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There is a clear and unmet clinical need for biomarkers to predict responsiveness to chemotherapy for cancer. We
developed an in vitro test based on patient-derived tumor organoids (PDOs) from metastatic lesions to identify
nonresponders to standard-of-care chemotherapy in colorectal cancer (CRC). In a prospective clinical study, we
show the feasibility of generating and testing PDOs for evaluation of sensitivity to chemotherapy. Our PDO test
predicted response of the biopsied lesion in more than 80% of patients treated with irinotecan-based therapies
without misclassifying patients who would have benefited from treatment. This correlation was specific to irinotecan-
based chemotherapy, however, and the PDOs failed to predict outcome for treatment with 5-fluorouracil plus
oxaliplatin. Our data suggest that PDOs could be used to prevent cancer patients from undergoing ineffective

irinotecan-based chemotherapy.

INTRODUCTION

Chemotherapy is still considered the backbone of anticancer therapy
and has improved the life expectancy of countless patients (1, 2).
Unfortunately, a large fraction of patients do not benefit from this
treatment but still experience substantial side effects (3-6). Although
genomics has greatly facilitated patient selection for targeted therapies,
this has been unsuccessful for chemotherapy, in part due to its often
incompletely understood and diverse mechanisms of action (7-9).
A handful of clinical parameters can help provide prognosis, but most
of the proposed biomarkers are not currently used to predict chemo-
therapy treatment outcome in the clinic (9-14). Previous attempts
to use patient material to determine treatment responsiveness have
had limited success due to the long turnaround times, poor scalability,
or low success rates of establishing patient cell lines or xenografts
(15, 16). Together, personalized cancer treatment for chemotherapy

'Department of Molecular Oncolog;/ and Immunology, Netherlands Cancer Institute,
1066 CX Amsterdam, Netherlands. “Oncode Institute, 3521 AL Utrecht, Netherlands.
3Department of Biometrics, Netherlands Cancer Institute, 1066 CX Amsterdam,
Netherlands. “Department of Molecular Carcinogenesis, Netherlands Cancer Institute,
1066 CX Amsterdam, Netherlands. 5Department of Radiology, Netherlands Cancer
Institute, 1066 CX Amsterdam, Netherlands. ®Department of Pathology, Netherlands
Cancer Institute, 1066 CX Amsterdam, Netherlands. 7Department of Gastrointestinal
Oncology, Netherlands Cancer Institute, 1066 CX Amsterdam, Netherlands. ®Depart-
ment of Internal Medicine/Oncology, Radboud University Medical Center Nijmegen,
6525 GA Nijmegen, Netherlands. 9Department of Internal Medicine, Elisabeth-
TweeSteden Hospital, 5042 AD Tilburg, Netherlands. "°Faculty of Electrical Engineering,
Mathematics and Computer Science, Delft University of Technology, 2628 CD Delft,
Netherlands. '"Division Biomedical Genetics, Centre for Molecular Medicine, Uni-
versity Medical Centre Utrecht, 3584 CX Utrecht, Netherlands. 12Hartwig Medical
Foundation, 1098 XH Amsterdam, Netherlands. *Hubrecht Institute, Royal Netherlands
Academy of Arts and Sciences and University Medical Centre Utrecht, 3584 CT
Utrecht, Netherlands. "*Princess Maxima Center for Pediatric Oncology, 3584 CS
Utrecht, Netherlands.

*These authors contributed equally to this work.

1These authors contributed equally to this work.

$Present address: Department of Radiology and Nuclear Medicine, Amsterdam
University Medical Center AMC, 1105 AZ Amsterdam, Netherlands.
§Corresponding author. Email: e.voest@nki.nl

Ooft et al., Sci. Transl. Med. 11, eaay2574 (2019) 9 October 2019

is currently lacking, and new predictive assays to help match patients
to treatments are highly needed.

Patient-derived tumor organoids (PDOs) are cultures of tumor
cells that can be derived from individual patients with a high success
rate and expanded indefinitely, and which recapitulate morphological
and genetic features of the original tumor (17-19). Recent post hoc
studies suggest that PDOs may mirror clinical responses of individual
patients to therapy (20, 21). We therefore embarked on a multicenter,
prospective, observational clinical study to determine the feasibility
and potential value of PDOs as a predictive test for chemotherapy
treatment regimens for colorectal cancer (CRC) patients. The Tumor
Organoids: feasibility to predict sensitivity to treatment in cancer
patients (TUMOROID) study is a multicenter study focused on regi-
mens commonly used in CRC; patients received standard-of-care chemo-
therapy, including infusional 5-fluorouracil (5-FU) or capecitabine
(oral prodrug of 5-FU), in combination with either oxaliplatin (referred
to as FO) or irinotecan (FI), or irinotecan alone. Bevacizumab was
allowed in all treatments, but patients who received additional
cetuximab or panitumumab after the biopsy was taken were excluded.
This criterion was chosen because the number of patients that re-
ceived additional cetuximab or panitumumab was limited, and the
selection based on wild-type N/KRAS would be a strong confounder.
The primary objective was the development of an assay to accurately
identify nonresponders to chemotherapy. Nonresponders were defined
as patients with progressive disease (PD) after three cycles of chemo-
therapy according to the response evaluation criteria in solid tumors
(RECIST) 1.1 (22).

