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ABSTRACT 
 

 
INTRODUCTION: Gastroesophageal adenocarcinoma (GEA) is the fastest-rising cancer in 

North America. Currently, providing patients with peri-operative systemic docetaxel-based triplet 

chemotherapy (DCF or FLOT) is the most effective approach to treat locally advanced GEA, the 

most common presentation stage of this aggressive malignancy. However, most patients recur with 

metastatic disease due to innate or newly acquired resistance to the therapeutic agents. The tumor 

microenvironment (TME) has shown to be implicated in modulating the tumor’s response to 

chemotherapy. Distinct populations of cancer-associated fibroblasts (CAFs) have demonstrated a 

potential role in conferring chemoresistance in other cancer types; however, the data on this is 

largely gained from animal studies and this paradigm has not been extensively studied in GEA. 

This project aims to comprehensively characterize the heterogeneity of CAFs in a well annotated 

cohort of GEA patients, to identify potential biomarkers and targets to overcome therapeutic 

resistance. 

METHODS: Immunofluorescence (IF) and fluorescence-activated cell sorting (FACS) were 

conducted to validate previously reported CAF markers from the literature in primary patient 

fibroblasts. To identify specific CAF markers for GEA, an atlas was developed using single-cell 

RNA sequencing (scRNA-seq) data obtained from 46 GEA patient samples available for this 

study, including 28 patients with longitudinal samples over the treatment trajectory with docetaxel-

based triplet chemotherapy. Differential and gene ontology analyses were performed to 

characterize distinct CAF subpopulations and dynamic CAF markers across treatment timepoints 

and correlated with in-patient treatment response to chemotherapy. Alongside, an organoid-CAF 

co-culture was established for subsequent in vitro drug testing with standard of care chemotherapy. 
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RESULTS: CAF markers, VIM, FAP, PDPN, and S100A4 were found to be differentially 

expressed in fibroblasts isolated from good and poor pathological response tumours; however, 

only FAP and PDPN were specific to GEA CAFs. From the scRNA-seq, 204,047 cells were 

classified according to cell type, of which 3,556 cells were treatment naïve CAFs from tumor 

biopsy, 2,949 cells were CAFs from mid-treatment tumor biopsy, and 13,729 cells were CAFs 

from surgical resection tumor. Two main subpopulations of CAFs were identified: myofibroblast 

CAFs (myCAFs) and inflammatory CAFs (iCAFs). Two markers, CCL20 and CHRDL1, were 

found to be differentially expressed between good and poor pathological responders in iCAFs, 

while nine markers, including ISG20 and C20orf27, were differentially expressed between clinical 

partial responders and poor responders. Dynamic CAF markers, including STAG2, HAT1, and 

ID3 were differentially expressed across two treatment timepoints and were associated to 

pathological or clinical response. 

CONCLUSIONS: GEA CAFs demonstrate extensive heterogeneity with the identification of two 

major subpopulations. Several CAF markers were found to be associated with patient 

chemotherapy response as well as treatment time and will be further investigated to gain a better 

understanding of their clinical relevance. 
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RÉSUMÉ 
 

INTRODUCTION : L'adénocarcinome gastro-œsophagien (GEA) est le cancer qui progresse le 

plus rapidement en Amérique du Nord. Actuellement, l'administration aux patients d'une triple 

chimiothérapie systémique périopératoire à base de docétaxel (DCF ou FLOT) est l'approche la 

plus efficace pour traiter le GEA localement avancé, le stade de présentation le plus courant de 

cette tumeur maligne agressive. Cependant, la plupart des patients récidivent avec une maladie 

métastatique en raison d'une résistance innée ou nouvellement acquise aux agents thérapeutiques. 

Il a été démontré que le microenvironnement tumoral (TME) jouait un rôle dans la modulation de 

la réponse de la tumeur à la chimiothérapie. Des populations distinctes de fibroblastes associés au 

cancer (CAF) ont démontré un rôle potentiel dans la chimiorésistance dans d'autres types de 

cancer ; cependant, les données à ce sujet proviennent en grande partie d'études animales et ce 

paradigme n'a pas été étudié de manière approfondie dans la GEA. Ce projet vise à caractériser de 

manière exhaustive l'hétérogénéité des CAF dans une cohorte bien annotée de patients atteints de 

GEA, afin d'identifier des biomarqueurs et des cibles potentielles pour surmonter la résistance 

thérapeutique. 

MÉTHODES : L'immunofluorescence (IF) et le tri cellulaire activé par fluorescence (FACS) ont 

été effectués pour valider les marqueurs CAF précédemment rapportés dans la littérature dans les 

fibroblastes primaires des patients. Afin d'identifier les marqueurs CAF spécifiques de la GEA, un 

atlas a été développé à partir de données de séquençage d'ARN unicellulaire (scRNA-seq) obtenues 

à partir de 46 échantillons de patients atteints de GEA disponibles pour cette étude, dont 28 patients 

avec des échantillons longitudinaux au cours de la trajectoire de traitement par trithérapie à base 

de docétaxel. L'analyse différentielle et l'analyse de l'ontologie des gènes ont été effectuées pour 

caractériser des sous-populations distinctes de CAF et des marqueurs dynamiques de CAF à travers 
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des points dans le temps du traitement et corrélés avec la réponse du traitement à la chimiothérapie 

chez le patient. Parallèlement, une co-culture organoïde-CAF a été établie pour des essais 

ultérieurs de médicaments in vitro avec la chimiothérapie standard. 

RÉSULTATS : Les marqueurs CAF, VIM, FAP, PDPN et S100A4 ont été exprimés de manière 

différentielle dans les fibroblastes isolés à partir de tumeurs répondant bien ou mal à la 

chimiothérapie ; cependant, seuls FAP et PDPN étaient spécifiques aux CAF de la GEA. À partir 

du scRNA-seq, 204 047 cellules ont été classées par type cellulaire, dont 3556 cellules étaient des 

CAF naïves de traitement provenant d'une biopsie de tumeur, 2949 cellules étaient des CAF 

provenant d'une biopsie de tumeur à mi-traitement, et 13 729 cellules étaient des CAF provenant 

d'une résection chirurgicale de tumeur. Deux sous-populations principales de CAF ont été 

identifiées : les CAF myofibroblastes (myCAF) et les CAF inflammatoires (iCAF). Deux 

marqueurs, CCL20 et CHRDL1, ont été exprimés de manière différentielle entre les bons et les 

mauvais répondeurs pathologiques dans les iCAF, tandis que neuf marqueurs, dont ISG20 et 

C20orf27, ont été exprimés de manière différentielle entre les répondeurs partiels cliniques et les 

mauvais répondeurs. Les marqueurs dynamiques des CAF, dont STAG2, HAT1 et ID3, ont été 

exprimés de manière différentielle à deux moments du traitement et ont été associés à la réponse 

pathologique ou clinique. 

CONCLUSIONS : Les CAF de la GEA présentent une grande hétérogénéité avec l'identification 

de deux sous-populations majeures. Plusieurs marqueurs des CAF ont été associés à la réponse des 

patients à la chimiothérapie ainsi qu'à la durée du traitement et feront l'objet d'études plus 

approfondies afin de mieux comprendre leur pertinence clinique. 
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CHAPTER 1: REVIEW OF THE LITERATURE 
 
 

1.1.  Overview of gastric and esophageal adenocarcinomas 
 
1.1.1. Etiology and epidemiology 
 

Gastric and esophageal cancers are the fourth and sixth leading causes of cancer-related 

mortality worldwide, respectively, resulting in over 1.3 million estimated deaths annually1. The 

incidence and mortality of these two cancers is 2-3 times higher in men, with the majority of cases 

and deaths arising in East Asian countries1. Risk factors for gastric cancer (GC) and esophageal 

cancer (EC) include age over 55 years, substance use (tobacco, alcohol, drugs), poor diet, and 

obesity1,2. In addition, infection by Helicobacter pylori or Epstein-Barr virus is prominently 

associated with GC, while gastroesophageal reflux disease (GERD) and its progression to Barrett’s 

esophagus (BE) are associated with increased incidence of EC2,3.  

The aggressive nature of the disease and diagnosis at advanced stages drive a low 5-year 

survival rate of <20%2. Although there has been a striking decline in distal GC cases, the incidence 

of esophageal adenocarcinomas (EAC) and GCs of the proximal stomach have been on the rise2,3. 

GC and EC were previously viewed as distinct malignancies, whereby squamous cell carcinoma 

was said to be the predominant histological type in the esophagus in contrast to adenocarcinoma 

in the stomach2,3. However, adenocarcinomas of the proximal stomach and esophagus have shown 

to demonstrate shared genomic and pathological features, thereby classifying them as a single 

condition – gastroesophageal adenocarcinoma (GEA)4,5. 

 

1.1.2. Classification of disease and clinical biomarkers 
 

A) Histological classification 
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EC is histologically stratified as squamous cell carcinoma (ESCC) and adenocarcinoma 

(EAC), where the latter typically affects the lower esophagus and is associated with obesity, 

GERD, and BE5. GC, normally presenting as adenocarcinomas (GAC), has been more extensively 

categorized into two subtypes by the Lauren classification: intestinal- and diffuse-type. Intestinal-

type carcinomas are identified by their glandular structures and is commonly derived from 

intestinal metaplasia (IM), while diffuse-type carcinomas are characterized by populations of 

scattered cells with signet-ring cell features3,6,7. Both EAC and intestinal-type GC share their origin 

from IM following chronic inflammation, whereas diffuse-type GC emerges directly from chronic 

inflammatory stimuli and circumvents the intermediate step of IM6,8.  

 
B) Anatomical classification 

 
Siewert classification has been used for decades to stage gastroesophageal junction (GEJ) 

adenocarcinomas anatomically into three types: type I carcinomas (distal esophageal tumors) are 

located at an epicenter 2.5 cm above the GEJ, type II carcinomas (true GEJ tumors) are within 2 

cm of the GEJ, and type III carcinomas (subcardial gastric tumors) have an epicenter 2-5 cm below 

the GEJ3,9. TNM classification is further used to differentiate between EC and GC: (1) esophageal 

carcinomas are deemed as tumors whose epicenter are located in the distal esophagus or 

esophagogastric junction (EGJ), while (2) gastric carcinomas are regarded as tumors whose 

epicentres are >5 cm distal from the esophagus and do not extend into the GEJ3.  

 

C) Molecular classification 

 
Advances in genomic techniques have facilitated the molecular characterization of GC and 

EAC to identify disease heterogeneity and overlapping features between the two malignancies7. 

TCGA analysis of 295 treatment naïve GACs, including GEJ tumors, distinguished four distinct 
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molecular subtypes: (1) chromosomal instability (CIN, 49.8%), (2) microsatellite instability 

(MSI)-high (21.7%), genomically stable (GS, 19.7%), and Epstein-Barr virus (EBV) positive 

(8.8%)4,10. CIN, the most predominant GC subtype, favors a gradient towards the proximal 

stomach, which coincides with the increasing cases of malignancies in this region. This subtype is 

typified by aneuploidy and alterations within the chromosome, along with the presence of TP53 

mutations and receptor-tyrosine kinase/RAS/cell-cycle gene amplifications7,10. EBV+ tumors 

demonstrate increased DNA methylation and tend to appear in the proximal stomach as well. GS 

lacks the presence of the hypermethylation, and aneuploidy seen in the previous two subgroups. 

Finally, MSI-high tumors emerge in the absence of DNA mismatch repair proteins and localize in 

the distal stomach10.  

Additionally, the Asian Cancer Research Group characterizing 300 GACs identified an 

MSI-high group (22.7%) and a TP53-deficient group (35.7%) reminiscent of the CIN subtype, but 

did not detect the EBV+ subgroup7,11. Given that the large majority of tumors were of the diffuse-

type, a microsatellite stable group with epithelial-to-mesenchymal transition (EMT) (15.3%) was 

also observed11.  

Interestingly, EACs display comparable genomic alterations and aneuploidy to CIN GCs, 

but less frequently have MSI-high profiles and almost never portray EBV+ profiles5,7. A 

comparative analysis between GC and EC demonstrated that out of 72 EACs, 71 tumors identified 

as CIN, and greater similarity was observed in the genetic aberrations between EACs and CIN 

GCs than ESCC. Furthermore, when looking specifically at GEAs, CIN became more pervasive 

proximally towards the GEJ. MSI-high and EBV+ profiles were present in GEJ adenocarcinomas, 

but not in EACs5. This coherence seen between the genomic profile of CIN GCs and EACs 



  19 

highlights the classification and subsequent treatment of these two malignancies as a single 

group5,10.  

 
1.1.3. Standard-of-care & currently available treatments 
 

Surgical resection following systemic neoadjuvant chemotherapy and/or radiotherapy has been 

considered the gold-standard curative treatment for locally advanced gastric and esophageal 

adenocarcinoma. Despite these measures, five-year survival outcomes post-resection are still poor 

with most clinical series reporting a rate of 30-50%12–15. In patients with EACs, chemotherapy 

prior to surgical resection reduced recurrence rates, locally and distantly13. However, given that 

patients must undergo complete resection, along with the toxicity associated with this approach, 

chemoradiotherapy has not been feasible to include as part of the standard-of-care16.  

