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Patient-derived cancer organoids have taken a prominent role in pre-clinical and
translational research and have been generated for most common solid tumors.
Cancer organoids have been shown to retain key genetic and phenotypic
characteristics of their tissue of origin, tumor subtype and maintain intratumoral
heterogeneity and therefore have the potential to be used as predictors for
individualized treatment response. In this review, we highlight studies that have used
cancer organoids to compare the efficacy of standard-of-care and targeted combination
treatments with clinical patient response. Furthermore, we review studies using cancer
organoids to identify new anti-cancer treatments using drug screening. Finally, we discuss
the current limitations and improvements needed to understand the full potential of cancer
organoids as avatars for clinical management of cancer therapy.
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INTRODUCTION

Cancer remains one of the leading causes of death in the 21st century. Despite enormous progress in
the identification of mechanisms of tumor progression and treatment resistance and the
development of new tumor targeted treatments many patients do not get cured. The main
challenge remains to achieve accurate patient selection. Tumor biopsies used for clinical
diagnostics do not capture the extensive intratumoral heterogeneity that masks emergent tumor
clones with intrinsic or acquired resistance. This can result in patients receiving suboptimal
treatment, or overtreatment leading to long-lasting harmful side-effects. The development of
specific biomarkers and predictive model systems are therefore essential to personalized
treatment leading to more durable responses with fewer side effects.

In the last decade, translational cancer research has witnessed a revolution with the development
of methods that enable the reproducible derivation, maintenance and biobanking of primary human
normal and cancer tissues. These primary cell cultures, called organoids, are three dimensional
stem-cell derived cultures that support the propagation of phenotypic, genetic and transcriptomic
characteristics from the original tissue and retain the self-renewal properties of stem cells and their
ability to undergo multilineage differentiation indefinitely. This revolution took off after the
development of ‘mini-guts’ from Lgr5+ intestinal stem cells which replicate the dynamic
proliferation and differentiation of the intestinal crypt epithelium in culture (1) and thereafter
from colorectal cancer biopsies to derive colorectal cancer (CRC) organoids (2). Importantly cancer
organoids have been shown to retain intratumoral heterogeneity and tumor clonal hierarchy; a
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major limiting factor in treatment effectiveness and recurrence
(3). Excellent comprehensive reviews on the derivation and
characterization of organoid systems can be found here and
will not be further elaborated on in this review (4). To date
cancer organoids have been developed from many cancer types
and have been shown to maintain a stable genetic and
phenotypic representation of the original tumor in culture
compared to classic 2D monolayer cell cultures. Like patient-
derived xenograft (PDX), cancer organoids also have maintained
intratumor heterogeneity but are less expensive and labor-
intensive and reduce laboratory animal usage. On the other
hand, PDX models include the tumor micro-environment and
in vivo drug metabolism which are currently not accounted for in
cancer organoids (5).

Whether cancer organoids can also function as avatars for
prospective target identification and treatment selection at the
patient level is not yet known. If so, cancer organoids could have
a profound impact on individualized cancer treatment. In this
review, we describe studies that have addressed whether cancer
organoids are predictors for clinical response.

MATERIALS AND METHODS

A literature search was conducted using publicly available
databases (PubMed, MEDLINE, and Web of Science) up to
October 2020. For the purpose of this review, cancer organoids
were defined as stem-cell derived three-dimensional cell culture
models derived from primary patient-derived solid tumors using
a basement membrane extract (BME). Articles describing
patient-derived-xenograft (PDX)-derived cancer organoids,
iPSC based models or three-dimensional cell culture systems
lacking a BME (i.e. slice cultures or tumor-on-a-chip
approaches) were excluded. Search keywords included
[ORGANOID] or [TUMOROID] and, [CANCER] and
[TREATMENT]. Only articles in which cancer organoids were
subjected to treatment and correlated to patient outcome or
potential biomarkers were included. Establishment,
characterization and comparison of cancer organoids towards
the parental tumor have already been previously described and
fall outside the scope of this review (6, 7).

RESULTS

A total of 60 studies were included in this review. For almost all
papers the cancer organoids used were (previously) compared on
a genetic and phenotypic level to the parental tumor in order to
validate the model. Study characteristics are summarized in
Table 1.

Gastro-intestinal (Gl) Cancer

In 2015 the first colorectal cancer (CRC) organoid biobank was
established and used for drug screening. Based on these drug
screens, gene-drug interactions could be studied to identify
potential biomarkers and study the molecular basis for drug

response to both new therapeutic agents as well as current
standard-of-care chemotherapeutics (2).

Esophageal adenocarcinoma organoids were subjected to
standard-of-care chemotherapy (5-FU, epirubicin and
cisplatin). All but one of the patients used for organoid
derivation showed poor clinical response to chemotherapy
which was recapitulated in the corresponding cancer
organoids, though organoids from the patient that showed
clinical response were not available for drug testing (13). This
overlap between organoid and tumor response for four patients
towards chemotherapeutics (cisplatin, paclitaxel, 5-FU,
epirubicin and irinotecan) was also observed in another
study (28).

A similar approach was taken using gastric cancer organoids.
In one study, gastric cancer organoids derived from one patient
at pre-treatment were sensitive to standard-of-care
chemotherapy (5-fluorouracil (5-FU), cisplatin, oxaliplatin and
irinotecan) which reflected the complete pathologic response in
the patient after chemoradiation, albeit the contribution of
radiotherapy to the clinical response was not investigated (12).
In another study conflicting results for combined treatment with
5-FU, oxaliplatin and epirubicin were obtained. From the seven
gastric cancer patients included in the study, correlation of
treatment sensitivity (5-FU, oxaliplatin and epirubicin
combination treatment) with clinical response could only be
made for two patients. Only for one of these patients the
organoid response matched the clinical response (21).

Ascites-derived gastric cancer organoids showed a
heterogeneous response towards standard-of-care
chemotherapeutics (oxaliplatin, 5-FU, cisplatin, docetaxel,
irinotecan, epirubicin and paclitaxel) between patients, similar
to the mixed clinical responses seen in patients with peritoneal
metastases, though no direct clinical comparison could be
made (16).