RESULTS

Genetic and clinical characteristics of patients included

in the TUMOROID study

We included 61 patients in the trial, from whom 67 biopsies were
taken and cultured as previously described (19, 23). Of the total 67
included biopsies, tissue retrieval was unsuccessful for four biopsies
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Fig. 1. Generation of PDOs from patients with metastatic CRC enrolled in the TUMOROID study. (A) Flow chart indicating the number of patients with metastatic
CRC included, the number of evaluable patients, reasons for non-evaluability, and the success rate of establishing cultures from patients. (B) Overview of all patients,
corresponding mutations in genes commonly mutated in CRC, and clinical parameters [sex, primary location, biopsied metastasis, microsatellite instability (MSI) status,
and previous systemic treatment]. Gray boxes indicate that data were not available. On the right side are bar graphs representing the fraction of samples with a genetic
aberration identified per gene, plotted and compared to those of Yaeger and colleagues (24). “Altered” was defined as a given variant being predicted pathogenic by
COSMIC. (C) Clinical responses of patients, indicated in either blue (PR/SD) or red (PD), on the relevant treatment indicated on the left. The clinical and genetic data are

described in more detail in tables S1 to S3.

(Fig. 1A). Culture of 23 of the remaining 63 biopsies failed due to no
or too few tumor cells in the biopsy (# = 14), quality control problem
(n=6), or bacterial infection (1 = 3). Overall, we obtained a ~63% PDO
culture success rate (40 of 63 cultures) across the whole study, which
is in line with previous reports (18-20), and found that clinical pa-
rameters did not influence culture success (fig. S1A). For five pa-
tients, the culture succeeded, but the clinical response was not
evaluable, and therefore, the PDOs could not be used for in vitro
patient comparison of drug response. Of the resulting 35 PDOs, 16
were used to evaluate the PDO drug sensitivity for first-line FO, and
22 were used for second-line FI or irinotecan (12 and 10 PDOs,
respectively) (Fig. 1A). In most cases, the PDOs were established
before the start of treatment. In rare cases, PDOs were established
after progression on treatment (P27 and P28) or could also be used
for testing response to multiple treatment outcomes because the
patients were biopsied immediately after progression on first-line
treatment with FO and right before the start of second-line treatment
with irinotecan or FI (P2.2, P3.2, and P4.2). Patient and tumor charac-
teristics, clinical background, pathological parameters, genetic aber-
rations, and treatment history are presented in Fig. 1B and more
elaborately in tables S1 to S3. We found that the frequency of known
genetic drivers of CRC was similar between the first (FO)- and second
(FI/T)-line treatment cohorts (Fig. 1B) and similar to a recent clinical
sequencing study of metastatic CRC, suggesting that our study
describes a representative population of patients (24). Clinical re-
sponse data for each patient are depicted in Fig. 1C.

PDOs predict response to irinotecan monotherapy

We first tested 10 PDOs from 10 patients treated with irinotecan
(described in more detail in table S3). Five PDOs were derived from
lesions that were classified as PD, and five were derived from lesions
that were classified as stable disease (SD) (Fig. 2A; depicted in more
detail in fig. S2A). This distribution of responses is in line with larger

