UHJV�ZLWK�
LQÀDPPDWRU\�HQYLURQPHQWV� VXSSRUWV� WKH�SURSRVHG�PHFKDQLVPV�RI�7UHJ�DFFXPXODWLRQ� LQ�
*&�WXPRXUV�EDVHG�RQ�&&/���&&/���PHGLDWHG� UHFUXLWPHQW�RI�7UHJV�RU�7*)�ȕ�PHGLDWHG�
FRQYHUVLRQ�RI�QDwYH�7�FHOOV� LQWR�7UHJV�31-33 Another similarity between intestinal-type and 
indeterminate-type GCs was the increased proportion of MSI cases, which could elicit 
stronger anti-tumour immune responses.34 Indeterminate-type MSS GCs showed elevated, 
though highly variable, T cell numbers that likely recapitulate the heterogenous nature of 
these tumours. Interestingly, in intestinal-type GCs, we observed an unbalanced ratio of 
7UHJV�DQG�F\WRWR[LF�7�FHOOV��FRPSDULQJ�066�DQG�06,�WXPRXUV��6XFK�¿QGLQJV�ZHUH�PRUH�
evident at the tumour nest of MSS tumours, where the number of Tregs greatly overdid the 
number of cytotoxic T cells. This excess of Tregs at the tumour nest fostered the hypothesis 
of a direct crosstalk between Tregs and intestinal-type tumour cells. Hence, we established 
direct co-cultures of T cells and 3D GC spheroids recapitulating the histological properties 
of intestinal- and diffuse-type GC.24�7KLV�YDOXDEOH� WRRO�DOORZHG�XV� WR�DVVHVV�VSHFL¿F�DQG�
DFWLYH� VSKHURLG� LQ¿OWUDWLRQ� E\� 7� FHOOV��$V� WXPRXUV� FDQ� UHPRGHO� WKHLU� PLFURHQYLURQPHQW��
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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 
WKDW�7UHJV�LQGXFH�,/5�Į�H[SUHVVLRQ�DW�WKH�PHPEUDQH�RI�WXPRXU�FHOOV��ZKLFK�DVVRFLDWHV�ZLWK�DFWLYDWLRQ�RI�0$3.�
signalling pathway, increased proliferation, and spheroid growth. Further studies are required to understand the 
PHFKDQLVP�EHKLQG�,/5�Į�H[SUHVVLRQ�LQ�WXPRXU�FHOOV�DQG�LWV�LPSOLFDWLRQV�LQ�IXWXUH�,2�WKHUDSLHV�
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PRGXODWLQJ�7UHJV¶� SKHQRW\SH�RU� HYHQ� FRQYHUWLQJ�QDwYH�7� FHOOV� LQWR�7UHJV�7 we prepared 
co-cultures with T cells isolated from healthy donors, presumably without prior contact with 
WXPRXU�FHOOV��:H�GHPRQVWUDWHG�WKDW�RQO\�D�VPDOO�IUDFWLRQ�RI�7UHJV�LQ¿OWUDWHV�*&�VSKHURLGV��
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 
DW�WKH�*&�VWURPD�FRPSDULQJ�WR�WXPRXU�QHVW�����7UHJV��EXW�QRW�QDwYH�7�FHOOV��LQ¿OWUDWH�*&�
spheroids, recapitulating the increased Treg numbers observed in the tumour nest; 3) Tregs 
SUHIHUHQWLDOO\�LQ¿OWUDWH�LQWHVWLQDO�W\SH�*&�VSKHURLGV��PLPLFNLQJ�WKH�KLVWRORJLFDO�GLIIHUHQFHV�
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,24�ZKLFK�ZRXOG�KDPSHU�7UHJ�LQ¿OWUDWLRQ��)XUWKHUPRUH��RXU�VWXG\�VXJJHVWV�WKDW�WKH�
interaction between Tregs and tumour cells has functional consequences, as intestinal-type 
FHOOV�DFTXLUH�,/5�Į�H[SUHVVLRQ�DW�WKH�FHOO�PHPEUDQH��KDYH�VWLPXODWLRQ�RI�0$3.�VLJQDOOLQJ�
SDWKZD\�DQG�LQFUHDVHG�VSKHURLG�JURZWK��7R�RXU�NQRZOHGJH��WKLV�LV�WKH�¿UVW�VWXG\�UHSRUWLQJ�
,/5�Į�GH�QRYR�H[SUHVVLRQ�LQ�HSLWKHOLDO�WXPRXU�FHOOV��ZKLFK�PD\�KROG�LPSRUWDQW�LPSOLFDWLRQV�
for the design of novel therapeutic strategies. Thus, it is critical to further understand the 
PHFKDQLVPV�WKDW�OHDG�WR�,/5�Į�H[SUHVVLRQ�LQ�WXPRXU�FHOOV�DQG�LWV�PROHFXODU�FRQVHTXHQFHV��
2XU�GDWD�VXJJHVWV�WKDW�,/5�Į�LV�QRW�SDVVLYHO\�WUDQVIHUUHG�IURP�7UHJV�WR�WXPRXU�FHOOV��DV�
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 
FR�FXOWXUHV�ZDV�QRW�VXI¿FLHQW�WR�LQGXFH�,/5�Į�H[SUHVVLRQ�LQ�RWKHU�LQWHVWLQDO�W\SH�*&�FHOOV��
Thus, it is unlikely that Treg-derived soluble factors or extracellular vesicles could actively 
IRVWHU�RU�WUDQVIHU�,/5�Į�WR�WXPRXU�FHOOV��:H�H[SHFW�WKDW�IXUWKHU�VWXGLHV�IRFXVHG�RQ�GLUHFW�FHOO�
cell interactions between Tregs and tumour cells, will enlighten the mechanisms underlying 
,/5�Į�H[SUHVVLRQ�LQ�WXPRXU�FHOOV��

