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Patient-derived esophageal adenocarcinoma D
organ chip: a physiologically relevant platform
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Abstract

Background Esophageal adenocarcinoma (EAC) is the sixth most deadly cancer worldwide, with increasing
incidence in North America. As no targeted therapy or immunotherapy has revolutionized the management of
EAC, chemotherapy is the only standard of care. Most patients with EAC experience poor outcomes because of the
inherent or acquired resistance to chemotherapy.

Methods Adapting a patient-centered approach, we leveraged a microfluidic cell culture technology platform
(Emulate), organoids derived from treatment-naive patient tumors or adjacent normal tissues, and patient-matched
cancer-associated or normal fibroblasts respectively, to develop a novel, physiologically relevant, high-fidelity
preclinical esophagus-on-a-chip model. H&E, immunofluorescence staining, live/dead assay, LDH assay, and ELISA-
based detection of tumor biomarkers were used to assess treatment responses.

Results Each patient-specific stroma-inclusive microfluidic esophageal adenocarcinoma on-a-chip (EAC chip)
faithfully recreates the tumor-stroma interface while preserving the full diversity of two cell types (epithelia and
fibroblasts), genetic landscapes and histological architecture of the source tumors. EAC chips also accurately

predict the response to neoadjuvant chemotherapy (NACT) within a clinically useful timeframe (approx. 12 days). A
docetaxel-based triplet chemotherapy regimen matched with the treatment of the source patient was successfully
perfused through the interstitial space within this model. Therefore, EAC chips more accurately recapitulate inpatient
pathological and objective responses than the corresponding static 3D-organoid-only cultures.

Conclusions Overall, this model is an effective tool for predicting patients'responses to chemotherapy and testing
tumor- or stroma-targeted alternative therapies. Moreover, these high-fidelity, low-throughput EAC chips effectively
complement high-throughput PDO culture-based drug testing and provide improved insights into drug efficacy
before human studies.
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Introduction

EAC tumors exhibit ab initio chemotherapy resistance.
Meanwhile, most responders to neoadjuvant chemo-
therapy (NACT) exhibit high rates of progression and
metastasis during the adjuvant period. Given the lack of
alternative approaches, each non-responder to NACT
continues to receive the SOC as adjuvant therapy. The
development of accurate.

Esophageal adenocarcinoma (EAC) is the fastest-rising
malignancy in North America [1]. The only standard-of-
care (SOC) treatment for locally advanced, resectable
EAC is perioperative docetaxel-based triplet chemo-
therapy (Table S1) [2]. Most EAC tumors exhibit ab initio

chemotherapy resistance. Meanwhile, most responders
to neoadjuvant chemotherapy (NACT) exhibit high
rates of progression and metastasis during the adjuvant
period. Given the lack of alternative approaches, each
non-responder to NACT continues to receive the SOC
as adjuvant therapy. The development of accurate and in
vivo preclinical models, prognostic markers for response
to therapy, and alternative effective treatments for che-
moresistant EAC patients all remain critical unmet clini-
cal needs.

Patient-derived organoid (PDO) culture recapitulates
the heterogeneity of epithelial cell lineages more faith-
fully than traditional 2-dimentional (2D) cell lines do
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[3—6]. These cancer organoids have been effectively used
for high-throughput (HTP) screening of monotherapies
and for predicting patient outcomes [7—11]. There are
also reports highlighting the ineffectiveness of PDOs in
predicting the outcome of treatment with 5-fluorouracil
(5-FU) combined with oxaliplatin [12].

Traditionally, organoids grow in complex 3-dimentional
(3D)-Matrigel domes, and cultures are maintained under
static conditions. Matrigel, a heterogeneous mixture of
murine sarcoma-derived ECM proteins, exhibits lot-to-
lot varying concentration, stiffness and influences drug
diffusion [13]. Thus, PDO culture format often suffers
from poor reproducibility [14]. To address this critical
issue, several groups have used well-defined micro-engi-
neered hydrogels or alginates as alternatives to Matrigel,
especially for incorporating user-defined microenviron-
mental signals to investigate human epithelial tumors
[15-18]. Thus the in vitro response of PDOs may diverge
from the observed response in patients, especially for
combination therapy where each drug may have a distinct
pharmacokinetic profile and toxicity (e.g. docetaxel).

Since organoids lack various cellular (stromal and
immune) and physiological factors (oncotic pressure and
interstitial fluid movement) of the tumor microenviron-
ment (TME), they often fail to fully capture the intrica-
cies of drug efficacy and distribution observed in actual
tumors [18—23]. There is thus significant room to improve
on cancer organoid technology by combining organoids
and stromal cells to develop a higher-fidelity platform that
more effectively recapitulates human-relevant esophageal
organ structure, cellular/tissue heterogeneity, physiology,
pathogenesis, and drug distribution and is more likely to
accurately predict in patient response to therapy [8].