CRC organoids were used to identify patients that benefit
from the PARP inhibitor olaparib and cross sensitivity to
oxaliplatin, which causes PARP-dependent DNA damage
repair. In two patients that responded to oxaliplatin the
organoids were sensitive to both olaparib and oxaliplatin. In
another patient that responded, the organoids showed resistance
to both treatments. Notably the organoids from this patient were
highly responsive towards panitumumab which was also part of
the clinical treatment and might have been a main factor in the
clinical response and explain the discrepancy between organoid
and clinical response (29).

The TUMOROID study used organoids derived from
metastatic CRC and correlated the organoid treatment
response towards the corresponding clinical response.
Organoids were able to predict the response to irinotecan-
based therapies in more than 80% of patients without
misclassifying patients who responded to the treatment. This
predictive value was not identified for 5-FU and oxaliplatin
combined treatment. A possible explanation for this could be
that the tumor micro-environment (stromal and immune cells),
not present in organoids, might influence the efficacy of one
treatment more than the other (23). In another study, organoids
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TABLE 1 | Summary of study characteristics and main results.

Study Cancer type Organoid # of organoid Multiple Matched Standard- Clinical Drug Outcomes regarding
establishment lines used for organoid healthy of-care comparison screen prediction of clinical
success rate treatment lines per tissue testing treatment response
(%) experiments patient organoids
Gastro-intestinal cancer
van de Colorectal 90% 19 Drug screen on organoids. No
Wetering M. cancer clinical comparison.
etal (2)
Koppens M. Colon cancer not reported 2 Efficacy of EZH2 inhibition in
etal. (8) organoids. No clinical
comparison.
Verissimo CS.  RAS mutant n.a. 2 Organoid response towards
etal (9) colorectal EGFR-RAS-ERK targeting in
cancer relation to KRAS mutation
status. No clinical comparison.
Buzzelli JN. Colorectal 76.5% 3 Efficacy of standard-of-care
etal (10) cancer liver chemotherapy in organoids.
metastases No clinical comparison.
Vlachogiannis  Metastatic not reported 21 Sensitivity 100%, specificity
G.etal (11) gastrointestinal 93%, PPV 88%, NPV 100%
tumors for organoids in forecasting
clinical response to targeted
agents or chemotherapeutics.
Gao M. etal.  Gastric cancer not reported 2 (from 1 Testing of standard-of-care
(12) patient) chemotherapeutics.
Descriptive clinical comparison
(N=1) showed lowest IC50
value for 5-FU (out of 4
chemotherapeutics tested) and
clinical complete response
after 5-FU/RTx treatment. No
testing for contribution of RTx
to clinical effect.
Li X. etal. (13) Esophageal 31% 9 Drug screen on organoids.
adenocarcinoma Descriptive comparison
showing lack of chemotherapy
sensitivity in most organoid
cultures which resembled the
poor clinical response
observed.
Yan HHN. Gastric cancer 50% (cancer), 9 (from 7 Drug screen on organoids.
etal (14) 100% (healthy) patients) Descriptive comparison
showing lack of organoid
response to 5-FU in a patient
that showed progressive
disease upon 5-FU. Two other
patients showed a clinical
response to 5-FU/cisplatin
which was resembled in the
organoids.
Votanopoulos  Appendiceal 75% 9 Chemosensitivity testing of
Kl. etal. (15)  cancer organoids. No clinical
comparison.
LiJ. etal (16) Gastric cancer 92% 7 Drug screening of organoids.
(ascites-derived) No clinical comparison.
Schumacher  Colorectal not reported 38 Efficacy of EGFR-targeted
D.etal (17) cancer therapy and its downstream
targets (MEK and mTOR) in
relation to KRAS mutation
status in organoids. No clinical
comparison.
Seidlitz T. Gastric cancer not reported 4 Drug testing of organoids
etal (18) (targeting HER2, c-KIT or
(Continued)
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TABLE 1 | Continued

Study

Cancer type

Organoid
establishment
success rate

(%)

# of organoid
lines used for
treatment
experiments

Multiple

organoid
lines per
patient

Matched
healthy
tissue
organoids

Standard-
of-care
testing

Clinical Drug
comparison screen

Outcomes regarding
prediction of clinical
treatment response

Ubink |. et al.
(19)

Pasch CA.

etal. (20)

Steele NG. et
al. (21)

Ganesh K.
etal. (22)

Ooft SN. et al.

(23)

Costales-
Carrera A.
et al. (24)
Yao Y. et al.
(25)

Narasimhan
V. et al. (26)

Colorectal
peritoneal
metastases

Multiple types of
cancer
(treatment only
on (M)CRC)

Gastric cancer

Rectal cancer

Metastatic
colorectal
cancer

Colon cancer

Locally
advanced rectal
cancer

Colorectal
peritoneal
metastases

Not reported

76%

not reported

77%

63%

not reported

85.7%

68%

21

Varies per
treatment

80

CDK4/6). No clinical
comparison.

Sensitivity to HIPEC
chemotherapy and efficacy of
addition of ATR inhibitor. No
clinical comparison.
Descriptive clinical comparison
(N=1). Clinical response to
FOLFOX in a patient of which
the organoid showed an
intermediate response towards
5-FU/oxaliplatin treatment.
Drug screening of organoids.
Descriptive clinical comparison
(N=2) showing a similar
response in the organoid for
one patient but not in the
other.

Drug screening of organoids.
Clinical comparison for
chemotherapy (N=7) showing
a correlation of AUC for both
5-FU and FOLFOX with
progression-free survival of the
corresponding patient (r=0.86,
p=0.024). Descriptive
comparison of radiosensitivity
(N=7) showing organoid
responds corresponds with
clinical radiotherapy response.
Prediction of response to
irinotecan monotherapy
(N=10): accuracy of classifier
80%. Prediction of response to
5-FU/irinotecan combination
therapy (N=12): 83.3%
correctly classified. Prediction
of response to 5-FU-oxaliplatin
(N=16): no correlation with
clinical response.