,Q�LPPXQH�FHOOV��,/5�Į�LV�NQRZQ�WR�ELQG�,/��DQG�IRUP�KHWHURGLPHUV�ZLWK�WKH�ȕ���&'�����
DQG�ȖF���&'�����FKDLQV�RI�WKH�,/��UHFHSWRU��WR�DFWLYDWH�GRZQVWUHDP�VLJQDOOLQJ�WUDQVGXFWLRQ�25,26 
+HQFH��LW�ZRXOG�EH�LPSRUWDQW�WR�DGGUHVV�ZKHWKHU�,/5�Į�WXPRXU�FHOOV�DGGLWLRQDOO\�H[SUHVV�
ȕ��DQG�DQG�ȖF�FKDLQV�RI�,/�5��DQG�DUH�UHVSRQVLYH�WR�,/��VLJQDOV��7KHVH�H[SHULPHQWV�DUH�
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 
H[SUHVVLRQ� RI� ,/5�Į� LQ� WXPRXU� FHOOV�� PD\� JUHDWO\� LPSDFW� WKH� WKHUDSHXWLF� VWUDWHJLHV� IRU�
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.35 Our 
UHVXOWV�VXJJHVW�WKDW��XQGHU�VSHFL¿F�WXPRXU�FRQWH[WV��WKHUDSLHV�EDVHG�RQ�,/��DGPLQLVWUDWLRQ�
PD\�IDYRXU�WXPRXU�JURZWK�LQVWHDG�RI�MXVW�SURPRWLQJ�LPPXQH�7�FHOO�SUROLIHUDWLRQ�DQG�VXUYLYDO��
$GGLWLRQDOO\�� WXPRXU�FHOOV�H[SUHVVLQJ� ,/5�Į�DW� WKH�PHPEUDQH�PD\�FRPSHWH�ZLWK�HIIHFWRU�
T cells for IL2, a tumour immune evasion strategy that, until now, was solely attributed 
to Tregs.7 Finally, innovative tumour therapies may arise directly from knowing that the 
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LQLWLDO�VWHSV�RI�WXPRXU�JURZWK�PD\�EH�GHSHQGHQW�SRWHQWLDWHG�E\�,/5�Į�PHGLDWHG�VLJQDOOLQJ��
6WUDWHJLHV�WDUJHWLQJ�,/5�Į36�FDQ�EH�VSHFL¿FDOO\�GLUHFWHG�WR�HSLWKHOLDO�FHOOV��ZKLFK�PD\�UHGXFH�
WKH�VHFRQGDU\�HIIHFWV�IURP�XQVSHFL¿F�WDUJHWLQJ�RI�7UHJV�

Overall, our study suggests that during the early steps of intestinal-type gastric 
carcinogenesis, Treg cells accumulate within the tumour microenvironment and, likely 
WKURXJK� D� FRQWDFW�GHSHQGHQW�PHFKDQLVP�� SURPRWH� ,/5�Į� H[SUHVVLRQ� DQG� VWLPXODWLRQ� RI�
JURZWK� VLJQDOOLQJ� SDWKZD\V�� VXFK� DV�0$3.�SDWKZD\�� LQ� WXPRXU� FHOOV��2XU� ¿QGLQJV� KROG�
SURPLVLQJ�DQG�UHOHYDQW�LPSOLFDWLRQV�IRU�IXWXUH�,2�WKHUDSLHV�DQG�SDWLHQW�VWUDWL¿FDWLRQ�LQ�*&��
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 Universitário São João (CHUSJ; 
Porto, Portugal). Clinicopathological features were collected from medical and pathological 
UHFRUGV�IRU�IXUWKHU�DQDO\VLV��7DEOH�6����)RUPDOLQ�¿[HG�SDUDI¿Q�HPEHGGHG��))3(��VSHFLPHQV�
from 41 intestinal-type, 15 diffuse-type, 11 mixed-type, and 15 indeterminate-type GC 
WXPRXUV��DFFRUGLQJ�WR�/DXUpQ�KLVWRORJLFDO�FODVVL¿FDWLRQ��ZHUH�LQFOXGHG��)RU�HDFK�FDVH��WKH�
+	(�VWDLQHG�VHFWLRQ�XVHG�IRU�KLVWRORJLFDO�FODVVL¿FDWLRQ�ZDV�VHTXHQWLDO�WR�WKH�RQH�XVHG�IRU�
LPPXQRSKHQRW\SLQJ�DQDO\VLV��WR�DOORZ�WKH�DVVRFLDWLRQ�EHWZHHQ�WKH�7�FHOO�LPPXQH�SUR¿OLQJ�
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 
LQ�WKLV�VWXG\�ZDV�WUHDWHG�ZLWK�QHRDGMXYDQW�FKHPRWKHUDS\�QRU�FKHPR�UDGLDWLRQ�WKHUDS\��7KH�
study was approved by the CHUSJ Ethics Committee (protocol 78/13).