Ooft et al., Sci. Transl. Med. 11, eaay2574 (2019) 9 October 2019

studies using irinotecan (6). All PDOs were exposed to the active
metabolite of irinotecan, SN-38, for 6 days, and each screen was
repeated by a second person to determine interobserver reproduc-
ibility (average Pearson’s R = 0.947; range, 0.796 to 0.996; fig. S2B).
We calculated the growth rate inhibition metrics (GR) of each condi-
tion 6 days after drug exposure and fitted dose-response curves
(DRCs) (Fig. 2B) (25). We quantified responses to SN-38 by calcu-
lating the GRsp and the area under the DRC (AUCpgc), both of
which were significantly different between PDOs generated from
PD versus SD lesions (Mann-Whitney test, P = 0.0159 and P = 0.0079,
respectively; Fig. 2, C and D). To reduce the number of organoids
and data points required for testing, we refined the drug assay by deter-
mining the concentration in the DRC at which the window of effect
(or “variance”) of chemosensitivity was the largest (fig. S3A). This
strategy results in the elimination of drug concentrations for which
the differential effect between PDOs was small. We found that
3.2 nM SN-38 yielded the largest window of effect, and PDOs from
SD patients were more sensitive than PDOs from PD patients when
exposed to this concentration (Mann-Whitney test, P = 0.0159;
Fig. 2E and fig. S3A). The receiver operating characteristic (ROC)
curve generated from this window had an AUC of 0.96 [confidence
interval (CI), 0.8427 to 1.1077; Fig. 2F], comparable to those gener-
ated based on GRsp and AUCppc (summarized in Fig. 2G). We next
aimed to develop a GR score-based classifier that accurately identifies
nonresponders to irinotecan, without misclassifying responders, and
test its predictive performance using leave-one-out cross-validation
(LOOCYV; fig. S3B). LOOCV resulted in correct classification of
80% of patients (empirical P = 0.0061; fig. S3B). These data demon-
strate that PDOs have predictive value for irinotecan monotherapy,
which can be captured by exposure to a single concentration of
SN-38 and application of a cutoff of GR > 0.67. Such an assay only
required ~5000 cells, which could be generated and screened within
about 2 weeks.
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in vitro (fig. S4F).

Analogous to the method described
for the irinotecan monotherapy cohort,
we refined the drug assay by determining
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Fig. 2. PDO drug sensitivity predicts response to treatment with irinotecan. (A) Waterfall plot of each patient’s
overall response and best response of the biopsied lesion in the irinotecan-treated PDO cohort. Red indicates progres-
sive disease (PD), and orange indicates stable disease (SD). *, new lesion(s). (B) Fitted dose-response curves (DRCs) of
10 PDOs exposed to SN-38 in vitro. Blue lines represent PDOs derived from SD patients, and red lines represent PDOs from
PD patients. GR values represent in vitro sensitivity of PDOs to SN-38. The screen was plated in technical triplicate and
performed twice, once each by independent researchers. Red indicates PD, and blue indicates SD. (C) Log,(GRso SN-38)
was interpolated from the fitted DRCs shown in (B). Groups were compared using a two-tailed Mann-Whitney test.
Dots/squares represent individual PDOs, horizontal bars represent the mean, and error bars indicate SEM. (D) The area
under the DRC (AUCpgc) was calculated by integrating the DRC of each PDO in (B). Groups were compared using a two-
tailed Mann-Whitney test. Dots/squares represent individual PDOs, horizontal bars represent the mean, and error bars
indicate SEM. (E) The data point with the largest window of effect (captured by the variance) was calculated (3.2 nM
SN-38; fig. S3A), and response was compared using a two-tailed Mann-Whitney test. (F) The data of (E) were plotted as
an ROC curve. The dotted line represents an AUCgoc of 0.5, which indicates no predictive value. Cl, confidence interval.
(G) Summary graph of the AUCgocs and 95% Cls on the basis of the in vitro parameters GRso and AUCppge.

PDOs predict response to 5-FU-irinotecan

combination therapy

Next, we attempted to construct a PDO-based classifier that would
predict response to combination therapy. We also tested PDOs from
12 patients treated with FI (Fig. 3A; more details in fig. S4A). Again,
the distribution of clinical responses was representative of distribu-
tions found in larger studies (6). Because FI is a combination che-
motherapy of two drugs, we designed a drug matrix with a broad

Ooft et al., Sci. Transl. Med. 11, eaay2574 (2019) 9 October 2019

o the concentrations in the drug matrix at
which the variance of in vitro chemo-
sensitivity was the largest (figs. S4B and
S5A). This analysis identified two com-
plementary rows and columns in the drug
matrix with large windows of effect: 200 uM
5-FU as fixed concentration (“anchor”)
and a titration of SN-38, as well as 6.25 nM
SN-38 as anchor and a titration of 5-FU
(fig. S5A). For each PDO, we summed the
11 GR values within these two comple-
mentary DRCs to create a GR score and
found these to differ between PR/SD
and PD patients (Mann-Whitney test,
P=0.0260; Fig. 3B and fig. S5A). Furthermore,
an ROC based on this score produced
an AUC of 0.89 (Fig. 3C), suggesting
that PDOs may have predictive value for
FI combination chemotherapy. In addi-
tion, the 50% of PDOs that were most sensitive to FI in our assay
had a significantly higher progression-free survival (PFS), indicating
that in vitro sensitivity to FI is also associated with a longer re-
sponse in the clinic (log-rank test, P = 0.0278; Fig. 3D). When
compared to other in vitro endpoints, the combined DRCs per-
formed as well as or better than 5-FU and SN-38 as single agents
(summarized in Fig. 3E). Last, for clinical implementation, the two
complementary DRCs of the FI assay only required ~10,000 cells,

