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Zusammenfassung

Durch eine umfassende Literaturanalyse konnte die nach aktuellen Richtlinien
empfohlene neoadjuvante Radiochemotherapie (NCRT), gefolgt von einer
Operation, als optimale Behandlungsstrategie von Patienten mit lokal
fortgeschrittenem  Osophaguskarzinom  bestatigt  werden.  Weiterhin
fokussierten  wir uns auf molekulare Mechanismen, die zur
Behandlungsresistenz gegenuber Chemo- und Strahlentherapie in
Osophagus-Adenokarzinom (EAC)-Zellen filhren. Wir generierten erfolgreich
tumorassoziierte Fibroblasten (CAFs) und patienten-abgeleitete
Organoidmodelle (PDOs) aus Primargewebe von EAC-Patienten und setzten
diese in einem ex vivo Ko-Kultursystem ein. EAC-CAFs spielten eine
entscheidende Rolle bei der Forderung der Behandlungsresistenz von EAC-
Tumorzellen in verschiedenen Tumor-CAF-Ko-Kultursystemen. Zudem
verbesserten EAC-CAFs die mitochondriale Funktion in EAC-Zellen. Weiterhin
identifizierten wir GDF15 aus unserer Tumor-CAF-Ko-Kultur durch
transkriptomische Analysen. GDF15 ist teilweise an der CAF-vermittelten
Behandlungsresistenz beteiligt. Die Depletion von GDF15 flhrte weiterhin zu
Behandlungssensibilisierung und beeintrachtigter mitochondrialer Funktion in
EAC-Zellen. Zusatzlich beobachteten wir, dass EAC-CAFs die Progression von
EAC-Zellen, teilweise durch Aktivierung des AKT-Signalwegs, forderten,
wahrend die Depletion von GDF15 die Aktivierung des AKT-Signalwegs in
EAC-Zellen abschwachte. Des Weiteren zeigten wir eine signifikante Zunahme
des Serum-GDF 15-Spiegels nach der CROSS-Behandlung bei EAC-Patienten,
welcher einen  unabhangigen Risikofaktor fur ein  schlechteres
Gesamtliberleben darstellt. Die externe Validierung mithilfe o6ffentlicher
Datenbanken bestatigte sowohl eine signifikant hohere GDF15-Expression in
Tumorgewebe, im Vergleich zu normalem Osophagus-Gewebe, als auch einen
Zusammenhang zwischen einer hohen GDF15-Expression und einem

schlechteren Gesamtuberleben bei EAC-Patienten.
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Summary

We corroborated current guidelines recommending neoadjuvant
chemoradiotherapy (NCRT) followed by surgery as the optimal treatment
approach for managing patients with locally advanced esophageal cancer (EC)
through the comprehensive analysis of existing literature. We further focused
on the molecular mechanisms regarding treatment resistance to chemotherapy
and radiotherapy in esophageal adenocarcinoma (EAC) cells. We successfully
generated cancer-associated fibroblasts (CAFs) and tumor patient-derived
organoids (PDOs) from the primary tumor tissues of EAC patients. We found
that EAC CAFs played a crucial role in promoting EAC tumor cell treatment
resistance using both 2D and 3D tumor-CAFs co-culture systems. Besides,
EAC CAFs enhanced the mitochondrial function in EAC cells. To the best of
our knowledge, we are the first group describing the methodology and
performing functional experiments utilizing EAC PDOs and paired EAC CAFs
for ex vivo co-culture. We further identified GDF15 from tumor-CAFs co-culture
setup through transcriptomic analysis. We found that GDF15 was involved in
both EAC tumor and EAC CAFs-mediated treatment resistance. The depletion
of GDF15 led to treatment sensitization and impaired mitochondrial function in
EAC cells. Moreover, we observed that EAC CAFs promoted EAC cell
progression, partly by activating the AKT pathway, whereas the depletion of
GDF15 attenuated AKT pathway activation in EAC cells. Furthermore, we
observed a significant increase in serum GDF15 levels after the CROSS
treatment in EAC patients. High serum GDF15 after the CROSS treatment, but
not at the diagnosis stage, was an independent risk factor for predicting poor
overall survival (OS) in EAC patients. The external validation using public
databases showed that GDF15 expression was significantly higher in tumor
tissues compared to normal tissues in EC and was higher in EAC patients
compared to esophageal squamous cell carcinoma (ESCC) patients. High

GDF15 expression was significantly associated with poorer OS in EAC patients.
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Abstract

Background: Esophageal cancer (EC) ranks as the 7" most common cancer
and 6" leading cause of cancer-related deaths worldwide. The standard
treatment for locally advanced EC involves neoadjuvant chemoradiotherapy
(NCRT)/neoadjuvant chemotherapy (NT) followed by surgery. Cancer-
associated fibroblasts (CAFs) play a pivotal role and contribute to various
aspects of tumor initiation and progression within the tumor microenvironment
(TME). We aim to compare the effectiveness of NCRT and NCT in treating EC
patients and to explore the molecular mechanisms underlying treatment
resistance in esophageal adenocarcinoma (EAC), with a specific focus on the
involvement of CAFs.

Methods: A network meta-analysis was performed to compare the
effectiveness of NCRT, NCT, and surgery alone in randomized control trials
(RCTs) published up to September 2021. EAC CAFs and EAC patient-derived
organoids (PDOs) were established from primary patient tissues.
Transcriptomic analysis was used to identify potential factors that were involved
in CAF-tumor interaction. Lentiviral transduction was conducted to establish
stable GDF15 knockdown EAC cells and CAFs. In vitro cell viability assays and
apoptosis analysis were performed to assess the sensitivity of EAC cells to
chemotherapy and radiotherapy. GDF15 concentration was determined using
ELISA. To validate CAF-mediated EAC tumor progression, we utilized EAC
PDOs and paired CAFs as an ex vivo preclinical model. The prognostic value
of GDF15 was assessed using our in-house data and externally validated
through public databases.

Results: 25 RCTs with 4563 EC patients were included in the network meta-
analysis. NCRT improved overall survival (OS) compared to NCT (HR: 0.83,
95%Crl: 0.69-0.99) and surgery alone (HR: 0.72, 95%Crl: 0.63-0.82). In vitro

studies demonstrated that CAFs promoted EAC chemotherapy resistance and



radiotherapy resistance. Transcriptomic analysis revealed the enrichment of
GDF15 in the EAC tumor-CAF transwell co-culture system, showing opposite
expression patterns between tumor and CAF cells. GDF15 concentration was
significantly elevated in the co-culture medium. Knockdown of GDF15 in OE33
and OE19 cells restored treatment sensitivity against chemotherapy and
radiotherapy. Similar results were obtained when OE33 and OE19 cells were
co-cultured with GDF15-depleted CAFs. In the 3D EAC PDO model, enhanced
chemoresistance was observed when PDOs were co-cultured with paired CAFs
or cultured in a medium containing human GDF15 recombinant protein.
Downstream exploration revealed that GDF15 was involved in AKT pathway
activation and mitochondrial oxidative phosphorylation in EAC cells. Moreover,
GDF15 expression was significantly higher in the tumor tissue than in adjacent
normal tissue in EAC patients (p=0.0056). Low GDF15 mRNA expression was
associated with better OS in EAC patients (p=0.025). Notably, GDF15 serum
concentration was significantly higher after the CROSS treatment (p<0.0001),
and a high serum concentration after the CROSS was an independent risk
factor for a poor OS in EAC patients (HR: 3.100, 95%CI: 1.092-8.799, p=0.034).
Conclusion: NCRT followed by surgery represents the optimal treatment
strategy for managing locally advanced EC patients. The co-culture system of
EAC PDOs with paired CAFs offers a viable approach for studying tumor-
stroma interactions. CAFs play a crucial role in modulating EAC treatment
resistance, with GDF15 partly linking CAFs and EAC communications within
the tumor microenvironment. GDF15 exhibits a regulatory role in EAC
mitochondrial function and therapy resistance. Moreover, the predictive value
of GDF 15 serum concentration highlights its potential as a prognostic biomarker

in EAC patients.

Keywords: esophageal adenocarcinoma, tumor microenvironment, cancer-

associated fibroblasts, GDF15, organoids, therapy resistance



Introduction

1. The epidemiology of esophageal cancer

Esophageal cancer (EC) represents a significant global health burden, with
approximately 604,100 new cases and 544,076 cancer-related deaths in 2020
according to the global cancer statistics’. It ranks as the 7" most common
cancer and the 6™ leading cause of cancer-related mortality worldwide.
Approximately 70% of EC cases occur in males, highlighting a gender disparity
in its prevalence'3. Among the various regions, Eastern Asia stands out as the
region with the highest incidence rates of esophageal cancer globally, followed
by Southern Africa, Eastern Africa, Northern Europe, and South Central Asia'-3.
Moreover, the geographical differences are also reflected in the distribution of
the two main subtypes of EC: esophageal squamous cell carcinoma (ESCC)
and esophageal adenocarcinoma (EAC)34. In the year 2020, it was estimated
that there were approximately 512,500 cases of ESCC, 85,700 cases of EAC,
and additional 6,000 other histologic subtypes diagnosed globally®. EAC is
more prevalent in developed countries, including those in northern and western
Europe, the United States, Canada, and Australia. In contrast, ESCC
predominantly affects developing countries, such as eastern and south-central
Asia, as well as south Africa’34. An increasing trend in EAC incidence,
accompanied by a decrease in ESCC incidence, has been observed in western
countries over the past decades. However, in eastern countries such as China,
Japan, and South Korea, ESCC continues to exhibit a significantly higher
incidence compared to EAC*°.

In addition to the distinct epidemiological patterns, the risk factors associated
with the development of EAC and ESCC are also different. Barrett's esophagus
(BE), characterized by the replacement of the normal squamous epithelium in
the distal esophagus with specialized columnar epithelium containing goblet

cells, is the identified precursor to EAC®7. Approximately 10-15% of patients
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with BE exhibit symptoms of gastroesophageal reflux disease (GERD)’, and
frequent GERD symptoms are one of the earliest recognized non-genetic risk
factors for EAC development®. Other EAC risk factors include obesity, tobacco
smoking, low vegetables/fruits dietary style, and family history*>8. Alcohol
consumption is a widely recognized risk factor for many types of cancer,
however, population-based studies have indicated no significant correlation
between alcohol consumption and an increased risk of EAC®'". In contrast,
several studies have strongly supported a significant relationship between
alcohol consumption and the development of ESCC''-'3. Besides, tobacco
smoking is another prominent risk factor for ESCC, exhibiting a dose-
dependent increase in risk and a synergistic effect when combined with alcohol
consumption'14. Furthermore, low socioeconomic status, a diet lacking in
sufficient vegetables and fruits, consumption of hot beverages/food, betel quid
chewing, and family history are additional well-recognized factors associated

with ESCC4513,
2. Multidisciplinary management of esophageal cancer

The standard treatment for EC patients involves a multidisciplinary approach
that combines endoscopic treatment, chemotherapy, radiotherapy, surgery,
targeted therapy, and immunotherapy™.

For pre-neoplastic tissues (e.g. Barrett's esophagus) and early-stage disease
(e.g. pathological carcinoma in situ (pTis), pT1a, and selected superficial pT1b
without lymphovascular invasion), endoscopic therapy such as endoscopic
mucosal/submucosal dissection and/or ablation is preferred to achieve
complete removal of the disease with minimal procedural risks>:'6.

For locally advanced EC, surgery-based neoadjuvant chemotherapy (NCT) or
neoadjuvant chemoradiotherapy (NCRT) are standard treatment strategies
worldwide’. Several important clinical trials have demonstrated the

advantages of NCRT over surgery alone in EC patients. The large-scale,
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national-based Dutch Chemoradiotherapy for Oesophageal Cancer followed by
Surgery Study (CROSS) has shown a significant long-term survival benefit of
NCRT compared to surgery alone in both EAC and ESCC patients with a
median follow-up time of 12.25 years'”'8, Since its initial release in 2012, the
CROSS regimen has gained widespread acceptance and is now considered
one of the standard treatment approaches for patients with esophageal
cancer'®, In addition to the EAC-dominant CROSS trial, the multicenter
NEOCRTECS5010 trial, which included 451 ESCC patients, provided compelling
evidence for the efficacy of NCRT in treating ESCC'%2°. These findings further
strengthen the application of NCRT in the comprehensive treatment of
esophageal cancer. As to NCT, NCT followed by surgery has emerged as the
standard of care in the management of locally advanced ESCC in Japan?'22.
This standard has been established based on the findings of the JCOG9024
and JCOG9907 trials, which compared NCT with adjuvant chemotherapy after
surgery and surgery alone®®24. Moreover, the recently reported JCOG1109 trial
with optimized NCT regimen involving preoperative docetaxel, cisplatin and
fluorouracil (5-FU), has further strengthened the efficacy of NCT in improving
outcomes for ESCC patients?>. Regarding EAC patients, only one randomized
controlled trial has specifically compared NCT with surgery in the EAC
subpopulation, showing a slight advantage of NCT over surgery but without
statistical significance?®. Perioperative chemotherapy, a well-established
strategy to treat gastric cancer, has been employed to treat EAC patients in
some western centers?’. Several landmark clinical trials focusing on gastric
cancer have included a subset of patients with EAC or adenocarcinoma of the
gastroesophageal junction (AGEJ) and have reported promising survival
benefits associated with perioperative chemotherapy?®-3°. However, it should
be noted that the findings from these clinical trials conducted in the context of
gastric cancer may not be directly applicable or sufficient to guide the treatment

of EAC. A recent retrospective study from our center has compared the



outcomes of perioperative chemotherapy (FLOT regimen) with NCRT (CROSS
regimen) in 578 EAC patients and showed no difference between NCRT and
perioperative chemotherapy regarding overall survival (OS)3'. Here, ongoing
randomized controlled trials (RCTs) are expected to offer more robust evidence
regarding the efficacy of perioperative chemotherapy in treating EAC
patients32:33,

For advanced EC patients with recurrence or metastasis, systemic therapy
involving either one or in combination of chemoradiation, chemotherapy, and
targeted therapy plays a crucial role in palliative care, improving survival
outcomes, and enhancing overall quality of life'®. Limited targeted therapy
options are available for EC patients, where one well-established approach is
the use of trastuzumab in combination with chemotherapy as the first-line
treatment for advanced EAC patients with positive human epidermal growth
factor receptor 2 (HER2) overexpression3*3, In recent years, immunotherapy
has emerged as an effective treatment strategy in the management of EC.
Nivolumab, a human monoclonal anti-programmed death 1 (PD-1) antibody,
has shown significant improvements in OS and progression-free survival (PFS)
when used in combination with chemotherapy as the first-line treatment for both
advanced EAC and ESCC patients as compared to chemotherapy alone36-37.
Additionally, as the second-line treatment, nivolumab has shown significant OS
benefits in advanced ESCC patients after the prior fluoropyrimidine- and
platinum-based chemotherapy®®. Similar favorable prognosis outcomes have
been observed with another anti-PD-1 antibody pembrolizumab when used as
either first or second-line treatments in the management of advanced EC
patients3®-43. Furthermore, in patients with locally advanced EC who underwent
NCRT followed by surgery, the utilization of nivolumab as an adjuvant therapy
approach significantly improved disease-free survival (DFS) in both ESCC and
EAC patients irrespective of PD-L1 expression levels**, further broadening the

therapeutic landscape of immunotherapy in EC clinical practice.
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However, despite the increasing advancements in the multidisciplinary
management of EC patients, the prognosis of esophageal cancer remains poor,
with a 5-year survival rate of around 20%?2*°. In EAC, the 5-year survival rate
for patients diagnosed with pathological stage | stands at approximately 80%,
which subsequently diminishes to 45%, 18%, and 2% as the disease
progresses to stages Il, lll, and IV, respectively®. The unfavorable prognosis of
EAC mandates a deeper comprehension of tumor progression and the

formulation of advanced therapeutic strategies.

3. Cancer-associated fibroblasts and esophageal cancer treatment

resistance

Since the description of the 'seed and soil' theory by Stephen Paget in 18894,
the tumor microenvironment (TME), comprising immune cells, cancer-
associated fibroblasts (CAFs), endothelial cells, pericytes, and other
components, has been widely acknowledged as a crucial factor dynamically
regulating tumor growth and progression*®#7. TME shields tumor cells from
multi-treatment stress by providing a physical barrier and a supportive niche,
exerting paracrine effects, inducing tumor cell quiescence, enriching cancer
stemness, and modulating metabolism and immune profiles*®-°°. As the main
components within the TME, CAFs play a crucial role in reorganizing the TME
under intrinsic and extrinsic stresses, thereby facilitating tumor metastasis,
therapeutic resistance, tumor dormancy, and reactivation3'-53, Mechanistically,
CAFs play a pivotal role in mediating the interactions among cancer cells,
stromal cells, and the extracellular matrix (ECM) through physical interactions
as well as the secretion of growth factors, cytokines, and chemokines®!52.54,
Besides, CAFs contribute to ECM remodeling, tumor immunology modulation,
and angiogenesis, thus influencing multiple aspects of tumor development®4-57.
The comprehensive function of CAFs within the gastrointestinal (Gl) cancer
TME was summarized in Figure 1 by Kobayashi H et al®2.
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Figure 1. The comprehensive function of CAFs within the TME.
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The contribution of CAFs to tumor treatment resistance is a key role of their
tumor-supportive functions in the tumor microenviroment®®%°, In pancreatic
cancer, CAFs have been implicated in the induction of chemotherapy
resistance through various mechanisms, including interference with drug
delivery and intracellular activation of anti-cancer drugs®°-%2, modulation of
apoptosis- and proliferation-related signaling pathways in cancer cells®3-%° and
elicitation of stromal pro-tumorigenic responses to chemotherapy®8-67. Similarly,
CAF-mediated tumor resistances to radiotherapy, targeted therapy, and
immunotherapy have been reported in various Gl cancers, including pancreatic
cancer®® gastric cancer’®’?, colorectal cancer’®>’4, and esophageal

cancer’®76,
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In ESCC, single-cell and spatial transcriptomic analyses of different stages of
esophageal lesions have revealed that the gradual loss of ANXA1 levels in
esophageal epithelial cells during ESCC development activates ESCC CAFs,
which further promotes ESCC progression’”-’8. Besides, ESCC cancer cells
secrete fibroblast growth factor-2 (FGF2) to recruit FGFR2+ fibrocytes to the
tumor sites through the CXCL12/CXCR4 axis, promoting their differentiation
into functional CAFs®. ESCC cells can also recruit CAFs through the secretion
of CC motif chemokine ligand 5 (CCL5), establishing a positive feedback loop
that promotes tumor cell proliferation®. ESCC-derived exosomes can activate
normal fibroblasts into CAFs, secreting interleukin 6 (IL-6) that promotes cell
proliferation and cisplatin resistance®’. Notably, cisplatin treatment has been
found to in turn stimulate ESCC CAFs to secrete plasminogen activator
inhibitor-1 (PAI-1), which further dampens the efficacy of cisplatin by activating
the AKT and ERK1/2 signaling pathways, inhibiting caspase-3 activity, and
reducing reactive oxygen species accumulation®2. The activated state of CAFs
in ESCC confers chemoresistance and radioresistance through various
mechanisms, including the generation of monocytic myeloid-derived
suppressor cells®, activation of TGF-B1/FOXO1 signaling®, CXCL1-mediated
DNA damage repair with the activation of the Mek/Erk signaling pathway?®’, and
upregulation of long noncoding RNAs (IncRNA) DNM30S?®. In addition, several
studies have reported the suppressive function of ESCC CAFs in
immunotherapy. The secretion of FGF2 by ESCC CAFs upregulated Sprouty
RTK signaling antagonist 1 (SPRY 1) expression, establishing the dysfunctional
state of CD8+ T cells and promoting ESCC tumor growth®”. ESCC CAFs
mediated T-cell exhaustion through the secretion of transforming growth factor-
B1 (TGF-B1), including laminin y2 (Ln-y2) expression to structure a protective
barrier for tumors to restrict T-cell infiltration into tumor nests, and attenuate
response to anti-PD-1 blockade therapy®. Moreover, CAFs-derived Wingless-

type MMTYV integration site family member 2 (WNT2) suppressed dendritic cell
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(DC) differentiation and impaired DC-mediated antitumor T-cell responses
through the SOCS3/p-JAK2/p-STATS3 signaling cascades®®.