,PPXQRÀXRUHVFHQFH�VWDLQLQJ��LPDJH�DFTXLVLWLRQ��DQG�DQDO\VLV

T cell immunophenotyping of GC samples was performed using a seven-target 
LPPXQRÀXRUHVFHQFH� GHWHFWLRQ� SURWRFRO� RQ� VLQJOH� ))3(� WLVVXH� VHFWLRQV�� IROORZLQJ� D�
SUHYLRXVO\� GHVFULEHG� FRPELQDWLRQ� RI� W\UDPLGH� VLJQDO� DPSOL¿FDWLRQ� �76$��ZLWK� GLUHFW� DQG�
indirect immunostaining.36�%ULHÀ\��DIWHU�DQ�LQLWLDO�GHSDUDI¿QLVDWLRQ�RI����P�WLVVXH�VHFWLRQV�
with xylene and washing with ethanol, endogenous peroxidase was inactivated by blocking 
with 0.3% hydrogen peroxide in methanol (20 min; Merck Millipore, Burlington, MA, USA) 
and heat-induced antigen retrieval was performed with Tris-EDTA buffer (10 mM/1 mM, 
pH 9.0, 10 min). After cooling, slides were incubated with Superblock solution (30 min; 
7KHUPR� )LVKHU� 6FLHQWL¿F�� :DOWKDP�� 0$�� 86$�� WR� EORFN� QRQ�VSHFL¿F� ELQGLQJ�� )RU� 76$��
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 
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WKH�LQGLUHFW�LPPXQRÀXRUHVFHQFH�VWHS��PLFURZDYH�LQGXFHG�DQWLERG\�VWULSSLQJ�ZDV�DFKLHYHG�
by incubating slides in citrate buffer (10 mM, pH 6.0) at 90 W for 15 min. For the two-
VWHS�LPPXQRÀXRUHVFHQFH�GHWHFWLRQ��VOLGHV�ZHUH�LQFXEDWHG�ZLWK�DQWL�)R[3������$�(��������
GLOXWLRQ��7KHUPR�)LVKHU�6FLHQWL¿F���DQWL�&'����%���������GLOXWLRQ��'DNR��*ORVWUXS��'HQPDUN��
and anti-CD103 (EPR4166 2, 1:100 dilution; Abcam, Cambridge, UK) primary antibodies 
RYHUQLJKW��DQG�ZLWK�FRUUHVSRQGLQJ�FRQMXJDWHG�VHFRQGDU\�DQWLERGLHV��&)�DQG�$OH[D�)OXRU�
G\HV��6LJPD±$OGULFK��6DLQW�/RXLV��02��86$��DQG�7KHUPR�)LVKHU�6FLHQWL¿F��UHVSHFWLYHO\��IRU�
���PLQ��'LUHFW�FRQMXJDWHG�DQWLERGLHV�DQWL�&'��$)�����(3���(��$EFDP��DQG�DQWL�NHUDWLQ�
$)�����$(��$(��DQG�&����7KHUPR�)LVKHU�6FLHQWL¿F�DQG�&HOO�6LJQDOOLQJ�7HFKQRORJ\��ZHUH�
incubated for 5 h, after which slides were incubated with DAPI (1 µM) 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 
3DWKRORJ\� ,PDJLQJ�6\VWHP���î�PDJQL¿FDWLRQ��3HUNLQ�(OPHU��DIWHU�ZKLFK� WKUHH�UHJLRQV�RI�
interest at the tumour core and another three at the invasive front were scanned with 20× 
PDJQL¿FDWLRQ������î������P�LPDJHV���6LQJOH�PDUNHU�LPPXQRVWDLQLQJV�ZHUH�XVHG�WR�FUHDWH�
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+CD8-FoxP3- 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 
7�FHOO�SUR¿OHV��)RU�HDFK�RI�WKH�SUHYLRXV�VWHSV��i.e., tissue segmentation, cell segmentation, 
and immunophenotyping), the InForm Cell Analysis software was manually trained before 
DXWRPDWHG�FODVVL¿FDWLRQ��&HOO�GHQVLW\� �FHOOV�PP-2) was calculated by normalizing the cell 
counts by the tissue area of a given image.

*DVWULF�&DQFHU��'�FHOO�FXOWXUH

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 (1×105 cells mL-1; abc biopply, Solothurn, Switzerland), as previously described,33 
DQG�FXOWXUHG�LQ�530,������PHGLXP��7KHUPR�)LVKHU�6FLHQWL¿F��VXSSOHPHQWHG�ZLWK�����IHWDO�
bovine serum (FBS; Biowest, Nuaillé, France) and 1% penicillin-streptomycin (PS; Thermo 
)LVKHU�6FLHQWL¿F���DW�����&� LQ����&2��KXPLGL¿HG�DWPRVSKHUH�� IRU���G� WR�DOORZ�VSKHURLG�
formation before co-culture with T cells.