AUCROC
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Fig. 3. PDO drug sensitivity predicts response to treatment with 5-FU/capecitabine and irinotecan. (A) Waterfall plot
of each patient’s overall response and best response of the biopsied lesion in the Fl-treated PDO cohort. Red indicates PD,
orange indicates SD, and blue indicates partial response (PR). *, new lesion(s). (B) GR scores of Fl-treated PDOs derived from
lesions with PR/SD and PD. Scores of PR/SD (n=6) versus PD (n = 6) patients were compared using a two-tailed Mann-Whitney
test. The screen was plated in technical triplicate and performed two times, once each by independent researchers. GR
scores representing in vitro sensitivity of PDOs to Fl were calculated by summing the 11 data points in the two complemen-
tary rows and columns in the drug matrix (fig. S5A). Dots/squares represent individual PDOs, horizontal bars represent the
mean, and error bars indicate SEM. (C) ROC curve of the FI cohort illustrating the potential to predict response. AUCroc = area
under the receiver operating characteristic curve. (D) Kaplan-Meier curve depicting the PFS of the 50% most sensitive ver-
sus 50% most resistant PDOs. Groups were compared using the Mantel-Cox log-rank test. (E) Summary of the AUCgoc and
95% Cl for lesion response, calculated based on the in vitro parameters GRso and AUCpge. (F) GR scores of irinotecan-treated
PDOs derived from lesions with PR/SD and PD. The test developed using the Fl set [described in (B)] was applied to the
10 PDOs from the patients in the irinotecan monotherapy cohort: All PDOs were exposed to the 11 concentrations iden-
tified in (B), and GR scores representing in vitro sensitivity of PDOs to irinotecan were calculated analogous to the method
described there. GR scores for PDO were compared to our threshold [GR > 0.46, represented by the dotted line in the figure,
as identified previously in (B)] to determine whether PR/SD (n=5) and PD (n=5) patients were correctly classified by this

method. Groups were compared using a two-tailed Fisher’s exact test. (G) The data of (F) are plotted as an ROC curve.

which can be readily generated and screened within 21 days. This
turnaround time is a marked improvement over the previously
reported 2 to 6 months for other cell culture models and more
similar to sequencing of gene panels such as the Memorial Sloan
Kettering IMPACT panel (21 days) or the turnaround times reported
in precision medicine studies (I-PREDICT median time to start

treatment, ~29 days) (15, 26, 27).
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To assess the performance of the FI
classifier, we first repeated the LOOCV
for the FI dataset and found that 83.3%
of patients were correctly classified
(empirical P = 0.0017; fig. S5B). We
then tested the classifier for FI combi-
nation therapy on the cohort of pa-
tients described above, which received
irinotecan monotherapy. All PDOs of
the irinotecan cohort (Fig. 2A and fig.
S2A) were exposed for 6 days to the com-
plementary DRCs identified in the FI
analysis above. When we applied the
previously identified threshold of
GR > 0.46, we correctly classified five of
five resistant patients and four of five
sensitive patients (90% correct; Fisher’s
exact test, P = 0.0476) (Fig. 3F). Further-
more, the ROC curve generated from
this GR score had an AUCgoc of 0.84
(Fig. 3G). Together, these results
demonstrate the predictive nature of
our test in a second patient cohort.

PDOs do not predict
response to 5-FU-oxaliplatin
combination therapy
We then performed similar experiments
to test the predictive value of PDOs for FO
chemotherapy using 16 PDOs derived
from 10 patients (Fig. 4A and fig. S6A) (22).
All samples were screened and analyzed
as described above (inter-researcher re-
producibility: average Pearson’s R=0.971;
range, 0.935 to 0.996; fig. S6B). In contrast
to the irinotecan-based patient cohorts,
we did not find a notable difference
in PDOs generated from PD versus PR/
SD lesions in response to any of the tested
parameters (Fig. 4B and fig. S6, C and D).
Furthermore, no correlation with clinical
response was found for the response to
either the combination treatment or the
individual drugs (summarized in fig. S6E).
Consequently, the ROC curves showed
no predictive value (Fig. 4, C and D).
To analyze intrapatient differences in
drug responses before treatment (Pla-d)
or over the course of treatment (P2 to P4),
we calculated response to FO and indi-
vidual drug responses of PDOs. Organoids
were generated from multiple synchro-

nous metastases of P1, as well as before and after treatment for P2 to
P4. In line with a previous study, we found that responses to indi-
vidual agents can differ substantially between lesions in a single patient
(Pla-d; fig. S7, A and B) (21). However, all four lesions were com-
parably sensitive to the FO combination (fig. S7C), which contrasts
with the heterogeneous responses to single agents (fig. S7, A and B,