As to EAC cells, IL-6 is a well-studied communication molecule between EAC
cells and activated EAC CAFs®. Through IL-6 signaling and induction of
epithelial-mesenchymal transition (EMT), EAC CAFs promote EAC treatment
resistance to both chemotherapy and radiation in vitro®'. It has been reported
that targeting activated EAC CAFs with phosphodiesterase type 5 inhibitors
(PDES5I) can reverse CAF-mediated chemotherapy resistance in EAC cells,
suggesting a potential clinical application for CAF-directed targeted therapy in
EAC patients®2. Given the limited research conducted on tumor-stromal
interactions in EAC, further investigation is warranted to better understand the

complexities of CAF-mediated EAC tumor resistance.

4. Growth differentiation factor 15 (GDF15) in gastrointestinal cancers

Growth differentiation factor 15 (GDF15), also known as macrophage inhibitory
cytokine 1 (MIC-1) and non-steroidal anti-inflammatory drug-activated gene-1
(NAG-1), is a divergent member of the TGF-B superfamily®®°4. Similar to other
peptide hormones, GDF15 is synthesized as a precursor protein, generating a
~40 kDa pro-peptide-GDF15 in the cytoplasm that subsequently undergoes
proteolytic cleavage in the endoplasmic reticulum to release a ~25 kDa mature
dimeric protein®%. To date, the glial cell line—derived neurotrophic factor
receptor alpha (GFRa)-like (GFRAL) receptor is the only known receptor for
GDF15. GFRAL is predominantly expressed in the central nervous system
(CNS), specifically in the area postrema and nucleus of the solitary tract, and
small adjacent regions in the hindbrain of both humans and mice. Limited
evidence suggests the presence of GFRAL in other regions®-°7. Therefore, the
GDF15-GFRAL axis is primarily implicated in metabolic and inflammatory
diseases including obesity, diabetes, atherosclerosis, liver fibrosis, and cancer-

related cachexia®-%, Pre-clinical and clinical studies have specifically focused
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on the therapeutic potential of targeting GDF15 in the management of obesity
and anorexia/cachexia syndromes®:1%0,

In addition to the role of GDF15 in energy homeostasis, the GDF15 function in
cancer research has also garnered significant attention. GDF15 has been
widely recognized as a valuable biomarker in various types of cancers. It has
been reported that elevated GDF15 serum concentrations independently
predict all-cause mortality in patients with various diseases, including solid
tumors'91.192 |n gastrointestinal cancers, a meta-analysis of 17 studies
involving 3996 patients demonstrated the potential of GDF15 as both a
diagnostic biomarker (with a sensitivity of 0.74, specificity of 0.83, and area
under the curve (AUC) of 0.84) and a prognostic biomarker (with a hazard ratio
(HR) of 2.34 and 95% confidence interval (Cl) of 2.03-2.70 for OS)'%3. Similar
meta-analysis in gastric cancer (GC) patients, which extracted data from the
literature as well as the Gene Expression Omnibus (GEO) and The Cancer
Genome Atlas (TCGA) databases, showed the diagnostic potential of GDF15
with a combined sensitivity of 0.69, a specificity of 0.90, and an AUC of 0.90"%4,
For distinguishing early-stage GC patients, GDF15 showed a better diagnostic
performance when compared with other serum biomarkers such as CA-199,
CA72-4, and PG1/PG2'%, A prospective case-control study comprising 618
colorectal carcinoma (CRC) case patients and 950 matched control subjects
revealed that an elevated pre-diagnostic serum GDF15 concentration was an
independent risk factor for the incidence of CRC'%. Serum concentrations of
GDF15 were found to be elevated in patients with adenomas and CRC patients
as compared to those with no or hyperplastic polyps, while showing a
subsequent decrease following polypectomy treatment, suggesting a potential
role for GDF15 in the detection of colonic neoplasia’’. By comparing the serum
GDF15 in 258 healthy controls, 135 patients with colonic polyps, and 58 CRC
patients, significantly elevated levels of GDF15 were observed in CRC patients

compared to colonic polyps, and in patients with colonic polyps compared to
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healthy controls'®. In a cohort of 224 CRC patients, increased levels of GDF15
were found to be associated with advanced TNM tumor stage, particularly in
relation to metastasis status. And high GDF15 serum levels were significantly
associated with worse OS and DFS'%. Similar results were obtained from
several large-scale studies showing that high serum levels of GDF15 in CRC
patients were associated with worse 0S'%%110, Besides, tissue microarrays form
320 CRC patients revealed a significant correlation between a higher intensity
of GDF15 expression and an increased recurrence rate''’. These findings were
supported by another study, which identified higher GDF15 concentrations in
metastatic CRC patients as compared to non-metastatic CRC patients and
healthy controls''?. It should be noted that serial measurements of serum
GDF15 in 623 CRC patients revealed a contrasting role of GDF15 in CRC.
Initially, GDF15 concentrations increased with NSAID treatment and were
positively associated with the non-steroidal anti-inflammatory drugs (NSAIDs)-
mediated preventive effects on colonic neoplasia. However, once polyps were
present, GDF15 was found to be a predictor of adenomatous polyp burden and
adenoma recurrence''®. Regarding esophageal cancer, by comparing serum
GDF15 concentrations in 286 ESCC patients with 250 healthy controls, serum
GDF 15 was significantly higher in ESCC. In those ESCC patients, higher serum
GDF15 was significantly associated with tumor invasion and lymph node
metastasis and was correlated with worse OS and DFS''4. Besides, higher
GDF15 expression was also detected in tumor tissues compared to adjacent
normal tissues at protein level''4. And the high expression of GDF15 in tumor
tissue was related to poor OS and DFS in ESCC patients’"®. In advanced ESCC
patients, increased serum GDF15 concentrations were observed in patients
with >5% weight loss before chemotherapy as compared with patients without
weight loss, and high GDF15 concentration was significantly related to worse
OS (12.0 months vs. 18.5 months, p= 0.047)"'6. As to EAC patients, tissue

GDF15 expression was significantly elevated in patients with EAC compared to
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those with BE and healthy controls''”. Similar to the ESCC population, high
serum GDF15 levels were significantly associated with poor prognosis in EAC
patients''”. Besides, consistent results were reported by other studies
indicating that serum GDF15 was increased in EAC patients as compared to
healthy control, and high GDF15 concentration was associated with poor
survival of patients with EAC and AGEJ"'811°_ Collectively, these consistent
findings across various Gl studies underscore the potential role of GDF15 as a
valuable biomarker in the management of EC patients.

Mechanism studies have revealed the multifaceted role of GDF15 in tumor
biology and its involvement in various aspects of cancer progression'?%-122_ |n
gastric cancer, GDF15 exhibited proapoptotic activity upon NSAIDs treatment
independent of COX-2 expression’?3-125, GDF15 activated the AKT and ERK-
1/2 pathways through ErbB2 transactivation in both breast and gastric cancer
cells'?®, By activating MAP2K and STAT3 pathways and incusing EMT, GDF15
enhanced gastric cancer cell proliferation, migration, and invasion abilities'?"128,
It was reported that GDF15 overexpression promoted cancer stemness in GC
cells'?®. Besides, upon 5-FU treatment, hypoxia-inducible factor 1a (HIF1a) was
activated and resulted in the accumulation of M2-type tumor-associated
macrophages (TAMs), which promoted chemoresistance by producing GDF15
to exacerbate the fatty acid B-oxidation in GC cells3°. In colorectal cancer, by
comparing three paired acquired 5-FU resistant CRC cell lines with their
respective control cells, GDF15 expression was found to be markedly
upregulated in the acquired 5-FU resistant CRC cell lines'*'. GDF15 induced
chemoresistance in CRC cells through the activation of the AKT pathway, while
GDF15 depletion in p53 wild-type but not p53-null or mutant CRC cells showed
restored sensitivity to different chemotherapeutic drug treatments'2. The
functional role of GDF15 was also reported within the tumor microenvironment.
Macrophage-derived GDF15 was involved in macrophage-mediated invasion

and migration ability in CRC cells through the activation of c-Fos from Lamin
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A/C'3. The stimulation of the GDF15 on mouse fibroblast cells showed
enhanced fibroblast cell proliferation and upregulated expression of
extracellular matrix genes'34. Senescent fibroblasts, which were found to be
significantly enriched in CRC tissues, were detected to secrete GDF15 thereby
promoting cell proliferation, migration, and invasion in CRC cells via the

activation of the MAPK and PI3K signaling pathways'3.

Gl tumor cells
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Gastric cancer AKT, ERK-1/2 ,MAP2K, STAT
- Colorectal cancer PI3K/AKT, c-Fos, MAPK, HIF1a

Pancreatic cancer MAPK, GFRAL, AKT, CREB
Gl tumor tissues

Q Function '
proliferation migration o nhess  resistance metabolism

/invasion
y iﬁ =
“,
\ Se
w

rum samples
. w\
GDF15 e Esophageal cancer
K Biomarker ¢ Gastric cancer
Expression e Colorectal cancer
i « Pancreatic cancer
Serum e Hepatocellular cancer

Figure 2. The role of GDF15 in gastrointestinal cancers.

GDF 15 exhibits elevated levels in both Gl tumor tissues and sera, showing a correlation
with aggressive disease status and poor prognosis. Through diverse signaling pathways,
GDF15 mediates tumor proliferation, metabolism, stemness, metastasis, and treatment
resistance in Gl cancers.

In esophageal cancer, by using recombinant GDF15 protein (rGDF15), the
study revealed that GDF15 enhanced the ESCC cell proliferation, migration,
and invasion through TGF-B type Il receptor activation’3¢. ESCC patients with
high levels of GDF15 expression exhibited an inferior response to
chemotherapy, and the administration of rGDF15 induced resistance of ESCC
cells to cisplatin treatment through the activation of the TGFBR2-AKT
pathway'¥’. Regarding the tumor microenvironment, ESCC-derived conditional
medium activated macrophage cells with an increased secretion of GDF15, and
administration of rGDF15 promoted ESCC cell proliferation through the

activation of the AKT/ERK pathway'"S,
18



In conclusion, GDF15 plays an independent or interactive role in the
progression of Gl cancers, particularly in its interaction with the tumor
microenvironment (Figure 2). However, there is limited literature discussing the
molecular functions of GDF15 in EAC patients, and its specific role in the

interaction between CAFs and EAC remains unknown.

5. Patients-derived organoids (PDOs) model in esophageal cancer

Patient-derived organoids (PDOs) are primary cells cultured in a three-
dimensional (3D) system that closely mimics human development and organ
regeneration in vitro'3®13°, The early attempts at in vitro organism regeneration
can be traced back to the first decade of the 20th century when researchers
began to culture tissue fragments. H. V. Wilson reported a method of
regenerating dissociated small masses of undifferentiated sponge tissues into
a new sponge’?. Ross Harrison isolated fragments of embryonic tissue from
frog embryos and cultured them in a drop of frog lymph, through which he
observed the growth and development of living nerve fibers'#!. Until the end of
the first decade of the 21st century, landmark studies that reported the
successful generation of self-organized cerebral cortex tissue from embryonic
stem cells (ESCs) using 3D aggregation cultures, as well as the generation of
"mini-guts" from a single leucine-rich repeat-containing G protein-coupled
receptor 5 (Lgr5)-positive stem cell in an extracellular matrix (ECM) gel, have
propelled the field of 3D culture organoids system to a new level'#?43, Since
then, there has been a dramatic increase in the number of published studies
focusing on the organoids model'#445, PDOs have been successfully
established from a wide range of organs, encompassing the gut'46-148
stomach4215°, pancreas'5'-153, liver153.154, kidney155'156, breast!57.158, |ung159—161’
thyroid'62163 prain'64165 and notably, the esophagus'®-'68 which is of
particular interest in our study. Compared to classic two-dimensional (2D)

culture systems, 3D PDOs derived from primary tissues recapitulate
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transcriptome and proteome profiles, metabolic functions, and microscale
tissue architecture of the original organs'®. This advanced model provides
valuable insights for drug development and personalized cancer treatment,
offering a more accurate representation of organ biology and enhancing our
understanding of disease mechanisms'6%.170_ Besides, the utilization of PDO
models holds great promise in reducing the reliance on animal
experimentations owing to their potential in recreating complex in vitro tumor
microenvironments and accelerating the development of anticancer
therapeutics'”'-173. To date, the subcutaneous tumor xenograft mouse model
has remained the predominant choice for in vivo preclinical research in
esophageal cancer, primarily attributed to their cost-effectiveness, technical
feasibility, and ethical advantages over other model systems such as orthotopic
EC xenograft mouse model and patient-derived xenograft mouse model'4175,
However, the inherent limitations of subcutaneous models in recapitulating the
complex human tumor microenvironment underline the importance of
developing novel preclinical models to enhance our understanding of EC. In
this regard, EC PDOs have demonstrated a great potential.

EC PDOs can be generated from both ESCC and EAC patients and are
standardly described for various applications, including growth monitoring,
histology characterization, and drug screening'®”.'76, Karakasheva TA et al.
generated four EAC PDOs from treatment-naive patient biopsies and found that
these PDOs showed similar response patterns to chemotherapy and y-
irradiation in vitro as compared to the paired patients' clinical response to
chemoradiotherapy, suggesting the potential of PDOs in predicting the clinical
response to novel therapeutic strategies in EAC patients'”. The
comprehensive comparisons of histological and genomic features in five
endoscopic biopsy-derived EAC PDOs and paired biopsy tissues have
demonstrated that EAC PDOs closely recapitulate the corresponding tumors,

with an approximate overlap of 60% in single nucleotide variants (SNVs)'78,
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Besides, the response of the EAC PDOs to chemotherapy and HER-2 targeted
therapy showed concordance with the response of the patients, indicating the
potential utility of EAC PDOs in predicting therapeutic outcomes'’®. In a
comparative analysis involving ten cases of EAC PDOs and their paired tumor
tissues obtained from esophagectomy, EAC PDOs demonstrated remarkable
similarities in histopathological features and genomic landscape to the primary
tumors, and they preserved the intra-tumor heterogeneity and clonal dynamics
that were observed in the original tumor samples, making them a valuable tool
for medium throughput drug sensitivity screenings in vitro'”®. Using the EAC
PDO model, Dings MPG et al. evaluated radiotherapy sensitivities of EAC
tumors and explored the synergy landscape with potential targeted therapeutic
drugs to identify drug efficacy'®. Scott SJ et al. validated 2D cell results that
the presence of specific mitotic defects led to impaired attachment of
chromosomes to the microtubules of the mitotic spindle, providing valuable
insights into the mechanisms underlying polyploidy formation in EAC'8'. As to
the ESCC PDO model, ESCC PDOs recapitulated the histopathology of the
corresponding ESCC tumor tissues, and their successful application in
assessing the response to 5-FU treatment in vitro demonstrated the efficacy of
ESCC PDOs as a valuable preclinical platform for investigating mechanisms of
cancer therapy resistance'®?. Besides, the utilization of both ESCC cell line-
derived and patient-derived organoid models have revealed the association
between alcohol metabolism and the enrichment of cancer stem cells (CSCs)
in ESCC"83,

In addition to tumor PDOs, organoids derived from human and mouse
esophageal epithelial cells have provided valuable insights into the regulatory
mechanisms governing squamous epithelial homeostasis and the genetic
determinants driving the initiation of ESCC'84-18,  Besides, the successful
generation of PDOs from normal gastroesophageal junction (GEJ) tissue has

enabled the investigation of oncogenic mechanisms involved in the
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development of EAC through the application of the CRISPR-Cas9 gene editing
system'®®. Moreover, PDOs generated form Barrett's esophagus were utilized
to study the origin and malignant transition of BE'7:188, By exposing BE-derived
PDOs to acid and bile salts treatments to simulate the conditions of BE with
GERD in vitro, Zhang Q et al. observed an EMT process and the development
of subsquamous intestinal metaplasia in BE PDOs '8%:1%0, Furthermore, studies
have reported the successful establishment of human esophageal organoids
from human pluripotent stem cells through a sequential differentiation
approach'8191 The manipulation of organoid formation in these studies has
revealed crucial genes and pathways involved in esophageal specification and
development, providing valuable insights for modeling human pathologies and
advancing tissue engineering approaches68.191,

Taken together, EC PDOs provide a valuable tool for translational studies in
esophageal cancer. In the scope of my doctoral study, we aim to establish EAC
PDOs and their paired EAC CAFs, enabling the investigation of tumor-stroma

interactions within the dynamic tumor microenvironment.