Introduction of platinum-based perioperative treatment into the regimen for EACs and GACs 

has shown promising patient outcomes. The MAGIC trial, which implemented six combined 

cycles of perioperative ECF (epirubicin, cisplatin, and 5-fluoruouracil (5-FU)), demonstrated a 

significantly higher five-year survival rate among the perioperative chemotherapy group compared 

to the surgery alone group (36% vs. 23%, respectively), as well as greater tumor shrinkage at the 

time of resection17. Although this study highlighted the importance of perioperative chemotherapy 

in the clinical setting to improve survival, 14% of patients receiving ECF presented with local 

recurrence and 24% of patients presented with metastasis, prior to death within the five-year 

period17. These findings demonstrate the need to find a more efficacious regimen that reduces the 

probability of recurrence while maintaining the improvement in patient survival seen from the use 

of perioperative chemotherapy.  

Docetaxel, a semi-synthetic taxoid agent, has previously shown cytotoxic activity against 

metastatic gastric cancer as both a first-line combination therapy and second-line monotherapy18–
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20. Ferri et al.16 established the use of four cycles of DCF (docetaxel, cisplatin, and 5-FU) in the 

neoadjuvant setting for GEA patients, which resulted in complete resection among all patients of 

the clinical trial and tumor reduction in 89% of patients. Perioperative FLOT (5-FU, leucovorin, 

oxaliplatin, and docetaxel) has been shown to be a more tolerable therapeutic option compared to 

DCF and improved median overall survival (OS) relative to ECF20.  

Given the wide molecular heterogeneity of patients’ tumors, there has been an urgent need to 

develop more targeted therapies that can improve patient prognosis and reduce the exposure to 

toxicity. Human epidermal growth factor receptor 2 (HER2), also known as ERBB2, has become 

a notable biomarker in GEA, given its amplification among 15-20% of patients and association 

with aggressive, poor prognostic cancer10,21,22. The ToGA phase 3 clinical trial tested trastuzumab, 

a monoclonal antibody targeted-therapy against HER2 commonly used for breast cancer, in 

combination with chemotherapy (cisplatin alone or cisplatin plus fluorouracil) among patients with 

advanced or metastatic HER2-positive gastric or GEJ cancer. Comparing to patients who received 

chemotherapy alone, the addition of trastuzumab resulted in improved OS by 3 months, and by 4.2 

months among patients with high HER2 expression21. These findings were considered clinically 

significant, resulting in the approval of trastuzumab plus chemotherapy as a first-line therapy for 

HER2-positive GEA patients in the metastatic setting (i.e., stage IV)10.  

Addition of targeted therapies against commonly altered genes in GEA, such as MET, EGFR, 

and FGFR2, to perioperative chemotherapy have reached phase II and phase III clinical trials, but 

have reported disappointing results, lacking improvement in efficacy and survival compared to 

chemotherapy alone23–26. In contrast, antiangiogenic therapies such as ramucirumab (monoclonal 

antibody against VEGFR2) have shown moderate improvement to patient OS when administered 

as a second-line monotherapy or in combination with chemotherapy, resulting in approval by the 
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FDA27–29. Similarly, immune checkpoint inhibitors such as pembrolizumab and nivolumab have 

been FDA-approved for advanced, metastatic gastric and GEJ adenocarcinomas, as well as MSI-

high tumors; however, there have been mixed results regarding their efficacy30–33.  

 

1.2.  Therapy resistance in GEA 
 

Although the currently established standard-of-care treatments for GEA have shown 

moderate improvement of OS for patients with advanced disease relative to surgery alone, 

recurrence and metastasis is still an overarching issue that many patients encounter. The use of 

docetaxel-based chemotherapies in the neoadjuvant and adjuvant setting for GEA has 

demonstrated an initial response of >60%, making it the most effective therapy to date. However, 

approximately 40% of patients are innately resistant to the chemotherapy and 50% of initial 

responders experience recurrence as a result of acquired genetic or non-genetic chemoresistance 

34. Likewise, treatment with targeted therapies has shown mixed results regarding its efficacy due 

to the presence of resistance mechanisms against the drug and the lack of predictive biomarkers 

for the disease35–37.  

 

1.2.1. Tumor heterogeneity and cancer stem cells 
 

Intratumoral heterogeneity, defined by genomic, phenotypic, and functional variations 

within the tumor population, is a key factor that challenges the efficacy and use of chemotherapy 

or targeted therapies, given that various components of the tumor will respond differently to the 

treatment38. The clonal evolution model of cancer states that there are distinct clones present within 

a tumor that can become mutated independently, resulting in different patterns of cell growth and 

survival. This suggests that certain clones will be selected due to advantageous driver mutations 



  22 

that promote growth and expansion38,39. As a result of this selection pressure, certain pre-existing 

resistant clones that survive following cytotoxic treatment will become dominant and expand, 

resulting in therapy-resistant tumor progression. Furthermore, the presence of multiple initial 

clones can also drive partial intrinsic chemoresistance40.  

Concordantly, the cancer stem cell (CSC) hypothesis describes that only a small subset of 

malignant cells has proliferative, self-renewing, tumorigenic potential and the ability to 

differentiate into various cell types41,42. CSCs have the capacity to enter a quiescent or dormant 

state, whereby they can resist cancer therapies41. These two hypotheses, in combination, explain 

the presence of diverse tumor cells, which respond heterogeneously to cytotoxic drugs. 

Additionally, non-genetic cancer cell plasticity, explained by either spontaneous or induced cell 

switching from a differentiated, drug-sensitive state to a more resistant, stem-like state via non-

genetic elevation of survival and mitogenic pathways, has been shown to play a role in the 

development of therapy resistance43,44.  

 

1.2.2. Molecular mechanisms of therapy resistance 
 

A multitude of mechanisms involved in resistance have been described at the molecular 

level. These mechanisms will not be explained in extensive depth here, but they include decreased 

influx and increased efflux by drug transporters, drug inactivation by detoxification systems, 

promotion of anti-apoptotic pathways, and enhanced DNA repair45,46. Furthermore, alteration of 

key cell functions such as drug metabolism, and epigenetics are all factors influencing therapy 

response46. CSCs confer resistance through the use of these mechanisms in addition to their ability 

to promote the rise of resistant daughter cells, therefore facilitating the creation of a therapy-

resistant heterogeneous population41.  
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1.2.3. Tumor microenvironment 

The tumor microenvironment (TME) is comprised of tumor cells, endothelial cells, cancer-

associated fibroblasts (CAFs), and cells of the innate and adaptive immune system, along with 

their secreted products (growth factors, chemokines, cytokines), and the extracellular matrix 

(ECM)47. The complex interplay between the components of the TME (tumor-tumor, tumor-

stromal, cell-cell, and tumor-ECM interactions), along with environmental conditions, such as 

hypoxia and low pH, all have been implicated in modulating the response to therapy and promotion 

of tumor progression and growth, through the release of soluble factors46. Intrinsic resistance 

conferred by the TME includes high interstitial fluid pressure and inefficient blood supply, both 

of which hinder the distribution of the therapy towards the tumor. Meanwhile, the shifting 

adaptability of the TME composition in response to external stresses and therapeutic interventions 

has been described as a form of acquired resistance seen in many cancer types48. 

  Kim et al., 49 demonstrated the remodeling of the tumor-immune microenvironment 

(TIME) among advanced gastric cancer patients following treatment with the standard-of-care 5-

FU and platinum chemotherapy, whereby non-responders demonstrated a greater proportions of 

tumor-associated macrophages (TAMs) in both pre-treatment and on-treatment samples, while 

responders presented with greater T cell infiltration. Furthermore, a lack of response to therapy is 

associated with the development of an immunosuppressive environment via TAMs and regulatory 

T cells. The findings from this study highlighted the extensive heterogeneity of the TME among 

patients, as well as its ability to remodel itself, either favorably or unfavorably, to modulate the 

response to chemotherapy. Along with cellular alterations within the TME, the release of certain 

cytokines and growth factors help the tumor epithelium to resist and evade apoptosis, such as IL-

6 and IGF-147.  
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1.3.  Cancer-associated fibroblasts (CAFs) in GEA 
 
1.3.1. Origin & differentiation of CAFs 
 

CAFs are the most abundant and heterogenous cell type in the TME and are derived from 

fibroblasts which play a major role in producing and maintaining the ECM. Fibroblasts function 

as wound healing cells, such that they enter their activated, myofibroblast state upon injury and 

release inflammatory factors, such as transforming growth factor β (TGFβ), while simultaneously 

adopting a highly contractile nature via the expression of smooth muscle actin (⍺SMA)50. 

Fibroblasts generally can be defined by their lack of expression of epithelial and endothelial 

lineage markers, such as EPCAM and CD31, respectively, and positive expression of 

mesenchymal markers such as vimentin (VIM) and fibroblast activation protein (FAP)50–52. 

Activated CAFs express particular markers such as fibroblast specific protein (FSP1; S100A4), 

periostin (POSTN), Tenascin-C, and caveolin-1 (CAV1)52,53. 

CAFs display a unique characteristic compared to normal fibroblasts and myofibroblasts, 

such that they remain in the activated state and do not undergo apoptosis or revert back to their 

normal state51. Activation of CAFs can occur through various mechanisms besides TGFβ 

signalling, such as the presence of inflammatory signals from interleukins (IL-1 and IL-6) and 

tumor necrosis factor (TNF), contact with tumor cells and other cells, DNA damage, and oxidative 

stress50. Although CAFs are classically believed to originate from activated fibroblasts, several 

studies have shown their origin from various other cell types via cell-cell contact and release of 

soluble factors. Interestingly, epithelial cells are capable of differentiating into CAFs via EMT, 

such that they begin to lose their epithelial features and begin to adopt mesenchymal morphology, 

function, and gene signature52,54. This transition often progresses to a state where the cells retain 

their epithelial features but also assimilate mesenchymal properties, leading them to express a 
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combination of markers. The epithelial cells will begin to lose their cell-cell junctions and undergo 

ECM reorganization54. Simultaneously, CAFs can induce epithelial cells to go through EMT 

through the release of cytokines and chemokines, such as TGFβ, resulting in the acquisition of 

more aggressive features by tumor cells and increased metastatic potential52,55. Similarly, 

endothelial cells undergo a similar process of endothelial-mesenchymal transition (EndMT) to 

differentiate into CAFs52,56. Furthermore, other cell types, such as mesenchymal cells, adipocytes, 

and CSCs, are also capable of differentiating into CAFs through various signalling pathways. This 

wide diversity in how CAFs can be derived provides an explanation for their extensive molecular, 

morphological, and functional heterogeneity52.  

 
1.3.2. Heterogeneity of CAFs 
 

A) Marker heterogeneity & CAF subtyping  

 
 CAFs demonstrate great heterogeneity regarding the markers they express. Although ⍺SMA is a commonly known marker to identify CAFs, it still falls short in being able to distinguish 

all CAFs within the TME as well as its expression by other cell types57,58. Finding a specific marker 

to identify CAFs remains a challenge as no single marker has been found to be exclusive to CAFs; 

alternatively, CAF subtyping based on expression of a combination of markers as well as function 

can be used to characterize distinct populations59. 

 CAF subpopulations have been extensively studied and characterized in various cancer 

types, such as pancreatic and breast, and have been associated to functions that they play within 

the TME. 
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Table 1. Subtype characterization of CAFs in other cancer types 

Cancer Subtype Gene Signature Subcluster Reference 

Pancreatic myCAF aSMA, TAGLN, MYL9, 
TPM1, TPM2, POSTN, 
MMP11, HOPX, TWIST1 

 60, 61 

iCAF IL-6, IL-8, CXCL1, 
CXCL2, CCL2, CXCL12, 
HAS1, HAS2, PDGFRa, 
HIF1a, NRF2, SOD2 

 60, 61 

apCAFs Human: HLA-DRA, 
CD74, HLA-DPA1, HLA-
DQA1 

 61 

Breast CAF-S1 FAP, aSMA, CD29, 
S100A4, PDGFRβ, CAV1 

ecm-myCAF: THY1, COL3A1, 
LRRC17, FBN1, SFRP2, 
CCDC80 

62, 63 

detox-iCAF: C7, ADH1B, 
CXCL12, DCN, IL6, OGN, 
CCL2, CXCL3 

62, 63 

IL-iCAF: LAMC3, C7, CCL8, 
VCAM1, IL6, FBLN5 

62, 63 

TGFβ-myCAF: TGFB1, 
TGFB3, ID4, THBS4, LOXL1 

62, 63 

wound-myCAF: SMOC2, 
RARRES2, SFRP4, FBLN2, 
IGF1, IGF2 

62, 63 

INFγ-iCAF: CCL19, RBP5, 
C7, CXCL13, CXCL9, CCL3, 
IL34, CCL8 

62, 63 

CAF-S2 CD29low  62, 63 

CAF-S3 CD29, S100A4, PDGFRβ  62, 63 
CAF-S4 aSMA, CD29, S100A4, 

PDGFRβ 
 62, 63 

Gastric myCAF TPM1, TPM2, MYL9, 
TAGLN, POSTN 

 64 

iCAFs IL6, IL11, IL24, CXCL1, 
CXCL2, MMP1, MMP3, 
MMP10 

 64 

inCAFs PDGFRa, POSTN, ID1, 
and ID3 

 64 
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Pancreatic cancer. Öhlund et al60 identified two subtypes of CAFs, myofibroblastic CAFs 

(myCAFs) and inflammatory CAFs (iCAFs), in pancreatic ductal adenocarcinoma (PDAC) using 

immunofluorescence (IF) analysis on human tissue samples and a murine co-culture model 

between pancreatic stellate cells (PSCs) and tumor organoids. Between these two subtypes, 

myCAFs were described as FAP+ CAFs expressing high levels of aSMA, while iCAFs expressed 

lower levels of aSMA with increased levels of cytokine and chemokine release. Interestingly, the 

location of these CAFs relative to the tumor were found to be distinct: myCAFs were found to be 

adjacent to the tumor, while iCAFs were found further away from the tumor, around desmoplastic 

regions60.  