Although still a low-throughput system, microfluidic
organ-chip technology offers multiple advanced features
that are lacking in static organoid culture technology,
including recapitulation of the organ-level TME [24-26].
Organ Chips provide dynamic fluid flow and thus provide
a unique opportunity to mimic human relevant phar-
macokinetic and pharmacodynamic (PK/PD) profiles of
drugs in vitro to recapitulate treatment regimen-specific
drug efficacy and toxicity [27-32]. Additionally, organ
chips also demonstrated some translatable endpoints
similar to those observed for human pathophysiology
[28, 33].

Here, we highlight a key limitation of 3D PDO culture
technology and propose an improved approach by inte-
grating PDO and cancer-associated fibroblast (CAF)
co-cultures with microfluidic organ-on-a-chip technol-
ogy. We describe a first-generation, syngeneic human
EAC-Chip platform containing PDO-derived EAC cells
separated by a porous membrane from patient-matched
CAFs, co-cultured under continuous flows of nutri-
ent media. Furthermore, we also demonstrate that the
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EAC-chip platform achieves clinical mimicry when a
triplet chemotherapy regimen is perfused through the
bottom (stromal) channel lined with CAFs.

Methods

Study cohort

Consented patients with locally advanced resectable
EAC (n=8) who received triplet NACT were selected
for the current study (Fig. 1B). Patients were divided into
two groups, (i) Chemosensitive (SENS) (n=4) patients
who demonstrated either complete or partial objective
response (OR) to NACT. (ii) Chemoresistant (RES)
(n=4) patients were either clinically assessed for stable
disease (SD) or progressive disease (PD) following NACT.

Isolation and propagation of a syngeneic patient-derived
epithelial/tumor niche and associated fibroblasts

Tissue specimens were collected from the adenocarci-
noma and adjacent normal regions at the time of diagnos-
tic endoscopic biopsy. Organoids and regional fibroblasts
were established from the specimens and propagated
using the protocol below.

Briefly, the tissue was minced and enzymatically
digested with tissue digestion buffer in a GentleMAC-
STM Octo Dissociator with heaters (Milltenyi Biotec.).
The cell pellets were obtained and trypsinized to obtain
single cells. The resulting cells were resuspended and
were allowed to stand undisturbed for 10 min. Later a
fraction was transferred to a new tube for fibroblast cul-
ture and centrifuged.

For fibroblast propagation

Cell pellets were resuspended in 1 ml fibroblast propa-
gation medium and seeded in Type I collagen precoated
plates.

For organoid propagation

Cell pellet was resuspended in ice cold Matrigel and
plated. Organoids in Matrigel domes were maintained
in expansion medium. Mature PDOs were passaged after
10-12 days. Single cells were obtained through enzy-
matic digestion and trypsinization.

Both PDOs and associated fibroblasts were cultured
under hypoxic conditions, i.e., 3% O,. All consumables
used for each method are listed in Table S4.

For analysis of organoid histology, Histogel blocks were
prepared following an existing protocol (https://ccr.canc
er.gov/sites/default/files/2022-11/Histogel Protocol 0.p
df).

Culture of stroma-exclusive, fragmented and dispersed
PDOs under static conditions

Fragmentated PDOs were obtained with TrypLE™ (Invi-
trogen 12605010) at 37 °C for 1 min. 5000 fragmented
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Fig. 1 Patient treatment timeline. Timelines of diagnosis, treatment, response to treatment, and PDO generation in representative (A) chemosensitive

(SEN) and (B) chemoresistant (RES) patients

PDOs were seeded on ECM precoated 96 well plates
and maintained in organoid expansion medium. On the
sixth day post-seeding, the expansion medium (EM) was
replaced with differentiation medium (DM) which was
maintained throughout the experiment. Cells were main-
tained for 12 days and harvested for measuring cell via-
bility and microscopy.

Establishment of syngeneic esophageal tissue-on-a-chip

The complete organ-on-a-chip setup (Chip-S1™ stretch-
able organ chips, POD™ portable modules, Zoe-CM-1™
culture module and Orb-HM1™ Hub Module) was pro-
cured from Emulate Inc. The chip design comprises two
parallel microfluidic channels, separated by an opti-
cally transparent 50 um PDMS porous membrane (7 pum
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diameter). On day 0, chip surfaces were activated with
S1 chip activation solution and high-power UV light.
The activated membrane was coated with freshly pre-
pared ice-cold ECM solution (ST4) and incubated over-
night. On day 1, PDO-derived fragmented organoids
or epithelial cells (concentration: 3 x 10° cells /ml) were
seeded at the upper channel. Once cells adhered to the
membrane (~4 h), the chips were connected to flow at
60 pl/h. Patient matched regional fibroblasts were seeded
in the lower stromal channel of the chip on day 2. Fibro-
blasts were incubated for 4 h at 37 °C before chips were
reconnected to flow at 60 pl/h. On day 6 post-seeding
of epithelial cells, the expansion media in the epithelial
inlets were replaced with differentiation media. Overall
chips were maintained up to 12 days. The development
of PDOs and microtissues (day 0 to day 12), morpho-
logical changes and the population of cells undergoing
treatment-induced cell death were also determined by
brightfield and fluorescence microscopy respectively
(EVOS, Invitrogen).