Efficacy of plocabulin in
organoids. No clinical
comparison.

High correlation between
organoid response and clinical
outcomes for prediction of
neoadjuvant chemoradiation
efficacy: AUC 88.20% (76.46-
98.67%), accuracy 84.43%
(72.40-93.75%), sensitivity
78.01% (55.56-95%),
specificity 91.97% (77.78-
100%).

Drug screening of organoids.
Descriptive clinical comparison
(N=8) in which drug treatment
was selected based on
organoid sensitivity which was
successful for 1 patient.

(Continued)
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TABLE 1 | Continued

Study Cancer type Organoid # of organoid  Multiple Outcomes regarding
establishment lines used for comparison screen prediction of clinical
success rate treatment treatment response
(%) experiments
Zerp SF. et al. Colorectal not reported 3 Efficacy of APG-880 as a
27) cancer radiosensitizer in organoids.
No clinical comparison.
Derouet MF. Esophageal 57.2% 16 Descriptive clinical comparison
etal. (28) adenocarcinoma (N=4) showing an overlap
between the organoid and
tumor response.
Arena S. et al. Colorectal not reported 5 Drug testing on organoids.
(29 cancer Descriptive clinical comparison
(N=8) which corresponded
with organoid sensitivity.
Abdominal (non-Gl tract) cancer
Huang L. Pancreatic not reported 5 Drug screen of organoids. No
et al. (30) cancer clinical comparison.
Broutier L. Liver cancer 44% 6 Drug sensitivity testing of
etal. (31) organoids. No clinical
comparison.
Nuciforo S. Hepatocellular 26% 12 Efficacy of sorafenib on
etal. (32) carcinoma organoids. No clinical
comparison.
Tiriac ML. Pancreatic 75% 66 Descriptive comparison of
2018 (33) cancer organoid response towards
clinical response. For one
patient retrospective clinical
data paralleled the
chemosensitivity profile of the
organoid.
Li L. etal (34) Liver cancer not reported 27 (from 5 Drug screen of organoids. No
patients) clinical comparison.
Hennig A. Pancreatic 1% 10 Efficacy of standard-of-care
et al. (35) cancer chemotherapy stratified for
KRT81 status. No clinical
comparison.
Bian B. etal.  Pancreatic not reported 24 Efficacy of BET-inhibitor
(36) cancer treatment on organoids. No
clinical comparison.
Driehuis E. Pancreatic 62% 24 Drug screen on organoids.
et al. (37) cancer Descriptive comparison
towards clinical response
(N=4) showing an overall
correlation between organoid
and clinical response.
Ponz-Sarvise  Pancreatic not reported 2 Drug sensitivity testing of
M. et al. (38)  cancer organoids. No clinical
comparison.
Castven D. Liver cancer 11% 5 Testing efficacy of targeted
et al. (39) agents based on mutational
variants in organoids. No
clinical comparison.
Sharick JT. Pancreatic and 64% (for 7 (pancreas), Using metabolic heterogeneity
et al. (40) Breast cancer pancreatic 11 (breast) to predict treatment response

cancer), 54%
(for breast
cancer)

in pancreatic cancer organoids
(N=7). Three patients were
classified as predicted non-
responders and all showed
tumor recurrence within one
year whereas four patients that
were classified as predicted
responders all remained free of

(Continued)
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TABLE 1 | Continued

Study Cancer type Organoid # of organoid Multiple Matched Standard- Clinical Drug Outcomes regarding
establishment lines used for organoid healthy of-care comparison screen prediction of clinical
success rate treatment lines per tissue testing treatment response
(%) experiments patient  organoids
tumor recurrence for more
than one year.
Seppala TT. Pancreatic 77% 13 Pharmacotyping of organoids.
etal. (41) cancer No clinical comparison.
Saltsman J. Hepatoblastoma  not reported 1 Drug testing on normal liver
etal. (42) and tumor organoid from one
patient. No clinical comparison.
Liu J. et al. Liver cancer not reported 4 Effect of co-culture system
(24) with cancer-associated
fibroblasts on drug sensitivity in
organoids. No clinical
comparison.
Urogenital and gynecological cancer
Gao D. etal, Metastatic 15-20% 6 Sensitivity to androgen
2014 (43) prostate cancer receptor and PI3K inhibitors in
or CTCs organoids. No clinical
comparison.
Girda E. et al.  Endometrial 100% 14 (varies per Drug testing on organoids. No
(44) cancer drug) clinical comparison.
Lee SH. etal.  Bladder cancer 70% 11 Drug screen of organoids and
(45) comparison to in vivo (mice)
response. No clinical
comparison.
Puca L. etal. Prostate cancer 16% 6 Drug screening on organoids.
(46) No clinical comparison.
Kopper O. Ovarian cancer 65% 21 Descriptive clinical comparison:
et al. (47) organoids derived from clinical
resistant recurrent disease
were more resistant compared
to the clinically sensitive
primary disease counterpart
(N=1). Drug screen of
organoids and comparison to
in vivo (mice) response.
Boretto M. Endometrial 20% 5 Drug response to standard-of-
etal. (48) cancer care chemotherapeutics. No
clinical comparison.
Mullenders J.  Bladder cancer 57.9% 3 Drug response to standard-of-
etal. (49) care chemotherapeutics. No
clinical comparison.
Calandrini C.  Childhood 100% for 4 Drug screen of cancer and
et al. (50) kidney cancer healthy tissue, healthy tissue organoids. No
75% for Wilms clinical comparison.
tumor, 100%
for MRTK, 75%
for RCC.
Unsuccessful
for rare kidney
tumor types
de Witte C.J.  Ovarian cancer  not reported 36 Drug screening on organoids.
etal. (51) Organoid drug response to
carboplatin+paclitaxel
treatment showed significant
correlation with clinical
response (N=7, P<0.01). PDOs
generated at interval debulking
recapitulated the clinical
response to first-line
carboplatin and paclitaxel
combination treatment for
(Continued)
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TABLE 1 | Continued