These findings were further validated and elaborated using single-cell RNA sequencing 

(scRNA-seq) on human PDAC tumor samples from six patients as well as tumor samples from 

four KPC mice61. In concordance with the in vitro PDAC models, scRNA-seq identified the 

myCAF and iCAF clusters, where myCAFs were distinguished by their highly contractile nature, 

involvement in ECM organization, and increased collagen formation, while inflammatory 

signalling pathways were predominant among iCAFs61. In addition, distinct signalling pathways 

were found to be implicated among these two CAF subtypes; the IL1/JAK-STAT3 pathway was 

found to be activated among iCAFs, while the TGFβ/SMAD2/3 pathway was associated strongly 

with myCAFs61. Analysis of CAFs in the KPC mouse tumors identified a novel subtype of CAFs, 

known as antigen-presenting CAFs (apCAFs), which express genes from the MHC class II family, 

normally expressed by antigen-presenting cells within the immune system61. 

Breast cancer. Costa et al.62 identified four major CAF subpopulations in human breast cancer 

using multicolor flow cytometry with six known CAF markers (FAP, CD29, aSMA, S100A4, 

PDGFRβ, and CAV1). The four subtypes were defined as: CAF-S1, CAF-S2, CAF-S3, and CAF-
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S4. Notably, CAF-S1 was the only subtype demonstrating positive expression of FAP and 

presented an ECM and inflammatory signature. This subtype of CAFs was also shown to create 

an immunosuppressive environment by increasing CD4+ CD25+ FOXP3+ regulatory T cells within 

the TME. On the other hand, CAF-S4 was defined by a gene signature similar to that of pericytes. 

Given the lack of expression of the chosen markers by CAF-S2 and CAF-S3 and their presence in 

healthy tissue, the subtypes were likened to normal fibroblasts62,63.  

Further analysis using scRNA-seq on seven breast cancer patient samples allowed for eight 

distinct CAF subgroups to be identified within the CAF-S1 population. Consistent with PDAC, 

these subgroups fell into the major myCAFs (cluster 0, ecm-myCAF; cluster 3, TGFβ-myCAF; 

cluster 4, wound-myCAF, cluster 6 IFN⍺β-myCAF, cluster 7, acto-myCAF), iCAFs (cluster 1, 

detox-iCAF; cluster 2, IL-iCAF; cluster 5, IFNγ-iCAF), and apCAFs populations63. It was found 

that ecm-myCAF and TGFβ-myCAF were the subgroups associated with an immunosuppressive 

environment, such that their overall content was correlated with the abundance of PD-1+ and 

CTLA4+ CD4+ T cells. It was also found that ecm-myCAFs are capable of converting into TGFβ-

myCAFs through interaction with CD4+ CD25+ T cells, which may contribute to resistance to 

immunotherapy63. 

Gastric cancer. Studies characterizing CAF subtypes in GC have been sparse within the literature. 

Transcriptome mapping of the stroma from nine GC patients using laser capture microdissection 

and scRNA-seq revealed 129 DEGs between good and poor prognostic outcome groups, such that 

genes and pathways related to ECM organization (AEBP1, COL10A1, COL11A1, THBS2, TPM2), 

growth factor response (INHBA, FGFR1, HSPB1), and mesenchymal cell proliferation (LMNA, 

UACA) were significantly upregulated among poor outcome patients. In contrast, genes associated 

with the humoral immune response (LCN2, PGC, REG1A, ITLN1, BIRC3), tissue homeostasis 
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(LYZ, MUC6), and digestive tract development (GATA6, ITGA6, CLDN18) were differentially 

downregulated among poor outcome patients compared to good65.  

A single-cell atlas comprising of >200,000 cells from 31 GC patients identified four 

clusters within the stromal metacluster: fibroblasts (STF1 and STF3; LUM and DCN expression), 

pericytes (STF2; NOTCH3 and RGS5 expression), and a novel cell type expressing both 

endothelial and fibroblast markers (STF4; PLVAP and RGS5 expression). The identification of 

STF4 stromal cells was hypothesized to be derived from EndoMT differentiation of endothelial 

cells to CAFs66. Importantly, Kim et al.64 performed single-cell analysis on pre-cancerous and 

cancerous GC lesions on 30,888 cells from 24 patients and revealed three CAF subtypes 

reminiscent of those seen in breast cancer and PDAC: myCAFs, iCAFs, and intermediate CAFs 

(inCAFs). inCAFs were found to share gene signatures between myCAFs and iCAFs. NF-kappa 

B signalling, TNF signalling, and cytokine interaction pathways were upregulated among iCAFs. 

While iCAFs were positively correlated with stemness, myCAFs and inCAFs were negatively 

correlated.  

 

B) Functional heterogeneity  

The functions of CAFs within the TME are diverse and multifaceted, ranging from 

promoting tumor growth, immune modulation, pro-metastatic activity, angiogenesis, and 

resistance to therapy. 

Interactions with tumors. Several studies have shown how CAFs can promote tumor growth and 

proliferation through the release of growth factors (e.g. HGF, IGF1), cytokines (e.g. TGFβ, IL-6, 

IL-22), chemokines (e.g. CXCL12, CCL2), and activation of their signalling pathways58,67,68. 

Interaction of CAFs with tumor cells via the release of these factors enhances their survival and 
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can result in anti-apoptotic activity through the upregulation of proteins like B-cell lymphoma-2 

(BCL-2) and downregulation of pro-apoptotic protein BCL-2 Associated X protein (BAX)58,69.  

 Binding of CAF-secreted CXCL12, a chemoattractant for lymphocytes and macrophages, 

to its corresponding receptor, CXCR4, expressed on the surface of cancer cells, has shown to 

stimulate TGF-β expression by the tumor, leading to increased survival and progression67,70.  

IL-6 upregulation in stromal cells has also been shown to be implicated in GC 

tumorigenesis, such that knockout of the cytokine in N-methyl-N-nitrosourea- (MNU-) induced 

GC mice resulted in a lower incidence of GC compared to wildtype mice. Co-culture of IL-6 

positive fibroblasts with the GC NUGC4 cell line further induced genes associated with STAT3, 

a known marker involved in promoting GC progression and inducing vascular endothelial growth 

factor (VEGF) expression69,71. 

Angiogenesis. Neovascularization is a common occurrence in tumorigenesis as it facilitates 

invasion and metastasis of cancer cells. CAFs play a role in the development of new blood vessels 

through the secretion of pro-angiogenic factors, such as VEGFa, which subsequently interact with 

its receptor found on endothelial cells, such as VEGF receptor 2 (VEGFR2)57. Other important 

pro-angiogenic factors secreted by CAFs include platelet-derived growth factor (PDGF), 

CXCL12, and fibroblast growth factor 2 (FGF2), which facilitate endothelial cell proliferation, 

migration, and recruitment to the site of the tumor57,58,69. Interestingly, the release of CXCL12 by 

CAFs has also been shown to recruit endothelial progenitor cells and modulate their migration in 

breast cancer, promoting angiogenesis and subsequent tumor expansion67.  

ECM remodelling. The process of neovascularization and promotion of tumor progression is 

further associated with reorganization and degradation of the ECM mediated by CAFs, given that 

they are the major producers of ECM components, including collagens, glycoproteins, 
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proteoglycans, and matrix metalloproteinases (MMPs)57. Deposition of ECM components by 

CAFs is a pathological mechanism resulting from TGFβ secretion by tumor and immune cells, as 

well as sustained wound inflammatory signals72. Furthermore, increased stiffness of the ECM is 

characteristic of malignancy, whereby tumor cell invasion and metastasis are facilitated, along 

with creating a barrier for T cell migration towards the tumor site57,59.  

Immunosuppressive activity. The release of inflammatory cytokines and chemokines by CAFs 

modulates the recruitment of immune cells to the TME. CAFs have also shown to participate in 

the recruitment of myeloid-derived suppressor cells (MDSCs) and Tregs, which are involved in 

promoting tumor survival. FAP+ CAFs demonstrated immunosuppressive activity via the release 

of CCL2, leading to the activation of the STAT3-CCL2 signaling pathway and recruitment of 

MDSCs, which was further confirmed by the recruitment of Tregs and CD4+ CD25+ T cells CAF-

S1 in breast cancer62,73. 

Chemoresistance. Several mechanisms have been reported for CAF-induced chemoresistance, 

including the release of cytokines, CAF-tumor cross-talk, decreased drug delivery via ECM 

deposition, and increasing CSCs in the TME58,59,74. Interestingly, CAFs are capable of limiting 

drug bioavailability via drug scavenging mechanisms, as seen with gemcitabine in PDAC75. The 

secretion of IL-11 by CAFs was found to be involved in conferring resistance to cisplatin in GC 

cells, through the activation of the gp130/JAK/STAT/Bcl signalling pathway76. IL-6 released by 

CAFs was found to induce the expression of the CXCR7 receptor via STAT3/NF-κB signalling in 

ESCC cells following co-culture between the two cell types, resulting in cisplatin resistance77. 

TGFβ1 signalling by CAFs has also demonstrated involvement in ESCC chemoresistance to 

several drugs (cisplatin, taxol, 5-FU, docetaxel, and carboplatin)78. Despite these findings, the 

association of distinct CAF subtypes to chemoresistance in GC is still unclear. 
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1.3.3. Clinical implication of CAFs  
 

CAF gene signatures and proteomic analysis have shown to provide prognostic relevance 

in several cancer types57. Increased levels of stromal-related genes, such as MMP7 and FAP+ 

CAFs, have shown to be associated with poor outcome in PDAC and colorectal cancer (CRC), 

respectively79,80. In particular, TGFβ signaling being upregulated in the stromal environment has 

been shown to be related to poor survival outcomes among CRC patients81. The association of 

stromal gene signatures to disease prognosis can therefore serve to detect cancer early among 

patients. For example, POSTN expression was found to be associated with poor OS and DFS in 

EAC tumors82. 

Along with the valuable role of CAF genes as biomarkers within the clinic, strategies to 

target CAFs based on population subtyping has been of interest, despite the challenge of this 

approach. For example, sibrotuzumab, a humanized antibody against FAP, has been tested in Phase 

I and Phase II clinical trials among patients with metastatic CRC, and demonstrated a lack of severe 

toxicity and efficacy83,84. Nab-paclitaxel in combination with gemcitabine was found to inhibit 

collagen-I production and release of inflammatory cytokines CXCL10 and IL-6 in pancreatic cells 

and CAF co-culture models85,86. Furthermore, nab-paclitaxel in combination with atezolizumab, a 

PD-LI inhibitor, was found to increase OS among metastatic lung cancer patients87.  Targeted-

therapies against CAFs or CAF-induced activity within the TME show promise to complement 

standard-of-care treatments, but emphasize the need to identify specific CAF subpopulations 

involved in conferring therapy resistance in GEA given the heterogenous nature of CAFs. 
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1.4.  Project rationale, objectives, & hypothesis 
 
Rationale. The poor prognosis of GEA patients despite docetaxel-based chemotherapy (DCF), the 

current standard-of-care treatment, demonstrates an urgent need for alternative, targeted 

approaches and better biomarkers for this disease. Along with genetic and non-genetic alterations, 

a better understanding of the interactions within the TME is necessary to identify the factors 

conferring resistance to chemotherapy. Specifically, CAFs present as the most abundant and 

heterogenous cell type in the TME, and distinct subtypes have shown to interact with tumor cells 

to induce therapy resistance in other cancer types.  However, studies on the identification of 

distinct CAF populations are scarce and still remain unclear.  

Aim & hypothesis. The following research aims to characterize CAF subtypes in GEA and 

investigate their role in the patients’ chemoresponse. It is hypothesized that heterogenous CAF 

populations modulate the response to chemotherapy in GEA, such that CAFs from chemo-sensitive 

and chemo-resistant patients have distinct genomic profiles.  

Objective 1. Select patient cohort based on pathological response and availability of 

treatment-naïve (biopsy) fibroblasts and patient-derived tumor organoids (PDOs). 

Objective 2. Validate known CAF markers based on a review of literature of other cancer 

types in GEA patient-derived treatment naïve biopsy fibroblasts. 

Objective 3. Characterize CAF populations using an scRNA-seq atlas based on data from 

>30 GEA patients and identify specific CAF markers associated with chemotherapy 

response. 

Objective 4. Establish a PDO-CAF 3D co-culture model for future in vitro drug screening 

with standard-of-care and alternative therapies.  
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CHAPTER 2: EXPERIMENTAL DESIGN & METHODOLOGY 
 
 

2.1.  Study design & patient cohort 
 
2.1.1. Primary tissue sample collection 
 

The McGill University Esophageal, Gastric, Colorectal Data- and Bio-bank (EGCDB) 

consists of tumor samples collected from >350 GEA patients that have been treated at the Montreal 

General Hospital Thoracic Surgery Department between January 2018 and February 2023.  