In summary, esophageal cancer remains a significant global public health
challenge. The optimal neoadjuvant treatment for locally advanced EC is still
unclear. The poor prognosis of EAC highlights the exigency for an in-depth
investigation of tumor progression. Overcoming treatment resistance is a major
barrier to EAC management. Further investigation is warranted to elucidate the
role of CAFs in contributing to the development of treatment resistance in EAC.
The molecular functions of GDF15 in EAC patients, particularly its interactions
with CAFs and their role in the disease process, remain elusive. Moreover, the
exploration of tumor-CAF interactions through the utilization of EAC PDO

models is a promising area that requires further study.
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Aim of the study

1.

To compare the treatment efficacy between neoadjuvant
chemoradiotherapy and neoadjuvant chemotherapy followed by surgery in
patients with locally advanced esophageal cancer.

To establish patient-derived CAFs from EAC primary tissues and investigate
tumor-stroma interaction in vitro.

To explore the molecular mechanisms involved in CAF-mediated EAC
tumor progression and identify potential therapeutic targets or biomarkers
for the clinical management of EAC patients.

To investigate the molecular function and underlying mechanisms of GDF15
in the crosstalk between EAC tumors and EAC CAFs.

To establish EAC PDOs and assess the feasibility of using EAC PDOs with
paired EAC CAFs as an ex vivo model for validating the tumor-stroma
interactions observed in 2D cell culture.

To evaluate the clinical significance of GDF15 in EAC patients.
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Methods

1. Network meta-analysis

Our study followed the PRISMA extension statement for reporting network
meta-analysis'®? and has been registered at PROSPERO since February 2020
(registration number: CRD42020170619). A comprehensive description of the
detailed network meta-analysis methods can be found in our publication®3.
Briefly, an extensive search was conducted in major online databases,
including MEDLINE, Embase, and Cochrane Central Register of Controlled
Trials, to identify relevant RCTs published until September 2021. We included
prospective RCTs that enrolled patients with confirmed ESCC or EAC. These
trials aimed to compare different treatment arms, including neoadjuvant
chemoradiotherapy followed by surgery, neoadjuvant chemotherapy followed
by surgery, or surgery alone, and provided end-point information with OS or
DFS in the intention-to-treat population. Only peer-reviewed articles published
in English were considered, while studies exhibiting high bias that was judged
by the revised Cochrane risk-of-bias tool (RoB2 tool) for randomized trials'%4,
comparing perioperative chemotherapy, representing former versions of the
same trials with updated survival data available, or lacking full-text availability
were excluded from our analysis.

We extracted HRs with 95% Cls from included studies and utilized the HR
calculations spreadsheet'® to calculate the natural logarithm of the hazard
ratios (INnHR) and standard errors for data preparation. For pairwise meta-
analysis, we used ‘meta’ package in R software (version 3.5.3) to compare
different treatment approaches and report direct evidence regarding OS by
providing HR with 95% CI. The Q test and I? statistic were used to evaluate
study heterogeneity, where an 1°>50% or a p<0.05 indicates significant
heterogeneity among studies’®. For network meta-analysis, we used Stata

(version 14.0) to generate network plots illustrating the network geometry for
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comparing different treatment arms. The R package 'gemtc' was utilized to
conduct network meta-analysis within the Bayesian framework'®’, where HRs
with corresponding 95% credible intervals (Crls) were calculated to report the

synthesized direct and indirect evidence for OS.

2. Establishment of EAC CAFs

To establish EAC CAFs, EAC patients’ primary tissues from either endoscopic
biopsy or operation were collected, washed, and minced into small fragments.
The six-well plates were pre-coated with 1:20 diluted collagen type | (Corning,
Bedford, MA, USA, product number: 354249) for one hour. The tissue pieces
were then seeded onto the collagen-coated plates and cultured in a CAF culture
medium.

The CAF culture medium was supplemented with extra 0.6% amphotericin B
(R&D Systems, Flowery Branch, GA, USA, product number: B23192) and 0.2%
normocin (InvivoGen, San Diego, CA, USA, product number: ant-nr-2) in the
first week. A half medium change was performed after 4-5 days from seeding,
and the medium was refreshed every 3-5 days once fibroblasts emerged from
the tissue pieces. The fibroblasts were then expanded and stored for further

use.

3. Cell culture

Human esophageal adenocarcinoma cell lines OE33 and OE19 were
purchased from the Sigma Cell Line Bank (Sigma, 96070808 and 96071721,
respectively). EAC CAFs TBE60, TBE63, TBO1657, CAF2304, and CAF2765
were established as previously described in the surgical laboratory of the
University Hospital of Cologne. Wnt-3a cell line was kindly donated by Hans
Cleaver group. Cultrex HA-R-Spondin 1-Fc 293T cell line was purchased from
R&D Systems (3710-001-01).

EAC cell lines were cultured in RPMI 1640 medium (Gibco, Paisley, UK,
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product number: 61870-010) supplemented with 10% fetal bovine serum (FBS)
(Capricorn Scientific, Ebsdorfergrund, Germany, product number: FBS-12A)
and 1% penicillin/streptomycin (P/S) (Gibco, Grand Island, NY, USA, product
number: 15140-122). EAC CAFs were cultured in advanced DMEM/F-12
medium (Gibco, Grand Island, NY, USA, product number: 12634-010)
supplemented with 10% FBS, 1% P/S, and 1% L-Glutamine (Gibco, Paisley,
UK, product number: 25030-024). Cells were maintained in a humidified
atmosphere with 5% CO:2 at 37°C.

Cell lines were routinely screened for mycoplasma contamination using
MycoStrip (InvivoGen, San Diego, CA, USA, product number: rep-mys-50)
according to the manufacturer's instructions to ensure a mycoplasma-free
culture. The utilization of patients' materials from the Department of General,
Visceral, Tumor, and Transplant Surgery at the University Hospital of Cologne
was conducted under the approval of BIOMASOTA, as granted by the Ethics
Committee of the University of Cologne (ID: 13-091).

4. Establishment and maintenance of EAC PDOs

Fresh human EAC primary tissue samples were obtained from surgical
resection at the University Hospital of Cologne. The tissues underwent a series
of steps to prepare the single-cell suspensions. Initially, the tissues were
washed with DPBS (Gibco, Paisley, UK, product number: 14190-094) and
mechanically minced into small fragments. These fragments were then
enzymatically dissociated using a digestion buffer mix comprising 5U Dispase
(Stem cell, Vancouver, BC, Canada, product number: 07913), 3600U
Collagenase IV (GENAXXON bioscience, Ulm, Germany, product number:
c4310), and 0.6% amphotericin B. Subsequently, the resulting fragments were
further dissociated using 0.25% trypsin EDTA (Gibco, Paisley, UK, product
number: 25200056). After the dissociation, the remaining fragments were

filtered through a 100-uym strainer to obtain single-cell suspensions. These
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suspensions were then seeded into the Matrigel matrix (Corning, Tewksbury,
UK, product number: 354230) and supplemented with an EAC PDO culture
medium comprising Wnt-3a conditioned medium, R-Spondin1 conditioned
medium and different growth factors. The detailed composition of the EAC PDO
culture medium was provided in Table 1. EAC PDO culture medium was
refreshed every 4-6 days. Following the emergence of EAC PDOs from single

cells, they were further passaged, expanded, and cryopreserved for future use.

Table 1. EAC PDO medium preparation

Volume Final concentration

Basal medium 50 ml

Advanced DMEM/F-12 48.2 mi

HEPES (1 M) 500 1] 10 mM

Amphotericin B 300 1] 0.6%

P/S (100X) 500 1] 1X

L-Glutamine (100X) 500 1] 1X

Gentamicin (10 mg/mL) 25 ] 5 pg/ml
EAC PDO medium 50 ml

Basal medium 22.9 mi

Whnt-3a conditioned medium* 12 mi

R-Spondin1 conditioned medium# 12 ml

N-2 (100x%) 500 1] 1X

B-27 (50x) 1 mi 1X

N-Acetyl-L-cysteine (0.5 M) 100 1] 1 mM

CHIR-99021 (5 mM) 5 1] 0.5 uM

Recombinant human epidermal

growth factor (EGF) (100 pg/mL) 125 250 ng/mi

A83-01 (25 mM) 1 1] 0.5 uM

SB202190 (10 mM) 5 ] 1 uM

Gastrin | (1 mM) 5 1] 0.5 uM

Nicotinamide (1 M) 1 mi 20 uM

Gentamicin (10 mg/mL) 25 1] 10 uM

Normocin (50 mg/mL) 100 ul 100 pg/ml

P/S (100x) 276 ] 1X

Add freshly into wells:

Noggin (100 pg/mL) 1:1000 100 ng/ml

Y-27632 (10 mM) 1:1000 10 uM

Fibroblast Growth Factor 10 11000 100 ng/m

(FGF-10) (100 pg/mL)

*produced from Wnt-3a cells

#produced from Cultrex HA-R-Spondin 1-Fc 293T cells
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In our recently published visual protocol, we have described two different
routine methods for subculture and cryopreservation of EAC PDOs: with and
without single-cell digestion'%®. Once EAC PDOs reach confluency, PDOs can
be maintained with and without single-cell digestion. A workflow of the EAC

PDOs subculture process was shown in Figure 3.
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Figure 3. A workflow of EAC PDOs subculture processes with and without
single-cell digestion®8.

Well-growing EAC PDOs were harvested and pelleted at 4°C. For single-cell
digestion, PDOs underwent enzymatic digestion with 0.25% trypsin for 5-10
minutes to obtain single cells, which were further seeded into a fresh Matrigel
matrix. These single cells exhibited a tendency to form hollow structures, which
facilitated experiments requiring control of cell numbers, similar density, and
size measuring. Alternatively, the undigested subculture involved splitting

PDOs without enzymatic disruption, resulting in a tendency of growing into
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compact structures, which were suitable for histological analyses, rapid

expansion, and efficient recovery from cryopreservation.

5. Cell proliferation assay

Cells were seeded in 24-well plates and incubated overnight. The medium was
replaced the next day, with subsequent medium refreshment every 2-4 days.
The plates were fixed with 4% ROTIHistofix (Carl Roth, Karlsruhe, Germany,
product number: P807) on days 0, 2, 4, and 6. After fixation, the plates were
stained with 0.05% crystal violet solution (Sigma-Aldrich, Taufkirchen,
Germany, product number: V5265) and imaged for visual results. To quantify
the staining, the crystal violet particles were dissolved in an equal volume of
10% acetic acid (Sigma-Aldrich, Taufkirchen, Germany, product number: A-
6283). Subsequently, 100ul of each dissolved crystal violet solution was
transferred to a 96-well plate, and absorbance was measured at 570nm. All
assays were performed in triplicate. Relative cell proliferation was calculated by
normalizing the measurements to the day O values using GraphPad Prism

(GraphPad Software, Boston, MA, USA, version 9.5.0).

6. Cell viability assay

To evaluate cell drug sensitivity and viability, the MTT assay was performed for
2D cell lines, while the luminescent cell viability assay was employed for EAC
PDOs.

Inthe MTT assay, cells were seeded overnight in a 96-well plate at a consistent
density. Subsequently, the cells were exposed to increasing concentrations of
chemotherapeutic drugs for 48 hours. After the treatment, the cells were
incubated with 5mg/ml MTT solution (Sigma-Aldrich, Taufkirchen, Germany,
product number: 475989) at 37°C for 3.5-4 hours. Following incubation, the
MTT solution was discarded, and MTT solvent was added to each well to

dissolve the MTT formazan crystals. Absorbance at 570nm was measured, and
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the collected data were subjected to analysis.

For luminescent cell viability analysis, EAC PDOs were harvested and
enzymatically digested into single cells. The single cells were subsequently
mixed with 1:10 dilution of Matrigel matrix and PDO medium, and evenly
distributed into a 96-well plate. When small PDO spheres emerged after 3-5
days of seeding, increasing concentrations of chemotherapeutic drugs were
introduced to the plates. Following a 48-hour incubation period, cell viability was
assessed using the CellTiter-Glo reagent (Promega, Madison, WI, USA,
product number: G7570) in accordance with the manufacturer's instructions.
Luminescence signals were recorded for data analysis.

Data analysis was performed using GraphPad Prism. Each assay was

conducted in triplicate.

7. Apoptosis analysis

The cells were treated either with cisplatin or exposed to ionizing radiation using
a gamma irradiation device (BIOBEAM GM, Gamma Service Medical GmbH,
Leipzig, Germany). After 48 hours, the cells were harvested and suspended in
Annexin V binding buffer containing Annexin V APC (ImmunoTools, Friesoythe,
Germany, product number: 31490016) and DAPI staining dye. The suspension
was incubated at room temperature for 20 minutes. Subsequently, flow
cytometry analysis was performed using the Attune™ NxT Flow Cytometer (Life
Technologies, Carlsbad, USA), and the data were analyzed using FlowJo v10.4

software (BD Life Sciences, Ashland, USA).

8. Quantitative Real-time PCR (qPCR) analysis

Cultured cells or EAC tissue samples were subjected to RNA extraction using
TRI reagent (Sigma-Aldrich, Taufkirchen, Germany, product number: T9424).
The High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific
Baltics UAB, Vilnius, Lithuania, product number: 4368814) was employed for
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reverse transcription following the manufacturer's instructions. The relative
expression levels of target mMRNAs were determined using the Fast SYBR
green master mix (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania,
product number: 4385617) and measured by the QuantStudio 7 Flex Real-Time
PCR System (Life Technologies, Carlsbad, CA, USA, product number:
4485701). Relative gene expression from qPCR experiments was analyzed

using the 2-24Ctmethod. The primers utilized in this study are listed in Table 2.

Table 2. List of primers for gPCR.

Gene Sequence (5’ to 3’)
GAPDH-for GAAGGTGAAGGTCGGAGTC
GAPDH-rev GAAGATGGTGATGGGATTTC

18s rRNA-for GCTTAATTTGACTCAACACGGGA
18s rRNA-rev AGCTATCAATCTGTCAATCCTGT

B-actin-for AGAGCTACGAGCTGCCTGAC
B-actin-rev AGCACTGTGTTGGCGTACAG
aSMA-for TACATAGTGGTGCCCCCTGA
aSMA-rev TTGCCTGATGGGCAAGTGAT
IL6-for CCTGAACCTTCCAAAGATGGC
IL6-rev TTCACCAGGCAAGTCTCCTCA

PDGFRa-for TGGCAGTACCCCATGTCTGAA
PDGFRa-rev CCAAGACCGTCACAAAAAGGC
Vimentin-for ACGTCTTGACCTTGAACGCA
Vimentin-rev CGTGAGGTCAGGCTTGGAAA
GDF15-for GACCCTCAGAGTTGCACTCC
GDF15-rev GCCTGGTTAGCAGGTCCTC

9. Western blot for protein analysis and applied antibodies

For protein extraction, cells were harvested and lysed on ice using RIPA buffer
(Cell Signaling Technology, Danvers, MA, USA, product number: 9806). The
lysates were subjected to the Bioruptor Pico sonication system (Diagenode,
Denville, NJ, USA) for 10 cycles at 4°C to facilitate protein degradation. Protein
samples were collected by centrifugation at 12,000xg for 10 minutes at 4°C to
remove cell debris. Protein concentrations were determined using the BCA

protein assay (Thermo Fisher Scientific, Rockford, IL, USA, product number:
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2161296). The protein samples were then prepared and denatured in NUPAGE
LDS sample buffer (Life Technologies Corporation, Carlsbad, CA, USA,
product number: NPO007) and heated at 70°C for 10 minutes.

Twenty micrograms of protein were loaded onto SDS-PAGE gel and
subsequently transferred to a PVDF membrane (MACHEREY-NAGEL, Duren,
Germany, product number: 741260) using the Trans-Blot Turbo transfer system
(Bio-Rad Laboratories, Hercules, CA, USA). The transferred membranes were
blocked in 1x Roti-Block (Carl Roth, Karlsruhe, Germany, product number:
A151) for 1 hour at room temperature. Following the blocking step, the
membranes were incubated overnight at 4°C with specific primary antibodies.
After thorough washing, the blots were probed with secondary antibodies
specific to the primary antibodies for 1 hour at room temperature. Protein bands
were visualized using the SuperSignal West Pico PLUS Chemiluminescent
Substrate (Life Technologies, Carlsbad, CA, USA, product number: 34577) and
detected using the ChemoStar ECL Imager (INTAS Science Imaging,

Gottingen, Germany). The antibodies utilized in this study are listed in Table 3.

Table 3. List of antibodies for western blot.

Antibodies Host Class Manufacturer Product No.

First antibodies

Cell Signaling Technology,

a-Tubulin Mouse Monoclonal 3873
Danvers, MA, USA
Proteintech , R t,
GAPDH Mouse Monoclonal oo ocn group, ROSEmont, —qn404 1.1g
IL, USA
Sigma-Aldrich,  Taufkirchen,
GDF15 Mouse Monoclonal -9 ! K AMAB90687
Germany
hospho-AKT Cell Signali Technology,
pPhospno Rabbit Monoclonal o ©'9n@ing Technoiogy, ;e
(Ser473) Danvers, MA, USA
phospho-AKT i Cell Signaling Technology,
Rabbit Monoclonal 13038
(Thr308) Danvers, MA, USA
. Cell Signaling Technology,
AKT (pan) Rabbit Monoclonal 4685

Danvers, MA, USA

HRP-conjugated secondary antibodies

anti-Rabbit Goat Polyclonal Invitrogen, Rockford, IL, USA 31460
anti-Mouse Goat Polyclonal Invitrogen, Rockford, IL, USA 31430
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10.Immunofluorescence staining and immunohistochemistry staining

For immunofluorescence (IF) staining, cells were fixed with 4% ROTIHistofix for
15 minutes at room temperature, followed by permeabilization with 0.2% Triton
X-100 (EuroClone, Pero, ltaly, product number: EMR237500) in DPBS for 15
minutes. To block non-specific binding, cells were incubated with normal serum
block (BioLegend, Dedham, MA, USA, product number: 927503) for 40 minutes.
Subsequently, the cells were incubated overnight at 4°C with primary
antibodies. After washing with DPBS, the cells were incubated with
fluorochrome-conjugated secondary antibodies for 1 hour at room temperature.
Nuclei were counterstained with DAPI, and fluorescence images were captured
using the Olympus IX83 inverted microscope (Evident Corporation, Tokyo,
Japan).