Detailed protocol (Standard operating protocol) has
been supplied as Document S1.

Histological analysis of primary and chip derived
microtissues organ chips

Primary tissue samples fixed in 10% formalin were dehy-
drated with alcohol and then embedded in paraffin. 5 pm
thick sections were prepared, mounted on glass slides,
stained with H&E and analyzed. On Day 13, Tissue-Tek"
OCT compound (Thermo Fisher Scientific) was admin-
istered through both channels of 4% PFA fixed micro-
tissues and OCT-blocks were created. 30 um vertical
cross-sections were prepared, stained with H&E and
imaged (EVOS M7000).

Whole-exome sequencing and analysis

PDOs were passaged for at least 5 generations to collect
ample amount of genomic DNA and develop EAC-chips.
H&E-stained tissue sections were reviewed by an expert
pathologist before isolation of the DNA. A primary tis-
sue sample with tumor content>50% was submitted
for WES. Genomic DNA was extracted (Qiagen: Cat.
No0.80204) from snap frozen primary tissue, matched
organoids, and chip derived cells from upper epithelial
channel. DNA extracted from blood (buffy coat) was
used as a germline reference.

To compare the genomic similarities between the pri-
mary tumor biopsy, organoid and organ-on-chip sam-
ples, we aligned the WES reads to the human reference
genome (GRCh38) using the Burrows-Wheeler Aligner
(BWA) [34]. Duplicate reads were marked and base qual-
ity scores were recalibrated using the genome analysis
toolkit (GATK) [35]. Somatic mutations were called for
the primary tumour, organoid and organ-on-chip against
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a patient matched normal sample using muTect [36].
Somatic mutations were annotated with ANNOVAR
[37]. Acquired copy number alterations (CNA), including
regions of loss of heterozygosity (LOH), were determined
using FACETS [38]. The mutation allele frequencies were
determined with bam-readcount [39].

Immunofluorescence microscopy studies

12-day old chips were fixed with 4% PFA and cut into
300 pum vertical cross sections using a vibratome (Leica
VT1200). Immunofluorescence staining was carried out
using manufacturer’s suggested dilutions of the primary,
secondary antibodies and DAPI nuclear stain (Table S4).
Stained chip sections were imaged using a Zeiss LSM
780 confocal microscope. Whole-mount 3D-PDO cul-
ture immunofluorescence was performed via a 3D tissue
clearing kit (5730, Corning) according to the manufac-
turer’s protocol. Images of organoid were captured using
either in EVOS M7000 and ZEISS Lattice SIM 3.

Scanning electron microscopy (SEM)

Both treated and untreated EAC-chips were fixed with
4% PFA solution and washed 3 times with PBS. Con-
comitantly, the chip was trimmed using a razor blade,
and 300 pm vertical cross sections were prepared using
vibratome. Afterward, the samples were gradually dehy-
drated in 100% ethanol and placed in a critical point
dryer (CPDO030, Leica) and 20 x 1-minute CO, exchange
cycles were performed. Samples were sputter-coated
(ACE600, Leica) with an 8 nm layer of platinum. images
were acquired using an Environmental Scanning Electron
Microscope (Quanta 450, FEI).

Assessment of apparent permeability

The degree of epithelial barrier integrity was determined
following an existing protocol (https://emulatebio.com/w
p-content/uploads/2021/06/EP187_v1.0_Barrier_Functi
on_Analysis_Protocol.pdf). Data were obtained from 10
chips derived from 3 source patients (2—4 chips/donor).

Assessment of intrinsic response of intact PDOs to
neoadjuvant therapy under static conditions

PDOs were enzymatically dissociated and 10,000 cells
per 30 ul of Matrigel/well were distributed in a 96-well
plate. 200 ul of OEM was dispensed into each well. In
vitro drug treatments were conducted in triplicate at con-
centrations ranging from 0 to 1 pM of F: C:T docetaxel
with ratio of 10:1:1 respectively. Triplicate chemothera-
peutics at relevant doses (described in Table S2) were
added together for 72 h. Solvent percentage was limited
to 0.1%. As Matrigel is soft and does not adhere tightly
to the surface, replacing the media with or without trip-
let chemotherapeutics in a 96-well format was techni-
cally unfeasible. The percent viability of intact PDOs was
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measured after 72 h of treatment using the CellTiter-Glo
3D reagent (Promega, G9681) according to the manu-
facturer’s instructions. Luminescence was measured via
Varioskan LUX Multimode Microplate Reader (Thermo
Scientific). The experimental readings were normalized
to respective solvent controls. Viability curves and ICy,
values were generated using GraphPad Prism 8 software.

Clinically relevant drug dosing for static and dynamic
culture conditions

The actual FLOT regimen and clinically relevant dosing
reconstituted for the microfluidic culture is described in
Table S2. Leucovorin was omitted, since it is not a che-
motherapeutic agent. Fragmented and dispersed PDOs
were seeded in ECM solution coated 96 well plates.
Cells were directly exposed to one cycle of FOT on day 8
(Table S2). Cellular viability was determined on day 12 as
described above. The data are representative of biological
and technical triplicates.