GEA tumor and tumor-adjacent normal tissue samples were often collected at three 

timepoints for patients that received neoadjuvant chemotherapy: 1) initial endoscopic biopsy 

(Tbio), pre-treatment; (2) endoscopic biopsy, mid-treatment (Tmid); (3) surgical resection (Tsur), 

post-treatment. Patients who did not receive neoadjuvant treatment and went directly to surgical 

resection had a treatment-naïve Tsur sample collected. Tissue sample collection from patients was 

performed under the MUHC Research Ethics Board guidelines, and written informed consent was 

received from all patients prior to use of their samples. 

Clinicopathological information (tumor grade, tumor stage, tumor site, HER2 status, 

mismatch repair protein status, pathological and clinical response to neoadjuvant treatment) was 

retrieved from the OACIS Clinical Information System. The clinical objective response rate was 

determined by Dr. James Tankel (Thoracic Surgery fellow) using computerized tomography (CT) 

scans of the tumor at the time of biopsy and at the time of surgical resection.  

 
2.1.2. Patient cohort 
 

40 patients from EGCDB were selected to be part of this retrospective cohort based on 

tumor location, tumor type, neoadjuvant treatment, availability of treatment naïve patient-derived 

organoids (PDOs) and fibroblasts at the time of biopsy, and information regarding clinical and 
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pathological response to neoadjuvant treatment. Patients whose biopsy tumor samples had scRNA-

seq data were prioritized to be included in the cohort (Supplementary Table 1).  

 
2.1.3. Primary tissue dissociation for cell culture of PDOs and CAFs 
 

After identification of tumor and tumor-adjacent normal regions from tissue samples by a 

pathologist, tissue dissociation was performed by the research technician. Samples were washed 

with sterile AD-DF+++ media (Supplemental Table 1) to eliminate the excess blood, and necrotic 

parts of the tumor were removed with razor blades. The tissue was divided into pieces for 

subsequent experiments. One piece of the tissue sample was used for generation of single cells 

required for fibroblast and organoid cultures.  

Tissue dissociation. Viable tissues were minced with razor blades and forceps in 5 mL of tissue 

dissociation solution: Collagenase III (2 mg/ml), (Worthington, LS004182), Hyaluronidase (100 

U/ml) (Sigma, H3884), Primocin (10 g/ml) (Invivogen, ant-pm-1), AD-DF+++ media. Minced 

tissue mix was collected into a MACS-C tube (Miltenyi Biotec, 130096334). C-tubes were 

incubated in GentleMACSTM Octo Dissociator with heaters (Miltenyi Biotec) and program A was 

run, followed by program B (according to company’s tissue dissociation protocol). Following 

tissue dissociation, 10 mL of PBS + 1mM DTT (Sigma Aldrich, D0632), was added to the tube 

and pipetted up and down to mix. Cells were passed through a 100 µm cell strainers (Fisherbrand, 

22363549) into a sterile 50 mL tube. The sample was then transferred to a 15 mL tube and 

centrifuged at 500g for 5 min at 4°C. The supernatant was removed with a pipette and the pellet 

was resuspended in 1 mL of 0.25% trypsin, followed by incubation in a 37°C water bath for 5 min. 

9 mL of PBS/10% FBS + 1mM DTT was then added to the cell suspension. The sample was then 

aliquoted into two 15 mL tubes. 1 mL of solution was taken from the 15 mL tube (10ml 

cells+PBS+10%FBS) and transferred into a new 15 mL conical tube, then centrifuged at 500g for 



  36 

5 min at 4°C. The supernatant was removed, and the pellet was resuspended in 4 mL AD-DF+++. 

The solution was left to stand for 10 minutes before transferring 2 mL of the upper part of the 

supernatant to a new 15 mL conical tube (this portion is used for fibroblast culture). Both fractions 

were centrifuged at 500g for 5min at 4°C.  

Fibroblast propagation. The supernatant was removed, and 1 mL of fibroblast media 

(Supplemental Table 1) was added to the cells, then transferred onto a Purecol (Advanced 

BioMatrix, #5005) coated 24-well plate.  

Organoid propagation. The supernatant was removed with a pipette, leaving the pellet behind. 

The tube was placed on ice for a few minutes before adding 80 µL of Matrigel (Corning, 356231). 

The Matrigel+cells were then plated onto a 24-well plate, allowed to rest at room temperature for 

1-2 minutes, before transferring to an incubator (37°C, 3% O2) for 5-10 minutes to allow the domes 

to solidify. 600 µL of complete growth media (Supplemental Table 1) was gently added to each 

well.  

 
2.2.  Single-Cell RNA Sequencing 
 
2.2.1. RNA collection, extraction, and sequencing 
 
Sample processing. An aliquot of the dissociated tissue sample solution previously mentioned, the 

sample was centrifuged at 500 g for 5 min at 4°C. The supernatant was removed with a 5 mL 

pipette, and the pellet was resuspended in 0.5 mL of Dispase (Sigma 10269638001) and 10 µL 

DNase I (1mg/ml), then incubated in a 37°C water bath for 5 min. 9 mL of PBS was then added 

and the solution was centrifuged at 500 g for 5 min. The supernatant was removed with a pipette 

and the pellet was resuspended in 1 mL of ACK lysis buffer (Invitrogen, A1049201) for 5 min at 

room temperature. The solution was then passed through a 40 µm cell strainer (Falcon, 352340) 

and then centrifuged at 500 g for 5 min. The supernatant was removed, and the cells were washed 
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with 1 mL of 2% FBS-PBS, then transferred to a 1.5 mL microtube. The solution was centrifuged 

for 5 min at 500g. The wash process was repeated twice and then the cells were resuspended in 

100 µL of 2% FBS-PBS. RNA sequencing, quality check, and downstream analysis was performed 

by McGill Genome Center.  

 
2.2.2. scRNA-seq data processing 
 

Creation of a scRNA-seq browser was conducted by bioinformaticians at the Institute of 

Systems Biology, Seattle, US.  

Read processing and alignment. After polyA-trimming via cutadapt (v3.2) [Martin2011], reads 

were pseudoaligned to the GRCh38 reference transcriptome (ENSEMBL release 96) with kallisto 

(v0.46.2) [Bray2016] using the default kmer size of 31. The pseudoaligned reads were processed 

into a cell-by-gene count matrix using bustools (0.40.0) [Melsted2021]. Cell barcodes were filtered 

using the whitelist (v3) provided by 10xGenomics. All further processing was done in scanpy 

(v.1.7.1) [Wolf2018].  

Quality control and normalization. Quality control was performed for each sample independently 

as followed: Cell barcodes with less than 1000 counts or less than 500 genes expressed were 

removed. Cell barcodes with more than 10% mitochondrial gene expression were removed. 

Doublet cells were identified using scrublet [Wolock2019], removing any cell barcode with a 

scrublet score > 0.2. Only coding genes were retained in the final count matrix. Expression profiles 

were normalized by total counts, the 4000 most highly variable genes identified [Zheng2017], 

renormalized, log- transformed and z-scored. The data was projected onto the first 50 principal 

components. After the above per-sample preprocessing, samples are pooled and integrated using 

Harmony [Korsunsky2019] on the first 50 principal components with a maximum of 25 iterations. 

A nearest neighbor graph (k=15) was calculated on the harmony corrected principal components 
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space. Datasets were visualized in 2D via UMAP [McInnes2018] and initialized with PAGA 

[Wolf2019] coordinates. The nearest neighbor graph was clustered with the Leiden algorithm 

[Traag2019]. The processed datasets were visualized interactively using Cellbrowser [Speir2021] 

allowing for easy access and exploration across teams and labs. 

 

2.2.3. Differential gene expression analysis and pathway analysis 
 

The top 50 significantly upregulated genes in each of the clusters of the treatment-naïve 

biopsy fibroblast dataset were identified using pairwise differential analysis defined by a z-score. 

Clustering of CAFs according to their function was performed using gene ontology analysis with 

Metascape tool (http://metascape.org) using all significantly upregulated genes (log p-value<0.01) 

in each of the 14 clusters. Variance stabilized transform (VST) analysis was performed to identify 

DEGs between pre- and mid-treatment timepoints according to pathological and clinical response.  

 
2.3. Validation in primary fibroblasts 
 
2.3.1. Maintenance of fibroblasts 
 
Collagen-coated petri dishes. Fibroblasts were plated on petri dishes coated with Purecol to 

facilitate cell adherence. A 1:30 Purecol:1X PBS was made in a 50 mL tube. The volume added to 

each well was dependent on the size of the dish: 400 µL per well for 24-well plates, 1 mL per well 

for 6-well plates, and 5 mL for 10 cm petri dish. The plates were incubated for at least 30 minutes, 

ideally 2 hours, at 37oC. The solution was then removed, and the plates were washed twice with 5 

mL of 1X PBS, and then all the liquid was aspirated before storing the plates at 4oC. Plates could 

be stored in the fridge for several weeks.  

Passaging fibroblasts. Once the 10 cm petri dish reached 70-80% confluency, the fibroblasts were 

passaged. Media was carefully removed, and the cells were washed once with 5 mL of 1X PBS 
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(Gibco, 10010023). Fibroblasts were detached from the plate using 2 mL 0.25% trypsin (Gibco, 

15050- 065) and incubated at 37oC for 90 seconds or until completely detached. 4 mL of 5% FBS-

PBS was added to the dish to inactivate the trypsin, and the cells were transferred to a 15 mL 

labeled tube. Cells were centrifuged at 500xg for 5 minutes. The supernatant was removed, and 

the cells were resuspended in 1 mL of fibroblast media.  

Cell viability. Cell counting and viability were performed using an automated cell counter 

(Invitrogen Countess 3). 10 µL of cells were mixed with 10 µL of trypan blue (Gibco, 15250-061) 

and pipetted into the counting slides (Invitrogen, C10283) before inserting into the machine.  

Plating fibroblasts. Fibroblasts were plated on pre-coated 10 cm petri dishes with 8 mL of 

fibroblast media, then placed in a HERAcell V10S 160i incubator (Thermo Scientific) at 37C, 

3% O2, and 5% CO2. 

Freezing fibroblasts. Cells were resuspended in 90% FBS-10% DMSO and then 500 µL were 

distributed into 1.5 mL cryovials (Sarstedt, 9081911), labelled with the biobank ID, cell type, 

passage number, and date. The cryovials were placed in CoolCell freezing containers (Corning, 

432002) at -80oC for storage.  

 

2.3.2. Immunofluorescence 
 

20,000 cells in 500 µL of fibroblast media were plated on collagen-coated coverslips placed 

in wells on a 24-well dish. Cells were grown until they reached 50-60% confluency.  

Fixation and permeabilization. Media was aspirated from each well and the cells were washed 

twice with 500 µL of 1X PBS. The cells were immediately fixed with 500 µL of 4% PFA 

(ThermoScientific, 218957) for 10 minutes at room temperature. The solution was aspirated, and 

the cells were washed with 500 µL of PBS, repeating 3x with 5 minutes between each wash. 500 
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µL of 0.1% Triton X-100 in PBS was added to each well to permeabilize the cells for 10 minutes 

at room temperature. Following aspiration, the cells were washed with 500 µL of PBS, 3x with 5 

minutes between each wash.  

Blocking buffer preparation. First, 50 mL of 1X TBST solution was made using 5 mL of 10X 

TBS (Fisher Bioreagents, 191513), 45 mL of sterile water, and 50 µL of Tween-20 (Fisher 

Bioreagents, 190656). Taking a 20 mL aliquot of the 1X TBST solution, 1 µL of 0.01% Triton-X, 

0.2 g of 2% BSA (Sigma Aldrich, 10735078001) and 200 µL of FBS (Invitrogen, 12483-020) were 

added to make the blocking buffer.  To dissolve the BSA powder in solution, a small aliquot of the 

1X TBST was added to the solute separately before adding it to the rest of the solution. 500 µL of 

the blocking buffer was then added to each well and left to rest for 1 hour at room temperature. 

Primary antibody staining. The selected antibodies (Supplemental Table 2) were diluted at the 

indicated ratio in blocking buffer and 100 µL was added to each well. Cells were left to incubate 

overnight at 4oC.  

Secondary antibody staining. The primary antibody solution was aspirated, and the cells were 

washed 3x with 500 µL PBS, keeping 5 minutes between each wash. 100 µL of the diluted 

secondary antibody solution in PBS was added to each well. Cells were left to incubate for 1 hour 

at room temperature. From this point on, the plate was kept in the dark.  

Slide preparation. The cells were then washed with 500 µL PBS, 3x with 5 minutes in between 

each wash, and then a quick wash with 500 µL of sterile water. Coverslips were mounted onto 

labelled slides (Fisherbrand, 12-550-15), using mounting medium with DAPI (Vectashield Hardset 

Antifade, H-1500-10) and forceps. The slides were left to dry overnight at 4oC in a slide box.  
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Confocal imaging and analysis. Images of fluorescently stained fibroblasts were taken using a 

Zeiss LSM 880 confocal microscope with the 20x objective. Measurement of fluorescence 

intensity was performed using ImageJ software developed by the National Institute of Health. 