As to immunohistochemistry (IHC) staining, paraffin-embedded EAC PDO
slides were deparaffinized by incubating at 60°C for 1 hour, followed by
sequential washes with xylene (Sigma-Aldrich, Taufkirchen, Germany, product
number: X2377) and graded ethanol solutions (Carl Roth, Karlsruhe, Germany,
product number: 9065). Antigen retrieval was performed by heating the slides
in a pH 6.0 citrate buffer (Carl Roth, Karlsruhe, Germany, product number:
5110.3) using the PT-Module (Thermo Shandon Limited, Runcorn, Cheshire,
UK). After cooling, endogenous peroxidase was inactivated by incubating the
sections with 0.3% hydrogen peroxide solution (Th. Geyer, Renningen,
Germany, product number: 452.2511) in methanol (Carl Roth, Karlsruhe,
Germany, product number: 8388.5) for 20 minutes. Subsequently, the slides
were incubated overnight at 4°C with primary antibodies diluted in antibody
diluent reagent solution (Life Technologies, Frederick, MD, USA, product
number: 003218). After washing with 1X TBS buffer (Thermo Fisher Scientific,
Rockford, IL, USA, product number: 28358), the slides were incubated with a
secondary antibody conjugated to horseradish peroxidase (HRP) for 45

minutes at room temperature. Detection of the antibody signal was achieved
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using EnVision system-HRP (Dako North America, Carpinteria, CA, USA,
product numbers: K4009 and K4005, for anti-Rabbit and anti-Mouse,
respectively). Finally, the slides were counterstained with Mayer’s hematoxylin
solution (Panreac Quimica, Barcelona, Spain, product number: 254766),
followed by dehydration and coverslipping. The stained slides were visualized

using an inverted light microscope.

11.Enzyme-linked immunosorbent assay (ELISA)

ELISA was conducted to quantify the concentration of GDF15 in patient serum
samples and cell culture media using the human GDF-15 Quantikine ELISA Kit
(R&D Systems, Minneapolis, MN, USA, product number: DGD150) following
the manufacturer's instructions. Initially, samples were centrifuged and filtered
to eliminate particulates, and then diluted with calibrator diluent at a ratio of 1/4
or 1/5. The samples and standards were added to the wells and allowed to
incubate for two hours at room temperature. Following the incubation, the wells
were washed and the GDF15 conjugate was introduced for an additional
incubation of one hour. After another washing step, the substrate solution was
added to initiate a color reaction, which was stopped using the stop solution
after 30 minutes. The absorbance of each well was measured using a
microplate reader at 450nm. GDF15 concentration was calculated using a
linear regression fit based on the standard curve. Three replicates were

measured for each cell culture media.

12.Plasmid construction and lentiviral transduction

For RNA interference, plasmids expressing the short hairpin RNA (shRNA)
targeting GDF15 were constructed using the pLKO.1 puro vector (Addgene
plasmid #8453). The shRNA sequences targeting GDF15 (5'-
GCTCCAGACCTATGATGACTT-3', and 5-CCGGATACTCACGCCAGAAGT-

3') were designed using the genetic perturbation platform (Broad Institute,
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Cambridge). For non-target control, the shRNA target sequence (5'-
AGGTAGTGTAATCGCCTTGTT-3') was used. The forward and reverse
oligonucleotides containing the shRNA sequences were synthesized (Thermo
Fisher Scientific, Rockford, IL, USA) and annealed. The pLKO.1 puro vector
was linearized, and the annealed shRNA oligonucleotides were ligated into the
vector through Agel and EcoRI. The resulting ligation mixtures were
transformed into competent cells, and positive colonies were selected by
ampicillin (Carl Roth, Karlsruhe, Germany, product number: HP62.2) and
confirmed by DNA sequencing.

Stable cell lines expressing the shRNA sequence were generated through
lentiviral transduction. HEK293T cells were transfected with transfer plasmid
using a 2nd generation packaging system (packaging plasmid psPAX2 and
envelop plasmid pMD2.G, Addgene plasmid #1226 and #12259, respectively)
through polyethylenimine (PEI) (Sigma-Aldrich, Taufkirchen, Germany, product
number: 408727) in a mass ratio of 1:3 DNA/PEI. The medium was replaced
24 hours post-transfection, and the supernatant containing the virus was
collected and filtered through a 0.45 ym strainer at 48 hours and 72 hours. The
virus-containing supernatant was mixed in a 1:1 ratio with fresh medium
supplemented with 8 ug/ml polybrene (MedChemExpress, Monmouth Junction,
NJ, USA, product number: HY-112735) and used for cell transduction.
Puromycin (InvivoGen, San Diego, CA, USA, product number: ant-pr-1)
selection was initiated 48-72 hours post-transduction, and the selective medium

was refreshed every 2-3 days and maintained for 1 week.

13.Mitochondrial stress test

Cell mitochondrial stress test was performed using the Agilent Seahorse XF
Cell Mito Stress Test Kit (Agilent Technologies, Wilmington, DE, USA, product
number: 103015) following the manufacturer's instructions. Cells were seeded

in XF cell culture plates and incubated until reaching the desired confluency.
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The assay medium was prepared by supplementing the XF DMEM medium
with 10mM glucose, 1mM pyruvate, and 2mM glutamine. The cells were
washed and incubated with assay medium in a non-CO:2 incubator at 37°C for
1 hour prior to assay. The assay plate was prepared by adding injection
solutions  including  oligomycin, carbonyl cyanide-p-trifluoromethoxy
phenylhydrazone (FCCP), and rotenone/antimycin A (Rot/AA). The assay plate
was then inserted into the Seahorse XFe96 Analyzer (Agilent Technologies,
Wilmington, DE, USA), and the instrument sequentially injected 2.5uM
oligomycin, 1uM FCCP, and 0.5uM Rot/AA while simultaneously measuring the
real-time oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of the cells. Four to six replicates were measured for each sample.
Data were analyzed by Wave software (version 2.6.1.53) (Agilent Technologies,

Wilmington, DE, USA) and visualized using GraphPad Prism.

14.Next-generation RNA sequencing (RNA-seq) sample preparation and

data analysis

The EAC cell line OE33 was subjected to a transwell co-culture with two CAF
cell lines, TBE6O and TBEG3, for a duration of seven days. Parallel culturing of
OE33, TBE6O, and TBE63 was also performed as a control. Triplicate samples
from each experimental group were subjected to RNA extraction using the
previously described method. Following the previous study from our collaborate
group'®, mRNA-seq libraries were prepared for sequencing using the
QuantSeq 3' mRNA-Seq Library Prep Kit FWD for lllumina (Lexogen GmbH,
Vienna, Austria) according to the low-input protocol. Subsequently, constructed
libraries were sequenced on the HiSeq 4000 system (lllumina, Hayward, CA,
USA) by 1x50 bases.

To analyze the data, STAR software (version 2.6)?°° was used to align the high-
throughput reads to the human genome (Homo sapiens GRCh38). The aligned
reads were then counted with HTSeq, and differential gene expression analysis
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was performed using the ‘DESeq2’ R package (version 1.22.2)%°' in R software
(version 3.5.3). Differential gene expression was determined based on a
significance threshold of adjusted p-value less than 0.05 and a minimum log2

fold change of 1.

15.Proteomics sample preparation and data analysis

OE33 sh-GDF 15 cell line was supplemented with 50 ng/ml human recombinant
GDF15 protein (rGDF15) (PeproTech, Cranbury, NJ, USA, product number:
120-28C) for seven days, along with parallel culturing of OE33 sh-NT and OE33
sh-GDF15 cell lines. Protein samples were prepared according to the
instructions from Proteomics Core Facility Cologne with materials provided

(www.proteomics.cecad-labs.uni-koeln.de). Cells were lysed with 8M

urea/50mM triethylammonium bicarbonate (TEAB) buffer and subjected to the
Bioruptor Pico sonication system (Diagenode, Denville, NJ, USA) for chromatin
degradation. Protein concentrations were measured using the BCA method and
50ug protein per sample was collected. Samples were subsequently incubated
with 5mM dithiothreitol (DTT) for one hour, followed by 40mM chloroacetamide
(CAA) in the dark for 30 minutes, and then incubated with Lysyl endopeptidase
(Lys-C) at a ratio of 1/75 for 4 hours. After the incubation, the samples were
diluted with 50mM TEAB to achieve a final urea concentration of less than 2M
and incubated with trypsin at a 1/75 enzyme-to-substrate ratio overnight.
Enzymatic digestion was stopped by acidifying the samples with formic acid to
a final concentration of 1%, and samples were further purified using SDB-RP
StageTips prior to measurement. Samples were analyzed by LC-MS/MS on a
Q-Exactive Plus mass spectrometer coupled to an Easy nanoLC 1000 system
(Thermo Fisher Scientific, Rockford, IL, USA). The raw data were processed by
MaxQuant (version 2.2)?%2 using standard settings with label-free quantification
(LFQ) activated. The match-between-runs function was enabled between

replicates. Protein analysis was performed and visualized based on LFQ using
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the R package ‘DEP’ in R software (version 3.5.3).

16.Public database

Public databases were utilized for data extraction and analysis to assess the
correlation between GDF15 expression and clinical significance in EAC
patients. The TCGA (Esophageal Adenocarcinoma, PanCancer Atlas)
database was accessed and downloaded from cBioPortal?®. A total of 182
patients’ mRNA expression data with matched clinical information were
extracted, including 95 patients with ESCC and 87 patients with EAC. The
GSE26886 and GSE92396 datasets were obtained from the NCBI GEO
database?** for gene expression analysis. GSE26886 database provides gene
expression profiling of 20 Barrett's esophagus patients, 21 EAC patients, nine
ESCC patients, and 19 patients with normal esophageal squamous
epithelium?%®, GSE92396 database contains nine paired samples of EAC tumor
and adjacent normal tissue. The websites of the databases utilized in this study

were listed in Table 4.

Table 4. List of the public databases.
Name of database Website
https://www.cbioportal.org/study/summary?id=esc

The TCGA database
a_tcga_pan_can_atlas_2018

GSE26886 https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?a
cc=GSE26886

GSE92396 https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?a

cc=GSE92396

17.0ther reagents

Additional reagents used in this study were summarized in Table 5.

Table 5. List of other reagents.
Reagents Manufacturer Product No.
Cisplatin Hexal AG, Holzkirchen, Germany hH8716

38



Oxaliplatin

AKT inhibitor VI
HEPES 1M
Gentamicin

N-2 supplement

B-27 supplement
N-Acetyl-L-cysteine
CHIR-99021

Recombinant Human EGF
A83-01

SB202190

[Leu®] Gastrin | human
Nicotinamide

Recombinant Human Noggin
Y-27632

Accord Healthcare, Utrecht,
Netherlands

MedChemExpress, Monmouth
Junction, NJ, USA

Life Technologies Corporation, Grand
Island, NY, USA

Life Technologies Corporation, Grand
Island, NY, USA

Life Technologies Corporation, Grand
Island, NY, USA

Life Technologies Corporation, Grand
Island, NY, USA

Sigma-Aldrich, Taufkirchen, Germany
MedChemExpress, Monmouth
Junction, NJ, USA

PeproTech, Cranbury, NJ, USA
Tocris Bioscience, Bristol, UK
MedChemExpress, Monmouth
Junction, NJ, USA

Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
PeproTech, Cranbury, NJ, USA
Sigma-Aldrich, Taufkirchen, Germany

Recombinant Human FGF-10 PeproTech, Cranbury, NJ, USA

gy0776

HY-10355

15630080

15710064

17502048

17504001
A9165
HY-10182

AF-100-15
2939

HY-10295

G9145
N0636
120-10C
Y0503
100-26

18. Statistics

The experiments were performed at least in triplicate to ensure reproducibility.
Data are presented as mean * standard deviation (SD). Statistical comparisons
between groups were conducted using unpaired or paired Student's t-test, or
one-way analysis of variance (ANOVA) as appropriate. Survival analysis was
performed using the Kaplan-Meier method, and statistical differences were
evaluated using the log-rank test. Univariate and multivariate Cox regression
analyses were performed to identify risk factors associated with OS in EAC
patients. A two-sided p-value<0.05 was considered statistically significant. Data

were analyzed using GraphPad Prism software (version 9.5.0) and IBM SPSS

Statistics software (version 25, IBM Corporation, Armonk, NY, USA).
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Results

1. Network meta-analysis addresses the advantage of neoadjuvant

chemoradiotherapy in treating patients with locally advanced

esophageal cancer'®3 (Published as the first author)

Neoadjuvant chemoradiotherapy and neoadjuvant chemotherapy followed by
surgery constitute standard clinical approaches for managing patients with
locally advanced esophageal cancer'®2%. When it comes to the comparisons
between NCRT and NCT, to date, only four RCTs have directly compared these
two neoadjuvant management??’-2'0. However, the small sample sizes and
conflicting conclusions of these studies have left uncertainties regarding the
superiority of one approach over the other. Network meta-analysis is a well-
established statistical method to integrate both direct and indirect evidence and
produce comprehensive results across a network of RCTs?''. As there are
multiple RCTs comparing NCRT or NCT with surgery alone, the surgery
treatment can be utilized as a bridge to establish indirect evidence for
comparing NCRT and NCT. Therefore, we performed a network meta-analysis
to evaluate the relative effectiveness of NCRT and NCT in the management of
locally advanced esophageal cancer patients'®.

1.1. Study selection

We thoroughly searched MEDLINE, Embase, CENTRAL, and conferences for
RCTs published up to September 2021 that were comparing two or more
treatment strategies including NCRT, NCT, and surgery. A total of 1264
publications were identified at the first screening. After removing duplicates and
unmatched records based on title and abstract screening, 56 studies went
through full-text assessments, and 25 studies were included in our final analysis.
The detailed study selection procedure was shown in Figure 4a, and the

detailed included studies can be found in Fan et al'®. The analysis included
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4563 patients in total. Out of 25 included studies, only four studies directly
compared NCRT with NCT, while 13 studies compared NCRT with surgery
alone, and eight studies compared NCT with surgery alone. OS is the main

outcome of interest and was reported in all included studies.

Records identified through Emba_se(n 62_4)' Mediine (n=377), Additional records identified through conferences
and Cochrane Library (n=49) .
n=214
Total: n=1050

Removed duplicates
(- n=135

Records after duplicates removed
n=1129

Records excluded based on title and abstract
n=1073

Full-text articles assessed for eligibility
n=56

)

Eligibility

Excluded after detailed assessment*: n=32
* No survival information (n=3)

« Non-RCT/ high bias RCT (n=6)

* Perioperative chemotherapy (n=3)

* Protocol (n=1)

« Abstracts without sufficient information (n=7)

« Conference abstracts of the included studies (n=3)

o ) « Old version of the included studies with updated
One article includes 2 studies information available (n=8)
« Inseparable EGJ patients’ information in gastric
cancer study (n=1)

Articles included in meta-analysis
n=24

) |

Included

Studies included in meta-analysis
n=25

(

*: detailed tion shown in Y 3

Figure 4. The flow chart of study selection'®.

a. The flow chart of study selection.

b. Network diagrams of treatment comparisons on overall survival in all included EC
patients and ESCC and EAC subpopulations. The numbers reflect the trials that
compared the connecting treatments.

1.2. Pairwise comparison and network analysis on OS in EC patients

The network diagrams of the comparisons among three treatment strategies in
terms of OS were shown in Figure 4b. Pairwise comparison as well as network
meta-analysis were performed to compare each treatment arm. In pairwise
comparison (Figure 5a), both NCRT and NCT showed better OS than surgery
alone (HR: 0.76, 95%CI: 0.68-0.85 and HR: 0.88, 95%CI: 0.78-0.98,
respectively) while there was no difference between NCRT and NCT (HR: 0.82,
95%ClI: 0.64-1.04). The corresponding network meta-analysis revealed a
superior prognosis with NCRT compared to NCT (HR: 0.83, 95%Crl: 0.69-0.99)

and surgery alone (HR: 0.72, 95%Crl: 0.63-0.82), but found comparable OS
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between NCT and surgery (HR: 0.87, 95%Crl: 0.74-1.02) after synthesizing the

direct and indirect evidence (Figure 5b).

Study TE seTE Hazard Ratio HR 95%~-Cl Weight
Le Prise etal 1994 0.19 0.3026 —f— 121 [0.67;2.19] 3.4%
Bosset et al 1997 0.00 0.1944 +—— 1.00 [0.68;1.46] 8.2%
Urba et al 2001 -0.31 0.2162 —a1 0.73 [0.48;1.12] 6.6% b
Lee et al 2004 -0.13 0.3119 — 0.88 [0.48;1.62] 3.2%
Burmeister et al 2005 -0.12 0.1465 —- 0.89 [0.67;1.19] 14.4% Hazard Ratio (95% Crl)
Natsugoe etal 2006 -0.32 04272 ~—————— 0.73 [0.31;1.68] 1.7% i
Tepper etal 2008  -0.75 0.3728 ———=——— 047 [0.23;098] 22% Compared with $
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Mariette etal 2014 -0.02 0.1952 —— 0.98 [0.67;1.44] 8.1% 0.6 1 2
Shapiro etal 2015 -0.37 0.1322 o 0.69 [0.53;0.89) 17.7%
Yang et al 2018 -0.42 0.1523 — 0.66 [0.49;0.89] 13.4%
: Hazard Ratio (95% Crl)
Fixed effect model - 0.76 [0.68; 0.85] 100.0% .
Heterogeneity: /? = 32%, 1 = 0.0196, p = 0.13 Compared with NCT
05 1 2 NCRT —o— 0.83 (0.69, 0.99)
Favours NCRT Favours S S 1.1(0.98, 1.3)
0.6 1 2
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Figure 5. Pairwise comparison and network meta-analysis on overall survival

in esophageal cancer patients’®3.

a. Pairwise comparisons of NCRT and surgery, NCT and surgery, and NCRT and NCT on
OsS.

b. Network meta-analysis of NCRT and surgery, NCT and surgery, and NCRT and NCT
on OS. Bold text indicates a statistically significant difference.

In summary, our analysis highlights the significance of neoadjuvant
chemoradiotherapy in managing esophageal cancer patients. Therefore,
understanding the molecular mechanisms of chemotherapy/radiotherapy
resistance is crucial and may provide valuable pre-clinical insights that could
ultimately benefit patients. The comprehensive network meta-analysis,
encompassing comparisons of disease-free survival (DFS), subgroup analyses
within the ESCC and EAC subpopulations, evaluations of short-term outcomes,
and sensitivity analyses involving literature published after the year 2000, has

been presented in detail in our publication’®3. Due to the limited availability of
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RCTs for EAC data extraction and the high heterogeneity observed in the
comparison arms of NCRT versus surgery alone (1°=80%, p<0.01) in the EAC
subgroup, treatment recommendations specific to EAC were not formulated.
Nevertheless, we strongly advocate the need for additional RCTs to explore

different therapeutic strategies in EAC patients.

