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Abstract

Three-dimensional (3D) organoids are a novel tool to model epithelial cell biology and human 

diseases of the esophagus. 3D organoid culture systems have been utilized to investigate the 

pathobiology of esophageal cancer, including both squamous cell carcinoma and adenocarcinoma. 

Additional organoid-based approaches for study of esophageal development and benign 

esophageal diseases have provided key insights into esophageal keratinocyte differentiation and 

mucosal regeneration. These investigations have implications for the identification of esophageal 

cancer stem cells, as well as the potential to halt malignant progression through induction of 

differentiation pathways. Patient-derived organoids (PDOs) from human tissue samples allow for 

unique and faithful in vitro modeling of esophageal cancers, and provide an exciting platform 

for investigation into personalized medicine and targeted treatment approaches, as well as new 

models for understanding therapy resistance and recurrent disease. Future directions include high­

throughput genomic screening using PDOs, and study of tumor-microenvironmental interactions 

through co-culture with immune and stromal cells and novel extracellular matrix complexes.

Author Contributions
Uma M. Sachdeva: Investigation, Writing-Original Draft/Reviewing and Editing, Masataka Shimonosono: Visualization, Samuel 
Flashner: Investigation, Writing-Reviewing and Editing, Ricardo Cruz-Acuña: Investigation, Writing-Reviewing and Editing, Joel 
T. Gabre: Investigation, Visualization, Writing-Reviewing and Editing, Hiroshi Nakagawa: Conceptualization, Writing-Reviewing 
and Editing

Conflicts of interest
The authors have no conflicts of interest to disclose.

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cancer Lett. Author manuscript; available in PMC 2022 July 01.

Published in final edited form as:
Cancer Lett. 2021 July 01; 509: 39–52. doi:10.1016/j.canlet.2021.03.031.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Over the past several years, the incidence of esophageal cancer has increased worldwide 

[1], underscoring the need for improved understanding of the pathogenesis of this disease. 

Animal models of esophageal cancer have been developed and provide insights into genetic 

and environmental contributions to malignant transformation, however the application of 

these findings to human disease is somewhat limited by interspecies differences in foregut 

anatomy and histologic characteristics [2]. 3D organoids derived from human cell lines or 

patient samples provide a novel and unique platform to model esophageal development, 

homeostatic regenerative differentiation, and benign and malignant esophageal diseases [3]. 

The use of 3D organoid technology in esophageal cancer has exciting implications for 

the development of new therapies for this disease. In this review, we highlight the use of 

esophageal 3D organoids to understand the biology of esophageal preneoplasia, cancers, 

and their cells of origin, and discuss the future translation of organoids for advanced 

personalized medicine approaches.

Structure and Function of the Esophagus in Humans and in Mice

The esophagus serves as the anatomic conduit for passage of solid and liquid food from 

the pharynx to the stomach after mechanical chewing and early enzymatic breakdown 

within the oral cavity. The luminal surface is exposed to ingested substances prior to 

initiation of most processes of enzymatic digestion or detoxification, which may place 

the esophagus at increased risk for development of benign or malignant diseases that can 

result from disruption of the protective mucosal barrier, toxin-induced stress, and immune­

mediated acute and chronic inflammation [4–6]. The human esophagus is comprised of four 

distinct layers: the inner (luminal-facing) mucosa, the underlying supportive submucosa, the 

muscularis propria, which consists of an inner circular muscle layer surrounded by an outer 

longitudinal muscle layer, and the adventitia, which is the thin outer layer of the esophagus 

[7]. The circular and longitudinal muscle layers support swallowing function through 

peristalsis. The esophageal mucosa itself is comprised of three layers: the lumen-facing 

stratified squamous epithelium, the underlying subepithelial lamina propria, and an outer 

thin muscle layer, the muscularis mucosa [8]. Tight junctions between surface epithelial 

cells and thick mucus on the epithelial surface create a barrier between luminal contents 

and the deeper, proliferative cells of the stratified epithelium to protect against exposure and 

damage triggered by ingested toxins or infectious agents [6]. The lamina propria and the 

submucosa are both connective tissue layers that harbor fibroblasts, vascular and lymphatic 

channels, immune cells, nerves, mucin-secreting esophageal glands in the upper esophagus, 

and esophageal cardiac glands in the distal esophagus near the esophagogastric junction, all 

embedded within the collagen-rich and elastic extracellular matrix [8].

Of note, there are important differences in the esophageal anatomy between rodents and 

humans, which affect the development and use of murine models for study of human 

esophageal diseases. Rodents lack mucin-producing glands in the esophagus, and are instead 

protected by a thick acellular keratinized layer that overlies the mucosal surface and faces 

the esophageal lumen. While the glandular stomach in rodents and humans bear histologic 

similarities, rodents possess a forestomach that extends 3/5 of the way into the anatomic 
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stomach, which is lined with keratinized squamous epithelium, and functions as a site 

for storage of ingested food [2]. As such, the transition between squamous and columnar 

epithelial cells that marks the esophagogastric junction in humans is located at the junction 

of the forestomach and glandular stomach in rodents.

Much of our knowledge regarding development of the mammalian esophagus has been 

performed using mouse embryonic models. While these models have provided key insights 

into the molecular pathways involved in esophageal development and cell fate specification, 

their direct translation to humans has been difficult to establish, in part due to the anatomic 

differences described above. Nevertheless, the findings from murine developmental models 

are summarized below.

In the mammalian embryo, the esophagus develops from the dorsal aspect of the anterior 

foregut, undergoing elongation and separation from the airway, which arises from the ventral 

anterior foregut to create the lungs and tracheobronchial tree [9, 10]. From mouse models, 

it has been found that the luminal surface of the esophageal mucosa is initially lined by 

ciliated columnar epithelium, which is later replaced by stratified squamous epithelium in 

the prenatal esophagus [11–13]. Proliferative basal cells of the epithelial layer, also called 

keratinocytes, permit epithelial renewal that continues throughout postnatal life to maintain 

normal homeostasis and initiate repair following mucosal injury [10, 14, 15]. In mice, basal 

cells express markers such as cytokeratin KRT5 and transcription factors SOX2 and TP63 

[10–12, 16]. Basal cells undergo post-mitotic terminal differentiation within the suprabasal 

cellular layers and ultimately desquamate into the lumen. It remains controversial whether 

proliferating basal cells represent a molecularly heterogeneous population in mice or 

whether there is a single homogeneous subset of basal cells that retain proliferative capacity 

[17–21]. Meanwhile, early studies have suggested that the human basal cell population may 

be heterogeneous [22]. Nevertheless, the homeostatic proliferation-differentiation gradient 

of the esophageal epithelium is disrupted in many esophageal pathologies and most notably 

in cancer, where aberrant proliferation and differentiation can then lead to submucosal 

invasion, locoregional extension, and ultimately distant metastasis.

