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Abstract

Background and aims This study sought to determine the value of patient-derived organoids (PDOs)
from esophago-gastric adenocarcinoma (EGC) for response prediction to neoadjuvant chemotherapy (neoCTx).

Methods Endoscopic biopsies of patients with locally advanced EGC (n=120) were taken into culture and PDOs
expanded. PDOs'response towards the single substances of the FLOT regimen and the combination treatment were
correlated to patients’ pathological response using tumor regression grading. A classifier based on FLOT response

of PDOs was established in an exploratory cohort (n=13) and subsequently confirmed in an independent validation
cohort (n=13).

Results EGC PDOs reflected patients' diverse responses to single chemotherapeutics and the combination regi-
men FLOT. In the exploratory cohort, PDOs response to single 5-FU and FLOT combination treatment correlated
with the patients’ pathological response (5-FU: Kendall's t=0.411, P=0.001; FLOT: Kendall's 7=0.694, P=2.541e-

08). For FLOT testing, a high diagnostic precision in receiver operating characteristic (ROC) analysis was reached
with an AUCgc of 0.994 (C1 0.980 to 1.000). The discriminative ability of PDO-based FLOT testing allowed the defini-
tion of a threshold, which classified in an independent validation cohort FLOT responders from non-responders
with high sensitivity (90%), specificity (100%) and accuracy (92%).

Conclusion In vitro drug testing of EGC PDOs has a high predictive accuracy in classifying patients’ histological
response to neoadjuvant FLOT treatment. Taking into account the high rate of successful PDO expansion from biop-
sies, the definition of a threshold that allows treatment stratification paves the way for an interventional trial exploring
PDO-guided treatment of EGC patients.
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Introduction

Gastric and esophageal cancers are among the most com-
mon and deadliest malignancies worldwide, ranking fifth
and seventh in cancer incidence as well as fourth and
sixth in cancer related death, respectively [1]. Periopera-
tive chemotherapy has substantially improved the median
survival in locally advanced gastric adenocarcinoma
and adenocarcinoma of the esophago-gastric junction
(combined in the following as esophago-gastric adeno-
carcinoma; EGC) patients to 50 months and a projected
5-year survival of 45% with the FLOT regimen (5-fluo-
rouracil (5-FU), leucovorin, oxaliplatin and docetaxel)
[2]. However, 63% of patients have no major pathological
response (defined as<10% vital tumor cells remaining in
the resected primary tumor) or do not proceed to surgery
after neoadjuvant chemotherapy (neoCTx) [3]. Patholog-
ical response to neoCTx has been shown to be a prognos-
tic factor and correlate with survival in gastric cancer [4].
Individualization of neoCTx regimens to improve path-
ological response has the potential to improve patients’
outcome.

Organoids are 3D cell culture models that allow in vitro
tissue growth recapitulating many aspects of the original
tissue [5]. This method has subsequently been optimized
for human cancer tissue resulting in patient-derived
organoid (PDO) biobanks from various tissues includ-
ing EGC [6, 7]. PDOs demonstrated high phenotypic and
molecular similarity to their respective tumor of origin,
and in vitro treatment resulted in differential responses.
These properties place PDOs in the spotlight of person-
alized treatment approaches [8]. A correlation between
PDO and patient response could already be established
for EGCs in selected cases [9]. Furthermore, for locally
advanced rectal, pancreatic and metastatic colorectal
cancer a predictive value of PDOs for therapy response
could be demonstrated in prospective co-clinical trials
[10].

In order to successfully individualize neoCTx for
locally advanced EGC, it is critical to establish bio-
markers that predict therapy response. Within the
"Outcome prediction of systemic treatment in esophago-
gastric carcinoma" (Opposite) study (ClinicalTrials.gov
#NCT03429816) aiming at the identification of biomark-
ers correlating with treatment response, we prospec-
tively established treatment naive EGC-derived PDOs
and investigated their ability to predict the pathological
response to neoadjuvant FLOT therapy.