and summarized in fig. S7D). For three patients, we profiled drug
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Fig. 4. PDO drug sensitivity does not predict response to treatment with 5-FU/capecitabine and oxaliplatin.
(A) Waterfall plot of the best lesion and overall responses in the FO-treated PDO cohort. Red indicates PD, orange indicates
SD, and blue indicates PR. ¥, new lesion(s); #, lesion could not be measured. (B) GR scores of FO-treated PDOs derived from
lesions with PR/SD and PD. Scores of PR/SD (n=9) versus PD (n =4) patients were compared using a two-tailed
Mann-Whitney test. The screen was plated in technical triplicate and performed two times, once each by independent
researchers. GR scores representing in vitro sensitivity of PDOs to FO were calculated by summing the six data points of
equimolar concentrations of 5-FU and oxaliplatin to generate a GR score. Dots/squares represent scores for individual
PDOs (except for P1a-d, which are represented as the average of these four samples), horizontal bars represent the mean,
and error bars represent the SEM. n.s., not significant. (C) ROC curve of the FO cohort illustrating the potential to predict
response. (D) Summary graph of the AUCgocs and 95% Cls calculated on the basis of in vitro parameters GRso and AUCppge.

responses before treatment and upon clinical progression to FO
(fig. S7E). P2.1 showed a considerable response to single-agent
5-FU and oxaliplatin, and to the FO combination, which was partly
diminished in P2.2 and mirrored the clinical response of this pa-
tients (fig. S7, E to H). This contrasts with P3 and P4, for whom only
minor changes between pre- and posttreatment cultures were found
in response to single-agent 5-FU and oxaliplatin and to the FO
combination (fig. S7, F to H). Moreover, baseline sensitivity to FO
varied greatly between P2, P3, and P4 (fig. S7F). These observations
suggest that the current PDO culture/screening system does not re-
capitulate the responses of patients to FO in the clinic as it does for
second-line irinotecan-based therapy.

We performed several calculations to control for underlying factors
that might contribute to the discrepancy found between first-line
(FO; AUCRroc = 0.5) and second-line (FI/I; AUCRoc > 0.8) therapy
response in vitro. We calculated the interaction (odds ratio) of clinical
parameters or the presence of mutations in common CRC driver genes
with clinical response (fig. S8, A and B) or with individual PDO re-
sponses to chemotherapy (fig. S8, C and D). We did not find a sig-
nificant association with response or resistance, either clinical or
in vitro, for any of these parameters.

DISCUSSION
The discrepancy between the predictive value of PDOs for irinotecan-
based treatment and FO suggests that the sensitivity and necessary
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proved by obtaining multiple core biop-
sies, together with direct evaluation of
the biopsies by a pathologist to identify
samples with low cellularity, as suggested
by Vlachogiannis et al. (20). Another
technical limitation of functional tests is
that they cannot be “rushed” as can be done
for sequencing gene panels (26, 27). These
two points highlight the need to further
increase the efficacy of PDO culture.

In summary, to date, there are no
predictive tests for responsiveness to standard-of-care chemotherapy
in CRC. Our data support the use of PDOs as a predictive tool to
prospectively identify patients with metastatic CRC who would not
benefit from irinotecan-based palliative chemotherapy. We have
demonstrated that it is clinically feasible to use PDOs to deliver a
prediction on the outcome of irinotecan-based chemotherapy. Although
encouraged by the data, we are mindful of several limitations to our
study. We have performed analyses (LOOCV, data randomization,
testing of the FI assay in an irinotecan monotherapy cohort) to assess
the strength of the data, but the number of patients on which our
initial test was designed is limited, and the performances of the clas-
sifiers should be tested in independent cohorts of patients. However,
we have now provided a foundation for confirmatory trials to vali-
date and refine PDO-based tests and identify alternative treatments for
patients unlikely to respond to irinotecan-based therapies (20, 21).
Our data suggest that it is clinically feasible to use PDOs to deliver a
prediction for the outcome of irinotecan-based chemotherapy.