Epidemiology of Esophageal Cancer

Esophageal cancer is the eighth most common malignancy and sixth most common cause of 

cancer deaths worldwide, affecting roughly 5.9 per 100,000 people and resulting in 473,000 

new cases in 2017 [1]. Despite advances in trimodality therapy, including chemotherapy, 

radiotherapy, and surgery, and expanded candidacy for both resection and neoadjuvant 

and adjuvant protocols, five-year survival remains extremely poor at 20%, with most 

patients developing distant metastatic disease [1, 23]. Esophageal cancer consists of two 

primary histologic subtypes, esophageal squamous cell carcinoma (ESCC) and esophageal 

adenocarcinoma (EAC) [24]. ESCC cells display a variable degree of squamous-cell 

differentiation, while EAC cells resemble intestinal mucus-producing glandular cells. Both 

subtypes more commonly affect males over the age of 50 [1, 23].
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ESCC Risk Factors and Cell of Origin

ESCC represents the majority of all esophageal cancer worldwide and is associated with 

several environmental risk factors, including use of tobacco, alcohol, and nutritional 

deficiencies [1]. Intake of mate, hot temperature liquids, areca nut, and nitrogenous 

compounds have all been linked to ESCC development [25]. Additionally, there is a 

geographic predisposition for ESCC, with high incidence in East Asia (China, Mongolia, 

and Japan), Russia and Central Asia, and Iran [1]. It is unknown whether this is primarily 

due to shared diet or lifestyle-related risk factors, or whether this may reflect common 

genetic risk factors through their shared history along the Silk Road [1]. The interplay of 

genetics and environmental factors likely plays a significant role, as ESCC in Japanese 

patients has been associated with single nucleotide polymorphisms in enzymes of alcohol 

metabolism, including alcohol dehydrogenase 1B and aldehyde dehydrogenase 2 family 

members [26, 27]. Genome-wide association studies in Chinese populations have also 

identified mutations in phospholipase C and in a specific region of chromosome 20 

associated with ESCC development [28–30]. A second area of high ESCC incidence is 

termed the “African esophageal cancer corridor,” including eastern, central, and southern 

sub-Saharan Africa (Kenya, Uganda, Tanzania, Malawi, Zambia, and South Africa), again 

suspected to reflect a combination genetic and lifestyle-associated factors [1]. Though 

many molecular alterations are shared between ESCC and other squamous cell carcinomas 

(SCCs), including head and neck and anogenital SCC [31], the role for the human papilloma 

virus as a risk factor for ESCC remains controversial [32–35].

Genetic lesions commonly found in ESCC tumors include several oncogenes and tumor 

suppressors involved in the regulation of cell survival, pro-growth mitogenic signaling, 

and proliferation/cell cycle, including PI3KCA, EGFR, SOX2, cyclin D1/CCND1, p16/
CDKN2A, and p53/TP53 [31]. Additionally, tumor suppressor roles for Notch and p120­

catenin have been implicated in ESCC pathogenesis through their regulation of squamous­

cell differentiation, cell adhesion, and epithelial barrier function [31, 36, 37]. ESCC is 

also associated with rare genetic disorders including Tylosis (RHBDF2 mutation), chronic 

mucocutaneous candidiasis (STAT1 mutation), and Fanconi anemia (FANCA, FANCC, 
and FANCG mutations), which are associated with geographically diverse global familial 

clusters, including several in Western Europe [38–40].

Progression from normal epithelium to squamous dysplasia, a histologic precursor for 

ESCC, and further progression to invasive ESCC correlates with accumulation of DNA 

damage [36]. Mutations in genes responsible for Fanconi anemia are essential for DNA 

repair following damage induced by acetaldehyde, a primary metabolite of alcohol and 

a constituent of tobacco smoke. Interestingly, Fanconi anemia-associated SCC occurs in 

young patients despite lower levels of exposure to alcohol or tobacco [41]. Genomic 

amplifications of SOX2 and TP63, markers of esophageal basal cells, are frequently present 

in ESCC [42, 43]. Murine cell-lineage tracing experiments have suggested that KRT5­

expressing esophageal basal cells might be the cell of origin for ESCC [44]. While KRT5 

is expressed in the human fetal esophagus and in esophageal progenitor cells derived from 

human pluripotent stem cells (hPSCs) in vitro [45], analogous lineage tracing experiments in 
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human tumor models are lacking, and definitive identification of the cell of origin in human 

ESCC remains elusive.

EAC Risk Factors and Cell of Origin

In North America, Western Europe, and Australia, EAC represents the predominant form 

of esophageal cancer, primarily affecting Caucasian males [24]. Interestingly, among black 

Americans, the incidence of ESCC far exceeds that of EAC [46, 47], a disparity that 

warrants further investigation, but has been hypothesized to be related, in part, to genetic 

mutations in NRF2-mediated stress response pathways [48]. EAC often arises in the setting 

of Barrett’s esophagus (BE), an intestinal metaplasia that can progress to different degrees 

of dysplasia ranging from low grade to high grade/carcinoma in situ [49]. BE occurs more 

frequently in the distal esophagus in the setting of chronic gastroesophageal reflux disease 

(GERD) and is histopathologically defined as the replacement of the normal squamous 

epithelium with an incompletely intestinalized columnar epithelium with mucin-filled goblet 

cells [50].

Common risk factors for BE and EAC include age, male sex, and Caucasian ethnicity, 

as well as longstanding GERD, high fat diet, and central obesity [24]. EAC shares some 

common genetic lesions with ESCC, including EGFR and cyclin D1 overexpression, and 

p53 and p16 inactivation [51]. However, differential mutational signatures between EAC 

and ESCC include ERBB2, cyclin E1, and SMAD4, as well as increased chromosomal 

instability in EAC [52]. Whole genome analysis has also identified frequent amplifications 

of ERBB2, VEGFA, GATA4, and GATA6, and DNA hypermethylation in EAC patient 

samples [51, 52]. While suppression of Notch signaling may facilitate mucin-producing 

goblet cell differentiation in BE [53], Notch activation has been associated with the 

progression from BE to EAC [54].

Definitive identification of the cell of origin of BE and EAC remains elusive. Proposed 

theories regarding the BE cell of origin include stem/progenitor cells residing at the squamo­

columnar junction, residual embryonic stem cells, and transdifferentiation of esophageal 

keratinocytes or esophageal cardiac glands [55]. While putative esophageal and BE stem/

progenitor cells have been identified and characterized in mice [53, 56–60], their relevance 

to human pathology remains unclear, and identification of the human BE cell of origin is a 

key outstanding question in the field. In mice, basal progenitor cells marked by p63, KRT5 

and KRT7 expression can repopulate the transitional epithelium at the squamocolumnar 

junction of the forestomach and glandular stomach, and when these cells are induced to 

express CDX2, they develop into an intestinal-like epithelium with goblet cells resembling 

Barrett’s metaplasia [57]. While analogous lineage tracing has not been performed in human 

samples, CDX2 overexpression has been found to induce intestinal metaplasia in human 

cells derived from the squamocolumnar junction in organoid models [57]. Meanwhile, 

integrated analyses of DNA methylation and transcriptome and genome profiling have 

identified four distinct subtypes of BE and EAC in patient samples [61], suggesting the 

potential for heterogeneity in the cell of origin across subtypes. Moreover, >50% of patients 

with EAC have no endoscopic or pathologic evidence of concurrent intestinal metaplasia, 

with some evidence that these patients demonstrate reduced overall survival compared to 
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patients with concurrent BE [62]. These findings raise the possibility that a subset of EAC 

may arise directly from the squamous epithelium, a hypothesis supported by the unique 

subtype of adenosquamous carcinoma, a rare form of heterogeneous esophageal cancer 

containing both EAC and ESCC cells [63].