EAC-Chips achieved human relevant epithelial tis-
sue integrity within 5 days under dynamic conditions
and treatment began on day 8. FOT chemotherapy was
administered through the stromal channel. At first, a
flush cycle (<Cmax, FOT: 52:1.7:1] of 1-2 min with a
flow rate of 1000 pl/h in the bottom channel and 0 pl/h
top channel was performed to ensure proper distribu-
tion of the drugs only in the stromal microfluidic channel
networks. To mimic bolus IV-injection, during the first
hour of cycle a mixture of all three chemotherapeutics
was administered at a flow rate of 100 pl/h, followed by
only a mixture of oxaliplatin (O) and 5FU (F) at the rate
60 pl/h for another hour. Only 5FU (F) was subsequently
perfused through the stromal channel at a flow rate of
60 ul/h for a total of 24 h.

Measurement of LDH activity

On day 9, effluents from epithelial channels were col-
lected and samples were immediately assayed for LDH
activity using the Promega™ LDH Cytotoxicity Assay Kit
(Promega #G1781). All absorbance-related measure-
ments were performed in a Varioskan LUX Multimode
Microplate Reader (Thermo Scientific). The result-
ing data are shown as percentage of cell cytotoxicity.
Two-way ANOVA was used to assess differences in the
cell-free LDH activity in the effluents from treated and
untreated groups.

Propidium iodide (PI) assay

On day 12, media was aspirated from the inlet reservoir
of the epithelial channel and replaced with fresh cul-
ture medium supplemented with PI (Sigma #P4170) for
5 min. The samples were subsequently washed with PBS.
Images of 5-6 random regions of each chip were cap-
tured using a EVOS microscope. The non-parametric
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Mann-Whitney U-Wilcoxon test was employed to com-
pare number of dead cells (defined as having an average
cell area>100 pm?) in both treated as well as untreated
SENS and RES samples.

Measurement of tumor-derived extracellular soluble
fragments of CK19

On day 11, effluents were collected from outlet reservoirs
of epithelial channels of both treatment naive and FLOT
treated chips. Chemo-naive sera were collected (n=10)
at the time of diagnostic endoscopy. Soluble CK19 frag-
ment concentration in serum and effluents were mea-
sured using ELISA (Elabscience®, E-EL-H2077) as per the
manufacturer’s instructions. The data analyzed are dis-
played as a percentage of reduction in the soluble CK19
fragments in treated effluents compared with untreated
chips.

Statistical analysis

GraphPad Prism 8 software (www.graphpad.com) was
used for statistical analysis. p value <0.05 was considered
as significant for each analysis. *<0.05; **<0.01, ***<0.005
*#%20.001; ns: not significant.

Results

Schematic representation of the strategy adapted

to develop personalized human EAC-chips and
clinicopathological characteristics of the study cohort

Our comprehensive strategy for modeling patient-derived
esophageal adenocarcinoma chips, utilizing both PDOs
and associated fibroblasts from the same patient source,
for functional precision oncology were demonstrated
as a graphical abstract. Esophageal PDOs and matched
fibroblasts were generated from endoscopic biopsies of
8 newly diagnosed, treatment-naive patients with locally
advanced EAC (Table 1). Subsequent pathological (tumor
regression grade/TRG) and objective radiographic
(RECIST v1.1) responses to docetaxel-based triplet neo-
adjuvant chemotherapy were extracted from the medical
records. Patients were sub-grouped into either chemo-
sensitive/SENS (complete [TRGO] or near-complete
[TRG1a-b] pathological response) or chemoresistant/
RES (moderate [TRG2] or poor [TRG3] pathological
response). Representative clinical timelines and longitu-
dinal endoscopic/ PET imaging are depicted in Fig. 1.

Static PDO monocultures enable high throughput at the
cost of reduced fidelity

Analysis of selected PDOs (MGE #1181; #0985, #1033,
#0099, #1159, #1023) from the EAC patient study cohort
revealed that these organoids histologically resemble
their primary tissues of origin and maintain cellular com-
plexity, e.g. cohesive morphology (Fig. 2Ai-ii). Tumor tis-
sue-derived 3D PDOs express various epithelial markers,
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Table 1 Clinicopathological characteristics of the study cohort. The study cohort was subdivided into chemosensitive and
chemoresistant cohorts based on pathological and clinical response to NACT. Patients were HER2-negative and microsatellite stable.
All patients except the underlined patients received FLOT. Those patients received DCF. AC: adenocarcinoma; EGJ: esophageal-
gastric junction (Siewert Il); F: 5-fluorouracil; L: leucovorin; O: Oxaliplatin; T or D: docetaxel; C: cisplatin; objective response: RECIST:
response evaluation criteria in solid tumors; PET-SUV response - CR: complete response; PR: partial response; SD: stable disease. GX:
undetermined grade. MGE: MUHC-Gastroesophageal. Organoids and corresponding CAFs were collected from the group of patients
with locally advanced, resectable EAC before undergoing NACT and were utilized to create EAC chips. Patient specimens, except for
the underlined ones, were used to evaluate chemotherapy response on EAC chips