MATERIALS AND METHODS

Study design

The TUMOROID study is a Dutch multicenter observational cohort
study (NL49002.031.14). The objective of the study was to evaluate
the potential and feasibility of PDOs to distinguish patients with
and without response to standard-of-care treatment, and the pri-
mary objective is a standardized PDO-based test with an AUCgroc
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of >0.7 and a high negative predictive value (the ability to exclude
nonresponders without withholding treatment to responders). The
study was approved by the ethical review board of the Netherlands
Cancer Institute. The protocol complies with the Declaration of
Helsinki, Dutch law, and Good Clinical Practice. All patients provided
written informed consent before any study-related procedures. Patients
with metastatic CRC were accrued at the Netherlands Cancer Institute,
Meander Medical Centre Amersfoort, and Elisabeth-TweeSteden
Hospital Tilburg. Eligibility criteria included an Eastern Cooperative
Oncology Group performance status of <2, measurable disease,
feasibility of tumor biopsy for histologic analysis, and age of 18 years
or older. Patients underwent biopsies before start of treatment with
clinically approved regimens of capecitabine/5-FU combined with
oxaliplatin/irinotecan (described below). Patients were not ran-
domized because the TUMOROID was an observational study. In
select cases, posttreatment biopsies were obtained upon clinical
progression. Patients underwent computed tomography scans at
baseline and every 2 months to monitor response to treatment.
Responses of the biopsied lesion were scored using RECIST 1.1
(22). All experiments were performed in parallel by two independent
researchers. Researcher 2 was blinded to treatment outcome.

Treatment

Patients were treated according to clinically approved regimens of
irinotecan monotherapy or capecitabine/5-FU in combination with
oxaliplatin or irinotecan. Bevacizumab was allowed in all regimens, but
patients receiving additional panitumumab or cetuximab were
excluded. Irinotecan monotherapy (350 mg/m?) was administered
intravenously once every 3 weeks. Capecitabine plus oxaliplatin
(CAPOX) was given in 3-week cycles; patients received capecitabine
(1000 mg/m?) orally twice a day on days 1 to 14 and oxaliplatin
(130 mg/m?) intravenously on day 1. 5-FU plus leucovorin plus
oxaliplatin (FOLFOX) was given in 2-week cycles; patients received
oxaliplatin (85 mg/mz), leucovorin (400 mg/ m?), and 5-FU (400 mg/ m?
as a bolus, 600 mg/m” in 22 hours) intravenously on day 1. On day 2,
the patients received leucovorin (200 mg/ m?) and 5-FU (400 mg/ m?
as a bolus, 600 mg/m” in 22 hours) intravenously. Capecitabine
plus irinotecan (CAPIRI) was given in 3-week cycles, where patients
received capecitabine (1000 mg/m?) orally twice a day on days 1 to
14 and irinotecan (250 mg/m”) intravenously on day 1. 5-FU plus
leucovorin plus irinotecan (FOLFIRI) was given in cycles of 2 weeks;
patients received irinotecan (180 mg/mz), leucovorin (200 mg/mz),
and 5-FU (400 mg/m® as a bolus, 600 mg/m? in 22 hours) intra-
venously on day 1. On day 2, the patients received leucovorin
(200 mg/mz) and 5-FU (400 mg/m2 asabolus, 600 mg/m2 in 22 hours)
intravenously.

Patient material processing and organoid culture

One or two 18-gauge tumor biopsies were used for organoid culture
and DNA sequencing. Biopsies were collected in Advanced Dulbecco’s
Modified Eagle’s Medium with Nutrient Mixture Ham’s F-12 (Ad-DF)
(#12634, Invitrogen), supplemented with 1% penicillin-streptomycin
(#15140-122, Invitrogen), 1% Hepes (#15630-056, Invitrogen), and
1% GlutaMAX (#35050, Invitrogen) (hereafter referred to as Ad-
DF+++). Biopsies were stored for a maximum of 24 hours at 4°C
before being dissociated with sharp needles. Cells were counted,
washed with Ad-DF+++, and cultured as previously described in
CRC growth medium (17, 23). We could generally expand these
biopsies to an average of ~2.0 x 10° cells at the first split (around day 10).

Ooft et al., Sci. Transl. Med. 11, eaay2574 (2019) 9 October 2019

PDO cultures were checked for mycoplasma contamination every
month using the MycoAlert Mycoplasma Detection Kit (Lonza). As part
of quality control, PDOs were authenticated using a TagMan-based
single-nucleotide polymorphism (SNP) array targeting 26 SNPs [Hartwig
Medical Foundation (HMF)]. Identity scores of tumor DNA versus
DNA obtained from healthy blood were computed as described
elsewhere (29). PDOs with identity scores of <0.9 were discarded.

DNA sequencing

Part of the biopsied material of each patient was used for routine
clinical sequencing of a panel of cancer genes (Illumina TruSeq;
ABLI; AKTI1; ALK; APC; ATM; BRAF; CDHI; CDKN2A; CSFIR;
CTNNBI; EGFR; ERBB2; ERBB4; FBXW7; FGFR1; FGFR2; FGFR3;
FLT3; GNA11; GNAQ; GNAS; HNF1A; HRAS; ADHI; JAK2; JAK3;
KDR; KIT; KRAS; MET; MLH1; MPL; NOTCHI; NPM1; NRAS;
PDGFRA; PIK3CA; PTEN; PTPN11; RBI; RET; SMAD4; SMARCBI;
SMO; SRC; STK11; TP53; VHL) or whole-genome sequencing (WGS)
by HMF. Both libraries were prepared according to the manufacturer’s
instructions (targeted sequencing: FC-130-1008; WGS: TruSeq Nano
LT; FC-121-4001-3) and sequenced on the Illumina MiSeq (panel)
or HiSeqX paired-end 2 x 150-base pair (WGS) platform. Analysis
of the targeted panel was performed with Somatic Variant Caller v1.3
(lumina). Analysis of the WGS data by the HMF was performed
using their custom pipeline, which can be found online at BioRxiv/
Github (30).