Animal and Cell Culture Models of Esophageal Cancer

Animal models of ESCC and EAC have been developed through the combinatorial approach 

of engineered genetic predisposition coupled with exposure to known risk factors, such as 

nitrosamines for ESCC and bile acids for EAC. Oncogenes and tumor suppressor genes 

such as cyclin D1, EGFR, p53, and p120-catenin as well as inflammatory cytokines such as 

interleukin-1β have been targeted in the esophageal epithelium in mice to model esophageal 

preneoplasia, invasive cancer, and the tumor microenvironment [37, 60, 64–66]. ESCC 

and preneoplastic lesions have been induced in mice exposed to 4-nitroquinoline 1-oxide 

(4NQO) in drinking water for 16 weeks [67]. 4NQO induces DNA lesions mimicking those 

induced by tobacco smoke through formation of DNA adducts and promoting mutations in 

p53, with reported 93.9% exome similarity between 4NQO mouse models of oral cancer 

and human head and neck SCC signatures [68]. 4NQO-induced esophageal carcinogenesis 

is accelerated in the setting of genetically engineered loss of p53 [44] or overexpression of 

cyclin D1 [69].

The initial rodent model of EAC was developed through modeling reflux-associated 

esophagitis in rats, where bile reflux was induced through surgical gastrectomy and 

esophagoduodenostomy [70]. EAC develops roughly 40 weeks following this procedure. 

Due to their difference in size, this surgical anatomic reconstruction is technically difficult 

to perform in mice, and therefore limits the utility of this approach. Additionally, while both 

gastric acid and bile reflux are known contributors to development of EAC in humans, this 

surgical model does not allow for direct study of gastric acid-associated changes, which are 

most common in EAC patients. Development of the L2-IL1B genetic mouse model of BE, 

in which the pro-inflammatory cytokine interleukin-1β is overexpressed in the esophageal 

epithelium, was a significant breakthrough for the study of BE and EAC [60]. These mice 

develop BE-like intestinal metaplasia by 12–15 months and severe dysplasia or EAC by 20 

months, which can be accelerated by exposure to ingested bile acids and other toxins [60].

Larger animal models of EAC have been developed in animals that share more anatomic 

similarity with the foregut of humans. Induction of bile reflux through surgical gastrectomy 

and esophagojejunostomy and external acid perfusion studies have been performed in dogs, 

with BE developing in 1–3 years, and EAC after approximately 5 years [2, 71–74]. Pigs 

have esophageal submucosal glands that bear similarity to those of humans, and while they 

have spontaneous reflux events, they do not display histologic evidence of esophagitis [75]. 

Nevertheless, porcine models have provided unique insights into the role of submucosal 

glands in mucosal healing and tissue repair following esophageal injury [76], and have 

demonstrated the capacity for porcine esophageal submucosal glands to generate both 

squamous epithelium and glandular columnar epithelium that resembles BE in 3D culture 

systems [77]. Interestingly, baboons have naturally occurring chronic and continuous reflux, 

but have not been reported to develop EAC [78]. While challenging to study, more extensive 
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investigation into both surgical and endogenously occurring large animal models may 

provide unique insights into the pathobiology of this disease as well as native protective 

mechanisms against adenocarcinoma development.

Many human esophageal cancer cell lines have been established since the 1980s and 

continue to serve as valuable tools to investigate ESCC and EAC tumor biology. 

Additionally, telomerase-immortalized human esophageal epithelial cell lines (e.g. EPC2­

hTERT) became available in the early 2000s [79]. These cell lines have provided insights 

into the processes of esophageal proliferation, differentiation, and malignant transformation 

[80–82]. They have been extensively characterized in monolayer culture as well as 

organotypic 3D culture (OTC), a platform wherein esophageal epithelium is reconstituted 

at the air-liquid interface on top of a type 1 collagen-based matrix containing fibroblasts (see 

[83] for an extensive review). OTC has been used to study the homeostatic proliferation­

differentiation gradient of the stratified squamous epithelium of the esophagus, as well 

as progression of normal and preneoplastic conditions utilizing esophageal cell lines 

engineered to express esophageal cancer-relevant oncogenes or loss of tumor suppressor 

genes. Co-culturing cancer cell lines and cancer-associated fibroblasts, OTC can serve as 

a powerful tool to model the invasive tumor front to study esophageal cancer cell invasion 

[84–86]. Unlike esophageal 3D organoids, OTC requires propagation of epithelial cells and 

fibroblasts grown in monolayer culture prior to 3D reconstitution.

Additional models for study of ESCC and EAC include subcutaneous xenograft models 

using tumor cell lines or patient biopsies for patient-derived xenograft (PDX) in 

immunodeficient host animals [87, 88]. Use of PDX models for esophageal cancer has 

provided some insights into tumor growth and metastasis in vivo, and has served as a 

platform to test tumor sensitivity to chemotherapeutics in preclinical models [89, 90].

Esophageal 3D Organoid Culture System

Organoids are 3D culture systems that develop from seeding single epithelial cells into 

extracellular basement membrane matrix, of which the most commonly used is Matrigel 

(Corning, USA). Matrigel is a combination of laminin, type IV collagen, heparin sulfate 

proteoglycans, entactin, and other growth factors that is derived from the Engelbreth-Holm­

Swarm mouse sarcoma. 3D culture systems possess several advantages for studying cancer 

biology relative to 2D cell culture systems, including recapitulation of the layered stratified 

structure and differentiation gradient of the normal esophageal epithelium, and the cellular 

heterogeneity of tumors. From the single cell state, growth and differentiation occur 

inwardly such that the most differentiated cells are present at the center of the organoid 

structures, and the more basal “stem-like” cells are at the surface. 3D organoids can be 

generated from established esophageal carcinoma cell lines, including ESCC cell lines 

(TE4, TE5, TE8, TE9, TE10, and TE11) [91] and EAC lines (OE19 and OE33) [3, 92], as 

well as primary murine esophageal tissues and human patient-derived samples (PDOs) [3]. 

Organoids can therefore be generated from mouse models of dysplasia, ESCC, and EAC, as 

well as normal human esophagus, patient-derived esophageal tumors, and metastatic lesions 

for study in vitro (Figure 1). Furthermore, primary cells maintained in 2D culture can be 

seeded in 3D culture to recapitulate differentiation and heterogeneity, and organoid-derived 
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cells can be dissociated for use in xenograft models of tumor initiation and metastasis [3, 93, 

94].

Over the past five years, significant progress has been made in the use of 3D esophageal 

organoids for study of both ESCC and EAC, as well as esophageal development and 

epithelial differentiation using induced pluripotent stem cells in 3D organoid models. 