Location of Clinical st Pathological | Pathological Objective
tumor MISIRge stage response response
1 MGE-1181 EGJ Poor cT3N1 ypT3N2 TRG 1B PR
2
Bl 2 MGE-0985 pisie GX CT3NO ypT3NO TRG 1A PR
[ E Esophagus
2w
E; ~| 3 MGE-1033 EGJ Well cT4NO ypT2NO TRG 1B CR
O
4 MGE-0870 EGJ Poor CT3N+ ypT3NO TRG 1B PR
1 MGE-0099 EGJ Moderate cT3N1 ypT3N2 TRG 2 SD
s
2 2 MGE-1159 EGJ Poor cT3N1 ypT3N3M1 TRG 3 SD
‘D D
(O]
g i3 MGE-1023 EGJ Poor cT3NO ypT3NO TRG 2 SD
2
(&)
4 MGE-0692 EGJ Poor cT3N3 ypT3N3 TRG 3 SD

including Pan-cytokeratin (PanCK), a marker of differen-
tiating epithelial tumors, and Ki67, a prognostic and pre-
dictive tumor marker. Patient-matched cancer-associated
fibroblasts (CAFs) express standard pan-CAF markers
such as lumican (LUM) and PDGFRp. Myofibroblast-like
CAFs (myCAFs) are expressing aSMA, while inflamma-
tory CAFs (iCAFs) are expressing PDGFRa (Fig. 2Aiii).
Collectively, these data validate the lineage-specific iden-
tities of the primary cell types. Static monocultures of
treatment naive 3D-organoids were directly exposed to
a defined triplet chemotherapy for 72 h. This approach
was designed to achieve patient specific chemosensitiv-
ity and minimize additional nonspecific toxicity of che-
motherapeutic drugs in vitro. When PDOs are used as an
in vitro platform, the area under the drug response curve
(AUC), which integrates both drug potency and efficacy,
is a more robust and accurate parameter for predicting
patient response to combination therapy compared to
the half-maximal inhibitory concentration (ICs) [12, 40].
We observed enhanced resolution in the survival curves
when comparing the responses of chemosensitive and
chemoresistant PDOs after 72 h (Fig. 2B), in contrast to
24-48 h (data not shown). We successfully determined
subcytotoxic doses (here, ICy, values) for only 5 of 6
PDOs with no significant differences in the mean ICg,
and AUC values between the groups. Mean percentage

of survival at some specified doses frequently overlaps,
making it difficult to predict patient response. Addition-
ally, one chemosensitive PDO failed to recapitulate in
vivo responses (Fig. 2B.i). The data indicate additional
higher-fidelity follow-up steps are necessary before accu-
rately predicting patient responses.

To address the issue of technically difficult media
changes with 3D-PDOs in Matrigel, we tested dispersed
fragmented 2.5D-PDOs cultured on ECM coated 96-well
plates. This High throughput or HTP approach allows
us to screen sensitivity of tumor cells against FOT regi-
men using the precise clinical drug exposure conditions
(Table S1-S2; 1 cycle FOT). Here, despite multiple rounds
of media replacement, the untreated cells continued to
adhere tightly to the ECM-coated surfaces of the 96-well
plates, differing from the behavior of cells in 3D Matri-
gel. However, despite this ability to replicate inpatient
dosing, the survival of chemosensitive organoids was not
found to be significantly different from resistant organ-
oids (Fig. 2B.ii), highlighting the need for a more accurate
disease modelling platform.

Establishment and characterization of esophageal-organ-
on-a-chip system

We leveraged the microfluidic organ-on-chip platform
(Emulate Inc.) to create a more relevant, patient specific,
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Fig. 2 Static PDO cultures maintained without associated fibroblasts display higher throughput but lower fidelity. (A) (i) H&E-stained sections of repre-
sentative chemonaive primary tissues and corresponding PDOs. (ii) Representative EVOS images of mature EAC tissue-derived PDOs stained with DAPI
(cyan) and Ki67 (magenta). 20X objective. Scale bars, 50 mm. (iii) PDOs and CAFs were characterized using relevant epithelial and fibroblasts lineage-
specific biomarkers. (B) Response to treatment measured via the CellTiter-Glo® assay. (i) 3D-PDOs were treated with triplet chemotherapy for 72 h, and
dose-response curves are displayed. Differences in subcytotoxic ICs, doses (determined via GraphPad) were not significant between chemosensitive
(green; n=3) and chemoresistant (red n=3) PDOs. (ii) Fragmented PDOs seeded on ECM-coated wells and exposed to either Cmax or subcytotoxic dose