 

2.3.3. Fluorescence-activated cell sorting (FACS) 
 
Sample preparation. Fibroblasts were passaged as mentioned above and resuspended in 1 mL of 

PBS. An aliquot of the sample was taken, and heat shocked at 65°C in a water bath for 5 min for 

the viability control. The rest of the sample was aliquoted into labeled blue capped-FACS tubes 

(Falcon, 352235): main sample (3 tubes), fluorescence minus one (5 tubes), viability control (1 

tube) and unstained control (1 tube). 500 µL PBS was added to each tube and pipetted up and 

down. The samples were centrifuged at 300g for 5 min at 4°C. While the samples were being 

centrifuged, the viability dye (Supplemental Table 2) diluted at 1:1000 in PBS was prepared on 

ice in the dark. The samples were decanted to get rid of the supernatant, keeping only the pellet at 

the bottom. 100 µL of Aqua blue 405nm viability solution was added to each tube and left to 

incubate for 30 min on ice in the dark. 500 µL of PBS was added to each tube to wash the dye, and 

then spun down at 300g for 5 min at 4°C. While cells were spinning, antibodies (Supplemental 

Table 2) were diluted in 100 µL of PBS on ice in the dark in microtubes accordingly: (1) all 

markers, (2) FMO minus FAP, (3) FMO minus PDGFRa, (4) FMO minus PDGFRb, (5) FMO 

minus CD74, (6) FMO minus PDPN, (7) FMO minus viability, (8) single stain FAP, (9) single 

stain PDGFRa, (10) single stain PDGFRb, (11) single stain CD74, (12) single stain PDPN. 100 µL 

of antibody solution was added to their appropriate tube, and incubated for 30 min on ice in the 

dark. 500 µL of PBS was added to each tube to wash the dye, and then spun down at 300g for 5 
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min at 4°C. The supernatant was decanted, keeping only the cells at the bottom. The cells were 

then resuspended in FACS buffer (Supplemental Table 2).  

Flow cytometry and analysis. For each sample, 30,000-50,000 events were acquired using the BD 

FACS Canto machine. Analysis of flow cytometry results were performed using FlowJo software 

developed by BD Biosciences. 

 
2.4.  3D PDO AND CAF co-culture model 
 
2.4.1. Establishment and maintenance of PDOs 
 
Passaging PDOs. Once the organoids were mature, passaging was performed under sterile 

conditions. The growth medium was removed and replaced with 500 µL of Matrigel digestion 

buffer: 1:100 dilution of 100mg/ml stock Collagenase/Dispase (Sigma, 10269638001) with AD-

DF+++ medium. The dome was broken by pipetting up and down. The plate was then incubated 

at 37°C for 1 hour. After digestion, the media was collected in a 15 mL tube and centrifuged at 

500g for 5 min at 22°C. The supernatant was then removed and replaced with 1 mL of 0.25% 

trypsin. The tube was put into a 37°C water bath for 5 min. The cells were quickly vortexed until 

the organoids were broken down into single cells. To inactivate the trypsin, 4 mL of 5% FBS-PBS 

was added and gently vortexed before centrifuging at 500 g for 5 min at 22°C. The supernatant 

was removed and resuspended in 1 mL of AD-DF+++ medium. Cell viability and count was 

assessed as mentioned previously for fibroblasts.  

Plating PDOs. The required volume (32,000 cells per dome) was aliquoted into a 1.5 mL 

microtube, then centrifuged at 500 g, 5 min, 4°C. The supernatant was removed, and the cells were 

resuspended in Matrigel, then plated as domes on a 24-well plate, as previously mentioned for 

organoid propagation. 
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Freezing PDOs. Cells were resuspended in CryoStor media (Stemcell) and transferred into 

CryoPure (Sarstedt, 9081911) 1.8 mL cryovials. The cryovials were placed in CoolCell freezing 

containers (Corning, 432002) for storage at -80oC. 

 

2.4.2. PDO-CAF co-culture 
 

Tumor-derived organoids and fibroblasts were individually passaged as previously 

mentioned. The co-culture model was performed at a 2:1 (fibroblast to organoid) ratio, in a 96-

well plate. 10,000 single cells from organoids were mixed with 20,000 fibroblasts for each well 

and mixed in a 1.5 mL microtube. The cells were centrifuged at 450g for 5 min at 4°C. The 

supernatant was removed and then resuspended in a 1:7 Purecol:Matrigel solution. The volume of 

Matrigel was first added to the pellet before adding Purecol. 30 µL of the suspension was added 

to each well in a 96-well plate, then was left to incubate at 37 °C, 3% O2 for 30 minutes. 100 µL 

of complete growth medium was then added to each well. Co-culture models were left to grow for 

3-5 days for subsequent drug screening or marker staining. 

 

2.5.  Brightfield imaging 
 

Brightfield imaging of organoids and were captured using the EVOS M7000 microscope. 

The images were taken at 4x (650 µm), 10x (275 µm), 20x (150 µm), and 40x (75 µm) objectives. 

 

2.6.  Drug screening 
 
2.6.1. Drug stocks 
 

Docetaxel (Cayman, 11637) and 5-FU (Cayman, 14416) were diluted in DMSO (Sigma, 

SHBL2891), and Cisplatin (Cayman, 13119) was diluted in 0.9% saline. The ratios used for DCF 

were 1:1:10, respectively.  
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2.6.2. Drug treatment 
 

CAF-PDO co-culture models were plated on 96-well plates as previously mentioned, in 10 

wells, followed by control wells with organoids only (30,000 cells) and fibroblasts (30,000 cells). 

Following PDO and CAF growth, after 3-4 days, the cells were supplemented with 100 µL of 

complete gastric media, and were then treated with aliquots of Docetaxel, Cisplatin, and 5-FU 

(DCF) using the Tecan D300e digital dispenser, according to the company protocol. The drug 

dispenser was put into the sterile tissue culture hood, a T8+ Dispensehead Cassette (Tecan, 

30097370) was loaded onto the dispenser, and a protocol with 10 different concentrations and 

normalization fluids (DMSO + 0.01% Tween 20) was implemented. After drug addition, the cells 

were incubated for 72 hours in the 37 °C/3% O2 incubator, and were then imaged to compare 

control wells to drug-treated wells.  

Drug screening on fibroblasts was conducted to determine their response to DCF. 15,000 

fibroblasts were plated in 30 wells on the 96-well plate. The protocol above was implemented for 

the plating and drug treatment. Following drug treatment, cell viability was assessed using a 

CellTiter Glo 3D Cell Viability Assay (Promega, G9683), and the luminescence protocol which 

measured the cell metabolic ATP activity, was obtained using the Varioskan Lux plate reader 

(ThermoScientific). GraphPad Prism software was used to generate dose-response curves and 

IC50 concentrations. 

 

2.7.  Statistical analysis 
 

Statistical analyses and graphs were conducted using GraphPad Prism software (v9.2.0) 

and Excel. Statistical significance was determined by a P-value of < 0.05. Statistical details are 

elaborated under each figure legend. 
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CHAPTER 3: RESULTS 
 
3.1.  Clinicopathological characteristics of select patient cohort 
 
3.1.1. Characteristics of patient cohort 
 
 A cohort of 40 GEA patients was selected from a large biobank consisting of >350 GEA 

patient samples treated between January 2018 and February 2023 (Table 1). The main criteria for 

selecting this cohort were the tumor type (adenocarcinoma), tumor site (esophageal/EGJ), 

treatment with a docetaxel-based triplet neoadjuvant chemotherapy, tumor pathological response 

to neoadjuvant chemotherapy, availability of Tbio fibroblasts, Tbio PDOs, and scRNA-seq data 

(Figure 1A and Supplemental Table 3). With regards to the latter three criteria, not all patients 

had available Tbio fibroblasts, PDOs, or scRNA-seq, but were included if they had at least one of 

the three. Other characteristics that were noted include patient age, sex, mismatch repair protein 

status (microsatellite stable, MSS; or MSI-H), HER2 status (positive or negative), Response 

Evaluation Criteria in Solid Tumors (RECIST) (complete response, CR; partial response, PR; 

stable disease, SD) tumor grade (well, moderately, or poorly differentiated), clinical score (TNM), 

and pathological score (TNM). 

The patients were categorized by their pathological response to chemotherapy: 14 patients 

(TRG0/1 good), 12 patients (TRG2 moderate), and 14 patients (TRG3 poor). The median age of 

patients was 69.7 years (range, 50-86 years). Most patients within this cohort were male (31 males 

vs. 9 females), with all patients having a tumor at the distal esophagus or EGJ site. 50% of patients 

presented with a poorly differentiated tumor and 35% patients had a stable disease, whereby no 

reduction of the tumor was seen following neoadjuvant chemotherapy. Recurrence of the tumor 

and/or metastasis occurred among 25% of patients, of which 60% were pathological poor 

responders.  
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Table 1. Clinical characteristics of patient cohort. 40 GEA patients separated based on 

pathological response following treatment with docetaxel-based triplet neoadjuvant therapy.  

* refers to the combination of DCF with other treatments, such as avelumab. Other treatments 

provided include carboplatin+paclitaxel and FOLFOX. 
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3.1.2. Patient survival outcome and clinical progression 
 

OS and disease-free survival (DFS) of patients within this cohort were determined and 

compared to pathological response to neoadjuvant chemotherapy (Figure 1B and 1C). Given that 

patients were admitted to the clinic at variable timepoints, length of follow-up was not uniform. 

OS was determined by the time at which the patient was diagnosed with GEA until follow-up time 

end or death. Figure 1B demonstrates a non-significant difference between the survival of 14 good 

responders, 12 moderate responders, and 14 poor responders (p=0.2967). Similarly, Figure 1C 

demonstrates the difference in DFS between pathological good, moderate, and poor responder 

patients. A non-significant difference can be seen between 14 good responders, 12 moderate 

responders, and 14 poor responders (p=0.1618) to neoadjuvant chemotherapy. 

The clinical progression of patients within this cohort was followed from the start of their 

diagnosis to their last follow-up or death, separated according to pathological response to 

neoadjuvant chemotherapy (Figure 1D). The number assigned to each patient corresponds to the 

number denoted on Supplementary Table 3. In particular, the clinical timeline highlights the 

occurrence of metastasis and disease recurrence events among poor responder patients compared 

to good responders. 
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Figure 1. Clinical survival and progression of patient cohort based on pathological response 

to neoadjuvant docetaxel-based triplet chemotherapy. (A) Experimental design of study. 

Tumor sample was collected at initial endoscopic biopsy (Tbio), followed by mid-treatment 

endoscopic biopsy (Tmid) after two cycles of neoadjuvant chemotherapy, and finally at surgical 

resection (Tsur) after completion of two more cycles of neoadjuvant chemotherapy. Pathological 

and clinical response, and availability of scRNA-seq analysis, primary fibroblasts, and patient-

derived organoids were noted for all 40 patients within the cohort, indicated by the presence of a 

circle symbol. Undefined information is denoted by a blank space. (B) Kaplan Meier plot for 

overall survival (%) of select patients as a function of time after diagnosis (in months) according 

to pathological response (TRG0/1 good, green; TRG2 moderate, blue; TRG3 poor, red). (C) 

Kaplan Meier plot for disease-free survival (%) of patient cohort based on time after resection (in 

months), distinguished by pathological response (TRG0/1 good, green; TRG2 moderate, blue; 

TRG3 poor, red). Statistical analysis was performed using a log-rank test for trend and significance 

was defined by a p-value < 0.05. The number of patients at risk and the number of patients censored 

at 12-month increments is denoted beneath the survival curves. (D) Swimmer plot demonstrating 

patient clinical progression as a function of overall survival (in months) according to pathological 

response (TRG0/1 good, green; TRG2 moderate, yellow; TRG3 poor, red).  

 

 

3.2.  Validation of known CAF markers based on review of literature in treatment naïve 

biopsy patient-derived fibroblasts 

 

3.2.1. Phenotypic and functional heterogeneity of CAFs reported in the literature 
 
 CAF heterogeneity has been reported in several other cancer types, including pancreatic 

and breast, and their various functions have been extensively reported in the literature. Figure 2 

represents a comprehensive review of commonly reported CAF markers in the literature associated 

to their functions in the TME. Given that subtyping and phenotypic characterization of CAFs 

remains unclear in GEA, this review was performed as a preliminary step to select known CAF 
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markers for further validation of their expression in primary fibroblasts from GEA patients 

(Supplementary Table 4).  

 

 

Figure 2. Heterogenous functions of commonly reported CAF markers in the TME. Extensive 

literature review on 18 known CAF markers relevant in other cancer types associated to six 

common functions of CAFs in the TME. Certain markers have multiple reported functions. 

 

 

3.2.2. Validation of known CAF markers in GEA primary fibroblasts identifies significant 

difference between good and poor responders to chemotherapy 

 
 Ten CAF markers were selected for further validation in treatment naïve biopsy fibroblasts 

using IF staining. Figure 3A demonstrates the quantified expression of these CAF markers 

following imaging with confocal microscopy. Comparison of good (n=1), moderate (n=1), 
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moderate with metastasis (n=1), and poor (n=1) pathological response identified three markers, 

VIM, PDGFRb, and S100A4, that were significantly differentially expressed in GEA primary 

fibroblasts. Figure 3B shows the corresponding confocal images of the DEGs between patients of 

varying pathological response. Decreased VIM expression was associated with poor pathological 

response, while PDGFRb and S100A4 were found to be upregulated in poor-responder CAFs. Of 

note, fibroblasts from adjacent normal esophageal tissue were used as a control. Furthermore, 

differences in CAF morphology and marker expression can be seen not only between patients, but 

also within a patient’s sample.  