Therapy resistance and recurrence are attributed to intratumoral cancer cell heterogeneity, 

which in turn is influenced by genetic and environmental risk factors [95]. 3D organoids 

therefore represent a more faithful tumor model for modeling both disease progression 

and therapy resistance than traditional 2D culture systems by recapitulating epithelial 

architecture, interactions with the extracellular matrix (ECM), and tumor cell heterogeneity 

[93]. These novel approaches utilizing patient-derived tissues pave the way for personalized 

medicine protocols and targeted therapeutics. 3D organoids can be used to provide unique 

insights into tumor initiation, through quantification of organoid formation rate in vitro or 

PDX models in vivo, tumor proliferation and growth kinetics, cell morphology, and gene 

expression over a heterogeneous but clonal organoid population (Table 1) [96]. Applications 

of 3D organoids, which will be discussed more extensively below, include modeling of 

benign and malignant esophageal diseases, stem cell functions for tissue renewal, basal cell 

differentiation and epithelial plasticity, and personalized medicine approaches.

3D Organoids for Study of Esophageal Development

Enhanced understanding of esophageal development and the pathways underlying 

keratinocyte differentiation may provide insights into the identity of a proliferative 

esophageal “cancer stem cell,” and may be exploited to induce differentiation of dysplastic 

squamous or BE lesions to suppress their progression to malignancy. 3D organoids provide a 

novel platform to study a wide spectrum of disorders of epithelial differentiation, including 

developmental defects such as esophageal atresia, basal cell hyperplasia underlying diseases 

such as eosinophilic esophagitis, and epithelial injury from toxic exposures such as alcohol.

Modeling Epithelial Differentiation and Basal Cell Hyperplasia Using 3D Organoids

3D organoid models have been used to study esophageal development, epithelial 

differentiation, and reactive inflammatory responses that are responsible both for benign 

esophageal pathologies, such as eosinophilic esophagitis, and for the predisposing injury 

and inflammation that enhance susceptibility for ESCC and EAC. Examination of the 

immortalized human esophageal epithelial cell line EPC2-hTERT grown in Keratinocyte 

Serum Free Medium revealed that these cells remain in a proliferative basaloid state 

when grown in 2D monolayer culture conditions, but recapitulate the differentiation 

gradient of the native esophageal mucosal epithelium when grown in 3D organoid 

structures [96, 97]. Activation of the Notch signaling pathway is required to promote 

squamous cell differentiation [82]. We have shown that inhibition of Notch signaling 

both pharmacologically and genetically results in a thick outer basaloid cell layer and 

hyperkeratosis of the organoid core [97]. Furthermore, Notch inhibition did not affect cell 

proliferation in organoid models, indicating that apparent basal cell hyperplasia may actually 

be the result of impaired differentiation. This finding is consistent with the histology of 
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PDOs derived from patients with eosinophilic esophagitis [96], a condition characterized by 

basal cell hyperplasia and eosinophils within the epithelial layer of the esophagus. Using 

EPC2-hTERT organoids, we were able to reproduce basaloid cell expansion in response 

to inhibition of Notch signaling or treatment with pro-inflammatory cytokines known to 

play a role in development of eosinophilic esophagitis, including TNFα and interleukins 

4, 5, and 13 [96]. These effects were also seen in organoids from patient-derived normal 

tissue biopsies, with decreased differentiation and expression of the differentiation marker 

Involucrin in response to cytokine treatment.

In addition to defining the role for Notch signaling in normal stratified squamous epithelial 

differentiation and dysregulated Notch signaling in conditions of basal cell hyperplasia, 3D 

organoids have been instrumental in elucidating mechanisms of epithelial stress responses 

in the setting of toxic and carcinogenic exposures, such as alcohol. Ethanol exposure 

decreased proliferation, organoid growth, and cell viability in EPC2-hTERT organoids, and 

resulted in mitochondrial dysfunction [98]. Using both 3D and 2D culture systems, these 

findings correlated with decreased intracellular ATP levels, decreased oxidative metabolism, 

and inhibition of MTORC1 signaling in conjunction with an upregulation of autophagy, 

consistent with previous findings linking autophagy to cell survival in esophageal epithelial 

cells [91]. Ongoing work to assess the effects of ethanol on ESCC development and 

progression is currently underway.

Esophageal organoid units (EOUs) have been derived by seeding dissociated whole murine 

esophagus in Matrigel, resulting in epithelial organoids co-cultured with neuromuscular cells 

and providing a complementary model to mimic whole-organ and functional esophageal 

development [99–101]. EOUs demonstrate an epithelial differentiation gradient from 

basaloid cells to mature squamous cells and exhibit spontaneous peristalsis, allowing 

for further insights into coordinated esophageal development and homeostasis [99]. The 

canonical bone morphogenetic protein (BMP) signaling pathway is essential for regulating 

dorsal-ventral patterning of the foregut into the dorsal esophagus and the ventral trachea, 

and is modulated by extracellular antagonists, including noggin, chordin, and follistatin, 

that bind BMP receptors to inhibit signaling [102]. Comparison of EOUs and tracheal 

organoid units from murine donors have identified a critical role for noggin in specifying 

esophageal rather than respiratory cell fates [103]. This finding correlates with enhanced 

DNA methylation at the noggin promoter and upstream regulatory sites in patients with 

esophageal atresia with or without tracheoesophageal fistula relative to control patient 

samples [103].

Human PSC-Derived Esophageal Organoids to Model Lineage Specification and 
Differentiation

Understanding the developmental pathways underlying esophageal epithelial specification 

and squamous cell differentiation have been greatly enhanced by the development of 

protocols for induction of human pluripotent stem cells (hPSCs) into esophageal cells in 3D 

cultures. The induction of hPSCs into esophageal progenitor cells (EPCs), then subsequently 

into fetal-like esophageal tissue, was described using organoid models in 2018 [45, 104]. 

This discovery overcame a critical barrier to developmental studies of the esophagus due to 
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interspecies anatomic and histologic differences between the murine and human esophagus. 

The hPSC line RUES2 was initially differentiated into endoderm through exposure to several 

growth factors, including Activin A, BMP4, FGF2, and the ROCK inhibitor Y-27632, and 

subsequently differentiated into anterior foregut, followed by EPCs, through inhibition of 

canonical developmental signaling pathways, including BMP, TGFβ, and WNT [45]. EPCs 

were marked by expression of fetal esophageal markers, including Keratins 5 and 7. The 

hPSC-derived EPCs were then selected by sorting for cells expressing the epithelial-specific 

marker EPCAM and integrin β4, and were able to reform 3D organoids when seeded as 

single cells in culture. Basal esophageal cell differentiation was then induced from purified 

EPCs. Human PSC-derived organoids and EPCs are further induced towards esophageal 

differentiation in response to BMP and Notch activation, leading to increased expression of 

differentiation markers including Keratin 13 and Involucrin [45], demonstrating the utility 

of this hPSC-derived organoid protocol to model native human esophageal differentiation. 

Study of hPSC-derived esophageal organoids has led to new molecular insights, including 

identification of a role for the YAP protein in proliferation and differentiation of esophageal 

progenitor cells [105]. Inhibition of YAP with verteporfin reduced the number of p63­

positive proliferative EPCs and reduced squamous stratification with reduced Keratin 13 

expression [105]. Knockdown of YAP in EPCs resulted in decreased number and size of 

resulting organoids [105].