(<Cmax) concentrations of FOT (ST2) on day 8. Viability was determined on day 12. The representative bar graphs (means +SEMs) show no significant
differences in response between the groups
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stroma-inclusive, high-fidelity preclinical EAC avatar.
The timeline for model development and assessment of
treatment response is depicted in Figure S1A. Esopha-
geal PDO derived epithelial cells were grown in the upper
“luminal/epithelial” channel, separated by a porous mem-
brane from the lower “vascular/stromal” channel that was
lined with patient-matched fibroblasts. When subjected
to a physiologically relevant nutrient flow (60 pl/h),
the EAC-derived cells proliferate and regenerate at the
tumor-stromal interface. Horizontal- and vertical-views
of 4% paraformaldehyde (PFA) fixed chips (Fig. 3A) and
live microtissues (Fig. 3B) revealed the presence of a
characteristic tightly anchored and single-layered squa-
mous epithelium in normal esophagus-chips versus the
disorganized and multilayered epithelial cells with glan-
dular protrusions in EAC-chips. A low magnification,
cross-sectional image of the chip shows the spatial orga-
nization of proliferating epithelial/tumor cells (Ki67*)
and CAFs (vimentin®) across the PDMS membrane (Fig-
ure S1B). Figure S2 showcases bright-field images of epi-
thelial/tumor side of all 8 chips developed for this study.
Each tumor chip exhibits an unpolarized and distinct dis-
organized arrangement of epithelial/tumor cells, with no
evidence of normal, stratified, polarized squamous-like
epithelium, further supporting patient specific, hetero-
geneous tumorigenesis within the chip. SEM analysis of
the EAC-chips reveals stacked and closely packed pleio-
morphic tumor cells with microvilli (Fig. 3C). The EAC-
Chip also displayed a decrease in apparent permeability,
indicating the formation of a physiologically relevant
tissue barrier, within 5 days (Figure S4A). Interestingly,
functional separation between the epithelial and stro-
mal channels of the microfluidic device enables delivery
of therapies through the interstitial space (via the lower
channel) to mimic how cancers are exposed to chemo-
therapy in vivo.

EAC chips emulate the histology and genetic background
of the source patient tissue

Histological analysis of a representative EAC-chip
revealed faithful recapitulation of the morphological fea-
tures of the tumor of origin (Fig. 4A-B and S3). Accord-
ing to findings from TCGA [41], and other research
teams [42, 43], copy number alteration (CNA) and loss
of heterozygosity (LOH), such as deletions and amplifi-
cations, are more common in EAC patients than point
mutations. Whole exome sequencing (WES) unraveled
a set of shared subclones with mutations in tumor sup-
pressor genes or other oncogenes across source patient
tissue, matching the PDO and EAC-chip. Several note-
worthy oncogenic driver mutations in tumor suppressor
genes such as TP53, SMAD4, KDM6A, and mutations in
oncogenes such as LAMA1, ZNF521, CDH2/7, are found
to be shared by matched EAC primary tissue, PDO and
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microtissue on the chip (as shown in Fig. 4B and S5).
There are mutations within oncogenes that are exclu-
sively shared by primary tissues and chips e.g. APC, and
GATAS.

Evaluation of clinical mimicry in EAC chips
To assess the efficacy of this model for the prediction of
treatment efficacy, triplet chemotherapeutic agents were
administered via the stromal/fibroblast channels of 3
chemosensitive (#1181, #0985, #1033) and 3 chemore-
sistant (#0099, #1159, #1023) EAC-chips on the 8th day.
Figure S1B displays the fibroblast channel through which
chemotherapy was administered. Each chip was sub-
jected to one cycle of combination chemotherapy (FOT;
>24 h, days 8-9) followed by media flow without chemo-
therapeutics for 72 h (days 9-12). Confocal microscopic
and SEM imaging revealed that the epithelial cells in
chemosensitive chips were almost absent from the mem-
brane surface after one cycle of FOT; the few remaining
cells displayed an involuted morphology with membrane
blebbing and tissue discontinuity (Fig. 5Ai-ii). On the
other hand, the chemoresistant cancer-derived epithe-
lial layer remained almost intact, and the cells retained
their morphology. Notably, fibroblast layers in the lower
channel were maintained after treatment in both cohorts,
indicating that the chemotherapy perfused directly
through the stroma-lined channel at inpatient-equivalent
doses selectively kills chemosensitive epithelial cancer
cells. In addition, propidium iodide (PI)-based live-dead
cell imaging further demonstrated increased cell death
following treatment in chemosensitive EAC chips, with
greater nuclear incorporation of PI after treatment than
in chemoresistant samples (Fig. 5B and S6). LDH release,
a measure of plasma membrane damage and cancer cell
death, was significantly higher in the effluents of the
epithelial channel of chemosensitive EAC-chips than in
those of chemoresistant EAC-chips collected immedi-
ately following FOT administration (Fig. 5C).
Representative images of the disease-free (normal)
esophagus-on-a-chip show intact epithelial layer with
insignificant number of dead cells following administra-
tion of the same doses of FOT, perfused through the stro-
mal channel (Figure S4C). Interestingly, when the same
chemotherapeutic agents were perfused directly into a
chemoresistant cancer cells via the top channel, signifi-
cant cytotoxicity was observed and chemoresistant EAC-
Chip failed to accurately replicate the inpatient response
(Figure S4B), confirming that physiologically relevant
delivery of these chemotherapeutic agents through the
interstitial space (or stromal channel) is a key require-
ment for mimicking features of the TME and creating a
patient-relevant model.
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A. Vertical View
Normal Esophagus-chip Esophageal Adenocarcinoma-chip