 In addition, FACS was performed on treatment-naïve biopsy fibroblasts to sort based on 

the expression of five known CAF surface markers (Figure 4). CAFs were first gated from debris 

based on the forward and side scatter, and then gated on single cells. Live cells were selected to 

then perform further analysis of the markers. Individual gates were placed for each marker based 

on their fluorescence-minus-one (FMO) control. This gating strategy was applied to all primary 

fibroblast samples (Figure 4A). When looking at the percent of fibroblasts expressing each marker 

in Figure 4B, CD74, FAP, and podoplanin (PDPN) were found to be significantly different 

between good responders (n=3) and poor responders (n=2). CD74 and FAP expression was present 

in a greater percentage of good-responder fibroblasts compared to moderate and poor responders, 

while a higher percentage of poor-responder fibroblasts expressed PDPN. The intensity of marker 

expression was further evaluated in Figure 4C, demonstrating a significant upregulation for PDPN 

in moderate and poor responder patients’ fibroblasts compared to good responders’ fibroblasts.   
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Figure 3. Expression of known CAF markers in primary fibroblasts from treatment naïve 

biopsy according to pathological response. (A) Quantification of immunofluorescence on 

treatment naïve biopsy primary fibroblasts (n=5) for nine selected markers, based on response to 

neoadjuvant docetaxel-based triplet chemotherapy. Marker expression is defined as the (ratio of 

B 

A 
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the %area of the marker to the %area of DAPI) x (ratio of integrated density of marker to the max 

integrated density). Statistical analysis was performed using a Two-way Anova test and 

significance was defined as: *, p<0.05; ***, p<0.001; ****, p<0.0001. (B) Comparison of 

differentially expressed CAF markers (Vimentin, PDGFRb, S100A4) using immunofluorescence 

between TRG1 complete, TRG2 moderate, TRG2 moderate with metastasis, TRG3 poor 

responders to neoadjuvant docetaxel-based triplet chemotherapy.  
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Figure 4. FACS using known CAF markers on treatment naïve biopsy fibroblasts as a 

function of pathological response. (A) Gating strategy of a representative TRG3 poor responder 

GEA patient. (B) % fibroblasts expressing select markers (CD74, FAP, PDGFRa, PDGFRb, and 

PDPN) according to pathological response (TRG0/1 good, TRG2 moderate, TRG3 poor). (C) 

Mean fluorescence intensity to define marker expression among select patients according to 

response. Statistical analysis was performed using Two-way Anova and significance was defined 

as: *, p<0.05; ***, p<0.001; ****, p<0.0001.  

 

 

3.3. Identification of two major CAF subpopulations in GEA using single-cell RNA 

sequencing  

 
3.3.1. Introduction to single-cell RNA sequencing atlas  

 scRNA-seq was performed on tumor-adjacent normal, tumor biopsy, and tumor resection 

samples to characterize the specific phenotypic and molecular heterogeneity in GEA. From 

approximately 360 GEA patient samples biobanked by EGCDB, 204 patients received 

neoadjuvant docetaxel-based triple chemotherapy, of which 46 samples were sequenced (Figure 

5A). Following quality control and normalization, 204,047 cells were categorized by correlating 

each cell’s transcriptome to a reference database of known cell types to define the query cell’s 

lineage and to then cluster them accordingly. Figure 5B portrays the major cell type clusters, with 

9,199 fibroblasts located at cluster 4.  

34 patient samples were further evaluated by looking into the proportion of each cell type, 

comparing between pre-treatment tumor biopsy, mid-treatment tumor biopsy, and post-treatment 

tumor resection samples (Figure 5C). Extensive heterogeneity can be seen between patient 

samples of differing pathological response, but also between treatment timepoints for the same 

patient. Interestingly, the proportion of fibroblasts (purple) was observed to be increased in post-
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treatment surgical resection samples for several patients; this was also seen when comparing the 

combined samples’ cell type proportions between pre-, mid-, and post-treatment, notably for good 

and poor pathological responders (Figure 5D, top). In addition, epithelial cells confirmed to be 

tumor cells (orange) based on copy-number variation profile (CNV), was found to be of greater 

proportion in moderate and poor pathological responders compared to good. The proportion of 

tumor cells was found to generally decrease in mid- and post-treatment samples (Figure 5D, top). 

Neutrophil infiltration was consistently observed to increase in mid-treatment samples across 

pathological response, compared to their respective pre- and post-treatment sample (Figure 5C 

and 5D, top).   

Cell type proportions were further compared between pre-, mid-, and post-treatment 

samples according to clinical response to neoadjuvant chemotherapy (Figure 5D, bottom). Of 

note, only one patient was classified as CR. Likewise to the comparison made according to 

pathological response, fibroblast proportion was found to increase in post-treatment resection 

samples for PR and SD patients compared to pre- and mid-treatment biopsy samples. Additionally, 

neutrophil populations were found to increase as well in the mid-treatment samples.  
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Figure 5. Overview of single-cell RNA sequencing atlas reveals transcriptomic landscape in 

GEA. (A) Available patients for scRNA-seq from an ESO-GAS biobank of 360 patients. Out of 

204 patients who received docetaxel-based triplet neoadjuvant chemotherapy, 26 treatment naïve 

biopsy, 13 mid-treatment biopsy, and 15 post-treatment resection samples were sequenced. (B)  

Uniform manifold approximation and projection (UMAP) plot consisting of 204,047 tumor and 

tumor-adjacent cells from 46 patients at different treatment timepoints (treatment naïve biopsy, 

mid-treatment, post-treatment & treatment naive resection), clustered by major cell types. (C) 

Major cell type proportions (%) for 34 patients according to pathological response (TRG0/1 good, 

TRG2 moderate, TRG3 poor). (D) Summarized cell type proportions over treatment timepoints 

(pre-treatment, mid-treatment, post-treatment) according to pathological response (TRG0/1 good, 

TRG2 moderate, TRG3 poor) and clinical response (complete response; CR, partial response; PR, 

stable disease; SD).  

 

 

3.3.2. scRNA-seq identifies two distinct populations of CAFs from treatment naïve tumor biopsy 

samples 

 CAFs from treatment-naïve tumor biopsy samples were investigated to identify the 

presence of fibroblast subpopulations in GEA, as previously elucidated in other cancer types. 

Initially, 14 distinct fibroblast clusters were identified (Figure 6A), each demonstrating a unique 

gene signature as presented via a heat map in Figure 6B. Gene Ontology (GO) analysis was 

performed to identify the molecular function and biological processes associated with each cluster, 

clusters were then grouped them based on commonalities in their gene signatures (Supplementary 

Table 5). As seen in pancreatic and breast cancers, two distinct populations were identified in 

GEA tumor samples, iCAFs (clusters 3, 4, 6, 7, and 16) and myCAFs (clusters 0, 1, 2, 5, 9, 11, 15, 

17, 19) as seen in Figure 6C. Each subpopulation was defined by their distinct gene signature; 

iCAFs were distinguished by their expression of inflammatory genes such as CXCL14, RARRES2, 
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MMP2, PDGFRA, PDPN, C1R, C1S, CTHRC1, SOD2, and S100A13, while myCAF markers 

included genes involved in ECM organization and reminiscent of pericytes, such as NDUFA4L2, 

RGS5, MCAM, NOTCH3, ACTA2, ADIRF, FRZB, MGP, and COL4A1 (Supplementary Table 6). 

PDGFRa, a commonly reported CAF marker that was previously validated in our treatment naïve 

biopsy fibroblasts, was found to be enriched in iCAFs at the transcriptomic level compared to 

myCAFs (Figure 6E, top panel). Similarly, matrix metalloproteinase 2 (MMP2), involved in 

ECM remodelling following inflammatory signals, was also shown to be distinct to iCAFs relative 

to myCAFs (Figure 6E, second panel). Importantly, MMP2 has been implicated in invasion of 

tumor cells along with CAF infiltration, and further promotes proinflammatory pathways via 

signalling with toll-like receptors (TLRs) on antigen presenting cells88,89. In contrast, ACTA2 and 

regulator of G protein signaling 5 (RGS5), commonly implicated with ECM reorganization and 

vasculature development, respectively, were found to be distinctive to myCAFs (Figure 6E, 

bottom panels). 

Individual subsets of clusters within the myCAF and iCAF clusters were further defined 

and characterized based on the GO analysis. Cluster 0, Cluster 9, and Cluster 15 (ecm-myCAFs) 

were associated with ECM organization and response to wounding; Cluster 1 and Cluster 19 

(angiogenic-myCAFs) with vasculature development; Cluster 2 and Cluster 5 (contractile-

myCAFs) with smooth muscle cell contraction pathways; Cluster 3 (metastatic-iCAFs) with cell 

migration and ECM-associated pathways; Cluster 4 (ecm-iCAFs) with ECM-associated proteins 

in inflammation; Cluster 6 and Cluster 16 (wound-iCAFs) with wound healing and mineral 

absorption; Cluster 7 (adipogenic-iCAFs) with lipid metabolism and immune response; Cluster 11 

(IFNγ-iCAFs) with interferon gamma signalling; and Cluster 17 (acto-myCAFs) with actin 

cytoskeleton organization.  
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Figure 6. scRNA-seq atlas identifies two major subpopulations of CAFs among treatment 

naïve biopsy samples. (A) UMAP plot consisting of 3,556 CAFs from 26 treatment naïve biopsy 

samples, segregated into 14 Leiden clusters according to transcriptomic gene expression. (B) 

Heatmap of differentially expressed genes according to each of the Leiden clusters. Dark brown 

color is associated with a significantly differentially expressed gene relative to other clusters, light 

yellow defined a non-differentially expressed gene. (C) Identification of two major CAF 

subpopulations, inflammatory CAFs (iCAFs) and myofibroblast CAFs (myCAFs). (D) 

Classification of clusters within the iCAF and myCAF populations according to gene ontology 

analysis of their molecular function. (E) Differentially expressed genes between iCAF and myCAF 

clusters. Top to bottom: Platelet-derived growth factor alpha (PDGFRa) in iCAFs, matrix 

metalloproteinase 2 (MMP2) in iCAFs, Regulator of G protein signaling 5 (RGS5) in myCAFs, 

and Actin alpha 2 smooth muscle (ACTA2) in myCAFs. Violin plots on the right compare 

expression of gene between iCAF and myCAF populations. Dark brown refers to higher gene 

expression, light yellow defines low gene expression. (F) Proportion of iCAF (pink) to myCAF 

(blue) populations in 30 individual patient samples.  

 

 

3.3.3. Association of CAF subpopulations with patient clinical characteristics 

 CAFs derived from the 26 treatment-naïve tumor biopsy samples were analyzed for their 

relationship to clinical characteristics. Tumor stage (T0-T4) and metastasis status showed a lack 

of correlation to any specific CAF subcluster (Figure 7A and 7B). Similarly, pathological 

response and clinical response to neoadjuvant chemotherapy did not show significant association 

to any CAF subcluster (Figure 7D and 7E). Cluster 6, wound-iCAFs, showed a population of 

CAFs derived primarily from poorly differentiated tumors; however, this association was not 

significant (Figure 7C). Individual CAF subclusters for 17 treatment naïve biopsy samples (>30 

cells) were observed according to their pathological response (Figure 7F).  Heterogeneous CAF 

populations were observed between patients of the same pathological response group, as well as 
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differing groups. Given the extensive heterogeneity, no significant association could be made 

between a particular cluster and pathological response. Cluster 3 (metastatic-iCAFs), cluster 4 

(ecm-iCAFs), cluster 0 (ecm-myCAFs), cluster 1 (angiogenic-myCAFs), cluster 2 and cluster 5 

(contractile-myCAFs) were found to be present in most samples to varying extents.  

  With the differentiation of two distinct CAF subpopulations, the proportion of iCAFs to 

myCAFs was observed in Figure 6F for 30 treatment-naïve tumor biopsy samples. The proportion 

of the two subpopulations varies significantly from patient to patient but was found to have no 

significant association with pathological response (Figure 7G). myCAF populations comprised 

>50% of the CAF populations present among patient samples across all pathological response 

groups. 
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Figure 7. Treatment naïve biopsy CAFs from GEA patients associated to their clinical 

characteristics. UMAP plot of 26 treatment naïve samples according to (A) tumor stage, T0 (no 

tumor) to T4 (larger tumor); (B) metastasis occurrence, M0 (no metastasis) and M1 (metastasis); 

(C) tumor grade (well, moderately, and poorly); (D) pathological response, TRG01 (good), TRG2 

(moderate), TRG3 (poor); and (E) clinical response, complete response (CR), partial response 

(PR), and stable disease (SD). (F) Proportion of CAF Leiden clusters for 17 treatment naïve biopsy 

samples (>30 cells) according to pathological response. (G) Proportion of iCAF (dark blue) to 

myCAF (light blue) comparison according to pathological response.  
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3.3.4. Differentially expressed genes (DEGs) associated with treatment response between iCAFs 

and myCAFs 

 Due to the lack of association of distinct CAF subpopulations to treatment response and 

the lack of DEGs between good, moderate, and poor clinical and pathological responders when 

looking at the CAFs globally, we proceeded to investigate the iCAF and myCAF populations 

individually. It was found that within the iCAF population, two genes, CC motif chemokine ligand 

20 (CCL20) and chordin-like 1 (CHRDL1), were differentially expressed between good and 

moderate/poor pathological responders (Figure 8A). CCL20, a chemoattractant for tumor-

associated macrophages (TAMs) and T lymphocytes to create a protumorigenic and 

immunosuppressive TME, was found to be downregulated in good pathological responders, 

relative to moderate and poor pathological responders90–92. In contrast, CHRDL1, an antagonist of 

bone morphogenetic proteins (BMPs) which are secreted cytokines from the TGFβ family, was 

significantly upregulated in good pathological responders compared to moderate and poor 

pathological responders. No DEGs were found between CR, PR, and SD clinical responders within 

the iCAF population.  