2. Generation and validation of EAC CAFs derived from primary tumor

samples of EAC patients

CAFs are the key components within the tumor microenvironment and are
involved in tumorigenesis and tumor progression in various types of cancers
including EC®%4212213_ CAFs have been identified as key players in conferring
treatment resistance to EC cells®»°'. Therefore, we established EAC CAFs from
EAC primary patient tissues to investigate the crosstalk between CAFs and
EAC cells. We aim to gain insights into the molecular mechanisms underlying

CAF-mediated resistance to multiple treatments in EAC.

Table 6. Characteristics of the EAC patients for EAC CAFs included in this study.

TBEGO TBEG3 TBO1657 CAF2304 CAF2765
Age 50 57 57 81 70
Gender Female Male Male Male Female
Sample source Biopsy Biopsy Operation Operation Operation
Pathology EAC EAC EAC EAC EAC
Treatment status at After neoadjuvant

Untreated Untreated Untreated Untreated

sample collection treatment
Treatment strategy = CROSS+surgery CROSS+surgery FLOT+surgery Surgery Surgery
Neoadjuvant

Minor Major Minor
therapy response
TNM stage ypT3N2MO ypT3N1MO ypT4aN3MO pT2N1MO pT3N2MO

We took both biopsy samples from endoscopy and samples after the operation
to generate EAC CAFs. More than 30 CAFs were established during my study
period and five CAFs were used for quality evaluation in this study, with TBE63
and TBEG60 derived from endoscopic biopsies, while TBO1657, CAF2304, and

CAF2765 were obtained during surgical procedures. Of these, only TBO1657
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had received neoadjuvant FLOT treatment before surgical resection, while the
rest were untreated prior to surgery. The clinical information of EAC patients for

EAC CAFs included in this study were summarized in Table 6.

OE33 TBE60 TBEG63

aSMA
DAPI

Relative expression

Pan-CK
DAPI

Relative expression

TBO1657 CAF2304 CAF2765

aSMA
DAPI

Relative expression

Vimentin

Pan-CK
DAPI

Relative expression

L F K

Figure 6. Validation of EAC CAFs.
a. The IF staining of epithelial marker Pan-CK, fibroblast marker «SMA, and DAPI in EAC

cell line OE33 and different EAC CAFs TBE60, TBE63, TBO1657, CAF2304, and
CAF2765. OE33 is positively expressed of Pan-CK but negatively expressed of aSMA,
while all the CAFs are positively expressed of aSMA but not Pan-CK. Scale bar: 50um.

b. Relative mRNA expression of fibroblast markers aSMA, IL-6, PDGFRo and Vimentin
in EAC cell lines OE19 and OE33 and EAC CAFs TBEGO, TBE63, TBO1657, CAF2304
and CAF2765. Data are represented as mean + SD.

We validated EAC CAFs using fibroblast-related markers aSMA, IL-6, PDGFRa,

and vimentin as well as epithelial marker Pan-CK. The IF staining showed that
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all five CAFs were aSMA positive but Pan-CK negative whereas EAC tumor
cell line OE33 served as a control that was positively expressed of Pan-CK but
negatively expressed of aSMA (Figure 6a). Besides, we compared the mRNA
expression levels of fibroblast-related markers in our CAFs and EAC tumor cell
lines OE33 and OE19, and the results showed that aSMA, IL-6, PDGFRa, and
vimentin were expressed diversely in CAF cell lines but not expressed in OE33
and OE19 (Figure 6b).

Taken together, we successfully established EAC CAFs from different EAC
patients. The distinct expression profiles indicated a notable heterogeneity

among EAC CAFs.

3. EAC CAFs promote EAC cell proliferation and treatment resistance in

vitro

3.1. EAC CAFs promote EAC cell proliferation in vitro

To explore the interaction between EAC cells and EAC CAFs in tumor
microenvironments in vitro, a transwell co-culture set-up was used (Figure 7a).
CAFs were seeded into the 6-well plate whereas EAC cells were seeded on the
0.4um pore size transwell insert to create a physical barrier between the two
cell types. Following a seven-day co-culture period, EAC cells were collected
and subsequently subjected to functional analyses.

EAC cells OE33 and OE19 showed enhanced cell proliferation ability as
compared to the control after co-cultured with two different EAC CAFs (TBEG0
and TBEG63) in the shared medium for seven days (Figure 7b). The mean
relative cell proliferation on day 6 compared to day 0 exhibited values of 28.90
+ 4.23 for OE33, 43.47 + 8.84 for OE33 co-cultured with TBE63, and 47.59 *
0.41 for OE33 co-cultured with TEB60. Similarly, the mean relative cell
proliferation on day 6 compared to day O recorded values of 11.64 + 2.03 for
OE19, 33.12 + 8.92 for OE19 co-cultured with TBE63 and 21.50 + 3.56 for
OE19 co-cultured with TEBG0.
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Figure 7. EAC CAFs promote EAC cell proliferation in vitro.

a. Transwell co-culture setup of co-culturing EAC cell lines with EAC CAFs.

b. Cell proliferation assay shows that both EAC CAFs TBE60 and TBE63 promote OE33
and OE19 cells cell proliferation in vitro. Data are represented as mean = SD. Paired
t-test, *p<0.05, **p<0.01.

3.2. ECA CAFs promote EAC chemoresistance in vitro

Cisplatin and Oxaliplatin are two key chemotherapeutic drugs that are wildly
used to treat esophageal cancer patients. Using the same transwell co-culture
setup, we found that OE33 and OE19 were more resistant to cisplatin and
oxaliplatin treatment in vitro after co-culture with TBE60 and TBE63 for seven
days (Figure 8a, 8b). The IC50 values after 48 hours of cisplatin treatment were
as follows: 1.9uM for OE33, 2.4uM for OE33 after co-culture with TBE63, 3.1uM
for OE33 after co-culture with TBE60, 11.3uM for OE19, 22.7uM for OE19 after
co-culture with TBE63, and 17.3uM for OE19 after co-culture with TBEGO.
Similarly, oxaliplatin treatment resulted in 1IC50 values of 8.1uM for OE33,
14.0uM for OE33 after co-culture with TBEG3, 14.2uM for OE33 after co-culture
with TBE60, 39.3uM for OE19, 54.1uM for OE19 after co-culture with TBE63,
and 63.4uM for OE19 after co-culture with TBEGO.

We further validated enhanced EAC cell chemoresistance using apoptosis
assay. Consistently, OE33 and OE19 showed significantly lower percentages
of apoptotic cell populations after co-culture with EAC CAFs when exposed to
cisplatin treatment (3uM and 30uM, respectively) for 48 hours (Figure 8c, 8d).
The average apoptotic cell percentages were as follows: 56.57% £ 5.09% for

OE33, 46.46% * 2.26% for OE33 co-cultured with TBE63, and 26.69% * 1.34%
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for OE33 co-cultured with TEBG0, following 48 hours of 3uM cisplatin treatment.
Similarly, after 48 hours of 30uM cisplatin treatment, the mean apoptotic cell
percentages were 16.90% + 0.21% for OE19, 13.78% % 0.92% for OE19 co-
cultured with TBE63, and 14.86% % 0.69% for OE19 co-cultured with TEBG60.
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Figure 8. EAC CAFs promote EAC chemoresistance in vitro.

a. Cell viability assay shows that OE33 is more resistant to cisplatin and oxaliplatin
treatment in vitro after co-culture with two different EAC CAFs TBE60 and TBE63. Data
are represented as mean + SD.

b. Cell viability assay shows that OE19 is more resistant to cisplatin and oxaliplatin
treatment in vitro after co-culture with two different EAC CAFs TBEG0 and TBE63. Data
are represented as mean + SD.
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C.

Apoptosis assay shows that after co-culture with two different EAC CAFs TBE60 and
TBE63, OE33 has fewer apoptotic populations after 48 hours of 3uM cisplatin
treatment in vitro. Data are represented as mean = SD. Unpaired t-test, *p<0.05,
***p<0.001, ****p<0.0001.

Apoptosis assay shows that after co-culture with two different EAC CAFs TBE60 and
TBE63, OE19 has fewer apoptotic populations after 48 hours of 30uM cisplatin
treatment in vitro. Data are represented as mean £ SD. Unpaired t-test, ns: p>0.05,
*p<0.05, **p<0.01.

3.3. EAC CAFs promote EAC radioresistance in vitro

To explore the radiotherapy sensitivity of OE33 and OE19 with and without co-

culture with TBE60 and TBEG3, cells were exposed to ionizing radiation in vitro

and apoptosis analyses were performed 48 hours after the radiation. The

results showed enhanced resistance to ionizing radiation of EAC cells after co-

culture with EAC CAFs with significantly fewer apoptotic cell populations in the

co-culture groups as compared to the control groups (Figure 9a, 9b).
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Figure 9. EAC CAFs promote EAC radiotherapy resistance in vitro.

a.

Apoptosis assay shows that after co-culture with two different EAC CAFs TBE60 and

TBEG63, OE33 has fewer apoptotic populations 48 hours after exposure to 8Gy ionizing

radiation in vitro. Data are represented as mean + SD. Unpaired t-test, ns: p>0.05,

**p<0.01, ***p<0.001.

Apoptosis assay shows that after co-culture with two different EAC CAFs TBE60 and

TBE63, OE19 has fewer apoptotic populations 48 hours after exposure to 16Gy
48



ionizing radiation in vitro. Data are represented as mean + SD. Unpaired t-test, ns:
p>0.05, **p<0.01.

In OE33, 48 hours after exposure to 8 Gy ionizing radiation, the average
apoptotic cell percentages were as follows: 34.00% + 3.32% for OE33, 23.46%
+ 1.09% for OE33 co-cultured with TBE63, and 20.31% % 1.21% for OE33 co-
cultured with TEB60. Similarly, 48 hours after exposure to 16 Gy ionizing
radiation in OE19, the mean apoptotic cell percentages were 27.17% + 0.63%
for OE19, 22.18% + 1.34% for OE19 co-cultured with TBEG3, and 22.76% =+
0.62% for OE19 co-cultured with TEBG0.

In summary, these data suggest that EAC CAFs promote EAC cell proliferation

and treatment resistance in vitro.

4. GDF15 is involved in the crosstalk between EAC cells and EAC CAFs,
and higher expression of GDF15 predicts poor prognosis of EAC

patients

4.1. Transcriptomic analysis identifies GDF15 as a potential functional
factor in the tumor-stroma interaction

To further understand the potential molecular mechanism of the crosstalk
between EAC cells and EAC CAFs, we performed a transcriptomic analysis of
the co-culture setup.

OE33 were co-cultured with TBEG0 and TBEG3 for seven days, and both cells
with and without co-culture were subjected to high-throughput RNA sequencing
(Figure 10a). Transcriptomic analysis identified several dysregulated genes,
among which GDF15 stood out due to its opposite expression pattern in OE33
and two CAF cell lines after co-culture. GDF15 was upregulated in CAFs but
downregulated in OE33, suggesting a possible dynamic interaction between
CAFs and tumor cells (Figure 10b). We further analyzed GDF15 expression at

the single-cell level in four EAC patients from our hospital. The results showed
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that GDF15 was highly expressed in both CAFs and EAC tumor cells,

highlighting its potential role in the CAF-mediated tumor microenvironment

(Figure 10c).
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a. The workflow for RNA sequencing of transwell co-cultured cells.

b. Volcano plots showing dysregulated genes in OE33, TBE60, and TBE63 after the
seven days of transwell co-culture. The plots display the log2 fold change (x-axis)
versus the -log10 adjusted p-value (y-axis) for each gene. Genes upregulated and
downregulated are denoted in red and blue, respectively, while non-significant genes
are represented in gray. The dashed lines represent the thresholds for statistical
significance. The plot highlights several dysregulated genes, including GDF15, with an
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opposite expression pattern in OE33 cells and CAFs.

c. UMAP plots depicting the major cell types identified by single-cell RNA sequencing of
tissues from four EAC patients. GDF15 is highly expressed in both cancer cells and
fibroblasts.

4.2. Clinical relevance of GDF15 expression in EAC patients

Next, we explored the clinical significance of GDF15 in patients with
esophageal cancer using publicly available databases. Analysis of the
GSE26886 database showed that GDF 15 expressions were significantly higher
in EAC tissues as compared to ESCC, Barrett's esophagus, and squamous
epithelium (Figure 11a). Similarly, analysis of the TCGA database revealed the
higher expression levels of GDF15 in EAC patients compared to ESCC patients
(Figure 11b). Besides, we examined GDF15 expressions in individual patient
samples. We found that GDF15 expressions were significantly higher in EAC
tumor tissues than in adjacent normal tissues in the GSE92396 database
(Figure 11c). Similar results were obtained from our in-house analysis of 25
paired EAC tumor and normal tissues at the University Hospital of Cologne
(Figure 11d).
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Figure 11. Clinical significance of GDF15 in esophageal cancer.
a. GDF15 expression is significantly higher in EAC tissues as compared to ESCC,
Barrett’'s esophagus, and squamous epithelium in the GSE26886 database. Unpaired
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t-test, ns: p>0.05, *p<0.05, **p<0.01, ****p<0.0001.

b. GDF15 expression is significantly higher in EAC patients as compared to ESCC
patients in the TCGA database. Unpaired t-test, ****p<0.0001.

c. GDF15 expression is significantly higher in EAC tumor tissues as compared to
adjacent normal tissues in the GSE92396 database. Paired t-test, ***p<0.001.

d. GDF15 expression is significantly higher in EAC tumor tissues as compared to
adjacent normal tissues in 25 paired EAC tumor and normal tissues from the University
Hospital of Cologne. Paired t-test, **p<0.01.

e. High levels of GDF15 expression are associated with a trend towards poor prognosis
in both EC patients and the ESCC subpopulation from the TCGA database, but without
statistical significance (Log rank=1.708, p=0.1912 for EC patients, and log rank=2.293,
p=0.130 for ESCC subpopulation). High levels of GDF15 expression are significantly
associated with reduced overall survival in EAC patients from the TCGA database (Log
rank=5.022, p=0.025).

We further investigated the association of GDF15 expression with the prognosis
of EC patients using the TCGA database. As shown in Figure 11e, high levels
of GDF15 expression were observed to be associated with a trend towards poor
prognosis in both EC patients and the ESCC subpopulation but without
statistical significance (Log rank=1.708, p=0.1912, and log rank=2.293,
p=0.130, respectively). In the EAC subpopulation, high levels of GDF15
expression were significantly associated with reduced overall survival (Log
rank=5.022, p=0.025), suggesting a potential role for GDF15 as a prognostic
biomarker in EAC.

In summary, we identified GDF15 from in vitro EAC tumor-stroma crosstalk
using transcriptomic analysis, which showed the opposite expression patterns
between EAC cells and EAC CAFs after the transwell co-culture. We further

addressed the clinical significance of GDF15 in EAC patients.

5. GDF15 depletion in EAC tumor cells reduces treatment resistance in

vitro

To understand the role of GDF15 in the interaction of EAC and CAFs, we first
examined the GDF 15 concentration in our transwell co-culture system. In a total
of 3ml culture medium system, the supernatants were collected 48 hours after
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the co-culture for GDF15 detection. GDF15 concentrations were significantly
higher in OE19-TBE60 (514.76 + 64.38 pg/ml, p=0.0004) and OE19-TBE63
(1063.04 + 41.19 pg/ml, p<0.0001) co-cultured supernatants when compared
with control (75.22 + 21.17 pg/ml). Similarly, GDF15 concentrations were
significantly higher in OE33-TBE60 (1395.37 + 126.68 pg/ml, p=0.0011) and
OE33-TBE63 (2265.35 + 187.86 pg/ml, p=0.0002) as compared to control
(766.63 £ 24.00 pg/ml) (Figure 12a).

We then knocked down GDF15 in OE19 and OE33 cells using the short hairpin
RNA system (Figure 12b). There were no significant differences regarding cell
proliferation ability after GDF15 depletion in both OE33 and OE19 cells (Figure
12c). However, GDF15 depletion showed increased sensitivity towards
cisplatin and oxaliplatin treatment in both OE33 and OE19 cells (Figure 12d).
The IC50 values for cisplatin treatment decreased from 34.9uM to 23.3uM in
OE19 and from 2.2uM to 1.5uM in OE33 following GDF15 knockdown. The
IC50 values for oxaliplatin treatment decreased from 31.2uM to 14.4uM in
OE19 and from 8.9uM to 6.1uM in OE33 after GDF15 knockdown. Similarly,
OE19 and OE33 sh-GDF15 groups showed significantly higher percentages of
apoptotic cell populations when exposed to cisplatin treatment (30uM and 3uM,
respectively) for 48 hours, indicating a decreased treatment resistance to
chemotherapy (Figure 12e). The populations of apoptotic cells exhibited an
increase from 25.33% * 0.68% to 30.97% * 2.27% in OE19 and from 18.69%
1 1.66% to 30.40% * 2.50% in OE33 upon GDF15 knockdown.

Moreover, depletion of GDF15 resulted in increased sensitivity to ionizing
radiation in vitro, as evidenced by significantly higher apoptotic cell populations
48 hours post-radiation compared with sh-NT groups (Figure 12f). The
populations of apoptotic cells increased from 26.59% + 2.70% t0 38.43% + 2.27%
in OE19 cells following exposure to 16 Gy ionizing radiation, and from 22.58%
+ 6.11% to 33.90% % 3.27% in OE33 cells after exposure to 8 Gy ionizing

radiation upon GDF15 knockdown.
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Taken together, GDF15 depletion resulted in reduced treatment resistance in

EAC tumor cells.
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Figure 12. GDF15 depletion results in reduced treatment resistance in EAC

cells.

a. GDF15 concentrations are significantly higher in the co-culture medium in both OE33
and OE19 cells. Data are represented as mean + SD. Unpaired t-test, **p<0.01,
***p<0.001, ****p<0.0001.

b. Validation of GDF15 knockdown (sh#) and control (NT) tumor cells in gqPCR and
western blot. Relative expressions of GDF15 in knockdown and control cells are
presented in three different passages using control as the baseline. Unpaired t-test,
****p<0.0001.

c. Cell proliferation assay shows no proliferation difference after GDF15 knockdown in
both OE33 and OE19 cells. Data are represented as mean + SD. Paired t-test, ns:
p>0.05.

d. Cell viability assay shows increased sensitivity to cisplatin and oxaliplatin treatment
after GDF 15 knockdown in OE33 and OE19 cells. Data are represented as mean + SD.

e. Apoptosis assay shows increased apoptotic populations in OE19 and OE33 GDF15
knockdown cells after 48 hours of cisplatin treatment (30pM and 3uM, respectively).
Data are represented as mean + SD. Unpaired t-test, *p<0.05, **p<0.01.
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f. Apoptosis assay shows increased apoptotic populations in OE19 and OE33 GDF15
knockdown cells 48 hours after exposure to ionizing radiation (16 Gy and 8 Gy,
respectively). Data are represented as mean + SD. Unpaired t-test, *p<0.05, **p<0.01.