Fig. 3 Establishment and characterization of esophageal organ-on-chip systems. PDO-derived normal or EAC epithelial cells were cultured in the upper
“epithelial” channel, along with patient- and tissue-matched fibroblasts in the lower “stromal” channel, for 12 days under continuous flow. (A) Brightfield
(left) and immunofluorescence (right) images of vertical sections show cell patterns as well as interfaces between the epithelial layer and fibroblasts. The
gray dashed lines indicate the boundaries of the porous PDMS membrane. (B) Horizontal brightfield images of chip microtissues showing a characteristic
squamous epithelium layer (normal esophagus-on-chip) or irregular adenocarcinoma-like glandular formations (EAC chip). (C) SEM images of representa-
tive vertical cross-sections of epithelial surfaces of the EAC chip

Correlation between clinical response (RECIST v1.1) and and NACT can effectively lower the levels of this cir-
effectiveness of NACT reconstituted on EAC-chips culating tumor marker [44—49]. We measured soluble
Proliferating tumor cells shed fragments of C-termi- CK19 fragments in serum of chemo-naive EAC patients
nus of CK19 (40 KDa) or CYFRA 21-1 into the serum, (#=10) (Table S3 and Figure S7) and chip derived
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Fig.4 EAC chips recapitulate the histology and genetic features of the source patient tissue. (A) Representative brightfield image of a horizontal section
of the EAC-Chip derived from patient MGE-1023. (B) Representative H&E-stained image of an OCT®-embedded cryosection (30 um) of on-chip EAC epi-
thelium of MGE-1023 (right) demonstrating histological similarity to a matched primary tumor section (5 um, left). (C) Genetic materials from EAC patient
(MGE-1023) on-a-chip recapitulates the genetic landscapes of primary tissues despite undergoing in vitro culture for several generations

effluents. According to the RECIST 1.1 criteria (objective
responses), selected SENS patients (1 =3) experienced a
reduction in tumor burden of more than 50% from base-
line CT scans (Fig. 6). The decrease in CK19 fragment
concentration in each treated chip effluent correlates

with inpatient (source patient of the chip) chemotherapy-
induced decrease in local tumor burden. SENS and RES
chips both demonstrated a strong correlation with the
corresponding objective responses to the regimen imple-
mented for the chips (Fig. 6).
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Fig. 5 Evaluation of clinical mimicry in EAC chips. EAC chips were subjected to 1 cycle (24 h) of FOT (Supplementary Table 2) at clinically relevant con-
centrations on day 8 via the stromal channel. The chips were maintained for another 72 h without chemotherapy. (A) (i) Representative confocal image
showing near-complete eradication of epithelial cells (CK7%) after 1 cycle of chemotherapy in the chemosensitive sample, whereas the epithelial layer re-
mained intact in the chemoresistant sample. (i) Representative SEM images demonstrating the disrupted surface of epithelial cell membranes in treated
chemosensitive but not chemoresistant EAC-Chips. (B) (i) Representative live brightfield and fluorescence micrographs at 72 h posttreatment depict the
different sensitivities of chemosensitive and chemoresistant samples. The black arrows indicate intercellular spaces affected by chemotherapy. (ii) The
sizes of the dead (PI-positive; average cell area> 100 um?2) regions in 6-8 random fields of intact chips were measured, and the sizes (mean +SEM) are
displayed as a bar graph, which shows larger affected area and additional dead cells in chemosensitive versus chemoresistant samples. p value **< 0.01,
ns: not significant; Mann-Whitney U-Wilcoxon test. (C) EAC-chip effluents were collected on day 9 from the epithelial channel to determine LDH levels.
The data revealed significantly greater LDH release in the chemosensitive samples than in the chemoresistant samples, indicating greater chemotherapy-
mediated cytotoxicity. The data are presented as the mean percentage of cytotoxicity = SEM. p values < 0.05; 2-way ANOVA
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In-patient (4 cycle FLOT) vs On-chip (1 cycle FOT)
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Fig. 6 The FOT regimen as reconstituted on EAC chips is highly effective with respect to the clinical response (RECIST v1.1). The merged comparative bar
graph depicts matched inpatient objective responses to NACT (4 cycles) and in-chip NACT responses (1 cycle). All SENS patients had a > 50% reduction
in tumor burden from baseline CT according to RECIST 1.1. Chip effluents were collected on day 11 (48 h after chemotherapy) for the CK19 fragment
assay. The alterations in soluble CK19 fragment concentrations within EAC chip effluents before and after triplet chemotherapy are expressed as the
mean percentage reduction in CK19 concentration + SEM. This reduction is calculated separately by comparing the treated EAC-chips to their untreated