Study Cancer type

Organoid

establishment
success rate

(%)

# of organoid  Multiple
lines used for
treatment
experiments

comparison screen

Outcomes regarding
prediction of clinical
treatment response

Central nervous system cancer

Hubert CG. Glioblastoma
et al. (52)

Saengwimol Retinoblastoma
D. et al. (53)

Scognamiglio  Chordoma
G. et al. (54)

Loong HF. Glioblastoma
et al. (55)

Chadwick M. Glioblastoma
et al. (56)

Breast cancer

Sachs N. Breast cancer
etal. (57)

Li X. et al. (58) Breast cancer

Pulmonary cancer
Sachs N. NSCLC

2019 (59)
Kim M. etal.  Lung cancer

(60)

Chen J. etal. NSCLC
61)

LiZ etal (62) NSCLC
Head-and-neck cancer
Tanaka N. et Head-and-neck

al. (63) cancer

Driehuis E. HNSCC
et al. (64)

Driehuis E. HNSCC
etal. (65)

not reported

83%

not reported

n.a.

not reported

>80%

n.a.

28%

87%

not reported

80%

37.2%

65%

n.a.

28

histopathological (p = 5.821e
05), biochemical (p = 0.0004),
and radiological (p = 0.0092)

outcomes.

Identification of radioresistant
cells in organoids. No clinical
comparison.

Effects of standard-of-care
chemotherapeutics. No clinical
comparison.

Efficacy study of nivolumab.
No clinical comparison.
Prospective identification of
everolimus as treatment option
using organoids showing
subsequent partial clinical
response.

Drug screen on organoids. No
clinical comparison.

Drug screening of organoids
and comparison to in vivo
response in mice. No clinical
comparison.

Case-report for drug screening
on organoids. No clinical
comparison.

Response to multiple
chemotherapeutics and TKI’s.
No clinical comparison.
Response to docetaxel,
olaparib, erlotinib and
crizotinib. No clinical
comparison.

Response to
chemotherapeutics and
targeted agents in organoids.
No clinical comparison.

Drug screen on organoids. No
clinical comparison.

Response to cisplatin and
docetaxel. No clinical
comparison.

Descriptive comparison of
response to radiotherapy
(N=7). Organoid response for 6
patients was similar to the
observed clinical response.
Healthy organoids were not
subjected to treatment.
Efficacy of EGFR-targeted
photodynamic therapy. No
clinical comparison.
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from one metastatic CRC patient showed an intermediate
response towards 5-FU and oxaliplatin combination treatment
which mimicked the clinical response observed after re-
treatment with FOLFOX (20).

Treatment sensitivity analysis on peritoneal CRC metastasis
organoids could not separate patients with clinical partial
response from those with progressive disease after FOLFOX.
However, most of the patients in this study received pre-
operative chemotherapy which may have led to selection of
chemo-resistant subclones. Two patients did not receive
oxaliplatin-based therapies and showed the highest sensitivity
towards the treatment in vitro. Furthermore, two treatment-
refractory patients were treated with a drug that was selected
based on the drug sensitivity observed in their corresponding
organoids. One patient received vandetanib (pan-tyrosine-kinase
inhibitor) which strongly reduced organoid viability, however no
clinical response was observed. For another patient, gemcitabine
showed an initial partial clinical response but after two additional
months of treatment, disease progression was again observed
(26). Peritoneal CRC-metastases organoids were also treated for
efficacy towards mitomycin C and oxaliplatin (commonly used
in HIPEC; intra-peritoneal chemotherapy treatment) and
showed a general resistance, corresponding with the high
recurrence rates observed in clinic (19).

Organoids from metastatic GI cancers also predicted
sensitivity towards cetuximab (anti-EGFR monoclonal
antibody), and reflected clinical resistance in a patient who,
based on molecular markers (EGFR amplification and KRAS
wild-type), was expected to respond to the treatment (11).

Rectal cancer organoids were exposed to standard-of-care
chemotherapy (5-FU alone or FOLFOX (5-FU with leucovortin
and oxaliplatin)) or radiotherapy (single dose, 0-8Gy). A high
correlation (r=0.86) for 5-FU or FOLFOX was observed when
compared to the progression-free survival (PFS) of the
corresponding seven patients. For radiotherapy, organoids that
showed resistance to radiotherapy were derived from previously
irradiated tumors or from tumors that showed no to minimal
clinical response. On the other hand, more radiosensitive
organoids were derived from patients who had a minimal 50%
reduction in tumor circumference endoscopically or a near-
complete or a clinical complete response following
radiotherapy (22). Additionally organoids (N=80) treated with
neoadjuvant chemoradiation (5-FU and irinotecan) also
reported promising predictive value for clinical response to
neoadjuvant chemoradiation (sensitivity 78.01%, specificity
91.97%) (25).

As a proof-of-concept, the influence of KRAS mutation-
mediated resistance to EGFR-targeted therapy using cetuximab
was tested in rectal cancer organoids. In accordance with clinical
trial data, KRAS-mutated organoids showed more resistance
towards cetuximab compared to the KRAS wild-type organoids
(22). These findings were also confirmed in an independent
rectal cancer organoid biobank (66) and for combined EGFR and
MEK inhibition in CRC organoids (9).

Multiple studies have used organoids to screen for efficacious
targeted agents based on genomic targetable variants present in

the organoids. This approach was taken using gastric cancer
organoid biobanks, CRC cancer organoids and in esophageal
cancer organoids in which drug screening approaches identified
patient subsets with potential vulnerability to new targeted
agents (8, 13, 14, 17, 18, 24, 67).