3UHSDUDWLRQ�RI�7UHJ�DQG�QDwYH�7�FHOO�HQULFKHG�VDPSOHV

Human T cells were freshly isolated from anonymized healthy donor buffy coats, provided 
by Instituto Português do Sangue e da Transplantação (Porto, Portugal). The isolation of 
immune cells from healthy blood donors was approved by the CHUSJ Ethics Committee 
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(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 1200×g (10 min, 
with the brake on). Resulting peripheral blood mononuclear cells (PBMCs) were enriched 
for CD4+�7�FHOOV�XVLQJ�0RMR6RUW70�+XPDQ�&'��7�&HOO�,VRODWLRQ�.LW��%LR/HJHQG��6DQ�'LHJR��
6$��86$���$FFRUGLQJ�WR�WKH�PDQXIDFWXUHU�LQVWUXFWLRQV��3%0&V�ZHUH�¿OWHUHG�WKURXJK�D����
µm 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 
6FLHQWL¿F���7KHUHDIWHU��&'�+�7�FHOOV�ZHUH�LQFXEDWHG�ZLWK�ÀXRUHVFHQW�FRQMXJDWHG�DQWLERGLHV�
DQWL�&'��3(��2.7���������GLOXWLRQ��7KHUPR�)LVKHU�6FLHQWL¿F���DQWL�&'��),7&��2.7���������
GLOXWLRQ��7KHUPR�)LVKHU�6FLHQWL¿F���DQWL�,/�5Į�3(�&\���%&���������GLOXWLRQ��7KHUPR�)LVKHU�
6FLHQWL¿F��DQG�DQWL�&'����$3&�&\���H%LR5'5��������GLOXWLRQ��7KHUPR�)LVKHU�6FLHQWL¿F��IRU�
30 min. Fluorescence-activated cell sorting (FACS) of Tregs (CD3+CD4+CD127-,/�5Į+) and 
QDwYH�7�FHOOV��&'�+CD4+CD127+,/�5Į-��ZDV�SHUIRUPHG�RQ�)$&6$ULD,,�ÀRZ�F\WRPHWHU��%'�
Biosciences). Further details on the antibodies used can be found in Table S2.

&R�FXOWXUH�RI�*&�VSKHURLGV�DQG�7�FHOOV

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/
QDwYH�7�FHOOV�ZHUH�DGGHG�WR�WKH�FXOWXUH�PHGLD�DW����������DQG�������*&�FHOO�7�FHOO��UDWLRV��
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-1; 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

7R�PRQLWRU�7�FHOO�LQ¿OWUDWLRQ�LQWR�WXPRXU�VSKHURLGV��0.1���DQG�0.1���FHOO�OLQHV�VWDEO\�
H[SUHVVLQJ�P(PHUDOG�ZHUH�XVHG�WR�IRUP�WKH�*&�VSKHURLGV��DQG�VRUWHG�7UHJV�DQG�QDwYH�7�
cells were stained with CellTrace™ Far Red (CTFR) Cell Proliferation Kit (20 min, 37°C; 
7KHUPR� )LVKHU� 6FLHQWL¿F�� EHIRUH� FR�FXOWXUH�� )LUVW�� FR�FXOWXUHV� ZHUH� LPDJHG� XVLQJ� DQ�
DXWRPDWHG�ÀXRUHVFHQFH�ZLGH¿HOG�+&6�PLFURVFRSH��,1�&HOO�$QDO\]HU�������*(�+HDOWKFDUH��
&KLFDJR��,/��86$���HTXLSSHG�ZLWK�D�3ODQ�)OXRU�1LNRQ���[������REMHFWLYH�OHQV�DQG�D�ODUJH�
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.

7R� IXUWKHU�FRQ¿UP�7UHJ� �&7)5�� LQ¿OWUDWLRQ� LQWR� LQWHVWLQDO�W\SH�*&�VSKHURLGV� �0.1���
(PHUDOG���VSKHURLGV�ZHUH�WUDQVIHUUHG�WR�D�ÀXRULQDWHG�HWK\OHQH�SURS\OHQH��)(3��PLFURWXEH�
and imaged with a custom-built Digital Scanner Laser Light Sheet microscope (LSFM) 
HTXLSSHG�ZLWK�D�1LNRQ�3ODQ�)OXRU���[�����ZDWHU�LPPHUVLRQ�REMHFWLYH� OHQV� LQ� LOOXPLQDWLRQ�
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DQG� GHWHFWLRQ� SODQV�� 7KH� ÀXRUHVFHQFH� VLJQDOV� RI� WKH� (PHUDOG�0.1��� VSKHURLGV� DQG�
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 
QP�EDQGSDVV��%3��HPLVVLRQ�¿OWHU�IRU�HPHUDOG�VSKHURLGV�DQG�D��������QP�%3�HPLVVLRQ�¿OWHU�
for CTFR-Tregs. The co-culture was imaged at three timepoints (16 h, 24 h, and 48 h) from 
IRXU�DQJOHV������URWDWLRQ��HYHU\����PLQ��(DFK�YLHZ�FRQVLVWV�RI�PXOWLSOH�VOLFHV����P�DSDUW�
covering the entire spheroid. Image reconstruction was performed using the arivis Vision4D 
v3.1.4 (arivis AG, Rostock, Germany).