Results

EGC PDOs were generated according to a previously
established protocol [7]. Overall, biopsies of 120 patients
obtained from two different study sites Dresden (DD),

Page 2 of 8

and Heidelberg (HD) were taken into culture and 73
(61%) could be successfully expanded (Fig. 1A). From
the successfully expanded PDOs, nine were found to be
normal gastric organoids based on morphology, histo-
pathological stainings, or long-term passaging capability.
For further 14 PDOs, the corresponding patients did not
complete neoCTx or undergo surgery. The pathological
response to neoCTx was evaluated according to Becker
et al. for the remaining patients (n=>50) [4]. PDOs from
26 patients received neoCTx according to the FLOT regi-
men and were further analyzed, while the remaining 24
patients split into small cohorts receiving a heterogene-
ous spectrum of other neoCTx regimens. The chronolog-
ically first 13 PDOs constituted the exploratory cohort,
whereas the following 13 PDOs were used for independ-
ent validation. The analyzed cohort of 26 patients con-
tained tumors from the esophago-gastric junction and
the stomach, representing the whole spectrum of patients
undergoing neoadjuvant treatment according to current
clinical guidelines (Suppl. Table 1 and 2).

The overall successful culture rate for all 120 patients
was 61% (Suppl. Figure 1A), with a rate of 76% at the
study site with experience in EGC PDO generation (DD)
and an improvement for the second study site (HD) over
time after an initial implementation phase and subse-
quently continued optimization of workflows (Suppl.
Figure 1A). Of note, the histological subtype according to
Lauren influenced the success rate of the PDO generation
(Suppl. Table 3). PDOs grew better from the mixed or
diffuse subtype than from the intestinal subtype. The first
major objective of the study was to secure established
PDO lines by cryopreservation. Thus, the median time
from receipt of the biopsy to the first FLOT test result
can only be assessed retrospectively. The first results
from two independent FLOT tests could have been avail-
able 20 days after direct processing and 62 days after
delivery from the second study site after biopsy collection
(Suppl. Figure 1B).

Established PDOs exhibited distinct morphologies dif-
ferentiating them from the normal single-layered gastric
organoids: several PDOs showed a cystic structure with a
large lumen, some are characterized by a compact struc-
ture and no or small lumina, while others present with
a diffuse morphology with poorly cohesive cell growth
(Fig. 1B, Suppl. Figure 2). Immunohistochemistry con-
firmed the preservation of typical gastric cancer mark-
ers in PDOs such as cytokeratin 7 (CK7), cadherin 17
(CDH17), carcinoembryonic antigen (CEA) and periodic
acid Schiff reaction (PAS) (Fig. 1B). Molecular characteri-
zation revealed a high mutational concordance between
PDO and primary tumor (Fig. 1C). Additionally, the pres-
ence of typical mutations and copy number alterations
of EGC in comparable frequency to published data sets
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Fig. 1 Trial flow chart and phenotypic, molecular as well as functional characterization of PDO cohort. A Flow chart of the study population. DD/
HD: University hospital of Dresden (DD) and Heidelberg (HD). B Brightfield images of a representative EGC organoids line (O04) and a normal gastric
PDO line as a comparison (scale bar: 50 um). Representative images of the histopathological characterization of primary tumor and corresponding
PDO (O04). The treatment naive tumor biopsy, thereof derived organoid culture and the post-treatment resection specimen were characterized
by hematoxylin and eosin (HE) staining, carcinoembryonic antigen (CEA) staining, periodic acid-Schiff reaction (PAS) as well as cytokeratin7

and cadherin17 (CK7/CADH17) double-staining (scale bar: 50 um). € Oncoplot depicting prevalent genetic alterations in primary tumors