6. GDF15 depletion in EAC CAFs restores CAF-mediated EAC treatment

resistance in vitro

To explore the function of GDF15 in CAF-mediated treatment resistance, we

established a stable GDF15 knockdown CAF cell line TBE63 (Figure 13a).
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Figure 13. GDF15 depletion results in reduced EAC CAF-mediated treatment

resistance in the tumor microenvironment.

a. Validation of GDF15 knockdown and control CAF cell TBE63 in gPCR and western blot.
Relative expressions of GDF15 in knockdown and control cells are presented in three
different passages using control as the baseline. Unpaired t-test, ****p<0.0001.

b. Transwell co-culture setup of co-culturing EAC cell lines with GDF 15-depleted/control
TBEG3 cells. GDF15 concentrations are significantly decreased in OE19/OE33-TBE63
GDF15 knockdown co-culture medium. Data are represented as mean + SD. Unpaired
t-test, **p<0.01, ***p<0.001.

c. Cell viability assay shows increased sensitivities to cisplatin and oxaliplatin treatment
in OE33 and OE19 cells after co-culture with GDF15-depleted TBE63. Data are
represented as mean * SD.

d. Rescue assays show that adding human rGDF15 in GDF15 depletion cells further
restores the cell resistance to chemotherapy and ionizing radiation that has been
reduced by GDF15 knockdown in OE19 and OE33 cells. The apoptosis assay is
performed to determine cell sensitivity by calculating the apoptotic cell populations after
the treatment. Data are represented as mean x SD. Unpaired t-test, *p<0.05, **p<0.01.

We transwell co-cultured both OE19 and OE33 with TBE63 GDF15 depletion
cells and control cells (Figure 13b). As expected, GDF15 concentrations were
significantly decreased in the OE19-TBE63 sh-GDF15 co-culture medium
(308.62 + 46.88 pg/ml, p=0.0002) and OE33-TBE63 sh-GDF15 co-culture
medium (989.68 £ 94.34 pg/ml, p=0.0059) as compared to OE19/OE33-TBEG3
sh-NT groups (711.68 £ 21.30 pg/ml and 1512.12 £ 140.97 pg/ml, respectively)
(Figure 13b). In addition, we observed increased chemotherapy sensitivities in
OE19 and OE33 cells after co-cultured with GDF15-depleted TBE63, as shown
by decreased cell viabilities for cisplatin and oxaliplatin treatment when
compared with control (Figure 13c). Furthermore, we performed the rescue
assays by adding 50 ng/ml human rGDF15 in GDF15-depleted EAC cell culture
medium and continuously cultured them for seven days. The results revealed
that adding rGDF15 further restored the cell resistance to chemotherapy and
ionizing radiation that had been reduced by GDF15 knockdown in both OE19
and OE33 cells (Figure 13d).

Taken together, GDF15 depletion resulted in reduced EAC CAF-mediated

treatment resistance in the tumor microenvironment.
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7. Generation and validation of patient-derived tumor organoids from

EAC primary tissue'®® (Published one part of this result as the first author)

Patient-derived tumor organoids have emerged as a promising preclinical
model that represents key histopathological, genetic, and phenotypic features
of the parent tumor in vitro'8139, To date, there are limited studies using the
PDO model to study esophageal cancer. Here, we established EAC PDOs for
my doctoral research and we are proud to be one of the first groups in Germany
to utilize EAC organoids in translational research98,

The workflow for establishing EAC PDOs can be found in Figure 14a. Briefly,
following surgical resection, tumor tissues from EAC patients were minced and
subjected to enzymatic dissociation to obtain single cells. These single cells
were then seeded into ECM gel domes and cultured in a specialized EAC PDO
medium containing Wnt-3A, R-Spondin1, and human EGF to support tumor cell
growth in a 3D dimension. One typical example of organoids formation from
single cells was illustrated in Figure 14b.

We further validated EAC PDOs by comparing the morphology and pathological
features with paired tissues using Hematoxylin-eosin (H&E) staining and IHC
staining. EAC PDOs shared similar expression patterns of epithelial marker
Pan-CK and cell proliferation marker Ki67 with paired tissues. We included
aSMA, a fibroblast marker, as a negative control showing positive expression
in paired tissues but not in PDOs, indicating the absence of contaminating
fibroblasts in our tumor organoids (Figure 14c).

Efficient propagation of the EAC PDOs is crucial for subsequent experimental
applications. We found that EAC PDOs can be subcultured and cryopreserved
with and without single-cell digestion. As shown in Figure 14d, EAC PDOs could
be subcultured effectively either with or without single-cell digestion when they
reached confluency. Here, as a part of my doctoral research, we introduced a
visual protocol to standardize routine maintenance and propagation of EAC

PDOs, providing a guide for researchers to choose appropriate methods based
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on their specific research interests'®%,
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Figure 14. Generation and validation of EAC patient-derived tumor organoids.

a. A workflow of establishing EAC PDOs from EAC patient primary tissues.

b. The phase-contrastimages demonstrate the process of EAC organoids formation from
single cells over the days. Scale bar: 200um.

c. Histological comparison of EAC PDOs and paired patient tissues. The figure includes
a phase-contrast image of compact PDOs, as well as H&E staining and IHC staining
for the epithelial maker Pan-CK, cell proliferation marker Ki67, and fibroblast marker
aSMA in both PDOs and tissues. Scale bar: 50um.

d. The phase-contrast images demonstrate morphological characteristics of EAC PDOs
subculture with and without single-cell digestion over the days. It demonstrates that
EAC PDOs can be subcultured effectively either with or without single-cell digestion
when they reach confluency. Scale bar: 100um?8,

8. The 3D organoids model confirms the enhanced EAC PDO treatment
resistance through paired EAC CAFs co-culture and rGDF15

supplement

To study the tumor-stroma interactions using the EAC PDO model, we have
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established EAC PDOs with paired CAFs from the same patient’s tissue and

performed a dome co-culture system as well as a transwell co-culture system

(Figure 15).

EAC patient's primary tissue

Transwell co-culture

(% (lé; >

Dome co-culture Transwell co-culture

1
1

1

CAFs PDOs CAFs PDOs '
Pl 1

1

1

1

Figure 15. Aworkflow of establishing EAC PDOs and EAC CAFs from the same
patient’s tissue for dome-based co-culture and transwell-based co-culture.

In the dome co-culture system, paired EAC CAFs were seeded into separate
ECM gel domes within the same plate and grown in the same culture medium
as EAC PDOs, which allowed EAC PDOs to be harvested without
contamination by CAFs, enabling further experiments to study the organoids.
In the transwell co-culture system, following the approach used in 2D cell co-
culture, CAFs were seeded on the bottom of the plate, while EAC PDOs were
embedded in ECM gels and cultured on the 0.4um pore size transwell insert.

Example images captured under a phase contrast microscope of these two co-

59



culture systems were shown in Figure 15.
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Figure 16. The 3D organoids model confirms the enhanced EAC PDO
treatment resistance through paired EAC CAFs co-culture and rGDF15
supplement.

a. Growth kinetics of EAC PDOs with and without dome-based co-culture of paired CAFs
and with human rGDF 15 protein supplement. PDO sizes are tracked under an ECHO
Rebel microscope, and the corresponding areas of PDOs are measured and digitized
using ECHO pro (v6.4.1) software. Scale bar: 200um.

b. Growth kinetics of EAC PDOs with and without dome-based co-culture of paired CAFs
and with human rGDF15 protein supplement. The sizes of 70 individual PDOs from
each group are measured, revealing a time-dependent increase that is significantly
higher in the co-culture group than in the control group. There is no significant
difference in size between the rGDF15 and control groups. Data are represented as
mean = SD. Paired t-test, ns: p>0.05, *p<0.05, ****p<0.0001.

c. Cell viability assay reveals that co-culturing EAC PDOs with paired CAFs or culturing
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EAC PDOs in the human rGDF15 protein supplement organoids medium results in
decreased sensitivity to cisplatin treatment, as compared to the control group.

d. GDF15 concentrations are significantly higher in the co-culture medium as compared
to the control medium in the transwell co-culture system of EAC PDOs and paired
CAFs. Data are represented as mean £ SD. Unpaired t-test, *p<0.05.

e. Growth kinetics of EAC PDOs with and without the transwell co-culture of paired CAFs.
PDO sizes are tracked under an ECHO Rebel microscope, and the corresponding
areas of PDOs are measured and digitized using ECHO pro (v6.4.1) software. The
sizes of 15 individual PDOs from each group are measured, revealing a time-
dependent increase that is significantly higher in the co-culture group than in the control
group. Scale bar: 200um. Data are represented individually. Paired t-test, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

In line with the 2D culture results, paired CAFs promoted EAC PDO cell
proliferation in both dome coculture system (Figure 16a, 16b) and transwell co-
culture system (Figure 16e). For dome-based coculture, 70 organoids from
each co-culture group and control group were measured by size and
individually tracked for 11 days. For transwell co-culture, due to the limited
space in the transwell chamber, only 15 organoids from each group were
monitored. In addition, EAC PDOs showed enhanced cisplatin resistance after
being co-cultured with paired CAFs for two weeks in the dome coculture system
(Figure 16¢). We did not perform the drug sensitivity assay in the transwell co-
culture system due to the limited number of PDO cells harvested from the
chamber.

We further tested the GDF15 concentration in the transwell co-culture system.
The supernatants were collected 72 hours after the co-culture in a total of 4 ml
culture medium. Consistently, GDF15 concentrations were significantly higher
in the co-culture medium as compared to control (4876.38 + 133.50 pg/ml vs.
3035.36 + 747.91 pg/ml, p=0.0137) (Figure 16d). However, the addition of
human rGDF15 protein to the PDO culture medium did not enhance PDO cell
proliferation (Figure 16a, 16b). As to treatment resistance, PDOs after two
weeks of culturing in the medium with rGDF15 supplement showed enhanced
cisplatin resistance compared to control (Figure 16c).

Collectively, the 3D PDO model validated the findings from 2D cell line
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experiments that EAC CAFs promote EAC cell treatment resistance with the

involvement of GDF15 as one of the contributing factors.

9. GDF15 depletion results in impaired mitochondrial function in EAC

cells

To explore the molecular mechanisms underlying the effects of GDF15 on EAC
cells, we utilized proteomics analysis to investigate the impact of GDF15
knockdown on the EAC cell proteome. Cells from OE33 sh-NT, OE33 sh-
GDF15, and OE33 sh-GDF15 with 50 ng/ml rGDF15 treatment for seven days

were collected for proteomics analysis.
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Figure 17. Proteomics analysis of OE33 cells with GDF15 depletion.

a. The quality control of protein omics data. Numbers of proteins of each group with three
biological replicants are shown on the left panel and principal component analysis
(PCA) is shown on the right panel. More than 4000 proteins are identified in each
sample and distinct protein expression profiles are achieved among the experimental
groups.

b. Volcano plots showing dysregulated proteins in OE33 sh-NT, OE33 sh-GDF15, and
OE33 sh-GDF 15 plus 50ng/ml rGDF 15 treatment for seven days. The plots display the
log2 fold change (x-axis) versus the -log10 p-value (y-axis) for each protein. Proteins
upregulated and downregulated are denoted in red and blue, respectively, while non-
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significant genes are represented in gray. The dashed lines represent the thresholds
for statistical significance.
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Figure 18. Pathway enrichment analysis links GDF15 to mitochondrial function

in EAC cells.

a. Gene Ontology (GO) analysis results of differentially expressed proteins in the OE33
sh-NT group and the OE33 sh-GDF15 + rGDF 15 group as compared to the OE33 sh-
GDF15 group. Each bar represents a specific pathway, with the length of the bar
corresponding to the log2 (odds ratio) for the enrichment when compared with the
OE33 sh-GDF15 group. The color of the bar indicates the degree of significance, with
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lighter colors indicating higher significance. The most enriched categories in our
comparison were related to mitochondrial metabolism, including mitochondrial
respiratory chain complex, mitochondrial electron transport, and mitochondrial
translation.

b. Gene Set Enrichment Analysis (GSEA) of differently expressed proteins in OE33 sh-
NT and OE33 sh-GDF15 groups. The y-axis represents the enrichment score, and
the x-axis represents the rank of the genes. The normalized enrichment score (NES)
and the corresponding p-value are indicated in the upper right corner of the plot.
Reactive oxygen species, oxidative phosphorylation, mitochondrial gene expression,
and translation were significantly enriched in the OE33 sh-NT group.

c. Gene Set Enrichment Analysis (GSEA) of differently expressed proteins in GDF15
high expression group and GDF15 low expression group in EAC patients from the
TCGA database. The y-axis represents the enrichment score, and the x-axis
represents the rank of the genes. The NES and the corresponding p-value are
indicated. Mitochondrial function and mitochondrial homeostasis related pathways
are enriched in GDF15 high expression group.

The sample quality control showed that more than 4000 proteins were detected
in each measured sample and distinct protein expression profiles were
achieved among the experimental groups (Figure 17a). A total of 865 significant
differentially expressed proteins were identified in the OE33 sh-GDF15 group
as compared to control where 46 proteins showed a fold change greater than
two. Additionally, treatment with rGDF15 significantly enriched 459 proteins in
OE33 sh-GDF15 cells, of which 31 proteins exhibited a fold change greater
than two (Figure 17b).

The Gene Ontology (GO) analysis of differentially enriched proteins in the OE33
sh-NT group and the OE33 sh-GDF15 + rGDF15 group as compared to the
OE33 sh-GDF15 group revealed a strong association with mitochondrial
metabolism, including mitochondrial respiratory chain complex, mitochondrial
electron transport, and mitochondrial translation (Figure 18a). Consistently,
Gene Set Enrichment Analysis (GSEA) significantly enriched mitochondrial
metabolism-related pathways in the OE33 sh-NT group, including reactive
oxygen species, oxidative phosphorylation, mitochondrial gene expression, and
translation (Figure 18b). Furthermore, we utilized the TCGA database for

external validation and conducted GSEA analysis on the high and low GDF15
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expression groups in EAC patients shown in Figure 11e. Consistent with the
proteomics analysis, data extracted from the TCGA database showed that the
GDF15 high expression group exhibited significant positive correlations with
mitochondrial oxidative phosphorylation as well as mitochondrial homeostasis

in EAC patients (Figure 18c).

a Oligomycin FCCP  Rotenone 0.5 uM + b Oligomycin FCCP  Rotenone 0.5 uM +
25uM 1pM  Antimycin A 0.5 uM 25uM 1pM  Antimycin A 0.5 pM
7 29 - OEX® B : : ; —— OE19 control
= =]
S 2001 —e— OE33-TBE63 g —e OE1963
8 —e— OE33-TBE63 + AKTi g —e— OE1963 AKTi
E 150 z
3 100 £
£ [}
s 13
- o
50 2
% ©
8 o
° r ey L . o . " " .
0 20 40 60 80 0 20 40 60 80
Time (minutes) Time (minutes)
— 250 150 -
B « OE33 g e « OE19
S 2004 2 « OE33-TBE63 K +  OE19-TBE63
] © ORTBEG3+AKTI  § *  OE19-TBE63 + AKTi
T 150 T
L e £
e 2 Al e 2
s 50 0 wxx =3
il oIl 8
<) ! A A m AL fl )
'b‘\é‘ & & 5 E
N & & S &
R & 5° S &
& & © < )
N N Q S
2 2 >
4 «©
qu
«"Q‘
2
C Oligomycin FCCP  Rotenone 0.5uM + d Oligomycin FCCP  Rotenone 0.5 uM +
254 14M  Antimycin A 0.5 M 25 UM Antimycin A 0.5 M
3 : : H -»- OE33NT E} -e~ OE19NT
s - OE33sh# s - OE19 sh#
a a
[} —+— OE33 NT +cis o —o~ OE19 NT +cis
c . c .
H * OE33 sh# + cis H *- OE19 sh# + cis
‘:’ 3
s g
5 g
° e o — 1 o T i -
0 20 40 60 80 0 20 40 60 80
Time (minutes) Time (minutes)
300 KRk K 150
. S « OE33NT _ « OE19NT
) M o
§ +  OE33sh# § «  OE19sh#
5 +  OE33NT+cis g 100 . « OE19NT+cis
£ - OEsysh+cs  f * . OE19sh#+dcis
H i
g g e
o 9

N
e”gﬁ

Figure 19. GDF15 depletion results in impaired mitochondrial function in EAC

cells.

a. Seahorse XF cell mitochondrial stress test shows the real-time oxygen consumption
rate (OCR) of OE33, OE33 after co-culture with TBE63 for seven days and the same
OE33-TEB63 co-culture setup with consistently 1uM AKT inhibitor VIII (AKTi)
supplement. Cells are sequentially treated with 2.5uM oligomycin, 1uM carbonyl
cyanide-p-trifluoromethoxy phenylhydrazone (FCCP), and a combination of 0.5uM
rotenone and 0.5uM antimycin A. Data are represented as mean = SD. Unpaired t-test,
***p<0.001, ****p<0.0001.

b. Seahorse XF cell mitochondrial stress test shows the real-time OCR of OE19, OE19
after co-culture with TBE63 for seven days and the same OE19-TEB63 co-culture
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setup with consistently 1uM AKTi supplement. Cells are sequentially treated with
2.5uM oligomycin, 1M FCCP, and a combination of 0.5uM rotenone and 0.5uM
antimycin A. Data are represented as mean + SD. Unpaired t-test, *p<0.05, **p< 0.01,
***p<0.001, ****p<0.0001.

c. Seahorse XF cell mitochondrial stress test shows the real-time OCR of OE33 sh-NT
and OE33 sh-GDF15 groups with and without 3uM cisplatin treatment for 24 hours.
Cells are sequentially treated with 2.5uM oligomycin, 1uM FCCP, and a combination
of 0.5uM rotenone and 0.5uM antimycin A. Sh-GDF15 groups show significantly
decreased OCR than sh-NT groups both in basal conditions and under cisplatin
treatment-induced stress. Data are represented as mean +* SD. Unpaired t-test,
*p<0.05, ***p<0.001.

d. Seahorse XF cell mitochondrial stress test shows the real-time OCR of OE19 sh-NT
and OE19 sh-GDF15 groups with and without 30uM cisplatin treatment for 24 hours.
Cells are sequentially treated with 2.5uM oligomycin, 1uM FCCP, and a combination
of 0.5uM rotenone and 0.5uM antimycin A. Sh-GDF15 groups shows decreased OCR
than sh-NT groups both in basal conditions and under cisplatin treatment-induced
stress. Data are represented as mean + SD. Unpaired t-test, *p<0.05.