,PPXQRSKHQRW\SH�E\�FRQYHQWLRQDO�DQG�LPDJLQJ�ÀRZ�F\WRPHWU\�DQDO\VLV�

After 48 h of co-culture, conditioned media and spheroids were collected to analyse 
WKH�SKHQRW\SH�RI�7UHJV�DQG�QDwYH�7�FHOOV��%HIRUH�FR�FXOWXUH�ZLWK�*&�VSKHURLGV��7UHJV�DQG�
QDwYH�7�FHOOV�ZHUH�VWDLQHG�XVLQJ�&HOO7UDFH��9LROHW� �&79��&HOO�3UROLIHUDWLRQ�.LW� ����PLQ��
���&��7KHUPR�)LVKHU�6FLHQWL¿F��� WR� DOORZ� IXUWKHU� HYDOXDWLRQ�RI�7� FHOO� SUROLIHUDWLRQ�DQG� WR�
VHSDUDWH�7�FHOOV��&79���IURP�*&�FHOOV��&79��� LQ�WKH�ÀRZ�F\WRPHWU\�DQDO\VLV��7R�SUHSDUH�
single-cell suspensions, spheroids were dissociated using 0.5% Trypsin-EDTA (5 min, 37°C; 
7KHUPR�)LVKHU�6FLHQWL¿F���%RWK�7�FHOOV�DQG�*&�FHOOV�ZHUH�VWDLQHG�ZLWK�DQWL�&'��3(��DQWL�
&'��),7&��DQG�DQWL�,/�5Į�3(�&\���DV�SUHYLRXVO\�PHQWLRQHG��DQG�ZLWK�)L[DEOH�9LDELOLW\�'\H�
H)OXRU�������������GLOXWLRQ��7KHUPR�)LVKHU�6FLHQWL¿F��WR�DVVHVV�FHOO�YLDELOLW\��,QWUDFHOOXODU�
staining of FoxP3 was performed using the Foxp3/Transcription Factor Staining Buffer Set 
�7KHUPR�)LVKHU�6FLHQWL¿F���IROORZLQJ�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��%ULHÀ\��FHOOV�ZHUH�¿[HG�ZLWK�
)L[DWLRQ�3HUPHDELOL]DWLRQ�%XIIHU�����PLQ��7KHUPR�)LVKHU�6FLHQWL¿F���EORFNHG�ZLWK�KXPDQ�,J*�
(1 mg mL-1, 15 min; Sigma-Aldrich) and stained with anti-FoxP3-APC (1:15, 30 min; Thermo 
)LVKHU�6FLHQWL¿F���'DWD�DFTXLVLWLRQ�ZDV�SHUIRUPHG�RQ�DQ�/65)RUWHVVD�F\WRPHWHU��%HFWRQ��
Dickinson & Company, Franklin Lakes, NJ, USA) and analysed using FlowJo v10 software 
(Becton, Dickinson & Company) following the gating strategy explained on Figure S3A. 

,PDJLQJ� ÀRZ� F\WRPHWU\� ZDV� SHUIRUPHG� RQ� VLQJOH�FHOO� VXVSHQVLRQV� GHULYHG� IURP� FR�
FXOWXUHV�RI�0.1���*&�VSKHURLGV�ZLWK�7UHJV�QDwYH�7�FHOOV�DQG�VWDLQHG�ZLWK�DQWL�,/�5Į�3(�
&\��DQWLERG\��'DWD�ZDV�DFTXLUHG�RQ�DQ� LPDJLQJ� ÀRZ�F\WRPHWHU� �,PDJH6WUHDP;��$PQLV�
Corporation, Seattle, WA, USA) equipped with INSPIRE software. Samples were excited 
ZLWK�D�����QP�DUJRQ�ODVHU��DQG�IRU�HDFK�HYHQW��EULJKW�¿HOG�FHOO�LPDJHV�ZHUH�DFTXLUHG����î�
PDJQL¿FDWLRQ�� RQ� FKDQQHO� ���ZKLOH� ,/�5Į�VLJQDO�ZDV�GHWHFWHG�RQ� FKDQQHO� �� �([FLWDWLRQ�
(PLVVLRQ����������QP���/DVHU�SRZHU�ZDV�QRW�PRGL¿HG�WKURXJKRXW�WKH�VDPSOH�DFTXLVLWLRQ��
Data analysis was performed using the IDEAS software (Amnis Corporation). Further details 
on the antibodies used can be found in Table S2.