and derived PDO lines. D Bar graph of mutational frequencies of this study. E Dose response curves from cell viability assay of 5-FU treated PDOs
144 h post treatment (average of n=3 replicates per PDO). F Combined dose response curves from PDOs according to the patients' pathological
response of 5-FU with standard deviations (repeated measures analysis of variance (ANOVA) of grouped PDOs, P=0.001 for 5-FU). *P < 0.05;
**P<0.01. G Comparison of the relative area under the curve (AUC,,) of PDOs grouped by the patients’ pathological response (R: responder; NR:
non-responder) for 5-FU (unpaired two-tailed student’s t-test, P=0.010 for 5-FU, *P < 0.05). Blue lines represent pathological non-responders, black
lines are pathological responders
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indicates the representativeness of the analyzed cohort
(Fig. 1D, Suppl. Figure 3, Suppl. Figure 4) [11].

First, PDOs of the exploratory cohort were analyzed
with regard to their response to the single FLOT compo-
nents 5-FU, oxaliplatin and docetaxel using cell viability
assays (Fig. 1E-G, Suppl. Figure 5A-F). PDOs showed
differential responses to the three chemotherapeutics
in dose-response curves (DRCs) (Fig. 1E, Suppl. Fig-
ure 5A +D). While some PDOs showed a reduced via-
bility already at low drug concentrations, others only
responded at higher concentrations. Furthermore, some
PDOs maintained a certain viability plateau at higher
doses, e.g. three lines treated with 5-FU still displayed
approximately 50% viability at the highest concentra-
tion, potentially indicating the presence of a resist-
ant subpopulation. When PDOs were grouped by the
patients’ pathological regression grade of the resection
specimen into responders (Becker la/b; n=8) or non-
responders (Becker 2/3; n=5) [4], no difference in the
grouped DRCs could be detected for oxaliplatin and
docetaxel (Suppl. Figure 5B+E). In contrast, a signifi-
cant difference between the two groups was revealed for
5-FU (repeated measures analysis of variance (ANOVA),
P=0.001) (Fig. 1F). In an independent analysis, relative
area under the curve (AUC,,) values of the DRCs were
calculated and PDOs of pathological responders and
non-responders compared using a parametric analysis of
non-maximal responses. While AUC,; values of oxalipl-
atin or docetaxel did not differ between the two groups
(Suppl. Figure 5C+F), AUC,,, values of 5-FU were again
significantly distinct (unpaired two-tailed student’s ¢-test,
P=0.010) (Fig. 1G).

Based on the single drug assays, a combination drug
assay for all three drugs plus calcium folinate (FLOT) was
established (see Supplementary Material, Material and

(See figure on next page.)
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Methods). PDO treatment with FLOT resulted in diverg-
ing DRCs, indicating a varying sensitivity (Fig. 2A). Nota-
bly, the PDOs with the lowest sensitivity to FLOT were
derived from pathologically non-responding patients.

As already seen in the single drug treatments, the
viability of several PDOs continuously dropped only to
a certain level of maximum response, with no further
decrease at higher FLOT concentrations. Of note, most
PDOs that showed this phenomenon were derived from
patients with a substantial amount of residual tumor in
the resection specimen (Becker 2/3). The comparison
of grouped curves showed a significantly higher mean
viability of the PDOs from non-responding compared
to responding patients (repeated measures ANOVA,
P=4.55e-06) (Fig. 2B). In line with this, the AUC,,; of
PDOs from responders was significantly lower than the
AUC,, of PDOs from non-responders (unpaired stu-
dent’s t-test, P=3.94e-05, average difference 0.18 AUC,,))
(Fig. 2C). Accordingly, there was a strong positive asso-
ciation in ordinal correlation analysis between treatment
response of PDOs and patients’ pathological regression
grade (Kendall’s 7=0.694, P=2.541e-08) (Fig. 2D). A less
strong association was found for single 5-FU (Kendall’s
7=0.411, P=0.001), while no significant correlation was
observed for oxaliplatin and docetaxel (Suppl. Figure 6A-
C). A heatmap of Z scores revealed similar patterns
between patients’ pathological response and the PDOs
response to FLOT (Fig. 2E).