Drug screening

All drug screens were performed two times, once each by independent
researchers. PDOs were mechanically and enzymatically dissociated
into single cells by incubating in TrypLE (#12604-013, Gibco) for 5
to 10 min, filtered, and replated to allow for formation of organoids
over the course of 4 days. After 4 days, PDOs were collected, incu-
bated with dispase II (2 mg/ml; #D4693, Sigma) for 15 min to re-
move Geltrex, and counted using a hemocytometer and trypan blue.
PDOs were resuspended in 1:2 Ad-DF+++:Geltrex at a concentration
of 20 organoids/pl. Suspension (5 pl/well) was dispensed in clear-
bottomed, white-walled 96-well plates (#3707, Corning) using an
automated repeat pipet and overlaid with 200 ul of CRC growth
medium. We generated six-step, fourfold drug matrices of 5-FU +
oxaliplatin or 5-FU + SN-38 and 10-step, twofold single-drug DRCs
in technical triplicate, covering physiological concentrations of
5-FU (5-FU Cpa in patients = 1.7 to 2.4 uM; 5-FU range in vitro =
0.319 to 200 pM), SN-38 (Cpay in patients =~ 26 nM; SN-38 range
in vitro = 0.195 to 100 nM), and oxaliplatin (oxaliplatin Cp,y in
patients = 3.8 to 10.1 uM; oxaliplatin range in vitro = 0.319 to 200 pM)
in patients using a Tecan D300e digital dispenser (31-33). Readouts
were obtained at day 0 (“baseline”) and at day 6 in the positive control
(10 uM phenylarsine oxide), negative control, and the drug-treated
wells. Experiments that had poor or low cell growth (defined as less
than twofold growth over 6 days) were excluded. Quantification of
cell viability was done by replacing the CRC growth medium with
50 pl of CellTiter-Glo 3D (#G9681, Promega) mixed with 50 pl of
Ad-DF+++ according to the manufacturer’s instructions on an
Infinite 200 Pro plate reader (Tecan Life Sciences).

DRC fitting and correlation analysis

For Pla-d, the results reported are the average of the four samples.
In cases where lesion response could not be accurately measured
(P1and P10), overall response was used. GRs were calculated on the
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basis of median luminescence values of day 0, untreated day 6, and
drug-treated wells at day 6, using the method described in more
detail elsewhere (24). For the FI cohort, the GR value of each data
point in the whole drug combination matrix or two DRCs (200 uM
5-FU anchor plus a titration of SN-38 combined with 6.25 nM SN-38
anchor and a titration of 5-FU) was summed to create a GR score
for each PDO line. Z-scores used in the Kaplan-Meier curve were
calculated as (u — X)/o (4, mean; X, score; 6, SD). Scores for re-
sponse to combined FO in vitro were calculated on the basis of the
1:1 ratio (the “diagonal” in the combination matrix) of FO, again
summing the GR value of each point to create an overall score.
Curve fitting and estimation of GRsos was done using the GRmetrics
package v.1.8.0 in R (34). AUCpgcs were inferred by integrating fitted
curves. To analyze the reproducibility between drug screen 1 and
drug screen 2, we calculated Pearson’s R and corresponding P value
using either the GR value of the 11 data points in two complementary
rows and columns identified as having the largest variance within
our samples (FI cohort) or the GR value of the 36 data points in the
full combination matrix (FO cohort) or all 10 data points in the
DRCs (irinotecan monotherapy cohort). Correlation analyses, with
associated P values, were performed using the COR function in R.

LOOCYV and data randomization

To identify data points that had the largest variance within our samples
in the irinotecan set, we calculated the variance for each of the 10
data points in the DRCs, across all 10 PDOs, in a leave-one-out setting.
To set the threshold for the irinotecan classifier, we selected the
GR score within our set of 10 samples that correctly classified all
sensitive patients while correctly classifying the maximum number
of resistant patients (GR > 0.76 classified as resistant; Fig. 2E).