5HFRYHU\�RI�,/�5Į+�*&�FHOOV�DQG�:HVWHUQ�%ORW�DQDO\VLV

7R� DQDO\VH� WKH� HIIHFW� RI� ,/�5Į� H[SUHVVLRQ� VSHFL¿FDOO\� RQ� LQWHVWLQDO�W\SH� *&� FHOOV��
MKN74-GC cells were stained with CellTrace™ Yellow (CTY) Cell Proliferation Kit  (Thermo 
)LVKHU�6FLHQWL¿F��EHIRUH�JURZQ�DV�VSKHURLGV��ZKLOH�7UHJV�DQG�QDwYH�7�FHOOV�ZHUH�VWDLQHG�
ZLWK�&HOO7UDFH��)DU�5HG��&7)5��&HOO�3UROLIHUDWLRQ�.LW��7KHUPR�)LVKHU�6FLHQWL¿F��EHIRUH�FR�
culture. As previously, after co-culture, spheroids were dissociated, and the resulting single-
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FHOO� VXVSHQVLRQ� ZDV� VWDLQHG� ZLWK� DQWL�,/�5Į�3(�&\�� DQWLERG\�� 0.1���*&� FHOOV� �&7<+) 
SRVLWLYH� RU� QHJDWLYH� IRU� ,/�5Į�ZHUH� VRUWHG� RQ� WKH� )$&6$ULD� ,,� ÀRZ� F\WRPHWHU� �%HFWRQ��
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 
6FLHQWL¿F��DQG�FHOO�O\VLV�ZDV�DOORZHG�IRU����PLQ��RQ�LFH��7R�HQKDQFH�SURWHLQ�UHFRYHU\��O\VDWHV�
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 µL) from each biological 
UHSOLFDWH�ZHUH�VXEMHFWHG� WR�ZHVWHUQ�EORWWLQJ��3ULPDU\�DQWLERGLHV� WDUJHWLQJ�SKRVSKR�6WDW��
(Tyr705, D3A7; Cell Signalling Technology), Stat3 (124H6; Cell Signalling Technology), 
phospho-Akt (Ser473, D9E; 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 
,J*�KRUVHUDGLVK�SHUR[LGDVH�FRQMXJDWHG�VHFRQGDU\�DQWLERGLHV��*(�+HDOWKFDUH���'HWHFWHG�
VLJQDOV�ZHUH�TXDQWL¿HG�XVLQJ�4XDQWLW\�2QH��%DVLF�VRIWZDUH��%LR�5DG��+HUFXOHV��&$��86$���
Unprocessed scans of western blots are provided in Figure S8. Additional information on 
the antibodies used is detailed in Table S2.

.L����VWDLQLQJ�RQ�*&�VSKHURLGV

7R�LQYHVWLJDWH�*&�VSKHURLG�SUROLIHUDWLRQ�DIWHU�FR�FXOWXUH��VSKHURLGV�ZHUH�¿[HG�ZLWK����
SDUDIRUPDOGHK\GH��RYHUQLJKW��0HUFN��'DUPVWDGW��*HUPDQ\���VWDLQHG�ZLWK�*LOO¶V�KHPDWR[\OLQ�
����PLQ��%LR�2SWLFD��0LODQ��,WDO\��DQG�LQMHFWHG�ZLWKLQ�D�GURS�RI������ORZ�PHOWLQJ�SRLQW�DJDURVH�
(50°C; Lonza). After gelling (10 min at room temperature followed by 20 min on ice), the 
DJDURVH�VWUXFWXUHV�ZHUH� LQFOXGHG�LQ�SDUDI¿Q�EORFNV�DQG�WKHQ�VHFWLRQHG�LQWR����P�VOLGHV��
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 
GLOXWLRQ�����PLQ��7KHUPR�)LVKHU�6FLHQWL¿F���$IWHU�ZDVKLQJ��VOLGHV�ZHUH�LQFXEDWHG�ZLWK�5($/�
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).



163The role of tumour immune microenvironment in gastric cancer progression 163

�������
���
��	�
��
���
�����������#
�	��������������#
�
����
��������#���

��
���
3����QDLYH�7�FHOOV��&'��&'��&'����,/5�Į��
3����7UHJV��&'��&'��&'����,/5�Į��

���������������
������

���������������
����������$����#$"�$��'�����"��#�������(&���������#�"$�����"��� �"� ��"����������������$�'�����"#��
��"#$�'��������#�������"����$����"���$�������"����&��$#���!%�"��������#����������#���	���"��#����$����"���$��#� � %��$�����
7KHQ��&'��&'���7�FHOOV�DUH�JDWHG��3���IROORZHG�E\�WKH�LGHQWLILFDWLRQ�RI�QDwYH�7�FHOOV��,/�5Į�&'������3����DQG�7UHJV�
,/�5Į�&'������3���

Supplementary Figure 2.�*DWLQJ�VWUDWHJ\�RI�7UHJV�DQG�QDwYH�7�FHOO�VRUWLQJ�IURP�SHULSKHUDO�EORRG�RI�KHDOWK\�
donors. Firstly, T cells (P1) are gated from the general events acquired, and single cells (P2) are selected from 
this population. Then, CD3+CD4+�7�FHOOV�DUH�JDWHG��3���IROORZHG�E\�WKH�LGHQWL¿FDWLRQ�RI�QDwYH�7�FHOOV��,/�5Į-

CD127+��3����DQG�7UHJV�,/�5Į+CD127- (P5).
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Supplementary Figure 3. 7�FHOO�LQ¿OWUDWLRQ�RI�*&�VSKHURLGV�E\�OLJKW�VKHHW�PLFURVFRS\��&R�FXOWXUHV�RI�LQWHVWLQDO�
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, I) 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: 
���ȝP�
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JDWHV�RQ�VLQJOH�DQG�OLYH��/'�QHJDWLYH��FHOOV�ZHUH�XVHG�WR�DQDO\VH�WKH�H[SUHVVLRQ�RI�&'���&'���,/�5Į�DQG�)R[3��PDUNHUV�
LQ�7�FHOOV�DQG�*&�FHOOV��,Q�*&�FHOOV��,/�5Į�ZDV�WKH�RQO\�PDUNHU�ZLWK�DOWHUHG�H[SUHVVLRQ�DIWHU�FR�FXOWXUH��

Supplementary Figure 4. Characterization of T cells before and after co-culture. (A) Detection of CTV on 
QDwYH�7� FHOOV� DQG�7UHJV�EHIRUH� FR�FXOWXUH� VKRZLQJ� WKDW� DOO�7� FHOOV�ZHUH� VXFFHVVIXOO\� VWDLQHG�� �%��6WHS�ZLVH�
DQDO\VLV�RI�WKH�ÀRZ�F\WRPHWU\�GDWD�DFTXLUHG�DIWHU�FR�FXOWXUHV��)URP�WKH�³$OO�FHOOV´�JDWH��*&�FHOOV�DQG�7�FHOOV�
were separated according to their size (SSC-A) and intensity of CTV dye (which is only present in T cells) and 
analysed separately. Within each cell populations, gates on single and live (LD negative) cells were used to 
DQDO\VH�WKH�H[SUHVVLRQ�RI�&'���&'���,/�5Į�DQG�)R[3��PDUNHUV�LQ�7�FHOOV�DQG�*&�FHOOV��,Q�*&�FHOOV��,/�5Į�ZDV�
the only marker with altered expression after co-culture.
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Supplementary Figure 5. Effect of IL2, anti-CD3/anti-CD28 beads, and co-culture conditioned medium in the 
H[SUHVVLRQ�RI�,/�5Į�LQ�*&�FHOOV���$��+LVWRJUDPV�VKRZLQJ�WKDW�,/�5Į�H[SUHVVLRQ�LQ�LQWHVWLQDO�W\SH�*&�FHOOV�LV�
not altered by culture in IL2 only or IL2 with increasing concentrations of anti-CD3/anti-CD28 beads, the same 
FRQFHQWUDWLRQV�XVHG�IRU�WKH�FR�FXOWXUHV�ZLWK�7UHJ�FHOOV���&�'��%DU�SORWV�VKRZLQJ�SHUFHQWDJH�RI�,/�5Į�SRVLWLYH�
intestinal-type GC (B) or diffuse-type GC (C) cells after 48 h co-culture with conditioned media collected from 
LQGHSHQGHQW�FR�FXOWXUHV�ZLWK�7UHJV��GDUN�JUH\��RU�QDwYH�7�FHOOV��OLJKW�JUH\���%ODFN�EDUV�UHSUHVHQW�VSKHURLGV�WKDW�
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 
FHOOV�H[SUHVVLQJ�,/�5Į�DW�FHOO�PHPEUDQH��,QWHVWLQDO�W\SH�*&�FHOOV�ZHUH�JDWHG�RQ�JHQHUDO�HYHQWV�DFTXLUHG��3����
and single cells (P2) are selected from this population. Then, Cell Tracer Yellow+ cells (only GC cells) were 
JDWHG��3���IROORZHG�E\�WKH�LGHQWL¿FDWLRQ�RI�,/�5Į-��3���DQG�,/�5Į+ (P4) GC cells. (B) Western blot analysis for 
SKRVSKRU\ODWHG�DQG�WRWDO�SURWHLQ�OHYHOV�RI�6WDW���$NW�DQG�(UN����LQ�LQWHVWLQDO�W\SH�,/�5Į-�DQG�,/�5Į+ 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 
RU�QDwYH�7�FHOOV��DW�GLIIHUHQW������FRQWURO������������RU������SURSRUWLRQV��6HOHFWHG�UHJLRQ�DUH�VKRZQ�E\�WKH�GDVK�
ER[HV���'��3ORWV�RI�JURZWK�DUHD�IRU�LQWHVWLQDO�*&�VSKHURLGV�FR�FXOWXUHG�ZLWK�7UHJ��OHIW�JUDSK��RU�QDwYH�7�FHOOV�
(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�������7ZR�ZD\�$129$�ZLWK�'XQQHWW¶V�PXOWLSOH�FRPSDULVRQV�
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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 ���7���
n ���7���n ����7���n �����%��DEVHQFH��n ���RU�SUHVHQFH��n ����RI�YDVFXODU�LQYDVLRQ��DQG���&��DEVHQFH��n ����
or presence (n ����RI�SHULQHXUDO�LQYDVLRQ���'�)��'HQVLW\�RI�KHOSHU��F\WRWR[LF�7�FHOOV�DQG�7UHJV�DFFRUGLQJ�WR��'��
N stage: N0, n ����1���n ���1���n ���1�D��n ����1�E��n ����(��0�VWDJH��0���n ����0���n ����DQG���)��710�
stage: Stage I, n ���6WDJH�,,��n ���6WDJH�,,,��n ����DQG��6WDJH�,9��n ����%R[�DQG�ZKLVNHUV�UHSUHVHQW�PHGLDQ���
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. 
,Q�D�¿UVW�DQDO\VLV�FHOO�SKHQRW\SH�ZDV�EDVHG�RQ�&'���&'��DQG�)R[3��H[SUHVVLRQ��'��DQG�LQ�D�VHFRQG�DQDO\VLV��
based on CD103 and PD1 expression (E).
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Supplementary Figure 9.�:HVWHUQ�EORW�TXDQWL¿FDWLRQ�IRU�SKRVSKRU\ODWHG��S�(5.�����DQG�WRWDO�(5.����SURWHLQ�
OHYHOV�LQ�LQWHVWLQDO�W\SH�,/�5Į-�DQG�,/�5Į+ GC cells after 48 h co-culture with Tregs. Images showing unprocessed 
VFDQV�IRU�WKUHH�ELRORJLFDO�UHSOLFDWHV��OHIW�SDQHO��DQG�EDQG�TXDQWL¿FDWLRQ�VWUDWHJ\��ULJKW�SDQHO��
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Supplementary Table 1. Description of patient information included in the analysed GC cohort����	�
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Recent advances on GC research nourished hopes of using complex 3D models as 
nuclear tools to improve the predictive value of in vitro� ¿QGLQJV��7KLV� WKHVLV� HQFORVHG�D�
bottom-up strategy to deconstruct GC into three essential elements: the 3D tumoral 
DUFKLWHFWXUH��WKH�LQWHUFHOOXODU�FRPPXQLFDWLRQ�PHGLDWHG�E\�(9V��DQG��WKH�LQÀXHQFH�RI�7UHJV��
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 
cancer1 has renewed the expectations on the game changing role of EVs in the early 
GLDJQRVLV� RI� RWKHU� FDQFHUV�� 1HYHUWKHOHVV�� SRWHQWLDO� ELRPDUNHUV� LGHQWL¿HG� IRU� WKH� HDUO\�
diagnosis of GC patients are scarce and require further validation.2,3 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 
SURYHG�WR�EH�HYHQ�PRUH�HI¿FLHQW�LQ�SURGXFLQJ�(9V��DV�FRPSDUHG�WR�WUDGLWLRQDO�PRQROD\HUV��
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.4,5 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.6 To further address this issue, we are currently 
DQDO\VLQJ�WKH�VPDOO�51$�DQG�SURWHRPLF�SUR¿OHV�RI�FHOOV�DQG�(9V��DV�ZHOO�DV�WKH�PHWDVWDWLF�
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