Receiver operating characteristic (ROC) curves were
generated to determine the diagnostic ability of PDOs to
classify patients into pathological responders and non-
responders (Fig. 2F, Suppl. Figure 6D-F). For FLOT an
AUCyo of 0.994 (CI 0.980 to 1.000) was calculated from
individual treatments (3 replicates of 13 PDOs =39 meas-
urements), demonstrating the high discriminatory ability

Fig. 2 Establishment and validation of an in vitro threshold value to predict in vivo FLOT response. A Dose response curves (DRC) from cell

viability assay of PDOs treated with the standard FLOT mixture (n) in varying dilutions analyzed 144 h post treatment (average of n=3 replicates

per PDO). B Combined FLOT-DRC from PDOs according to the patients’ pathological response after FLOT neoCTx with standard deviations (repeated
measures analysis of variance (ANOVA) of grouped PDOs, P=4.55e-06). ***P < 0.001 C, Comparison of the relative area under the curve (AUC,)

of PDOs grouped by the patients'pathological response (R: responder; NR: non-responder) (two-tailed student’s t-test, P=3.94e-05). ***P < 0.001

D Dot plot of AUC,(FLOT) ordered by the patients' pathological response. Correlation analysis was performed using Kendall ordinal correlation.

P <0.005 was considered statistically significant. E Heatmap of the patients’ pathological response and AUC

o derived Z scores from single drug

and FLOT combination treatment. Color scale indicates Z score (£ 2.5; -2.5: black, 0: white, + 2.5: blue) and scored patients’ pathological response

according to Becker et al. F ROC curve of the AUC

rel

(FLOT) generated from single FLOT treatments of PDOs (n= 39, 3 replicates of 13 PDOs). G

Summary graph of the AUC,(ROC) and confidence interval (Cl) 95% for FLOT, 5-FU, oxaliplatin and docetaxel. H Dose response curve with Cl

of FLOT combination treatment grouped according to the patients’ pathological response with calculated threshold curve and calculated

AU eshold(FLOT). Blue lines represent pathological non-responders, black lines are pathological responders. I FLOT combination test results

with subsequent classification according to the determined threshold value (AUC, esh01q = 0.559) into responding (R) and non-responding (NR)
patients. Correctness of classification was later assessed by comparison to patients’ pathological response. Red dotted line indicates the threshold
established in the exploratory cohort. J Achieved sensitivity, specificity and accuracy depending on the number of performed FLOT testings
considered for classification. K ROC curve of the AUC (FLOT) generated from the mean of three independent replicates for each PDO of the whole

cohort (n=26)
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Fig. 2 (Seelegend on previous page.)

of the PDO cultures to predict the patients’ response to
neoadjuvant FLOT treatment. The AUCyq. of FLOT
thereby outperformed the AUCy of single substances
(Fig. 2G). In order to determine a threshold for in vitro
discrimination of responders vs. non-responders, a
threshold curve was calculated in-between the confi-
dence interval (CI) of grouped curves of responders and
non-responders (Fig. 2H). From this threshold curve the
AUCesholq Was calculated to be 0.559. Applying this

100% - specificity [%]

threshold, all patients from the exploratory cohort were
correctly classified (Fig. 2C).

The validity of the established threshold was then eval-
uated using an independent validation cohort (Fig. 2I).
The threshold correctly classified 12 out of 13 patients
and achieved a sensitivity of 90%, a specificity of 100%
and an accuracy of 92% when PDOs were tested at least
twice (Fig. 2J). Three replicates per PDO did not further
improve the classification. In addition, the overall good
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discriminatory ability of the PDO test system could be
demonstrated by a ROC analysis of the whole cohort
resulting in a high AUCyq of 0.958 (CI: 0.873-1.000)
(Fig. 2K). Notably, no other patient or tumor characteris-
tic showed any discriminating value (Suppl. Table 4). Fur-
thermore, no specific mutation could be correlated with
the drug response to FLOT (Suppl. Table 5).