Using a similar but independently-developed differentiation protocol through sequential 

temporal manipulation of the BMP, WNT, and retinoic acid signaling pathways, hPSCs 

were induced to esophageal progenitor cells in 3D cultures, and were subsequently used to 

determine the role of SOX2 in esophageal development [104]. Early loss of SOX2 results 

in esophageal atresia in both humans and mouse models [11, 106]. Using CRISPR-mediated 

gene editing in the iPSC-derived organoid system, SOX2 knockdown in human dorsal 

anterior foregut cultures resulted in ectopic expression of NKX2–1, a marker of early 

respiratory rather than esophageal differentiation [104]. Transcriptome analysis of CRISPRi­

SOX2 treated or control iPSC-derived organoids was able to identify differential roles 

for SOX2 and BMP signaling in dorsal versus anterior foregut specification [104]. These 

approaches can be applied to both human and murine iPSCs, and comparative analysis 

in the setting of targeted genetic manipulation has broad application for identification 

of novel developmental pathways, which may be exploited in the setting of dysplasia to 

induce differentiation and prevent carcinogenesis. Additionally, enhanced study of PSC 

differentiation may provide insights into basal cell hyperplasia and a putative “cancer stem 

cell” for ESCC and EAC.

Insights into the Cell of Origin for Esophageal Cancer

The utilization of hPSC-derived esophageal differentiation models may provide novel 

insights into the cell of origin for esophageal cancer. As previously discussed, hypotheses 

regarding the origin of BE cells include proximal migration of columnar epithelial cells 

from the esophagogastric junction or adjacent gastric mucosa, transdifferentiation of mature 

squamous epithelial cells, transcommitment of squamous progenitor cells from the basal cell 

or submucosal layers, or habitation by a circulating initiating cell from the blood [107]. 

Inhibition of Notch signaling combined with induction of MYC and CDX1 expression 
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can convert EPC2-hTERT cells from a squamous histology to a more glandular histology, 

suggesting a process of transdifferentiation [53], and analysis of cells at the transition zone 

between regions of BE and normal esophageal mucosa have identified both ultrastructural 

and genetic elements of both squamous cell and intestinal cell identity [108]. Additionally, 

differentiated esophageal squamous cells have been shown to downregulate squamous 

markers such as p63 and upregulate intestinal markers including CDX1, CDX2, FOXA2, 

and SOX9 after exposure to acid or bile salts in vitro [109]. However, genomic lineage 

tracing based on single cell mutational analysis has identified shared mutations in p53 

and p16 in Barrett’s regions and submucosal glands [110], supporting the hypothesis of a 

proximal or submucosal migratory cell of origin. This hypothesis was previously supported 

by animal studies of surgically-induced reflux in large animal models [73] and studies of 

porcine submucosal glands [77]. Transcommitment of hPSC-derived EPCs would imply the 

presence of an esophageal “stem cell” that can give rise to differentiated cells of multiple 

phenotypes. The regenerative basal cell population of the esophageal epithelium maintains 

cellular heterogeneity, with SOX2, WNT, and BMP signals promoting self-renewal [19]. 

Long-lived Keratin 15-expressing cells (Krt15+) that retain the ability to self-renew, 

proliferate, and differentiate, and are transcriptionally distinct from Keratin 15-negative 

basal cells, have been identified in the adult and fetal murine esophagus [111]. These Krt15+ 
cells in the adult murine esophagus demonstrate radioresistance and the ability to regenerate 

esophageal epithelium after mucosal injury [111]. The induction of hPSCs to esophageal 

cell fates, coupled with the ease of genetic manipulation of hPSC-derived organoid cultures, 

may provide key insights into the potential for transdifferentiation of squamous epithelial 

cells and transcommitment of basal cells and EPCs, as well as definitive identification of the 

human cell of origin for BE and EAC.

Development of Patient-Derived Esophageal Organoids for Study of 

Esophageal Cancer

PDOs from ESCC and Squamous Cell Dysplasia

Protocols for successful generation of PDOs from ESCC and normal esophageal mucosa 

(Figure 2) have been developed by our lab and others. We have demonstrated an ESCC 

organoid success rate of 60 percent, with 10% of ESCC PDOs able to be serially 

passaged over 5 times [3]. This protocol uses an advanced DMEM/F-12 basal medium, 

with supplemental nutrients and growth factors, including Noggin-R-Spondin conditioned 

medium, and 50 ng/ml EGF. This medium, while supporting ESCC PDO growth, has had 

less success supporting PDO growth from normal non-transformed esophageal epithelium. 

It has been an ongoing challenge of the field to identify a single medium that can 

support normal, ESCC, and EAC PDO growth, and current protocols use variable medium 

components based on the histology of the patient donor sample (Table 2). We have recently 

developed successful protocols for primary organoid generation from dysplastic head and 

neck and esophageal squamous cell samples to allow the study of squamous preneoplastic 

lesions in organoid culture.

Comparing paired organoids generated from ESCC tumors and adjacent normal mucosa 

obtained from endoscopic biopsies, we have shown that resistance to 5-fluorouracil in ESCC 
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PDOs is accompanied by enhanced CD44 expression and increased autophagy, identifying 

these as markers of survival following chemotherapy treatment [91]. Furthermore, 

CD44-high cells sorted from both PDO cultures and PDO-derived PDX tumor models 

demonstrated that these cells exhibit higher levels of autophagy induction and represent a 

resistant population in response to both chemotherapeutic agents [91] and alcohol-induced 

stress (ongoing work). PDOs have also been generated from oral cavity tumors, as well as 

pharynx, larynx, salivary gland, nasal cavity, and cervical regions with 60 percent success, 

along with successful serial passage, cryopreservation, and recovery [112]. These head and 

neck squamous cell carcinoma (HNSCC) organoids also retained the genetic and molecular 

characteristics of the original in situ tumors, recapitulating the stratified epithelial structure 

as evidenced by expression patterns of the basal cell marker TP63 and the differentiation 

marker KRT13, as well as mutations in TP53, PIK3CA, KRAS, BRAF, CDKN2A, FAT1, 
and PDGFRA [112]. Additionally, normal oral organoids were susceptible to infection 

by HPV and herpes simplex virus [112], demonstrating their potential use for study of 

viral-associated oncogenicity.

PDOs from EAC and BE

Development of 3D organoids from Barrett’s epithelium was first reported in 2011, where 

fragments of BE derived from endoscopic patient biopsies were partially dissociated to 

maintain Barrett’s crypts and seeded in Matrigel, with successful passage for over 3 months 

[113]. In the absence of fibroblast growth factor 10 (FGF10), BE organoids formed cystic 

structures reminiscent of senescent intestinal-derived organoids and stopped proliferating, 

while differentiation could be induced by inhibition of Notch signaling [113]. Further 

work to establish organoid cultures from EAC patient samples has shown that patient­

derived organoids recapitulate the histology of the patient tumors from which they were 

derived, including apical/basal polarity and p53 status [93]. Furthermore, PDOs displayed 

concordance of driver somatic mutational events and whole genome mutational signatures, 

including mutations in p53, PIK3CA, and CDKN2A [93, 114]. Additionally, EAC PDO 

cultures retained the clonal heterogeneity that is a hallmark of EAC and contributes to 

chemotherapy resistance in the clinical setting and poor patient survival [93, 115]. Culture 

of EAC PDOs over multiple passages demonstrated clonal drift of the dominant clonal 

populations within the organoid culture [93, 114], illustrating a key advantage of using 

organoid culture over 2D culture systems for modeling esophageal cancer development, 

progression, and responses to treatment, including antineoplastic resistance mechanisms. We 

have established effective protocols to faithfully create organoids from EAC PDOs with 