Finally, organoids were used to improve current treatments.
CRC organoids showed an enhanced response to radiotherapy
when organoids were simultaneously exposed to radiosensitizer
APG-880 (27). Peritoneal CRC-metastases organoids were used
to optimize HIPEC treatment. Because mitomycin C (used in
HIPEC) mainly induces interstrand crosslinks which activates
ATR, the addition of ATR inhibitors to mitomycin C improved
treatment efficacy on cancer organoids, identifying a potential
new clinical strategy (19).

Hepatobiliary Tract and Pancreatic Cancer
Pancreatic cancer is one of the most lethal malignancies as it is
often diagnosed in an advanced stage, has a high recurrence rate
and only a minor survival benefit can be achieved with systemic
therapy. This resistance to gemcitabine was also observed in
pancreatic cancer organoids, though no clinical correlation could
be made (30).

An organoid-derived pharmaco-transcriptomic signature was
developed to predict drug sensitivity to gemcitabine monotherapy
but it did not predict response in patients receiving a combination
treatment with other chemotherapeutics (33). Similar correlation
between clinical response and gemcitabine sensitivity in pancreatic
cancer organoids were found by others as well (37). Another study
also showed the feasibility of pharmacotyping pancreatic cancer
organoids in a timely manner to guide postoperative
chemotherapeutic selection (41).

Pancreatic cancer organoid cultures derived from multiple
different metastatic sites from the same patient showed a
differential sensitivity towards 5-FU, but not towards the other
chemotherapeutics tested. This suggests the existence of cancer
subclones that differ between metastatic sites which are
maintained in their respective cancer organoids (33).

Optical metabolic imaging (OMI) was used to assess
treatment response in pancreatic cancer organoids and classify
patients. OMI is a high-resolution fluorescence microscopy
technique that quantifies the metabolic state of individual cells.
This technique measures drug response in heterogeneous 3D
populations faster than more traditional methods, as changes in
cell metabolism precede changes in cell viability (40). Using OMI
on cancer organoids, three patients were classified as predicted
non-responders and all showed tumor recurrence within one
year whereas four patients that were classified as predicted
responders all remained free of tumor recurrence for more
than one year (40).

Novel approaches for pancreatic cancer organoids include the
co-culture with cancer-associated fibroblasts (CAFs) and using
matched pancreatic ductal organoids. CAFs were shown to
increase treatment resistance which shows the importance of
tumor micro-environmental aspects on treatment efficacy (68).
Using matched pancreatic ductal organoids and pancreatic
cancer organoids the lack of therapeutic response of dual
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MEK-AKT inhibition observed in a clinical phase II trial (69)
was investigated. These findings recapitulated in human and
murine organoids a tumor cell specific negative feedback loop
causing upregulation of ERBB2, which was not observed in
normal pancreatic ductal organoids. This provides a rationale
for combining dual MEK-AKT inhibition with ERBB2 blockade
with a high therapeutic ratio (38).

Liver cancer organoids can be derived from liver cancer
subtypes (hepatocellular carcinoma (HCC) cholangiocarcinoma
(CC) or mixed type (HCC/CC)). Overall differential sensitivity
was found between organoids from different patients to
chemotherapies (gemcitabine) and targeted therapies (taselisib,
AZD8931, SCH772984 and dasatanib or sorafenib) (31, 32),
though no clinical correlations could be made.

Liver cancer organoids (n=7) were also subjected to targeted
therapies (KRAS, MET and KIT targeting). Sensitivity to these
treatments however did not fully correlate with the presence of
these driver mutations (39). In a more comprehensive study,
liver cancer organoids from different tumor regions from the
same patient were developed (n=>5, 27 organoid lines) and tested
for their sensitivity to conventional therapies and drug screening.
Most interestingly, pan-effective drugs were identified that could
uniformly kill many organoid lines whereas other drugs were
only moderately sensitive in a few organoids from the same
patient. This study highlights the intratumoral heterogeneity and
differential sensitivity towards treatment within one patient and
that a single patient organoid may not be sufficient to predict
treatment outcome (34).

Cancer organoids were also derived from pediatric
hepatoblastoma. For one patient drug testing was performed
on the matched normal liver and tumor organoids. This screen
identified one drug (JQ1) to have an increased efficacy on tumor
organoids compared to normal organoids whereas standard-of-
care cisplatin had not differential effect (42). Matched normal
liver tissue organoids were also developed by others, providing
opportunities to test normal tissue toxicity (32).

Urogenital and Gynecological Cancer
Bladder cancer organoids were tested for sensitivity to
chemotherapeutics (epirubicin, mitomycin C, gemcitabine,
vincristine, doxorubicin or cisplatin), though no correlations
could be made with patient response (49). Another study took
a drug screening approach using bladder cancer organoids and
observed strong, but variable responses. For example, in some
organoids from patients with FGFR3 activating mutations, MEK/
ERK inhibition was effective but not in all. Correlations were
seen between more aggressive clinical phenotypes (metastasis
and recurrence) and treatment resistance to a wide range of
drugs in organoids (45).

A biobank (>50 organoid lines) of pediatric kidney cancer
organoids was used to test treatment sensitivity towards
standard-of-care chemotherapy (neoadjuvant actinomycin D
(ACT-D) and vincristine; adjuvant doxorubicin and/or
etoposide) on a specific subset of pediatric kidney cancers
(Wilms tumor). Organoids derived from patients that received
neoadjuvant chemotherapy were less sensitive to vincristine than

those from patients not receiving prior chemotherapy. This
suggests that resistance already develops in vivo and is
maintained in cancer organoids. Furthermore, high-throughput
drug screens in Wilms tumor organoids identified MEK and
HDAC inhibitors as novel candidate interventions. Importantly,
matched normal kidney organoids used in this study as well were
equally sensitivity to romidepsin (HDAC inhibitor) and MEK
inhibition compared to the tumor organoids. For pabinostat
(pan-HDAC inhibitor) a significant increased sensitivity was
observed in the tumor organoids compared to the normal
kidney organoids making this the most interesting for clinical
use. Using this approach, this study sets an example of using
matched healthy and tumor organoids to identify treatments
with the best therapeutic ratio, considering both tumor efficacy
and normal tissue toxicity (50).