counterparts

Discussion
Emerging evidence has indicated that the high degree
of chemoresistance in locally advanced EAC is driven
by both tumor and stromal heterogeneity. Developing
accurate experimental models for EAC remains criti-
cally important due to the high morbidity and mortal-
ity linked to this aggressive esophageal cancer subtype.
Currently, there are no spontaneously developing animal
models for EAC. The most commonly used mouse model
for EAC was developed by overexpressing interleukin-1
(IL-1P) in the esophagus and forestomach, which induces
chronic inflammation, Barrett’s esophagus-like meta-
plasia, and eventually EAC [50]. However, this process
requires over 3—4 months, yields inconsistent results, as
not all mice develop the full spectrum of disease, particu-
larly EAC. While these models replicate certain features
of human disease, the keratinized nature of the murine
esophagus limits their utility for accurately assessing
drug efficacy and toxicity. Patient-derived orthotopic
xenograft (PDOX) models are occasionally employed
to study EAC. Therefore, the novel model presented in
this manuscript holds significant promise for advancing
research in the EAC field.

Recently, significant advances have been made using
patient-derived 3D tumor organoid-based culture

systems, as this model faithfully preserves the heteroge-
neity of primary tumors and replicates patient responses
to therapy. While PDOs offer more complex cellular
structures than traditional cell cultures do, control over
the microenvironment is not as precise as in organ-on-a-
chip systems [32, 51-54]. Here, we highlighted potential
shortcomings in the clinical relevance of static EAC-PDO
monocultures when exposed to a combination of che-
motherapeutics (only SOC available for locally advanced
EAC patients). Standard organoid culture methods, in
which PDOs are embedded in fragile Matrigel domes,
do not allow for the precise recapitulation of the chemo-
therapy regimen the patient tumors experience in terms
of dosing and timing of delivery. Consequently, chemo-
therapeutic agents continuously remain in the media for
24-72 h, often leading to bystander cytotoxicity, incon-
clusive IC;, or AUC values for determining chemoresis-
tance. Notably, a few PDOs failed to respond consistently
to clinically relevant triplet chemotherapeutic dose regi-
men, under static conditions. Standard organoid cultures
allow for the assessment of resistance to monotherapies
like oxaliplatin or 5-FU; however, they fall short in reli-
ably replicating resistance to docetaxel, whether used
alone or in combination with other drugs. Docetaxel is
pharmacokinetically stable and highly toxic, which is why
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patients typically receive it for only an hour. No human
trials have been conducted in which patients received
docetaxel for a duration longer than this. Therefore,
our findings have aligned with previous clinical stud-
ies and indicated that static co-culture methods are not
always suitable for such complex investigations. To over-
come this issue, we reconstituted the clinical regimen
of triplet chemotherapy ex vivo using this novel model.
Furthermore, we also illustrated the advantages of inte-
grating both PDO and microfluidic organ chip methodol-
ogies to generate a novel patient-specific preclinical EAC
platform.

Patient specificity, fidelity, quality, functionality, and
clinical significance comprise key parameters that we
have addressed through the development of this plat-
form. Although very few efforts have been made to create
EAC-on-a-chip or 3D-EAC-bioprinted models [25], no
patient-centered, physiologically, and clinically relevant
EAC-chip system capable of emulating patients’ innate
response to chemotherapy is currently available. This
platform is an excellent EAC organoid-based readout for
assessing disease activity and treatment response.

For the first time, we have directly compared the in
vivo response to a clinically relevant combinations of
chemotherapeutics with in vitro models, including 2.5D,
3D tumor PDOs and organ chips. Our results demon-
strate the superiority of the EAC-Chip in accurately
replicating patient response. In accordance with our pro-
tocol (Fig. 1), PDOs and corresponding EAC chips can
be developed within 5-6 weeks of a diagnostic biopsy,
allowing for chemotherapy response prediction within
the NACT timeline (approx. 2—3 months). These rapid
results have the potential to offer alternative or salvage
therapy options for chemoresistant patients at adju-
vant time frames. This EAC-chip enables drug diffusion
through the tumor-stroma interface, aiding in the study
of differential cellular responses and the effects on tis-
sue integrity and drug PK/PD. Since the current organ-
chip system remains a low-throughput model, a static,
3D-PDO model is still required for HTP drug screening.
Drugs demonstrating efficacy in the HTP screening can
subsequently be evaluated using this high-fidelity, micro-
fluidic organ-chip platform for more accurate prediction.
This platform is also perfectly aligned with the guiding
principles for ethical use of animals in research or 3Rs
(Replacement, Reduction and Refinement).

Conclusions

This patient-specific EAC-Chip model can serve as a
basis for the development of a functional precision oncol-
ogy platform for this aggressive malignancy. However,
this concept of implementing patient-specific tumors-on-
a-chip is not limited to EAC; it can also be extended to
various other cancer types.
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