80 percent efficiency, as well as for passaging, cryopreservation, image-based monitoring 

of organoid size and proliferation, as well as harvesting for histology, immunoblotting, 

immunofluorescence and immunohistochemistry, bulk RNA seq, and flow cytometry 

[3]. EAC and BE PDOs (Figure 2) can be successfully grown with the same media 

components (Table 2), facilitating comparative analyses between dysplastic, preneoplastic, 

and malignant tissue samples. EAC PDOs were maintained for over 15 successive passages 

and successfully generated patient-derived xenograft mouse models. Ongoing work of our 

lab and others uses BE and EAC organoids for mutational profiling to better understand 

disease progression from dysplasia to cancer to clonal selection, as well as responses to 

novel therapeutics.
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PDOs for Development of Personalized Medicine Approaches

Due to the faithful recapitulation of histologic and genomic characteristics of primary 

tumors, ESCC and EAC PDOs exhibit significant promise as avatars for testing 

tumor responses to treatment [116], including standard-of-care chemotherapies, radiation, 

molecularly targeted agents, and novel therapeutics. Similarly, the clonal heterogeneity 

of organoid cultures allows identification of uniquely resistant or susceptible clonal 

populations, which may provide key insights into residual disease and mechanisms of 

recurrence following induction chemoradiation and complete surgical resection.

PDOs for Personalized Therapy in ESCC

ESCC organoids have provided early insights into mechanisms of cancer cell survival and 

resistance to chemotherapy. High levels of CD44 expression and cellular autophagy are 

associated with resistance to 5-fluoruracil treatment in ESCC PDOs [91]. Exposure of 

HNSCC PDOs to Nutlin-3 demonstrated differential sensitivities based on p53 mutation 

status [117], providing evidence to support the use of PDOs for targeted drug sensitivity 

screening based on genomic mutational analysis. Differential responses of patient-derived 

HNSCC organoids to cisplatin, carboplatin, and the anti-EGFR antibody cetuximab, as 

well as ionizing radiation were observed, which correlated with clinical response to 

administered radiation therapy in seven of 31 cases [117]. HNSCC PDOs were also used 

to screen for sensitivity to novel therapeutics, including the radiosensitizing effect of Second 

Mitochondria-derived Activator of Caspase (SMAC), and evaluation of the mechanism of 

radiation-induced death by treatment with inhibitors of apoptosis or necrosis [112]. In vitro 
multi-drug screening and combinatorial regimens with both radiation and chemotherapeutic 

agents using ESCC and HNSCC PDOs have identified novel synergistic effects in a 

preclinical setting. Furthermore, novel therapies based on mutational signatures have been 

tested, such as the PIK3CA inhibitor alpelisib, the BRAF inhibitor vemurafenib, the FGFR 

inhibitor AZD4547, the PARP inhibitor niraparib, and the mTOR inhibitor everolimus, 

to determine whether these therapies may play a role in targeted treatment strategies in 

preclinical models [117]. Interestingly, PDOs with PIK3CA mutations did not uniformly 

display increased sensitivity to alpelisib, indicating the need for further investigations into 

the predictive potential for PDOs for personalized precision therapeutics based on targeted 

mutation analysis. Protocols for HNSCC and ESCC organoid generation and use for semi­

automated drug screening and radiation treatment within a three-month timeframe have been 

published by several groups [3, 117].

PDOs for Personalized Medicine in EAC

Similar use of PDOs to test drug sensitivity in the preclinical setting has been demonstrated 

for EAC. EAC PDOs have been shown to retain stable drug sensitivity profiles for up 

to one year in serial cultures, and analogous to ESCC drug screens, similar sensitivities 

to drug treatments have been found for single cells seeded in Matrigel or pre-formed 

multicellular organoids. In the study by Li et al., nine EAC PDOs were tested with 24 

compounds, including the MDM2 inhibitor Nutlin-3a, the MEK1/2 inhibitor trametinib, 

the EGFR inhibitor afatinib, and standard-of-care chemotherapeutic agents including 5­

fluorouracil, epirubicin, and cisplatin [93]. EAC PDOs displayed sensitivities that could 
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be grouped by their mutational subtype [93, 114]. Furthermore, most EAC PDOs tested 

displayed resistance to standard-of-care therapies in concordance with the donor patients’ 

poor clinical responses to therapy. Further studies have shown that PDOs derived from 

EAC patient biopsies treated with individual components based on CROSS (cisplatin 

and paclitaxel) or FLOT (5-fluorouracil, cisplatin and paclitaxel or epirubicin) regimens 

displayed sensitivities that correlated with patients’ clinical responses to neoadjuvant 

treatments [118]. To evaluate the use of PDOs for development of targeted personalized 

treatment strategies, one PDO line derived from a tumor displaying ERBB2 amplification 

was treated with the HER2-specific inhibitor mubritinib, resulting in moderate decrease in 

cell viability and organoid growth [118]. Interestingly, however, while three tested PDOs 

lacking HER2 amplification did not show sensitivity to mubritinib, one PDO lacking HER2 

amplification also displayed sensitivity to mubritinib treatment, a finding that was attributed 

to HER2-independent effects of mubritinib on electron transport chain activity [118]. Thus, 

while PDOs represent a promising new tool for predictive and tailored treatment protocols 

for EAC, further investigations into the clinical utility and time required for completion of 

screening protocols are needed, as significant delays in standard-of-care therapy initiation 

in anticipation of tailored personalized strategies bear the significant potential to adversely 

affect progression of disease and patient survival.

Future perspectives

PDOs for High-Throughput Genomic Screens and Identification of Novel Targets

Given the ease of patient-specific in vitro drug testing using PDOs, as well as the 

cumulative data available through development of PDO biobanks, PDOs represent an 

ideal platform in which to evaluate sensitivities of EAC and ESCC to new therapies, 

including chemotherapeutic agents currently approved for use in other GI malignancies, 

molecularly targeted therapies based on PDO mutational analyses, optimal radiation dosage 

and delivery, and proton beam therapy. Additionally, esophageal cancer PDOs provide a 

promising platform for identification of novel genetic alterations that affect tumor survival, 

invasion, and treatment resistance using high-throughput gene editing strategies. CRISPR­

Cas9 technology has allowed efficient knock-in or knock-down of targeted genes, and 

has been used successfully in GI epithelial organoids by several groups using liposomal 

transfection, electroporation, or viral vector-mediated transduction, followed by selection 

and expansion of single organoid clones [119]. This system has been exploited in human 

colorectal cancer organoids to study the specific role of oncogenes and driver mutations, 

and human intestinal organoids to determine the effects of sequential accumulation of 

directed mutations on carcinogenesis [120, 121]. Similar approaches can be applied to non­

transformed esophageal epithelial organoids, BE and dysplastic squamous organoids, ESCC 

and EAC organoids, and hPSC-derived EPCs to gain novel insights into the progression 

from dysplasia to malignancy that underlies both major types of esophageal cancer [104, 

122].