174 Concluding Remarks

The results presented in this thesis indicate that, from the biological standpoint, EVs may 
KDYH�GLVWLQFW�UROHV�LQ�*&��WKXV�IXO¿OOLQJ�WKH�GLVWLQFW�UHTXLUHPHQWV�RI�LQWHVWLQDO�W\SH�DQG�GLIIXVH�
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,7 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 
LGHQWL¿FDWLRQ�RI�D�QRYHO�PHFKDQLVP�RI�WXPRXU�JURZWK�LQGXFHG�E\�7UHJV��$V�VR��WKLV�WKHVLV�
DOVR�GHPRQVWUDWHV�WKDW�7UHJV�LQGXFH�GH�QRYR�H[SUHVVLRQ�RI�,/5�Į�LQ�*&�FHOOV��ZKLFK�ZDV�
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 
PROHFXODU�PHFKDQLVPV�LQYROYHG�LQ�,/5�Į�H[SUHVVLRQ�LQ�*&�FHOOV��,I�FRQ¿UPHG��WKLV�VHW�RI�
¿QGLQJV�PD\�VSDUN�QHZ�WKHUDSHXWLF�VWUDWHJLHV�LQ�*&��QDPHO\��WKH�VSHFL¿F�EORFNLQJ�RI�,/5�Į�
downstream effectors in epithelial GC cells. Notably, as previously demonstrated in other 
cancer models,8,9 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.

7KH�EHDXW\�RI�VFLHQFH�LV�WKDW�IRU�HDFK�µNQRZQ�XQNQRZQ¶�WKDW�EHFRPHV�D�µNQRZQ�NQRZQ¶�
VHYHUDO�µXQNQRZQ�XQNQRZQV¶�EHFRPH�µNQRZQ�XQNQRZQV¶��7KXV��EHFDXVH�RI�WKLV�WKHVLV«
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«ZH�QRZ�NQRZ�WKDW�

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

• 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.

• 7UHJV�LQGXFH�GH�QRYR�H[SUHVVLRQ�RI�,/�5Į�LQ�LQWHVWLQDO�W\SH�*&�FHOOV��ZKLFK�DVVRFLDWHV�
with activation of MAPK signalling pathway and spheroid growth. 

«ZH�QRZ�NQRZ�WKDW�ZH�GR�QRW�NQRZ�

• 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.

• +RZ��DQG�LQ�ZKLFK�FLUFXPVWDQFHV��*&�FHOOV�JDLQ�H[SUHVVLRQ�RI�,/5�Į�

• ,I�RWKHU�HSLWKHOLDO�WXPRXU�FHOOV�PD\�DOVR�H[SUHVV�,/5�Į�

• ,I�*&�FHOOV�H[SUHVVLQJ�,/5�Į�DUH�UHVSRQVLYH�WR�,/��VWLPXOL��

• :KDW�RWKHU�FRQVHTXHQFHV�DULVH�IURP�,/5�Į�H[SUHVVLRQ�LQ�*&�FHOOV�
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