Based on the compelling evidence linking GDF15 to mitochondrial function
through pathway enrichments, we conducted the Seahorse XF cell
mitochondrial stress test, which monitors real-time OCR in live cells.

Following a seven-day co-culture with EAC CAFs, both OE33 and OE19 cell
lines exhibited notable improvements in mitochondrial function, as evidenced
by significant enhancements in basal respiration, maximal respiration,
mitochondrial ATP production, and spare respiratory capacity (Figure 19a, 19b).
To assess mitochondrial function in GDF15-depleted cells, we monitored the
real-time OCR in OE33 and OE19 sh-NT and sh-GDF15 cells with and without
cisplatin treatment for 24 hours. Our findings revealed a significant reduction in
basal respiration in the sh-GDF15 groups compared to the sh-NT groups,
indicating impaired mitochondrial function (Figure 19c, 19d). Additionally, the
sh-GDF15 groups exhibited decreased maximal respiration, mitochondrial ATP
production, and spare respiratory capacity, suggesting compromised
mitochondrial energy production (Figure 19c, 19d). These observations were
consistent after exposing cells to cisplatin treatment for 24 hours, further

confirming the detrimental effect of GDF15 depletion on mitochondrial
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dysfunction under treatment-induced stress.

Taken together, our findings highlighted the significance of EAC CAFs in
promoting mitochondrial function within EAC cells. Notably, the depletion of
GDF15 in EAC cells adversely affected mitochondrial function, leading to

compromised energy metabolism.

10.GDF15 depletion attenuates AKT pathway activation in EAC cells

To explore the underlying signaling pathways associated with CAF/GDF15-
mediated treatment resistance, we conducted the KEGG pathway enrichment
analysis using the transcriptomic data previously described (Figure 10a, 10b).
Here, several common pathways were enriched in OE33 cells following the co-
culture of both TBE60 and TBEG63 CAFs, including MAPK signaling pathway,
PI3K-AKT signaling pathway, cellular senescence, cell cycle, apoptosis, and

TNF signaling pathway (Figure 20a, 20b).
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Figure 20. The KEGG pathway enrichment analysis of OE33 after co-cultured

with TBE60 and TBE63 CAFs.

a. KEGG pathway enrichment of OE33 after co-cultured with TBE60. Each dot represents
a specific pathway, and its position and size indicate the proportion and count of genes
associated with a particular pathway. The color of the bar indicates the degree of
significance.

b. KEGG pathway enrichment of OE33 after co-cultured with TBE63. Each dot represents
a specific pathway, and its position and size indicate the proportion and count of genes
associated with a particular pathway. The color of the bar indicates the degree of
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significance.

Dysregulation of the AKT pathway has been implicated in various critical
cellular processes such as proliferation, survival, apoptosis, metabolism,
differentiation, and motility>*. In cancer cells, AKT activation has been
recognized as a key mechanism in mediating treatment resistance, enabling
tumor cells to evade the effects of chemotherapy, targeted therapies, and
radiation?'52'6, Therefore, we were particularly interested in exploring its
potential role in our experimental system. We assessed the activation status of
the AKT pathway by analyzing the protein expression levels of phosphorylated

AKT (p-AKT) and total AKT using western blotting.
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Figure 21. GDF15 depletion attenuates AKT pathway activation in EAC cells.

a. Immunoblot analysis shows the levels of phosphorylated AKT (p-AKT) in OE33 and
OE19 cells with and without TBE60 and TBE63 CAFs co-culture. Increased levels of
p-AKT are observed in OE33 and OE19 after co-culture with TBE60 and TEB63 CAFs,
which can be inhibited by a consistent supplement of 1uM AKT inhibitor VIII (AKTi).
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b. Immunoblot analysis shows the levels of p-AKT in OE33 and OE19 cells with TBE63
sh-NT and TBE63 sh-GDF15 co-culture. Decreased levels of p-AKT are observed in
OE33 and OE19 after co-culture with TBE63 sh-GDF15 CAFs.

c. Immunoblot analysis shows the levels of p-AKT in OE33 and OE19 cells with and
without GDF15 depletion. GDF15 depletion results in reduced p-AKT levels in OE33
and OE19 cells, and this effect is further enhanced upon cisplatin treatment.

The results showed increased levels of p-AKT in both OE33 and OE19 cells
after co-culture with TBE60 and TBEG63, indicating the activation of the AKT
pathway mediated by CAFs (Figure 21a). Besides, we observed decreased p-
AKT levels when OE33 and OE19 cells were co-cultured with GDF15-depleted
TBEG3 CAFs, suggesting that GDF15 played a partial role in CAF-mediated
AKT activation (Figure 21b). Moreover, GDF15 depletion in both OE33 and
OE19 cells resulted in reduced AKT pathway activation, which was further
accentuated upon treatment with cisplatin, suggesting the contribution of
GDF15 to the partial activation of the AKT pathway in EAC cells (Figure 21c).
We further investigated the impact of AKT pathway inhibition using a consistent
supplement of 1uM AKTi in our co-culture setup. Successful inhibition of the
AKT pathway was achieved in both OE33 and OE19 cells upon AKTi treatment
(Figure 21a). Notably, deactivation of the AKT pathway resulted in a reduction
in the mitochondrial function that had been enhanced by co-culturing with CAFs
(Figure 19a, 19b), suggesting that CAFs partially activated mitochondrial
functions through the AKT pathway.

11. High serum GDF15 concentration after the CROSS treatment predicts

poor overall survival in EAC patients

Following the landmark CROSS trial in 20128, the CROSS regimen, consisting
of weekly administration of carboplatin and paclitaxel for five weeks and
concurrent radiotherapy in a total of 41.4 Gy, has become the standard
neoadjuvant chemoradiotherapy strategy in the management of locally

advanced esophageal cancer worldwide.
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We retrospectively reviewed the surgical biobank from the University Hospital
of Cologne and identified a consecutive series of 55 EAC patients who had
available serum samples collected before and after undergoing the CROSS
treatment between January 2017 and December 2020. These paired serum
samples were then selected for GDF15 concentration measurement. The mean
serum GDF15 concentration before the CROSS treatment was 938.5
341.7pg/ml. Following the CROSS treatment, a significant increase in GDF15
serum concentration was observed, with a mean value of 1672 + 742.1pg/ml

(p<0.0001, Figure 22a).
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Figure 22. Clinical significance of serum GDF15 concentration in EAC patients.

a. Paired serum GDF15 concentration before and after the CROSS treatment in 55 EAC
patients. Serum GDF15 is significantly higher after the CROSS treatment. Paired t-test,
****p<0.0001.

b. Survival analysis of serum GDF15 high group and serum GDF15 low group that are
divided according to the GDF15 concentrations before the CROSS treatment. There is
no significant difference between the serum GDF15 high group and the serum GDF15
low group regarding overall survival in EAC patients (Log rank=0.028, p=0.868).

c. Survival analysis of serum GDF15 high group and serum GDF15 low group that are
divided according to the GDF15 concentrations after the CROSS treatment. High levels
of serum GDF15 concentration are significantly associated with reduced overall
survival in EAC patients (Log rank=6.327, p=0.012).

Among 55 EAC patients with serum GDF15 concentration measurements,
complete clinical and follow-up information were accessible for 46 patients.
Based on the GDF15 concentration, patients were divided into GDF15 low and

GDF15 high groups before and after undergoing the CROSS treatment. The
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detailed patient characteristics were summarized in Table 7. Before the CROSS
treatment, there were 24 patients categorized as GDF15 low (Mean £ SD: 708.1
+ 161.0pg/ml) and 22 patients categorized as GDF15 high (Mean £ SD: 1183 +
183.5pg/ml). After the CROSS treatment, the GDF15 low group consisted of 28
patients (Mean + SD: 1233.5 + 285.8pg/ml), while the GDF15 high group

+

comprised 18 patients (Mean = SD: 2385.4 + 736.3pg/ml). No significant
differences were found between the GDF15 low group and the GDF15 high
group regarding age (p=0.220 before CROSS, p=0.980 after CROSS), gender
(p=0.702 before CROSS, p=0.917 after CROSS), BMI (p=0.294 before CROSS,
p=0.766 after CROSS), ypT stage (p=0.211 before CROSS, p=0.379 after
CROSS), and ypN stage (p=0.563 before CROSS, p= 0.280 after CROSS).
However, patients with high serum GDF15 concentrations at diagnosis, but not
after the CROSS treatment (p=0.221), tended to have minor/partial responses
to CROSS treatment compared to the low serum GDF15 group (59.1% vs.
30.4%, p=0.053).

Table 7. Comparison of patient characteristics in serum GDF15 low group and
high group before and after the CROSS treatment.

Before CROSS (n=46) After CROSS (n=46)
GDF15low  GDF15 high P GDF15 low GDF15 high P
(n=24) (n=22) (n=28) (n=18)

GDF15 (pg/ml), mean+SD 708.1£161.0 1183+£183.5  <0.0001 1233.5+2858 23854 +736.3 <0.0001

Age (years), meantSD 61.5+8.7 64.7+9.4 0.220 63.1+7.2 63.0+11.7 0.980
Gender, n (%) 0.702 0.917
Male 19 (79.2) 19(86.4) 23 (82.1) 15 (83.3)
Female 5(20.8) 3(13.6) 5(17.9) 3(16.7)
BMI 26.6+4.8 28.0x4.4 0.294 271+47 27.5+4.6 0.766
Response* 0.053 0.221
Minor/Partial 7 (30.4) 13 (59.1) 10 (37.0) 10 (55.6)
Major/Complete 16(69.4) 9 (40.9) 17 (63.0) 8 (44.4)
ypT, n (%) 0.211 0.379
TO-1 12 (50.0) 7(31.8) 13 (46.4) 6 (33.3)
T2-3 12 (50.0) 15 (68.2) 15 (53.6) 12 (66.7)
ypN, n (%) 0.536 0.280
NO 12 (50.0) 13 (59.1) 17 (60.7) 8 (44.4)
N1-3 12 (50.0) 9 (40.9) 11 (39.3) 10 (55.6)

*one missing data. Bold text indicates a significant difference.
71



Before the CROSS treatment, the 3-year survival rates for the GDF15 low and
GDF15 high groups were 66.7% and 65.2%, respectively. There was no
significant difference between the GDF15 low and GDF15 high groups on OS
(Log rank=0.028, p=0.868, Figure 22b). However, following the CROSS
treatment, the 3-year survival rates for the GDF15 low and GDF15 high groups
were 80.3% and 42.5%, respectively. The high serum concentration of GDF15
was significantly associated with poor OS in EAC patients (Log rank=6.327,
p=0.012, Figure 22c).

Table 8. Univariate and multivariate Cox regression analyses of prognostic
factors for overall survival in EAC patients.

Univariate analysis Multivariate analysis
HR (95%Cl) P HR (95%Cl)
Serum GDF15 before CROSS 0.863 0.426
Low 1
High 0.914 (0.331-2.523)
Serum GDF15 after CROSS 0.018
Low 1 1 0.034
High 3.506 (1.239-9.921) 3.100 (1.092-8.799)
Age 0.411
<60 1
>60 0.718 (0.260-1.980)
Gender 0.663
Female 1
Male 1.392 (0.314-6.173)
BMI 1.007 (0.896-1.133) 0.901
Response
Minor/Partial 1 0.103
Major/Complete 2.405 (0.838-6.901)
ypT 0.032 0.052
TO-1 1 1
T2-3 4.024 (1.125-14.392) 3.559 (0.991-12.784)
ypN 0.022 0.253
NO 1
N1-3 3.629 (1.200-10.974)

Bold text indicates a significant difference.

Similarly, univariate Cox regression analysis revealed that high serum

concentration of GDF 15 after the CROSS treatment (HR: 3.506, 95% CI: 1.239-
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9.921, p=0.018), higher ypT stage (HR: 4.024, 95% CI: 1.125-14.392, p=0.032),
and higher ypN stage (HR: 3.629, 95% CI: 1.200-10.974, p=0.022) were
significantly associated with worse OS, whereas no significant association was
found for GDF15 concentration before the CROSS treatment (HR: 0.914,
95%CI: 0.331-2.523, p=0.863) (Table 8). In the multivariate Cox regression
analysis, serum GDF15 concentration after the CROSS treatment was an
independent risk factor for OS, with high levels of serum GDF15 significantly

predicting poor OS in EAC patients (HR: 3.100, 95% CI: 1.092-8.799, p=0.034).
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Discussion

Compared with traditional meta-analysis, network meta-analysis allows
simultaneous comparison of multiple interventions and provides more precise
estimates of relative effects by incorporating both direct and indirect evidence
from multiple studies?'?'7. When it comes to the neoadjuvant treatments in
esophageal cancer, the limited direct comparisons between NCRT and NCT,
coupled with several studies comparing NCRT or NCT with surgery alone,
make network meta-analysis a powerful tool for robust evaluation by employing
surgery alone as a common comparator and synthesizing direct and indirect
evidence. Our comprehensive network meta-analysis addressed the
importance of NCRT in treating locally advanced esophageal cancer. However,
despite the observed effective efficacy of NCRT in treating ESCC patients, with
a pathological complete response (pCR) rate of approximately 50%'81°, EAC
patients exhibit higher resistance to NCRT, with an approximate pCR rate of
only 20%'83'. The persistent emergence of treatment resistance to
chemotherapy and radiotherapy remains the main challenge in the
management of EAC. Over the last decades, genomic and transcriptomic
analyses have provided robust evidence of the genetic complexity of EAC,
revealing a high mutational burden and extensive chromosomal instability?'8.
To understand the potential genomic alterations after neoadjuvant treatment,
Findlay JM et al. compared 30 paired EAC samples before and after
neoadjuvant chemotherapy and revealed that patients with higher mutation
burden before treatment tended to have a better response to NCT. Additionally,
they observed acquired mutations in the tumor samples after NCT treatment
219 Noorani A et al. compared 10 paired EAC samples before and after NCT
and indicated that the differences observed between pre- and pos- NCT
treatment samples were reflective of tumor heterogeneity, whereas the overall

genomic profile of EAC remained largely similar before and after NCT?%°. As a
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highly heterogeneous disease, studies have reported an association between
high genomic intratumor heterogeneity and a poor response to neoadjuvant
chemotherapy in EAC patients?2!. By analyzing the tumor microenvironment, a
key driver for tumor heterogeneity, at the transcriptomic level, Hao D et al.
revealed that long survivors from advanced EAC patients exhibited an immune-
activated TME??2. Similarly, Li J et al. demonstrated that a high stromal activity
TME was associated with advanced tumor stage and poor prognosis in EAC?%3,
Here, instead of solely focusing on the EAC tumor cells, we expand to study
EAC treatment resistance from the perspective of the TME, which provides a
more comprehensive understanding of the intrinsic heterogeneity of
esophageal cancer.

Through the generation of EAC CAFs and conducting CAF-tumor co-culture
experiments, we corroborate the existing literature indicating that EAC CAFs
indeed promote tumor growth and treatment resistance in EAC cells. Different
from the previous reports by Ebbing et al. using EAC CAF-derived conditional
medium to culture EAC cells®!, the transwell co-culture as well as the 3D dome
co-culture systems used in our study allowed for bidirectional feedback
between EAC cells and EAC CAFs. It should be noted that direct CAF-tumor
contact theoretically provides a more accurate representation of the TME.
Karakasheva TA has identified IL-6 from tumor-stroma interaction by
conducting a direct co-culture of EC cells and CAFs and isolating EC cells using
a magnetic bead-based method for expression analysis®. However, we
refrained from using direct co-culture in our study due to concerns about
potential cell contamination of CAFs in tumor cells and inadequate tumor cell
numbers for further functional assessment. In recent years, the development of
single-cell RNA-seq technology has enriched our understanding of the
heterogeneity of CAFs within the TME. One recent leading-edge review article
provided a comprehensive summary of the latest evidence, primarily derived

from studies in pancreatic and breast cancers, and classified CAFs into four
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distinct functional groups: iCAFs (inflammatory CAFs), myCAFs
(myofibroblastic CAFs), apCAFs (antigen-presenting CAFs), and vCAFs
(vascular CAFs)%3, We acknowledge the presence of heterogeneity among the
EAC CAFs used in this study, as evidenced by distinct expression profiles of
fibroblast-related markers (Figure 6). According to this subtyping system,
TBE60 and TBE63 might be classified as iCAFs, characterized by high
expression of IL6 and relatively low expression of aSMA, TBO1657 may belong
to myCAFs, showing opposite expression patterns compared to iCAFs.
However, more markers are required for better subtyping of CAF2304 and
CAF2765. Despite the indirect co-culture approach used in this study and the
notable heterogeneity among EAC CAFs, our results consistently
demonstrated the promoting effect of different CAFs on the progression of
different EAC cells, which was further validated by paired CAFs and EAC PDOs
from the same patients. These findings indicate the stability of our co-culture
system and underscore the robust CAF-mediated EAC treatment resistance
phenotypes in the context of EAC tumor-stroma interaction in vitro. Until now,
there is still no specific CAF subtyping system in EAC. With a resource of over
30 EAC CAFs established in our research group, and the access to single-cell
RNA-seq data from four treatment-naive EAC patients’ primary tissues, further
investigation in EAC CAFs subtyping and their potential functional
heterogeneity on EAC tumors is the next key research focus in our team.