To test the predictive performance of this threshold, we applied
LOOCYV and data randomization. Here, we used nine samples as a
training set to identify the data point with the highest variance, as
described above. Next, we randomly reassigned our 10 GR scores
among five sensitive and five resistant “patients.” Using the GR scores
of the nine training samples, we set a threshold and used this cutoff
to classify the 10th (validation) sample as either sensitive or resist-
ant (fig. S3, A and B). In this manner, tested samples were never
used to determine the threshold. As with our empirically deter-
mined threshold, we set the threshold by selecting the highest
GR score that correctly classified all sensitive patients within the test
set of nine PDOs while correctly classifying the maximum number
of resistant patients within the test set of nine PDOs. Within each
loop, the data randomization step was performed 120,000 times.
This entire procedure was repeated 10 times in total, each time leav-
ing out a different PDO. The P value for our empirically determined
threshold was calculated by dividing the number of cases where a
randomly generated classifier threshold performed as well as, or better
than, our empirically determined classifier threshold by the number
of iterations executed (P = R/I; P is the P value; R is the number of
times random data outperform our classifier; I is the number of
iterations executed).

The analysis of the FI set was performed in a similar manner: We
identified two complementary DRCs that had the largest variance
within our samples in the FI set by calculating the variance for each
of the 36 data points in the full drug matrix, across all 12 PDOs, in a
leave-one-out setting. To set the threshold for the FI classifier, we
selected the GR score within our set of 12 samples that correctly
classified all sensitive patients while correctly classifying the maxi-
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mum number of resistant patients (GR > 0.46 classified as resistant;
Fig. 3B).

To test the predictive performance of this threshold, we applied
LOOCYV and data randomization. Here, we used 11 samples as a
training set to identify the two complementary DRCs with the highest
variance, as described above. Then, for each of our 12 PDOs, the
GR score was determined by summing the GR value of the 11 data
points within these two complementary DRCs. Next, we randomly
reassigned our 12 GR scores among six sensitive and six resistant
patients. Using the GR scores of the 11 training samples, we set a
threshold and used this cutoff to classify the 12th (validation) sample
as either sensitive or resistant (fig. S5, A and B). In this manner,
tested samples were never used to determine the threshold. As with
our empirically determined threshold, we set the threshold by select-
ing the highest GR score that correctly classified all sensitive patients
within the test set of 11 PDOs while correctly classifying the maximum
number of resistant patients within the test set of 11 PDOs. Within
each loop, the data randomization step was performed 120,000 times.
This entire procedure was repeated 12 times in total, each time leav-
ing out a different PDO. The P value for our empirically determined
threshold was calculated by dividing the number of cases where a
randomly generated classifier threshold performed as well as, or
better than, our empirically determined classifier threshold by the
number of iterations executed.

Statistical analysis

Groups were compared using a Mann-Whitney test in case of con-
tinuous variables and Fisher’s exact test in case of categorical values.
The Mann-Whitney test was applied because data were not normally
distributed, and Fisher’s exact test was applied because of the rela-
tively small sample size. Difference in PFS was calculated using the
log-rank test. Concordance between replicates was calculated using
Pearson’s R. All statistical tests were performed two-tailed in GraphPad
Prism V7.03, with the exception of the correlation analysis, which
was done in R. P values were corrected for multiple testing using
Bonferroni correction when required, as mentioned in the figure
legends. P values of <0.05 were considered significant.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/11/513/eaay2574/DC1

Fig. S1. Overview of clinical and genetic parameters in PDO cohorts.

Fig. S2. Overview of the irinotecan PDO-patient cohort.

Fig. S3. Development and cross-validation of an irinotecan classifier.

Fig. S4. Overview of the 5-FU-irinotecan PDO-patient cohort.

Fig. S5. Development and cross-validation of a 5-FU-irinotecan classifier.

Fig. S6. Overview of the 5-FU-oxaliplatin PDO-patient cohort.

Fig. S7. 5-FU-oxaliplatin drug responses of synchronous and paired metastases.

Fig. S8. The effects of clinical and genetic parameters on patients and PDO responses.
Table S1. Characteristics and clinical history of all patients included in the TUMOROID study.
Table S2. Genetic and pathological characteristics of patients in the TUMOROID study.
Table S3. Overview of the three cohorts and previous treatments and procedures.
View/request a protocol for this paper from Bio-protocol.
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Dishing out treatment recommendations

The number of treatment options for cancer patients keeps expanding, but it remains difficult to predict
which tumors will be sensitive to which treatments. As a result, most patients receive treatment according to
standardized protocols. With this approach, some patients respond to treatment, but others only experience side
effects. To help address this situation, Ooft et al. developed a method of testing drugs in patient-derived
organoids, biopsy-derived cells from individual patients grown in a dish. In a clinical study, the responses of
organoids to irinotecan correlated with patients' responses to the drug, suggesting that organoids could help avoid
giving irinotecan to patients who would not benefit.
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