 Within the myCAF population, nine genes, including, interferon stimulated exonuclease 

gene 20 (ISG20) and chromosome 20 open reading frame 27 (C20orf27), were found to be 

differentially expressed between PR and SD clinical response classes (Figure 8B and 

Supplemental Figure 2). Given that only one patient was a CR clinically, it was not considered 

in the comparison. All differentially expressed genes between the two clinical response groups 

were significantly downregulated in the PR group relative to SD. ISG20, associated with activation 

of the innate immune defense, has been shown to be involved in angiogenesis and tumor 

progression in renal cell carcinoma through upregulation of matrix metalloproteinase 9 (MMP9)93, 
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and C20orf27, a gene present on chromosome 20 involved activating the TGFβR-TAK1-NFĸB 

pathway via interaction with phosphatases, both showed lower expression in patients who 

responded partially to chemotherapy94.  

 Additionally, the expression of 85 genes was plotted on a heatmap separating iCAF from 

myCAF and further divided according to pathological response (Figure 8C) and clinical response 

(Figure 8D). FAP showed lower expression in myCAFs compared to iCAFs, but also in poor 

responder iCAFs compared to good and moderate responder iCAFs. Similarly, GREM1 and 

POSTN showed lower expression in myCAFs and poor responder iCAFs relative to good and 

moderate responder iCAFs. Although these differences were seen between myCAFs and iCAFs 

when correlating to clinical response, no association could be found between the three clinical 

response groups. COL15A1 was found to be mildly expressed among good and moderate 

responders’ myCAFs, but showed little to no expression among myCAFs from poor responders.  

 The DEGs found within iCAFs between good and poor pathological responders, and within 

myCAFs between PR and SD patients, can therefore be correlated to their involvement in 

tumorigenesis and response to chemotherapy.   
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Figure 8. Differential expression of CAF markers in iCAFs and myCAFs according to 

pathological and clinical response to neoadjuvant chemotherapy. (A) Differentially expressed 

genes, CCL20 and CHRDL1, in iCAF population, according to pathological response (TRG01 

good vs. TRG2 moderate vs. TRG3 poor). (B) Differentially expressed genes, AJAP1, MED16, 

and ELOB, in myCAF populations, according to clinical response (stable disease vs. partial 

response). Heatmap showing expression of 85 genes between iCAF and myCAF populations 

associated to (C) pathological response and (D) clinical response. 
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3.4. Investigation of GEA CAFs across three treatment timepoints unveils dynamic 

biomarkers associated to chemotherapy response  

 
CAFs from tumor samples collected at three treatment timepoints (initial endoscopic 

biopsy, Tbio; mid-treatment endoscopic biopsy, Tmid; and post-treatment surgical resection, Tsur) 

were assessed to identify differences in CAF subpopulations following chemotherapy (Figure 

9A). Tsur CAFs formed a distinct cluster (top left cluster; clusters 1, 2, 9, 6, 7, 8, 19) from Tbio 

and Tmid CAFs, which were found to occupy overlapping populations (top and bottom right 

clusters). When observed against pathological response (Figure 9B) and clinical response (Figure 

9C), 62.4% of CAFs from the Tsur-specific cluster were derived from poor-responder patient 

samples, and 62.8% were derived from patients who showed clinical PR. Furthermore, the Tsur-

specific cluster demonstrated a unique gene signature involved mainly in ECM remodelling and 

inflammatory signalling, as seen through the heatmap in Figure 9D, with enrichment of 

complement component 7 (C7), dermatopontin (DPT), osteoglycin (OGN), and complement 

component 3 (C3). Sodium Voltage Gated Channel Alpha Subunit 7 (SCN7A) was found to be 

enriched in the Tsur-specific CAF cluster, and similar to other DEGs in this cluster, it was found 

to be expressed in low amounts in certain iCAF clusters previously defined (Figure 9E).  

Analysis of DEGs between Tbio and Tmid treatment timepoints was performed in 

association with pathological and clinical response. Figure 9F and Supplemental Figure 2 

demonstrate differential analysis among fibroblasts with an iCAF signature over the two treatment 

timepoints, correlating to pathological response (TRG0/1 good vs TRG2 moderate + TRG3 poor). 

16 genes, including stromal antigen 1 and 2 (STAG1 and STAG2), and histone acetyltransferase 

1 (HAT1), were shown to distinctively shift in their expression profile in correlation to their 

pathological response. STAG1 and STAG2, subunits part of the cohesion complex involved in 
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sister chromatid cohesion, DNA repair, and replication95, were both found to increase in expression 

from Tbio to Tmid in good responder patients, but decreased in moderate+poor responders across 

the two timepoints. In contrast, HAT1 was shown to decrease from treatment naïve biopsy to mid-

treatment in good responders, but increased in expression among moderate and poor responders 

following initial treatment with chemotherapy.   

When investigating fibroblasts with a myCAF signature between the two timepoints 

(Figure 9E), inhibitor of DNA binding 3 (ID3) was found to decrease significantly following 

treatment with chemotherapy in pathological good responder patients, while NADH:Ubiquinone 

Oxidoreductase Subunit B4 (NDUFB4), among several other DEGs (Supplemental Figure 3B), 

was found to decrease in SD patients from treatment naïve to mid-treatment samples, but slightly 

increase in patients with PR.   
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Figure 9.  CAFs from three treatment timepoints (treatment naïve biopsy, mid-treatment, 

and post-treatment resection) demonstrate dynamic biomarkers associated to therapy 

response. UMAP plot of 20,294 CAFs from 28 patient samples according to (A) treatment 

timepoint (treatment naïve biopsy, purple; mid-treatment, blue; post-treatment resection, red); (B) 

pathological response (TRG0/1 good, purple; TRG2 moderate, beige; TRG3 poor, blue); (C) 

clinical response (complete response, dark blue; partial response, light blue; stable disease, grey 
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blue). (D) Heat map of differentially expressed genes according to each Leiden cluster. (E) Left: 

Differentially expressed gene, SCN7A, in post-treatment resection compared to treatment naïve 

and mid-treatment biopsies. Right: SCN7A expression in treatment naïve biopsy samples. Bottom: 

Origin of post-treatment differentially expressed genes from metastatic, adipogenic, and pro-

tumorigenic iCAFs. (F) Differentially expressed genes, STAG1, STAG2, and HAT1, according to 

pathological response in iCAFs over two treatment timepoints: treatment naïve (Tbio) to mid-

treatment (Tmid) endoscopic biopsies. (G) ID3 is differentially expressed between Tbio and Tmid 

in myCAFs according to pathological response (good vs. moderate+poor), while NDUFB4 is 

associated to clinical response (PR vs. SD). Analysis was performed among 22 samples, or 5 paired 

observations.  
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3.5.  Establishment of a 3D PDO-CAF co-culture model  
 

 

 

 
 
 
 

 

 
Figure 10. DCF treatment of primary fibroblasts and PDO-CAF co-culture. (A) 

Chemosensitivity curve following drug screen on treatment naïve biopsy fibroblasts, comparing 

TRG0 complete, TRG2 moderate, and TRG3 poor responder patients. Cell viability (%) was 

observed at ten different concentrations (log [DCF]). (B) Brightfield images of fibroblasts from 

TRG0 complete and TRG3 poor responder patients following 3 days of growth. DMSO control is 

shown on top, and max DCF concentration (1000 nM) treatment is shown on the bottom. (Figures 

C and D) TRG0 good responder matching PDO-CAF co-culture model followed by DCF 

treatment. Brightfield image after (C) 3 days of growth, and (D) 3 days of drug treatment. 

Highlighted areas demonstrate change in PDO-CAF interactions following drug treatment. Scale 

used for imaging: 4x, 600 µm; and 20x, 150 µm. 
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Following the identification of CAF subtypes and distinct markers associated to treatment 

response and timepoints, the next step was to develop a 3D PDO-CAF co-culture model to 

recapitulate the tumor-stromal interactions observed within the TME. The goal is to then use this 

model to perform drug screens with the standard-of-care treatment to understand the role of stromal 

interactions with the tumor in regard to its response to therapy.  

 As a proof of concept, fibroblasts from differing pathological responses were treated with 

DCF after 3-4 days of growth in a Matrigel-Purecol solution to mimic the ECM-rich environment. 

Cell viability was assessed after 72h following drug treatment, and it was confirmed that 

fibroblasts demonstrate a lack of sensitivity to the DCF, regardless of pathological response 

(Figure 10A). The area under the curve (AUC) values were comparable for the three curves: good 

responder, AUC=0.768; moderate responder, AUC=0.699; poor responder, AUC=0.845, all 

responding resistantly to the chemotherapy. Furthermore, despite the morphological differences 

observed between fibroblasts from the TRG0 complete responder patient and the TRG3 poor 

responder patient, a similar sensitivity was seen following drug treatment when observed under 

the microscope (Figure 10B).  

 To establish the PDO-CAF co-culture model, matching PDOs and CAFs from a TRG0 

complete responder patient were cultured together in the Matrigel-Purecol solution and allowed to 

grow for 3-4 days. Fibroblasts developed close interactions with the PDOs, which appear as domes, 

as well as with one another, creating a well-connected matrix (Figure 10C). The co-culture was 

then treated with 1000 nM of DCF for 72h, resulting in the death of PDOs, as seen through the 

exploding of the cell and release of intercellular components. Despite the death of the PDOs and 

some fibroblasts, stromal-stromal and stromal-tumor interactions were still present in certain areas 
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as highlighted in red (Figure 10D), pointing to the possibility of chemoresistant, tumor-protective 

interactions.  
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CHAPTER 4: DISCUSSION 
 

 
Given the poor outcome of GEA patients, with 40% of patients presenting to the clinic with 

innately resistant tumors to the most effective standard-of-care treatment to date, and recurrence 

of disease occurring among 50% of initial responders34, it has become vital that the underlying 

mechanisms behind chemotherapy resistance are understood in GEA and novel biomarkers are 

identified to reliably distinguish between chemosensitive from chemoresistant patients prior to 

treatment provision. The implication of CAFs in the TME and its role in tumor progression, 

invasion, and response to therapy has been extensively studied in other cancer types52,59. Molecular 

and functional heterogeneity of CAFs, like other cell types within the TME, poses a challenge for 

effective response to treatment. The use of scRNA-seq technology has emerged as a ground-

breaking tool to tackle the question of CAF heterogeneity. Several studies have performed the 

characterization of major CAF subtypes within the TME according to gene signature and function, 

allowing for the identification of hallmark CAF markers and association of distinct populations to 

therapy resistance60–63,96. 

Unfortunately, CAF markers specific to GEA are still unknown and CAF subtypes have 

yet to be elucidated. Commonly reported CAF markers were first investigated in this study to 

determine their expression and specificity to GEA CAFs. Indeed, these markers were found to be 

expressed by our patients’ treatment naïve biopsy fibroblasts, with VIM, FAP, PDPN and S100A4 

demonstrating a significant difference in expression between good and poor pathological 

responders. PDGFRb was found to be significantly differentially expressed between good and poor 

pathological responders when evaluated with IF; however, FACS analysis provided opposing 

results. Previous studies on lung adenocarcinoma and PDAC associated high VIM expression with 

tumor invasion and overall poorer patient survivals97–99. Our findings contrasted with these studies, 
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such that VIM showed greater expression in good pathological responders and decreased with 

poorer response. Furthermore, VIM expression was high even at the transcriptomic level among 

tumor-adjacent normal fibroblasts when referring to our scRNA-seq atlas (Supplemental Figure 

4A), implying that VIM may not serve as a specific CAF marker in GEA. Studies have reported 

FAP as a hallmark marker to characterize subpopulations, as seen in breast cancer, such that the 

CAF-S1 cluster was defined by a FAPhi signature and was implicated in creating an 

immunosuppressive environment62,63. However, studies regarding the prognostic value of FAP 

have shown contrasting results, such that another study in breast cancer reported the association 

of FAP expression with longer survival100. From our findings, it was found that the % of cells 

expressing FAP and the overall intensity of expression decreased with poor pathological response 

when assessed using FACS. scRNA-seq traced FAP expression to a subset of treatment-naïve 

CAFs and was not expressed among normal fibroblasts (Supplemental Figure 4B). Interestingly, 

increased expression of PDPN was correlated with poor response, which has also been previously 

reported in ESCC and pancreatic cancer101,102. Finally, S100A4, a calcium binding protein, was 

also found to be increased in expression in poor responder CAFs. This protein has been implicated 

in other cancers for promoting invasion and metastasis via EMT103. However, S100A4 can be seen 

to be expressed at the transcriptomic level in tumor-adjacent normal fibroblasts (Supplemental 

Figure 4C). Although these markers demonstrated differential expression between good and poor 

pathological responders, the lack of specificity to tumor fibroblasts necessitated the identification 

of specific markers for GEA.  

 This study is one of the first to identify two major subpopulations of CAFs in GEA, iCAFs 

and myCAFs, using scRNA-seq data from 26 treatment naïve endoscopic biopsy samples with 

their associated pathological and clinical response to neoadjuvant chemotherapy. Reminiscent of 
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the CAF subpopulations identified in pancreatic and breast cancers, iCAFs were defined by a 

primarily inflammatory gene signature, demonstrating enrichment of cytokines and chemokines, 

such as PDGFR⍺ and CXCL14, while myCAFs from our findings presented with differential 

expression of genes related to ECM reorganization, contractility, and TGFβ signalling, such as 

ACTA2 and MYH11. In addition, the myCAFs expressed pericyte lineage markers such as RGS5 

and NOTCH366. The presence of apCAF populations were reported in PDAC and breast cancer, 

with an enrichment of MHC class II family genes, such as CD7461,63. Although CD74-expressing 

CAFs were present, a distinct clustered population could not be identified. iCAF and myCAF 

populations were further subdivided by their molecular function, as determined through GO 

analysis.  