To explore potential factors involved in the EAC CAF-tumor interaction in
transcriptomic analysis, our focus was on the dynamically changed genes in
the transwell co-culture system, rather than upregulated genes in tumor cells.
GDF15 was identified with an opposite expression pattern between EAC CAFs
and EAC cells. Known as macrophage inhibitor 1, GDF15 has been
predominantly studied in the context of macrophage-related TME across
various types of cancer®. However, only limited research has been focused on

the role of CAF-derived GDF15 in cancer progression. Zhai Y et al. successfully
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established CAFs by inducing differentiation of mesenchymal stem cells and
they found that knocking down GDF15 in CAFs resulted in a reduction of CAF-
mediated resistance to cytarabine treatment in leukemia cells??*. Bruzzese F et
al. performed an overexpression of GDF15 in mouse fibroblasts and observed
that prostate cancer cells exhibited enhanced cell proliferation, migration, and
invasion abilities when cultured in the GDF15 overexpressed fibroblasts'
conditional medium?23. In our study, the upregulated GDF15 expression in EAC
CAFs from transcriptomic analysis suggests that CAFs secrete GDF15 into the
TME with the stimulation of EAC cells. This finding was further validated by
ELISA showing elevated GDF15 concentration in the co-culture system and
decreased GDF15 concentration after knocking down GDF15 in CAFs (Figure
12a, Figure 13b). In a comprehensive analysis of EAC CAF-derived cytokines,
Ebbing EA et al. reported that GDF15 was four times higher in EAC CAF-
derived conditional medium compared with the control medium®. The
consistency between our study and external data supports the significance of
CAF-derived GDF15 in the EAC tumor-stroma interaction. We found that EAC
CAFs promote EAC treatment resistance partly through the secretion of GDF15.
Interestingly, GDF15 depletion in EAC tumor cells showed restored sensitivity
to chemotherapy as well as radiotherapy in vitro, indicating that GDF15
functions in treatment resistance through both the paracrine effect from EAC
CAFs and intrinsic tumor regulation. One indication of GDF15's potential
involvement in EAC treatment resistance was previously described by
Karakasheva et al.'”’. In their study using EAC PDOs to model patients'
response to chemotherapy, they observed a common upregulation of GDF15
expression after exposing three different EAC PDOs to cisplatin and paclitaxel
treatments. This increased GDF15 expression may suggest a protective role
for EAC cells under treatment stress. Additionally, another study reported the
protective role of GDF15 against cisplatin treatment in ESCC patients’’. The

authors used rGDF15 to treat ESCC cells and found an increase in cisplatin
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resistance following the rGDF15 treatment. Moreover, they identified TGF-3
receptor || (TGFBR2) as a GDF15 receptor in ESCC cells'’. Similarly,
Okamoto et al. reported that rGDF15 enhanced ESCC cell proliferation,
migration, and invasion through TGFBR2 activation'36. However, it is essential
to approach these results with caution, as there is a possibility that the
recombinant GDF15 protein might have been contaminated with TGF-3226,
Given that TGFBR2 is a TGF-B receptor and several previous studies have
indicated that GDF15 does not bind to the TGF-B receptor??”-228 the observed
effects in ESCC cells could potentially be attributed to TGF- rather than
GDF15. Therefore, we only used rGDF15 in GDF15-depleted cells as a rescue
analysis to double-validate CAF-mediated treatment resistance in this study
(Figure 13d). In subsequent pathway analysis, we omitted rGDF15 to avoid
potentially biased findings and to ensure a more accurate assessment of the
role of GDF15 in the context of EAC treatment resistance. We found that CAFs
activated the AKT pathway in EAC cells partly through GDF15 secretion, and
depletion of GDF15 in EAC cells decreased AKT activation. This finding was
consistent with previous studies reporting that CAFs activated the AKT
signaling pathway in ESCC8222%230_ However, it is important to note that all the
studies demonstrating GDF15-mediated AKT pathway activation in ESCC were
based on rGDF15 treatment'!5136.137 Notably, to date, only one study, which
focused on CRC, has reported a correlation between fibroblast-secreted
GDF15 and AKT pathway activation’. Here, our study provided a novel
mechanism underlying CAF-mediated treatment resistance in EAC cells,
thereby underscoring the potential therapeutic significance of targeting GDF15
in the EAC tumor microenvironment.

Accumulating evidence suggested that essential mitochondrial functions partly
contribute to cancer treatment resistance, with resistant tumor cells exhibiting
higher reliance on mitochondrial oxidative phosphorylation (OXPHOS) and

respiration but reduced reliance on glycolysis?®'232, In our study, we found that
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CAFs enhanced EAC cells' mitochondrial function partly through activation of
the AKT pathway. The association between mitochondrial function and
treatment resistance in EAC was previously described by Aichler M et al. in a
study involving proteomic analysis of pre-treatment biopsy samples from 23
EAC patients. Their findings indicated that patients with pre-existing defects in
mitochondrial respiratory complexes were more sensitive to chemotherapy?33.
Besides, Buckley AM et al. reported enhanced radiosensitivity in EAC cells
upon utilizing pyrazinib to inhibit OXPHOS?34. A recent study performed RNA-
seq of six matched tissue samples (two ESCC and four EAC) before and after
NCRT and enriched enhanced OXPHOS components in EC patients after
NCRT0, Additionally, targeting mitochondrial biogenesis in EAC cells
increased cell sensitivity to chemotherapy and ionizing iratation'8. Therefore,
CAFs may protect EAC cells against treatment stress partly through enhancing
mitochondrial function. In recent years, the role of GDF15 as an important
mitokine in response to mitochondrial stress has received increasing
attention?3>23%6, Khan NA et al. reported that mitochondrial DNA (mtDNA)
replication defect activated the mTOR1/ATF4 axis and integrated mitochondrial
stress response, leading to the production of fibroblast growth factor (FGF21)
and GDF15 2%7, Mitochondrial damage that was induced by TGF-B incubation
showed increased GDF15 expression and protein release in normal dermal
fibroblasts?®. In a meta-analysis including seven RCTs with 845 participants,
Lin Y et al. demonstrated that GDF15 exhibits potential as a diagnostic marker
for predicting patients with mitochondrial disorders, with a sensitivity of 0.83 (95%
Cl: 0.65-0.92) and specificity of 0.92 (95% CIl: 0.84-0.96)>*°. We did not
investigate the mitokine role of GDF15 in this study, instead, we observed a
positive regulatory effect of GDF15 on EAC mitochondria function, as
evidenced by significant enrichment of mitochondrial-related pathways in OE33
sh-NT cells compared to OE33 sh-GDF15 cells, and impaired mitochondrial

function in EAC GDF15 knockdown cells. Our findings are consistent with
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previous reports suggesting that depletion of GDF15 in human dermal
fibroblasts resulted in the accumulation of dysfunctional mitochondria and led
to premature senescence?*°. Besides, overexpression of GDF15 in transgenic
mice prevented hepatic steatosis by suppressing oxidative stress and
mitochondrial damage®*!. To date, there is still no study reported on the
association between GDF15 and mitochondrial function in EAC. Therefore, we
suggest that future investigations could focus on the underlying mechanisms of
GDF15 as both a mitokine and a mitochondrial regulator in the context of CAF-
related TME.

Due to the difficulties and ethical concerns associated with establishing
orthotopic esophageal cancer mouse models, and the use of subcutaneous
mouse models may not fully capture the complex tumor-stroma interactions
involving human CAFs'"4175 we turned to using tumor PDOs as a reliable and
cost-effective model for studying EAC. The successful utilization of EAC PDOs
with paired EAC CAFs for in vitro co-culture in this study provided a novel and
valuable approach for investigating the CAF-related TME in EAC using patient-
derived material. A recent study established a CRC organoid-stroma biobank
containing 30 matched PDOs with CAFs and performed comprehensive
molecular and functional analyses. They found that organoid-stroma co-
cultures provided improved preclinical models for predicting therapy efficiency
than organoids monoculture, highlighting the potential of using organoids and
paired CAFs as promising translational tools for personalized treatment?42,
Several previous studies have used different indirect and direct co-culture
techniques to explore the interaction between CAFs and PDOs. Liu J et al.
reported direct co-culture, transwell co-culture, and CAF-derived conditional
medium co-culture in their study involving CAFs and liver cancer organoids
derived from both mice and human samples. Their results showed the
supportive effects of CAFs in liver cancer proliferation and treatment

resistance?43. Schuth S et al. conducted both direct co-culture and transwell co-
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culture to explore the interaction of pancreatic stellate cells (PSCs) and
pancreatic cancer organoids. Their findings supported the existence of CAF
heterogeneity in pancreatic cancer and demonstrated that tumors activated
PSCs to CAFs?*. Direct co-culture of oral squamous cell carcinoma organoids
with paired CAFs in the same ECM gel domes showed a notable enhancement
in the organoid formation ability compared with control?*®. By using the live
image-based drug assay to assess drug sensitivity in the direct CAF-PDO
coculture system, Schuth S et al. reported enhanced chemoresistance to
various chemotherapeutic drugs in pancreatic cancer organoids when co-
cultured with paired CAFs2#6. In addition to transwell co-culture, Luo X et al.
introduced a novel indirect co-culture method where CRC organoids were
seeded in hyaluronan-gelatin hydrogels, and CAFs were added on top of the
hydrogel constructs. They observed enhanced CRC organoid proliferation in
the presence of CAFs even in basal medium without growth factors, suggesting
a tumor-promoting paracrine effect of CAFs?*. In our study, we described dome
co-culture and transwell co-culture systems in culturing EAC PDOs with paired
CAFs. Both co-culture systems are effective and practical. Each system
demonstrated its feasibility in detecting CAF-mediated EAC proliferation, with
the dome co-culture system offering additional utility in drug sensitivity
screening. To the best of our knowledge, this is the first study to utilize matched
PDOs and CAFs in studying EC TME. With an expanding collection of EAC
PDOs and paired CAFs from our biobank, the potential applications of these
valuable models can be further explored and enhanced in future studies.

Corroborating with the literature’’-1"° we observed a clinical significance of
GDF15 as a potential biomarker for EAC patients, as evidenced by the
significant survival differences based on both stratified tissue expression levels
and serum concentrations of GDF15. While several studies reported
encouraging prognostic role of GDF15 in ESCC patients'416 we noted a

more promising prognostic value of GDF15 in EAC, supported by data from
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public databases showing higher GDF15 expression levels in EAC than ESCC,
as well as a significant survival correlation of stratified GDF15 expression in the
EAC population, but not in the ESCC population. Besides, unlike previous
studies that only detected serum GDF15 concentration at diagnosis, we
measured paired serum samples before and after the CROSS treatment, the
classic NCRT regimen in treating EC patients, and we found significantly
increased GDF15 serum concentration after the CROSS treatment. It is widely
proved that GDF15 serves as a stress-response cytokine, with changes
observed in both expression and serum levels in response to different stimuli
across various disease processes® 248, The evaluated serum GDF15 after the
CROSS treatment may be a protective reaction for cancer cells in response to
chemoradiotherapy treatment. Besides, the GDF15-GFRAL signaling plays a
crucial role in cancer cachexia and is implicated in chemotherapy-induced
emesis, anorexia, and weight loss observed in cancer patients!22249.250
Inhibition of GDF15 activity not only reversed GDF15-induced weight loss but
also alleviated chemotherapy-induced side effects?%2°, Given that malnutrition
and cachexia are common symptoms in EC patients, targeting GDF15 may
represent a potential strategy to improve the quality of life for EC patients. More
interestingly, our data suggested that patients with evaluated serum GDF15
after CROSS treatment, but not at the diagnosis stage, independently predicted
a poor prognosis in EAC. Besides, patients with high serum GDF15 at diagnosis,
but not after the CROSS treatment, exhibited a tendency toward reduced
pathological response to the CROSS treatment in EAC patients (p=0.053).
These novel findings addressed the importance of monitoring dynamic changes
in serum GDF15 levels along with clinical interventions in EAC patients. Here,
we provided a hint for future studies to explore the potential of GDF15 as a
biomarker in different treatment processes of EAC patients by conducting large-
scale investigations and exploring its predictive value in treatment response

and patient outcomes.
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We address several limitations in this study. Firstly, in our initial study design,
our focus was primarily on the general effect of CAFs on EAC cells, and we did
not delve into exploring the CAF heterogeneity and diverse functions of different
types of CAFs on EAC. With growing evidence supporting the existence of
distinct CAF subtypes exhibiting both tumor-promoting and tumor-suppressing
functions in the literature, we are highly motivated to pursue future research
focusing on the study of CAF heterogeneity using the valuable patient-derived
EAC CAFs from our biobank. Secondly, we did not perform animal experiments
in this study. This decision was made due to concerns that the mouse stroma
may potentially influence the function of human CAFs in the subcutaneous
xenograft mouse model. Instead, we established EAC PDOs with paired CAFs
to study the tumor-stroma interaction. The use of PDOs to reduce the reliance
on basic animal models has been a prominent topic of discussion in recent
years'3%.169.170 - Despite the absence of in vivo data, the consistent results
obtained from our novel matched PDO-CAF co-culture models strengthen the
validity of our findings. Thirdly, the lack of utilizing GDF15 neutralization
antibodies as well as GDF15 inhibitors limited the translational significance of
this study. At the beginning of my doctoral research, there were still rare
commercially available GDF15 neutralization antibodies or inhibitors, leading
us to resort to GDF15 knockdown in CAFs/EAC cells to study its function.
However, with the commercialized GDF15 inhibitor (Ponsegromab) and
neutralizing antibody (CTL-002) in the market?5.252, future studies could
provide a more comprehensive and clinically relevant investigation of GDF15
as a potential therapeutic target in EAC. In addition, it is important to
acknowledge that our study had a relatively small sample size for the clinical
evaluation of serum GDF15 as a biomarker for EAC, with survival information
available for only 46 patients. Nevertheless, our findings aligned with the
existing literature, highlighting the promising role of GDF15 as a potential

biomarker in EAC. Besides, we enhanced the reliability of our findings by
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performing external validation using the TCGA database. Furthermore, our
study uniquely included the measurement of paired serum samples both at
diagnosis and after CROSS treatment, providing valuable insights into the
dynamic changes of GDF15 as a potential biomarker at different treatment
stages. Future studies with larger sample sizes are warranted to validate the

role of GDF15 as a biomarker at different clinical management stages of EAC.
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Conclusion
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. We corroborated current guidelines recommending neoadjuvant
chemoradiotherapy followed by surgery as the optimal treatment strategy in
the management of patients with locally advanced esophageal cancer.

. Generated from patients' primary tissue, matched EAC CAFs and EAC
PDOs offered a feasible approach to studying tumor-stroma interactions in
vitro.

. EAC CAFs enhanced EAC cell proliferation and treatment resistance, with
the treatment resistance partially attributed to the secretion of GDF15,
leading to AKT pathway activation. Besides, the depletion of GDF15 in EAC
cells resulted in reduced treatment resistance, highlighting the dual role of
GDF15 as both a paracrine factor from EAC CAFs and an intrinsic regulator
within the EAC tumor.

. We found EAC CAFs enhanced EAC cell mitochondrial function partly
through the AKT pathway activation. Besides, apart from the function of

GDF15 as a mitokine involved in the mitochondrial stress response, the
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depletion of GDF15 in tumor cells resulted in impaired mitochondrial
function in EAC, suggesting a regulatory role of GDF15 on EAC
mitochondria function.

. We emphasized the significance of monitoring dynamic changes in GDF15
levels during the treatment process in EAC patients as a potential biomarker.
We found that high GDF15 serum concentration at diagnosis may indicate
reduced neoadjuvant chemoradiotherapy sensitivity, while high GDF15
serum concentration after NCRT (CROSS treatment) independently

predicts poor overall survival in EAC patients.
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Abbreviation

2D: two-dimensional;

3D: three-dimensional;

5-FU: fluorouracil;

AGEJ: adenocarcinoma of gastroesophageal junction;
ANOVA: one-way analysis of variance;
apCAFs: antigen presenting CAFs;

BE: Barrett's esophagus;

CAA: chloroacetamide;

CAFs: cancer-associated fibroblasts;

CCL5: CC motif chemokine ligand 5;

Cl: confidence interval;

CNS: central nervous system;

CRC: colorectal carcinoma;

Crls: credible intervals;

CROSS: Dutch Chemoradiotherapy for Oesophageal Cancer followed by
Surgery Study;

CSCs: cancer stem cells;

DC: dendritic cell;

DFS: disease-free survival;

DTT: dithiothreitol;

EAC: esophageal adenocarcinoma;

EC: esophageal cancer;

ECAR: extracellular acidification rate;

ECM: extracellular matrix;

ELISA: enzyme-linked immunosorbent assay;
EMT: epithelial-mesenchymal transition;

ESCC: esophageal squamous cell carcinoma;
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ESCs: embryonic stem cells;

FCCP: Carbonyl cyanide-p-trifluoromethoxy phenylhydrazone;
FGF2: fibroblast growth factor-2;

FGF21: fibroblast growth factor

GC: gastric cancer;

GDF15: growth differentiation factor 15;

GEJ: gastroesophageal junction;

GEO: Gene Expression Omnibus;

GERD: gastroesophageal reflux disease.

GFRAL.: glial cell line—derived neurotrophic factor receptor alpha (GFRa)-like;
Gl: gastrointestinal;

GO analysis: Gene Ontology analysis;

GSEA: Gene Set Enrichment Analysis;

H&E: Hematoxylin-eosin;

HER2: human epidermal growth factor receptor 2;

HIF1a: hypoxia-inducible factor 1q;

HR: hazard ratio;

HRP: horseradish peroxidase;

iICAFs: inflammatory CAFs;

IF: immunofluorescence;

IHC: immunohistochemistry;

IL-6: interleukin 6;

LFQ: label-free quantification;

Lgr5: leucine-rich repeat-containing G protein-coupled receptor 5;
IncRNA: long noncoding RNAs;

InHR: natural logarithm of the hazard ratios;

Ln-y2: laminin y2;

Lys-C: Lysyl endopeptidase;

MIC-1: macrophage inhibitory cytokine 1;
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MtDNA: mitochondrial DNA

myCAFs: myofibroblastic CAFs;

NAG-1: non-steroidal anti-inflammatory drug-activated gene-1;
NCRT: neoadjuvant chemoradiotherapy;

NCT: neoadjuvant chemotherapy;

NES: normalized enrichment score;

NSAIDs: non-steroidal anti-inflammatory drugs;
OCR: oxygen consumption rate;

OS: overall survival;

OXPHOS: mitochondrial oxidative phosphorylation
PAI-1: plasminogen activator inhibitor-1;
p-AKT: phosphorylated AKT;

PCA: principal component analysis;

pCR: pathological complete response;

PD-1: programmed death 1;

PDEDSi: phosphodiesterase type 5 inhibitors;
PDOs: patient-derived tumor organoids;

PEI: polyethylenimine;

PFS: progression-free survival;

PSCs: pancreatic stellate cells

pTis: pathological carcinoma in situ;

gPCR: quantitative Real-time PCR;

RCTs: randomized controlled trials.

rGDF15: recombinant GDF15 protein;
RNA-seq: RNA sequencing;

RoB2 tool: risk-of-bias tool;

Rot/AA: rotenone/antimycin A;

SD: standard deviation;

SNVs: single nucleotide variants;
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SPRY1: Sprouty RTK signaling antagonist 1;
TAMs: tumor-associated macrophages;
TCGA: The Cancer Genome Atlas;

TEAB: triethylammonium bicarbonate;
TGF-B1: transforming growth factor-31;
TME: tumor microenvironment;

vCAFs: vascular CAFs;
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