Prostate cancer organoids were developed from neuro-
endocrine prostate cancer (NEPC) and used for screening of
cytotoxic drugs and identified alisertib (aurora A-kinase
inhibitor). Organoids from two patients enrolled in a phase 2
clinical trial of alisertib mimicked the clinical response of the
patients (one responder, one non-responder), supporting the
potential clinical relevance of NEPC organoids as a predictive
platform (46, 70).

Castrate-resistant prostate cancer (CRPC)-derived organoid
lines (n=7) could successfully be established from biopsies and
circulating tumor cells from all subtypes. A very limited drug
study showed a response towards androgen suppression therapy
(enzalutamide) in an organoid with androgen receptor
amplification. This organoid line also showed a response to
everolimus (mTOR inhibitor) and buparlisib (PI3K inhibitor)
correlating with mutations in PTEN and PIK3R1 (43).

Endometrial cancer organoids (EC-O) representing early
hyperplastic endometrium (n=13) and different stages and
grades were derived (n=16) and exposed to standard-of-care
treatment (paclitaxel, 5-FU, carboplatin, doxorubicin) and
everolimus. These studies showed differential response between
organoids from different patients (48). Similar patient-specific
responses were observed in another study with low- and high-
grade EC-O (n=15) (44). Additionally, organoids from a patient
with uterine carcinosarcoma and a patient with endometrial
adenocarcinoma were used for drug screening. In both patients
PI3K-inhibitors (buparlisib) were most effective, consistent with
PIK3CA mutation present and strongly interacted with HDAC
inhibitors as the most potent combinations treatment for both
cancer organoids (67). For all three studies, no clinical
comparison could be made.

Ovarian cancer organoids (OC-O) were successfully
developed from multiple stages and subtypes (56 organoid
lines). Standard-of-care drugs (platinum/taxanes) as well as
targeted agents (PIK3K/AKT/mTOR inhibitors or PARP
inhibitors) were used to test treatment sensitivity of OC-O.
Unsupervised hierarchical clustering based upon platinum/
taxane sensitivity could distinguish chemosensitive high-grade
serous (HGS) organoids and chemoresistant non-HGS organoids
which corresponded to the clinical findings. For one patient,
HGS organoids clustered with the resistant group, corresponding
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to its clinically chemo-resistant phenotype and status as
recurrent disease. The pre-treated counterpart of this patient
did cluster with the chemo-sensitive group, correlating with
clinical behavior (47). Another study also developed OC-O
from different subtypes and found significant correlations
between organoid response towards carboplatin and paclitaxel
combination treatment and clinical response (N=7, p<0.01).
During follow-up, organoid drug response did not correlate
with 6-month progression-free survival. However, organoids
derived from the patient with the shortest overall survival was
least responsive. Interestingly, for a subset of patients, organoids
were derived from multiple biopsies from the same tumor. This
identified a differential response in monotreatment between
different cancer lesions of seven patients in 31% of the cases,
with at least one-mismatch for every drug tested. This
emphasizes that intratumor heterogeneity may not be captured
by a single biopsy indicating the importance of using multiple
biopsies from different locations to predict sensitivity (51).

Central Nervous System Cancer

As a proof-of-concept, organoids from one GBM patient,
progressive after standard-of-care treatment, was used to
identify potential drug candidates based on genomic
alterations. This identified everolimus to be a potential
therapeutic agent which correlated with a partial clinical
response in this case-study (55). Cancer organoids derived
from GBM patients were also used to test drug sensitivity to
both standard-of-care chemotherapy (temozolomide) and
molecular targeted agents towards mTOR, PI3K or DNA
damage response. Differential response towards monotherapy
as well as combined treatments with temozolomide and targeted
agents was observed between organoids from different
patients (56).

Chordoma organoids, a rare spinal cancer, were established
that retained PD1 positive CD8 T-cells and were used to predict
response towards nivolumab (PD-L1 blockade). A dose-
dependent effect was observed in both PD-L1 positive and PD-
L1 negative patients which corresponds with previous findings
that low expression of PD-L1 can still lead to responses towards
PD-L1 blockade (i.e. the approval of PD-L1 inhibitor
pembrolizumab in NSCLC starting at 1% PD-L1 positivity).
This study shows that this treatment response can potentially
be predicted in cancer organoids, regardless of PD-L1 status
though no correlation towards individual patient response could
be made (54).

Multiple organoid lines of retinoblastoma were developed
and tested for response to standard-of-care chemotherapy
(melphalan, topotecan and methotrexate) which showed a
similar response towards tumor cells in advanced disease in
clinical practice, but here no direct comparison to the patient
response was made (53).

Breast Cancer

Breast cancer is one of the most prevalent types of cancer,
comprising over 20 different subtypes. To include all these
subtypes, a large (>100 organoid lines) breast cancer organoid
biobank was established. For 12 patients with metastatic breast

cancer a comparison with patient outcome was made. In this
subset, the in vitro response to tamoxifen (estrogen receptor
antagonist) matched that of the patients, showing their potential
as treatment predictors. This biobank was used for high-
throughput drug screening in which most, but not all,
organoids responded to treatment as predicted from their
mutations. Some organoid lines were insensitive to HER2
targeting despite HER2 overexpression which emphasizes the
value of functional in vitro drug tests using cancer
organoids (57).

In another proof-of-concept study breast cancer organoids
were derived from one patient and drug screening identified
fulvestrant (estrogen receptor antagonist) as the most optimal
treatment for this patient whereas based on genetic analysis
(PTEN mutant), everolimus was expected to be the most effective
treatment. Possibly this discrepancy can be explained by
subclonal PTEN alterations resulting in differential efficacy of
everolimus. Since this patient was not treated with either of these
agents no correlation to the clinical response could be made,
however it does show the additive value of drug screen on cancer
organoids to genetic analysis of the tumor (58).