Four subsets of iCAFs were identified along with five subsets of myCAFs, each with their 

unique gene profile. Metastatic-iCAFs (cluster 3), wound-iCAFs (cluster 6 and 16), and adipogenic 

iCAFs (cluster 7) would likely contribute to the development of an immunosuppressive 

environment, given the release of inflammatory signals, such as CCL2, involved in recruiting 

MDSCs and T lymphocytes73. The gene signature of myCAFs, specifically ecm-myCAFs (cluster 

0, 9, 15) alludes to its role in ECM deposition and remodelling, such that a stiff ECM is created 

and causes increased interstitial pressure, all of which promote tumor proliferation and migration, 

and create a physical barrier that prevents the entry of immune cells, thereby compounding on the 

immunosuppressive effects of iCAFs57,59. Furthermore, myCAFs promote angiogenesis and 

neovascularization, as seen through the perivasculature gene signature expressed by angiogenic-

myCAFs (cluster 1 and 19).  The role of IFNγ signalling by IFNγ-myCAFs (cluster 11) is two-

fold, such that it has been shown to be involved in both anti-tumor, immune-stimulating functions, 

as well as pro-tumorigenic, immunosuppressing functions104. IFNγ is commonly released by 
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immune cells, such as natural killer cells, T lymphocytes, Tregs, and APCs, to facilitate cross talk 

within the TME105. On one hand, IFNγ can help to regress tumorigenesis by activation of the 

JAK/STAT signalling pathway, which has been shown to inhibit metastasis. IFNγ can also 

sensitize Tregs such that they lose their immunosuppressive activity104,105. IFNγ signalling has 

been shown to induce the release of pro-inflammatory factors, such as CXCL9 and CXCL11, on 

tumor cells, endothelial cells, and fibroblasts, all of which can promote T lymphocyte recruitment. 

However, binding of CXCL11 to its receptor, CXCR7, can further promote tumor progression and 

neovascularization104,105.  

When investigating the newly identified GEA CAF subpopulations according to 

pathological and clinical response to neoadjuvant chemotherapy, there was a lack of association 

between myCAF and iCAF populations and chemoresponse. This may be explained by the 

extensive intra- and inter-patient CAF heterogeneity, as seen with the varying proportions of 

myCAF to iCAF populations among the samples (Figures 6F and 7F). Despite the lack of 

correlation of a particular cluster to treatment response, DEGs across pathological and clinical 

response were identified within the iCAF and myCAF populations. CCL20, which has been shown 

to create a protumorigenic and immunosuppressive TME through lymphocyte and TAM 

recruitment90–92, was upregulated in iCAFs from moderate+poor pathological responders 

compared to good responders. CHRDL1, which functions as an antagonist to BMPs involved in 

TGFβ signalling, was upregulated in our good pathological responders’ iCAFs. It has been further 

associated to positive clinical outcomes among breast cancer patients, such that BMPs have been 

shown to demonstrate pro-tumorigenic activity106. In myCAFs, several genes were found to be 

downregulated in PR group compared to the SD group. Of interest, ISG20 has been shown to be 

involved in angiogenesis and tumor progression in renal cell carcinoma through upregulation of 
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matrix metalloproteinase 9 (MMP9)93, while  C20orf27 was found to promote cell proliferation 

and tumor growth in colorectal cancer94. These markers have great prognostic value and can 

therefore serve as specific CAF biomarkers that provide insight into the patients’ likely response 

to the standard-of-care treatment.  

Our study further identified dynamic biomarkers across two treatment timepoints, 

treatment naïve biopsy and mid-treatment biopsy, according to pathological and clinical response. 

STAG1 and STAG2, subunits found on the cohesin complex, were both found to decrease in 

expression in iCAFs from moderate+poor pathological responders from initial to mid-treatment 

biopsy, while the opposite was seen in good responder patients. Despite the commonalities in 

sequence and function, STAG2, but not STAG1, has been implicated as a tumor suppressor gene, 

as mutations in this gene have been reported in other cancer types107,108. STAG2 loss in melanoma 

cells resulted in DNA binding to switch to STAG1, and further resulted in the enrichment of IFNγ 

response. It was found that STAG2 targets interferon regulatory factor 9 (IRF9), a major 

component in type 1 interferon signalling, and STAG2 loss was associated with IRF9 activation 

and upregulated expression of PD-L1 on cancer cells, thus promoting immune evasion and tumor 

progression109. It is therefore hypothesized that STAG2 loss among poor pathological responders’ 

iCAFs across treatment time is related to increased IFNγ signalling and fostering an 

immunosuppressive environment.  

Furthermore, HAT1 was found to increase in expression in moderate/poor pathological 

responders’ iCAFs across treatment time, while the opposite was seen among good responders’ 

iCAFs. HAT1 overexpression has been implicated in gemcitabine resistance in pancreatic cancer 

through regulation of long noncoding RNA PVT1 (lncRNA PVT1) and enhancer of zeste 2 

polycomb repressive complex 2 subunit (EZH2)110. In addition, HAT1 overexpression was 
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similarly observed in pancreatic cancer, with correlation to poor prognosis, and was found to 

transcriptionally regulate PD-L1, again promoting tumor immune evasion111.  

When investigating myCAFs for dynamic changes in marker expression with association 

to treatment time and chemoresponse, ID3 was found to be significantly downregulated in good 

responders following chemotherapy, and a slight decrease was seen in moderate/poor responders. 

ID3 loss has been implicated in increasing DNA damage in cisplatin-treated pancreatic cancer 

cells112. This may explain our findings as ID3 loss in good pathological responders’ myCAFs may 

increase DNA damage and tumor cell death following neoadjuvant therapy consisting of cisplatin.  

The findings of this study have significant implications given the identification of potential 

CAF biomarkers in GEA, which to date have been unknown. Furthermore, the classification of 

distinct CAF subpopulations provides further insight into the elaborate functional and molecular 

heterogeneity of CAFs in GEA. The markers identified in this study can provide avenues to 

developing more targeted-therapies that can complement the current standard-of-care, while 

serving as biomarkers to detect the possibility of chemoresistance among patients, preventing them 

from undergoing futile and exhaustive cycles of chemotherapy. Additionally, IHC staining of GEA 

tumors by pathology using CAF markers such as CHRDL1, which has been found from this study 

to be downregulated in poor responders at the time of pre-treatment biopsy, can be performed to 

identify patients that potentially may develop chemoresistance in the future.  

This study is unique with its use of such a large biobank of tumor and tumor-adjacent 

samples from >350 patients, as well as scRNA-seq data for 46 patients, of which treatment-naïve 

CAFs from 26 patients have their matching mid- and/or post-treatment CAFs, as well as 

information regarding their pathological and clinical response. Additionally, the development of 
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PDOs for the use of in vitro drug screens is incredibly valuable due to the ability of PDOs to 

recapitulate the unique genomic and histological features of the patient’s tumor.  

Some limitations to this study include: (1) the differing number of CAFs coming from each 

patients’ scRNA-seq sample, such that some patients had very few cells relative to others, which 

may shift the clustering; (2) the comparison of endoscopic biopsy samples to surgical resection 

samples using scRNA-seq, as surgical resection samples consists of a larger tumor mass collected 

and therefore a greater number of cells; (3) the small sample size when comparing commonly 

reported CAF markers using IF and FACS; and (4) difficulty comparing OS and DFS between 

patients who were diagnosed at varying points. A larger sample size for scRNA-seq analysis and 

collection of multiple tumor samples from endoscopic biopsy and surgical resection would allow 

for normalization of this variation in cell number between samples.  

In addition, it is important to consider that transcriptomic expression of genes may often 

not correlate with proteomic expression, and therefore it is necessary to validate the markers 

identified in this study in the patients’ primary fibroblasts by IF, FACS, and ELISA, as well as 

staining of markers in primary tissue samples. Furthermore, the establishment of the PDO-CAF 

co-culture model will allow for a deeper understanding of the effects of stromal-stromal and 

stromal-tumor interactions on a patient’s chemoresponse, by performing heterotypic recombinant 

co-cultures between PDOs and CAFs of differing pathological responses and subjecting them to a 

drug screen to determine if chemoresponse is altered.  The markers identified in this study will be 

further validated in an organ-on-a-chip model that is currently established in our lab, which 

incorporates TME interactions between CAFs, PDOs, and TILs, as well as microfluidic flow to 

mimic the movements of gastrointestinal tract.  
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Overall, the findings of this study reveal the unique CAF heterogeneity in GEA and the 

presence of two major subpopulations within the TME that are implicated in cultivating a pro-

tumorigenic, immunosuppressive environment ideal for tumor survival and progression. Several 

markers associated to pathological and clinical response were identified, as well as potential 

dynamic biomarkers across the treatment timepoints. 
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APPENDICES 
 
 
Supplemental Table 1. Media recipes 
 

Fibroblast Medium     

Component  Final Concentration For 500 mL 

DMEM+Glutamax-1 (Invitrogen 10569-010)   500 mL 

Gentamicin (Invitrogen 15710-064) (10 

mg/mL) 50 ug/mL (1:200) 2.5 mL 

EGF (100 ug/mL) 5 ng/mL (1:20,000) 25 uL 

Insulin (Invitrogen 12585-014) (4 mg/mL) 5 ug/mL (1:800) 625 uL 

BPE (Wisent 002-011-IL) (5mL) (1:400) 1.25 mL 

Normocin (Invivogen ANT-NR2) (50 mg/mL) 100 ug/mL (1:500) 1 mL 

FBS 10% 50 mL 

      

AD-DF+++ medium      

Component  Final Concentration For 150 mL 

Advanced DMEM/F12 (Invitrogen 12634-

010)   145.5 mL 

Glutamax-1 (Invitrogen 35050-061) (200 mM) 2 mM (1:100) 1.5 mL 

HEPES (Invitrogen 15630-080) (1M) 10 mM (1:100) 1.5 mL 

Pen/Strep (Sigma P4333) (100x) 100 U/mL 1.5 mL 

      

IntestiCult medium      

Component  Final Concentration For 100 mL 

Component A   50 mL 

Component B   50 mL 

Pen/Strep (Sigma P4333) (100x) 100 U/mL 1 mL 

ROCK inhibitor (50 mM) 10 uM (1:1000) 20 uL 
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Complete Growth Media   

Component Final Concentration For 50 mL 

Intesticult medium  25 mL 

Gastric medium (homemade recipe)  25 mL 

   

FACS Buffer   

Component Final Concentration For 50 mL 

EDTA 2mM 47.5 mL 

BSA 1% 2.5 mL 

 

  
Supplemental Table 2. Antibodies for immunofluorescence and flow cytometry 
 
Antibody Company Catalog No. 

Immunofluorescence 

LUM Abcam ab168348 

FAP Abcam ab53066 

S100A4 Abcam ab124805 

ACTA2 ThermoFisher MA5-11547 

CXCL12 Novus Bio JJ09-20 

PDGFRa R&D Systems AF307-SP 

PDGFRb R&D Systems AF385-SP 

DCN R&D Systems MAB143-SP 

COL1A1 R&D Systems MAB6220-SP 

VIM Sigma Aldrich V4630 

Phalloidin 647 ThermoFisher A22287 

Donkey anti-Rabbit 555 ThermoFisher A-31572 

Donkey anti-Mouse 555 ThermoFisher A-31570 
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Donkey anti-Mouse 488 ThermoFisher A-21202 

Donkey anti-Goat 488 ThermoFisher A-11055 

 

FACS 

FAP, AF488 R&D Systems FAB3715G-025 

PDGFRa, AF647 BD BioSciences 562798 
 

PDGFRb, PE BD BioSciences 558821 

CD74, BV421 BD BioSciences 743731 
 

PDPN, APC/Cy7 Biolegend 337029 
 

Aqua blue 405 viability stain ThermoFisher L34957 
 

 
 
Supplemental Figure 1. Differentially expressed genes in iCAF and myCAF populations 
according to chemoresponse 

 
 
 

 
 
 
 
 

 
 
(A) DEGs, CCL20 and CHRDL1, in iCAFs according to pathological response. (B) DEGs in 
myCAFs accordings to clinical response.  
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Supplementary Figure 2.  DEGs in iCAFs across two timepoints, treatment naïve biopsy and 
mid-treatment biopsy, according to pathological response to neoadjuvant chemotherapy.  
 

 
 

 
 
Supplementary Figure 3. DEGs in myCAFs across two timepoints, treatment naïve biopsy and 
mid-treatment biopsy, according to (A) pathological response, and (B) clinical response.  
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Supplemental Figure 4. Validation of commonly reported markers in scRNA-seq atlas. 
 

 
 
 
 
(A) VIM expression in normal (highlighted) vs. tumor cells. (B) Left: FAP expression in normal 
(highlighted) vs. tumor cells. Right: FAP expression in treatment naïve biopsy fibroblasts. (C) 
S100A4 expression in normal (highlighted) vs. tumor cells. Dark brown indicates high expression, 
light yellow indicates low expression, blue indicates no expression.  
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