An issue frequently observed by several labs during
EGC PDO generation that negatively impacts their use
is the contamination by normal gastric organoids [12].
In the validation cohort, only one patient (OO98) was
incorrectly classified. Detailed histological analysis over
time revealed heterogeneity within the PDO culture
(Suppl. Figure 7A). In low passages, the dominant PDO
phenotype was cystic with a large lumen, resembling nor-
mal gastric organoids. Opposed to this, the phenotype in
higher passages switched to a diffuse growing morphol-
ogy, which is in line with primary tumor characteris-
tics (Suppl. Table 2). When subjected to FLOT testing,
the higher passage of O098 was classified as a non-
responder, which is the correct classification according
to the pathological regression grade (Suppl. Figure 7B).
This passage-dependent behavior, only observed in case
of 0098, was most likely the result of a contamination
of the initially tested early passage with normal gastric
organoids.

Discussion

In this prospective co-clinical trial, a strong association
of the in vitro PDO response to FLOT and the patient’s
pathological regression grade after neoadjuvant FLOT
could be documented. The limitation of the presented
study is the relatively small sample size. Nevertheless,
PDO response curves allowed the establishment of an
AUC-based threshold, which was subsequently vali-
dated in an independent cohort to discriminate with
high sensitivity, specificity and accuracy responders from
non-responders. Interestingly, 5-FU, as a single drug,
associated already well with the patients’ pathological
response, which is in line with clinical reports [13]. How-
ever, the inclusion of all FLOT components is required
to achieve the highest predictive value. In case of FLOT
non-response, in vivo studies, for example in orthotopic
human PDO xenograft models, could serve as a valida-
tion platform for novel therapeutic strategies derived
from PDO drug screening, which cannot be correlated to
the patients’ in vivo response.

Prerequisites for implementing PDO drug testing into
clinical decision-making are firstly a high rate of success-
ful culture establishment and secondly a quick expan-
sion of biopsy material to allow drug testing within a few
weeks. Within this trial, the overall successful culture rate
was 76% at the study site with experience in EGC PDO
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generation. This demonstrates that generation of PDOs
from endoscopic biopsies followed by drug testing is fea-
sible in more than two-thirds of patients in the clinical
setting. In addition, the outgrowth rate for biopsies that
were shipped increased over time and reached 50% at
the end of the recruitment phase. With further improve-
ments of delivery times (>24 h is detrimental for culture
establishment in our hands), multi-centric studies using
EGC PDOs seem possible.

For clinical application, the required time to obtain
in vitro test results has been a discussion point in PDO-
guided therapy [10, 14]. In the current study, the pri-
mary focus during the initial expansion of the PDOs was
to generate enough material for cryopreservation of the
organoid line. Since the material necessary for one FLOT
testing corresponds to one-third of what is needed for
cryopreservation, it can be assumed that the test results
would have been be available within three weeks for
biopsies processed on the same campus. The treatment
start for most patients in this study was two to three
weeks after endoscopy. We expect that the time-to-result
could decrease significantly by optimizing the protocol,
i.e., miniaturizing the plate format, focusing on imme-
diate testing of the PDOs and optimized sample trans-
port times for external biopsies [15]. Therefore, it can be
assumed that the result of FLOT testing could be avail-
able at a time that does not delay the start of neoCTx in
a clinically relevant way. In addition, systemic therapy
could be started with a standard chemotherapy regime
and adjusted once the results of the PDO testing are
available.

Conclusion

The current study is the first to define and validate a
PDO-derived threshold value to classify the patients’
pathological response with high accuracy. The defined
threshold for FLOT, in combination with future PDO-
based alternative drug screens in the case of FLOT
non-response allow now the design of interventional
organoid-guided clinical trials for EGC patients. These
trials will need to clarify the impact of organoids on
oncological outcome parameters as well as on patient-
reported outcome measures.
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