Pulmonary Cancer

Lung cancer is the leading cause of cancer mortality and can be
subdivided in non-small cell lung cancer (NSCLC) and small cell
lung cancer (SCLC). The first lung cancer organoid biobank was
established using 80 lung cancer (SCLC and NSCLC) patients.
Drug sensitivity testing was performed for both cytotoxic drugs
(docetaxel) and targeted agents (olaparib and erlotinib).
Sensitivity to PARP inhibitor olaparib correlated with BRCA2
mutation status as expected. EGFR-targeting by erlotinib did
correlate with EGFR mutation status in most, but not all, lung
cancer organoids. In one patient that harbored an EGFR
mutation but was resistant to erlotinib, a MET amplification
was present explaining resistance (60). In another study, NSCLC
organoids were derived from lung adenocarcinoma using a TP53
activator (nutlin) to eliminate normal lung stem cells and
organoids were used as a potential drug screening model from
which findings could be correlated to molecular markers. Lung
cancer organoids with an ALKI mutation were shown to be
resistant to crizotinib whereas ERBB2 mutated cancer organoids
were sensitive to erlotinib and gefitinib (59). Both studies did not
compare the organoid response with that observed in the patient.
Two more studies used NSCLC organoids for drug screening and
correlation to molecular alterations found in the tumor. Both
studies identified differential response towards treatment
between organoids from different patients (61, 62) but also
some treatments (such as vincristine) which showed
comparable activity across all organoid lines (62).

Head-and-Neck Cancer

Head-and-neck squamous cell carcinoma (HNSCC) organoids
were developed and tested for treatment response towards
standard-of-care chemotherapy in the metastasized setting
(cisplatin and docetaxel). This study observed the highest IC50
value for docetaxel in the organoids derived from a pre-treated
relapsed patient. Furthermore, in vitro resistance towards either
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one of the treatments could be confirmed in in vivo mouse
models (63). HNSCC organoids were subjected to drug screening
for targeted agents and standard-of-care treatments (cisplatin,
carboplatin, cetuximab or radiotherapy) and differential
responses were observed between organoids from different
patients. Additionally, for a subset of patients, radiosensitivity
of the organoids could be compared to clinical response. For six
out of seven patients the organoid response towards radiation
was similar to the clinical outcome of the patient (64). Another
study used HNSCC organoids to test a novel treatment approach,
EGFR-targeted photodynamic therapy. A patient-specific
response was observed which correlated with EGFR levels
exhibited in the tumor and corresponding organoids (65).

DISCUSSION

In the past decade, cancer organoids have been established for
large set of solid tumors and extensively characterized on a
genetic, transcriptomic and phenotypic level. Overall, the
conclusion is that cancer organoids are genetically and
phenotypically stable replicates of the tissue and tumor subtype
characteristics. Multiple studies have also used cancer organoids
for drug screening approaches. However, only few studies have
been able to make a quantitative clinical comparison to derive
predictive values (11, 23, 25, 51). Most studies to date still
provide a descriptive comparison between the organoid and
clinical response which highlights the potential value of cancer
organoids for this utility. Nonetheless, larger cancer organoid
studies that make a quantitative comparison to the clinical
response are warranted to make accurate statements about the
sensitivity and specificity of cancer organoids as clinical
predictors of response and outcome. Cancer organoids have
the potential to improve patient selection as multiple studies
have shown that in some cases cancer organoids responded
differently than predicted by driver mutations in the tumor
(51, 57). This could for example be due to small tumor
subclones or mutations downstream or parallel to the targeted
pathway (60). Recently, a protocol has been published as a
standardized method to successfully establish organoids from
different cancer types and perform drug screening thereof (71).
Such guidelines are crucial to develop a robust and reproducible
co-clinical platform for cancer organoids.

Limitations in Cancer Organoids Studies

Several limitations currently exist that need to be addressed
before cancer organoids can be implemented as a co-clinical
track to aid clinical decision making. First, the derivation of
organoids is not equally effective for all solid cancers. For
example, NSCLC has shown a low establishment rate due to
frequent overgrowth of lung cancer organoids by normal airway
cells (72). This overgrowth of somatic stem cells has been
observed in the derivation of liver, prostate and endometrial
cancer organoids as well (31, 43, 48). Approaches using omission
of growth factors or addition of drugs based on molecular
alterations of the tumor cells have been used to achieve pure

cancer cell populations. However, these approaches are not
universally applicable and vary greatly between cancer types
but also between samples within the same cancer type (59, 73).
Such approaches however should be avoided as they will reduce
heterogeneity by eliminating subsets of tumor clones and may
stimulate the outgrowth of others which will result in a reduced
tumor representation and ability to predict treatment response.
Future studies, including single-cell sequencing of organoids
should be conducted to investigate how such counter selections
affect tumor representation. Second, the derivation time of most
cancer organoids is currently still weeks to months. If cancer
organoids were to be used as co-clinical avatars this derivation
time needs to be shortened to be of actual clinical value to the
patient. Third, at the moment most patients die from metastatic
disease. Heterogeneity between the primary tumor and
developed metastases is an important cause of treatment
failure in the metastasized setting. The opportunity to derive
cancer organoids form different tumor sites provides the
opportunity to select treatment options to which all distinct
tumor locations share sensitivity. Multiple studies have
successfully used this approach and showed differential as well
as similar treatment responses for several anti-cancer agents
between organoids derived from multiple tumor sites (33, 34, 51,
52). In clinical practice, taking multiple biopsies from one tumor
or taking biopsies from multiple metastases might however not
always be feasible which could potentially limit this application
into the clinic.

Finally, the usage of exogenous growth factors and animal-
derived basement membrane extracts (BME) in organoid
cultures might influence reproducibility between organoid
studies. There is currently no consensus on which medium
components should be used, also not within one tumor type,
which could explain differences found between studies with
regards to treatment sensitivity. Moreover, the BMEs that are
mostly used (i.e. Matrigel) feature variable compositions and the
protein composition does not always reflect the stromal
composition of the tissue the cancer cells were derived from.
Utilizing a well-defined 3D matrix, adjusted to specific tumor
types, might help to further improve cancer organoid
studies (74).