High-throughput genomic screens have identified novel drivers of tumor progression, 

suppression, and drug resistance in traditional 2D cultures [123]. CRISPR screens using 

single guide RNA (sgRNA) libraries applied to PDOs have the potential to identify novel 
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pathways involved in drug resistance and to enhance personalized medicine approaches, 

particularly in the setting of highly resistant or metastatic disease [123]. However, CRISPR 

screens in 3D cultures pose unique challenges relative to 2D monolayer culture. 3D PDO 

cultures may not generate sufficient cell numbers to efficiently support traditional pooled 

genome-wide screening strategies [123, 124]. There are additional difficulties in predicting 

sgRNA efficacy in 3D culture systems, and false positives due to the integration of multiple 

sgRNAs into single organoids [124, 125]. Recently, however, significant progress has been 

made in screening strategies for gastrointestinal organoids to increase the efficiency of 

genome editing in PDOs. These strategies include: identifying the most effective sgRNAs 

by prescreening the CRISPR library in cells grown in 2D monolayer culture; decreasing 

the number of PDOs required by reducing sgRNA library size; and minimizing the 

number of false positives by capturing and removing passenger sgRNAs that co-integrate 

with functional sgRNAs in single organoids [124, 125]. Advances in single cell and 

nuclear sequencing protocols applied to 3D organoids [126] derived from dysplastic and 

preneoplastic patient samples will also allow further investigation into the cell of origin of 

ESCC and EAC by enabling lineage tracing experiments in vitro and in PDX models of 

tumor initiation.

Organoid and Immune Cell Co-Culture for Study of Tumor-Microenvironment Interactions

With the advent of immunotherapy and recent early data regarding the efficacy of 

immune checkpoint inhibitors in prolonging survival in patients with metastatic gastric and 

gastroesophageal cancers, the critical role of the immune landscape in the progression of 

both EAC and ESCC is increasingly apparent. Recent results of the CheckMate 649 Phase 

III clinical trial of programmed cell death 1 (PD-1) inhibitor nivolumab in combination with 

standard-of-care chemotherapy regimens in patients with unresectable gastric or esophageal 

adenocarcinoma [127] were recently presented at the European Society for Medical 

Oncology (ESMO) 2020 meeting. These results demonstrated significant improvement 

in survival in patients treated with the addition of nivolumab to chemotherapy versus 

chemotherapy alone, a finding that maintained significance across both randomly assigned 

patients and subgroup analyses of patients with elevated PD-L1 combined positive score. 

Early results of the Phase III KEYNOTE-590 study [128], also presented at ESMO 2020, 

assessed the effects of addition of pembrolizumab to a standard-of-care 5-fluorouracil and 

cisplatin regimen in patients with unresectable or metastatic EAC or ESCC. Overall survival 

was 12.4 months in the pembrolizumab group vs 9.8 months in the group treated with 

chemotherapy alone (ESMO 2020). The success of these and several other recent and 

ongoing trials has generated enthusiasm for the use of immune checkpoint inhibitors in the 

neoadjuvant setting for locally advanced esophageal cancers, with clinical trials currently 

underway at several institutions.

Immune profiling of resected ESCC surgical specimens has identified exhausted CD4 

and CD8 T cells and natural killer (NK) cells as major proliferative components of the 

tumor microenvironment and suppressive crosstalk between macrophages and regulatory T 

cells, identifying mechanisms for tumor immune evasion through enrichment of immune­

suppressive populations [129]. Additionally, loss of p53, which occurs early in the 

development of ESCC and EAC, has been shown to promote immune evasion through 
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decreased expression of cytokines, decreased expression of major histocompatibility class 

I proteins, and recruitment of suppressive regulatory T cells [130], providing an additional 

mechanism by which esophageal cancers may bypass host immune surveillance. These 

studies underscore the need for tumor models with intact immunity to study mechanisms 

of host immune surveillance and tumor immune evasion, which continue to be a limitation 

of xenograft models that necessitate immunocompromised hosts. Co-culture of immune 

cell populations with esophageal epithelial cells in 3D culture systems using organotypic air­

liquid interface culture has been used to model esophagitis, inducing a reactive proliferative 

response in the setting of oxidative stress and enhanced DNA damage [15, 131, 132]. Using 

analogous protocols in 3D organoid cultures derived from EAC and ESCC cell lines as 

well as PDOs from tissue biopsies in the presence of cultured T cells, macrophages, or 

patient-derived tumor-infiltrating lymphocytes will provide insights into intrinsic immune 

responses and their contribution to tumor progression, and has the potential to inform 

personalized treatment approaches.

Cancer associated fibroblasts (CAFs) within the tumor microenvironment have also been 

shown to play an important role in tumor development and progression in multiple 

GI malignancies through secretion of tumor-promoting cytokines. We have shown that 

interleukin 6 and chemokine C-C motif ligand 5 (CCL5) secreted by CAFs promote 

proliferation of both ESCC and EAC in 2D and 3D cultures through activation of the 

MEK/ERK and STAT3 signaling pathways [92]. CAFs also secrete plasminogen activator 

inhibitor-1 (PAI-1) that promotes migration and invasion of ESCC cells and macrophages 

through phosphorylation and activation of the Akt and Erk1/2 pathways [133]. Toll-like 

receptor-4 (TLR-4) expression by CAFs correlates with progression from reflux-associated 

esophagitis to BE to EAC through increased expression of pro-inflammatory and anti­

apoptotic cyclo-oxygenase 2 (COX-2) [134–136]. Furthermore, increased intratumoral 

CAFs in ESCC surgical resection specimens, as identified by antifibroblast activation 

protein, was associated with decreased disease-free survival and overall survival, and 

increased lymph node metastases [137]. The further development of 3D co-culture models 

will better elucidate the mechanisms of crosstalk between CAFs and epithelial tumor cells 

that promote tumor growth and invasion in both EAC and ESCC.

Alternative Basement Membrane Composition and Use of Synthetic Hydrogels

While most ESCC and EAC organoid studies, as well as hPSC-derived esophageal cultures, 

to date have been performed by generating organoids in Matrigel basement membrane 

matrix, alternative extracellular matrix (ECM)-mimicking platforms, including synthetic 

hydrogels, can potentially allow tailored and modifiable ECM properties to study tumor 

growth and invasion, and esophageal development and differentiation. Indeed, synthetic 

hydrogels have already been used for the culture of tumor organoids, and to study the 

individual contributions of matrix properties to tumor progression and metastasis [138, 139]. 

Because Matrigel is derived from mouse sarcoma cells, its fractional composition of specific 

ECM proteins and concentration of embedded growth factors can vary significantly between 

lots, and its inherently limited by the inability to decouple biochemical and mechanical 

properties [140, 141]. Fully-defined synthetic hydrogels with modifiable mechanical 

properties and adhesive ligand types can provide a more controlled microenvironment for 
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organoid culture models [142]. Synthetic hydrogels have also been shown to support growth 

of PSC-derived intestinal organoids, and can be safely injected in animal models, where they 

can facilitate organoid engraftment and repopulation of colonic epithelium in injury models 

[143]. Furthermore, because Matrigel is produced by mouse sarcoma cells, it has limited 

potential to be used in experimental therapeutics for treatment of human disease; thus, 

synthetic hydrogels provide an attractive alternative ECM for clinical applications [144]. 