Incorporation of the Tumor Micro-
environment in Cancer Organoids

Cells from the tumor micro-environment, such as stromal cells,
immune cells and endothelial cells are lacking from cancer
organoids. This may limit the utility of patient cancer organoids
as predictors of treatment response as the tumor micro-
environment is a key determinant of therapeutic outcome and a
potential therapeutic target (75, 76). Importantly, hypoxia, a
common characteristic of the tumor micro-environment of solid
tumors which greatly contributes to malignant behavior and
chemo- and radioresistance does develop in organoids once they
reach a certain size (52). The importance of the tumor micro-
environment has also been shown by incorporating cancer-
associated fibroblasts in pancreatic cancer organoids which led to
increased resistance towards treatment (68).
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Several attempts have already been made towards
incorporating aspects of the tumor micro-environment into the
cancer organoid system (77). These include co-culture of tumor
cells and immune cells or the preservation of original tumor
micro-environmental components in the culture system (15). An
example of this is the development of a co-culture system of
peripheral blood mononuclear cells (PBMCs) and NSCLC or
CRC cells. In this system, autologous tumor-reactive T-cells
could be induced which were also shown to specifically kill
tumor organoids whereas matched healthy airway organoids
were unaffected (78). An air-liquid-interface (ALI) system was
used to propagate cancer organoids directly from human or
mouse tumor biopsies with preservation of the immune stroma
and original tumor T-cell receptor spectrum and used to model
immune checkpoint blockade therapy (79). In another example,
glioblastoma biopsies were cut into small pieces without using a
BME. This approach showed retention of immune and
endothelial cells during culture and could be used to test for
CAR-T cell treatment. However, whether these immune cells
remain functional after prolonged culture is still uncertain (80).

Whereas endothelial cells can be preserved in acute slice
culture systems and by starting a culture directly from a tumor
biopsy without disturbing the tissue architecture, re-creating
functional blood vessels requires a very different approach.
Towards this goal, human vascularized brain organoids by co-
culturing brain organoids and in vitro differentiated iPSCs
towards endothelial cells were generated (81). Furthermore,
tumor-on-a-chip models have been developed that include a
microfluidic model to mimic vasculature and a running blood
stream to further mimic the in vivo drug delivery situation (82).

————p Drug screening

Healthy tissue

N ncer organoi ~
organoids Cancer organolds Fl

Drug Response Standardization in Cancer
Organoid Studies

In order to fully understand the potential of cancer organoids as
patient avatars important aspects need to be addressed. Most
studies to date have used arbitrary drug dosages or titration
curves. While this is a fairly common approach in pre-clinical
research, it is recommended to use human equivalent dosages
(i.e. measured drug concentrations in cancer tissue in vivo) in
treatment experiments using cancer organoids. These differences
in drug dose could lead to survival of cell populations in vitro
that do not die in vivo or vice versa. Furthermore, since all studies
use different drugs schedules and dosages, discrepancies of the
predictive value of organoids between different studies can occur.
Changes in drug concentration due to difterences in diffusion of
metabolites, in vivo drug metabolism and limited drug
penetrance as a result of physiological barriers such as the
blood-brain-barrier (BBB) can change the efficacy of a
treatment option due to inadequate drug concentration in the
cancer organoid. Microfluidics and an artificial BBB using organ
on a chip technology may advance the field in this respect (82,
83). Furthermore, anti-cancer drugs are administered in specific
treatment schedules in clinical practice. Especially concurrent
treatment with multiple systemic agents and/or radiotherapy is
still lacking in most cancer organoid studies whereas this is a
common treatment strategy in daily clinical practice. Another
important consideration that requires critical analysis are the
treatment endpoint assays used in cancer organoid studies. It is
well established that short term proliferation and viability/cell
death (apoptosis, BrdU, ATP assays) are not predictive for long
term survival and tumor control probability in response to
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FIGURE 1 | Potential applications of cancer organoids to improve treatment prediction and clinical applicability.
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radiotherapy and chemotherapy. Organoids are composed of
heterogeneous cell population in which cancer stem cells have
different responses to treatment and constitute only a minor
fraction of the organoid population. Therefore, ninety percent
cell death may not involve the most resistant clones within the
organoid or the tumor in the patient. As tumor stem cells are
intrinsically more resistant to treatment (84, 85) than bulk -non
tumor stem cells—treatment schedules should also include long
term survival assays (e.g. organoid replating studies, clonogenic
assays) combined with tumor stem cell biomarkers to be more
predictive for the tumor cure dose in vivo.

Development of Recurrent

Cancer Organoids

An interesting application of cancer organoids to be further
explored is the development of organoids from recurrent cancer.
Some studies describe organoids from biopsies from recurrent
tumors, both with and without matched primary tumors (45, 47).
Another interesting approach could be the in vitro development
of a recurrent organoid from primary tumor organoids (10).
Under selection of treatment pressure, resistant subpopulations
within the tumor could potentially outgrow the treatment-
sensitive cell populations or cause the acquisition of new
mutations that cause resistance or may identify new
therapeutic targets. Future studies should address if in vitro
induced resistance mechanisms mimic the behavior of
recurrent disease in patients.

Corresponding Cancer and Healthy

Tissue Organoids

Another important advantage of organoids is the possibility to
simultaneously culture cancer and healthy tissue organoids from
the same patient. Several studies have already implemented this
technique in which it supported selection of the most promising
treatment option (38, 50, 78, 86). Normal tissue toxicity is one of
the main dose-limiting factors in cancer therapy, and being able to
predict this can be of great benefit towards both optimal cancer
treatment as well as maximizing quality of life. Thus, organoids are
not only useful to individualize treatment in order to eradicate
cancer cells but also to exclude potentially toxic treatments. The
use of normal tissue organoids in parallel is only just emerging but
would be a key feature to the armamentarium of organoids as
clinical avatars for personalized precision medicine.
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