Interestingly, oral treatment with porcine-derived hydrogel in combination with omeprazole 

has been reported to reduce esophagitis and decrease Barrett’s metaplasia in a canine 

model of BE [145]. Taken together, these studies suggest that combination of organoids 

with hydrogel ECMs may enable novel therapeutic strategies for cellular repopulation and 

tissue regeneration in the setting of esophageal inflammation and injury, as well as novel 

mechanisms for topical mucosal or injected submucosal drug delivery for treatment of 

dysplasia and early-stage cancers.

Conclusion

The generation of 3D organoids for study of ESCC and EAC tumor development 

and progression, normal esophageal epithelial homeostasis, inflammation and reactive 

changes, and esophageal development using hPSCs paves the way for major advances 

in our understanding of both benign and malignant esophageal diseases. The relative 

ease of genetic manipulation and the combination of CRISPR/Cas9 and 3D organoid 

technologies will allow for unique understanding of the progression from esophagitis, both 

reflux and toxin-induced, to BE-associated and squamous dysplasia, to the development 

of EAC and ESCC. Co-culture models of epithelial cells along with immune cells 

and stromal cells will provide novel insights into tumor-promoting interactions derived 

from the microenvironment, and elucidate crosstalk between tumor cells and stromal 

cells that may underlie immune evasion and cancer resistance. The development of 

synthetic hydrogels will allow for further precision experimentation through controlled 

modification of ECM composition and physicochemical properties, as well as introducing 

a novel mechanism for both cell delivery-based therapies and localized application of 

chemotherapeutics or radiosensitizing agents. By combining these approaches, PDOs can 

be used to tailor personalized therapeutic strategies for patients with ESCC or EAC for 

use in the neoadjuvant, adjuvant, or metastatic settings. Collaboration between clinicians, 

cancer biologists, computational geneticists, and bioengineers will be critically important to 

maximally leverage these powerful tools to advance the treatment and improve survival for 

patients with this aggressive disease.

Acknowledgments

We thank Dr. Andres Klein-Szanto (Fox Chase Cancer Center, Histopathology Facility) for histologic assessment of 
3D organoids. We thank the Shared Resources (Flow Cytometry, Molecular Pathology, and Confocal & Specialized 
Microscopy) at the Herbert Irving Comprehensive Cancer Center at Columbia University for technical support. We 
thank Drs. Anil K. Rustgi, J. Alan Diehl, Adam J. Bass, and Kwok-Kin Wong (NCI P01 Mechanisms of Esophageal 
Carcinogenesis), Drs. Julian A Abrams and Timothy C. Wang (Columbia University Division of Digestive & Liver 
Diseases and the NCI U54 Barrett’s Esophagus Translational Research Network), Dr. Jianwen Que (Columbia 
University Division of Digestive & Liver Diseases and Center for Human Development), and members of the 
Rustgi laboratory for discussion.

Sachdeva et al. Page 17

Cancer Lett. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Grant Support

This study was supported by the following NIH Grants: P01CA098101 (HN and RCA), U54CA163004 (HN and 
RCA), R01DK114436 (HN), R01AA026297 (MS, SF, and HN), and P30CA013696, and the following fellowships: 
Carolyn E. Reed Traveling Fellowship from the Thoracic Surgery Foundation/Women in Thoracic Surgery (UMS), 
and the Eleanor and Miles Shore Fellowship from Harvard Medical School/MGH (UMS).

Abbreviations

BE Barrett’s Esophagus

BMP bone morphogenetic protein

EAC esophageal adenocarcinoma

EOU esophageal organoid units

EPC esophageal progenitor cell

ESCC esophageal squamous cell carcinoma

4NQO 4-nitroquinoline 1-oxide
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Highlights

• 3D organoid culture systems can model the esophageal stratified squamous 

epithelium

• Esophageal organoid creation is possible from normal, dysplastic and cancer 

tissues

• Induced pluripotent stem cells model esophageal development and 

differentiation

• Patient-derived organoids provide a platform for screens and personalized 

medicine
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Figure 1. Pathway of Organoid Generation for Scientific or Preclinical Studies.
Organoids can be generated from patient biopsies or animal models of esophageal diseases, 

including normal or treated esophagus, primary esophageal cancer tissue, or metastases to 

lung or other organs. Esophageal epithelium or tumor tissues are dissociated into single 

cells and seeded in Matrigel. Organoids can be cultured in the presence of specific chemical 

treatments or subject to genetic manipulation in vitro, followed by cell-based analyses and in 
vitro or in vivo modeling of disease through culture-based or xenograft models.
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Figure 2. Patient-Derived Organoids to Model Esophageal Cancer.
Hematoxylin and Eosin stained sections of fixed 3D organoids derived from the non­

transformed human esophageal epithelial EPC2-hTERT cell line, and from ESCC, BE, and 

EAC PDO lines derived from human patient biopsies.
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Table 1.

Use of 3D Organoids to Model Esophageal Cancer Development and Progression

Advantages

Recapitulation of histology of primary tissue of origin (normal, dysplastic, cancer)

Recapitulation of genetic and epigenetic signature of original tissue/tumor

Recapitulation of tumor clonal heterogeneity

Evaluation of individual clones and tumor initiating cells

Long-term culture and passaging
Biobanking of patient samples across institutions

Conversion to 2D culture
High-throughput drug screening

High-throughput gene editing
Personalized medicine using PDOs

Limitations

Lack diverse cell types and microenvironment of original tumors

Unknown genetic and epigenetic stability over multiple passages

Clonal drift over multiple passages
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Table 2.

Comparison of Media Components for Normal Squamous Esophageal, ESCC, and EAC PDO Generation as 

Published.

Media Component
Kasagi et al. Kijima et al. Karakasheva et al. Karakasheva et al.

N N/ESCC ESCC EAC

Basal media KSFM
1

aDMEM
2

aDMEM
2

aDMEM
2

Glutamax U (+) (+) (+)

HEPES U (+) (+) (+)

B27 U (+) (+) (+)

N2 U (+) (+) (+)

NAC U (+) (+) (+)

CM 
3 U

RN
4

RN
4

WRN
5

Wnt3a U (+) (−) (−)

EGF 1 ng/ml 50 ng/ml 50 ng/ml 250 ng/ml

Nicotinamide U (+) (−) (+)

A83–01 U (+) (−) (+)

SB202190 U (+) (−) (+)

Gastrin U (+) (−) (+)

FGF10 U (−) (−) (+)

CHIR99021 U (−) (−) (+)

CaCl 2 0.6 mM 1 mM 1 mM 1 mM

Y27632 (+) (+) (+) (+)

Success rate

 Normal 100% 66.7% nd nd

 Cancer nd 71.4% 60% 80%

1
Keratinocyte Serum-Free Medium,

2
advanced Dulbecco’s Modified Eagle Medium/F-12,

3
Conditioned Medium,

4
R-Spondin/Noggin,

5
Wnt/R-Spondin/Noggin. (N) normal; (U) unknown; (nd) not determined. All media are supplemented with antibiotics.
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