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SUMMARY

Patient-derived tumor organoids (PDTOs) have the potential to be used to pre-
dict the patient response to chemotherapy. However, the cutoff value of the
half-maximal inhibition concentration (ICso) for PDTO drug sensitivity has not
been validated with clinical cohort data. We established PDTOs and performed
a drug test in 277 samples from 242 CRC patients who received FOLFOX or
XELOX chemotherapy. After follow-up and comparison of the PDTO drug test
and final clinical outcome results, the optimal ICs5o cutoff value for PDTO drug
sensitivity was 43.26 umol/L. This PDTO drug test-defined cutoff value could pre-
dict patient response with 75.36% sensitivity, 74.68% specificity, and 75% accu-
racy. Moreover, this value distinguished groups of patients with significant differ-
ences in survival benefit. Our study is the first to define the IC5, cutoff value for
the PDTO drug test to effectively distinguish CRC patients with chemosensitivity
or nonsensitivity and predict survival benefits.

INTRODUCTION

Colorectal cancer (CRC) is the second leading cause of cancer-related death globally, with a 5-year relative
survival rate of 65%.” Resistance to existing therapeutics remains the main cause of disease progression and
CRC-associated mortality.” Currently, the fluorouracil combined with oxaliplatin (FOLFOX or XELOX)
regimen is the first-line treatment with objective response rates of 20-40%."~ However, there is no drug
test to predict the therapeutic efficacy in individual patients in the clinic. Therefore, a reliable drug-sensitivity
test performed before treatment is urgently needed, with individualized therapy being the final goal.

Currently, the commonly used disease models mainly include cell lines or patient-derived tumor xenografts
(PDTXs). Cell lines cannot faithfully represent the original tumors, PDTXs take a long time to establish, and
the success rate is low.? In particular, they cannot be used to perform individual drug tests.” Patient-derived
tumor organoids (PDTOs), however, are an emerging three-dimensional in vitro system derived from stem
cells.’® Compared with cell lines or PDTXs, PDTOs require only a small amount of tissue for establishment
and can be generated in a shorter propagation time while faithfully capturing the histopathology and
genome stability of the tumor tissue from which they are derived; these features are especially important
when applied to high-throughput drug screening.'"'? In recent years, organoids have been generated
from many kinds of tumors and have been successfully used in drug sensitivity tests.'” '® Some studies
have shown that PDTOs have the potential to be used to predict patient response to chemotherapy,
and the preliminary implications of this finding in terms of precision medicine in CRC patients have
beenreported.'®"” Nevertheless, the small number of patients analyzed as well as the lack of validated clin-
ical responses, were insufficient to confirm the accuracy of using PDTOs to predict efficacy.'® More impor-
tantly, the specific half-maximal inhibitory concentration (ICsp) cutoff value for determining drug sensitivity
or drug resistance is unknown because of the lack of clinical cohort data. Therefore, we designed this study
using a clinical cohort to define the ICsq cutoff value for the PDTO drug sensitivity test based on clinical
responses and evaluate its association with prognosis in CRC patients. To the best of our knowledge,
this is the first study to define the ICsq cutoff value for the PDTO drug sensitivity test by comparing the re-
sults of the PDTO drug test and the final clinical response.
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Figure 1. Establishment and identification of organoids from CRC patients

(A) Dynamic growth changes in organoids from primary tumors and different metastases of one patient. P-M = primary tumor, O-M = omental metastases,
C-A = cancerous ascites. Scale bar: 100 pm.

(B) Brightfield images, hematoxylin and eosin (H&E) staining, Alcian blue/periodic acid-Schiff (AB-PAS) staining, and immunohistochemistry staining of
epithelial cell adhesion molecule (EPCAM) in organoids derived from different pathological types, including well-differentiated adenocarcinoma,
moderately differentiated adenocarcinoma, poorly differentiated adenocarcinoma and mucinous adenocarcinoma (MC). Scale bar: 100 pm.

RESULTS
Establishment and identification of organoids from CRC patient samples

We obtained tumor tissues and cultured them within 30 min after sample dissection. CRC samples were
cultured as previously described'” (see also Methods). There may be mycoplasma contamination in orga-
noid culture, which looks similar to organoids in culture medium. Therefore, we tested for mycoplasma us-
ing the MycoAlert Mycoplasma Detection Kit, and the results showed that all MycoAlert values were less
than 0.9 (Figure S1), which meant that no mycoplasma contamination was found in our medium according
to the manual. We performed short-tandem repeat (STR) analysis of primary tumor tissues and matched
organoids using a multiple amplification kit (PowerPlex 21 System, Promega). STR profiles showed a
mean + SD of 96.82 + 4.38% between the primary tumor tissue and the corresponding organoids. Previ-
ous studies indicated that organoids established from different patients typically displayed different phe-
notypes.”” Notably, there were visible differences in growth rates and morphology in the organoids from
multiple lesions in one patient (Figure 1A). As the results showed, primary lesion-derived organoids dis-
played a completely hollow appearance and good growth, omentum-derived organoids displayed a
completely cystic and solid appearance with moderate growth, and ascites-derived organoids presented
amixed, bubbly structure with poor growth. Considering that the cell activity of exfoliated cells in ascites is
relatively low, ascites-derived organoids developed relatively slowly.

Currently, the classification of different CRC subtypes is based on histological examination. To verify
whether phenotypic features are retained in organoids, we histologically characterized the CRC organoids
(Figure 1B). CRC organoids presented with an epithelial architecture and typical tumorous features,
including an enlarged nucleus and increased nuclear atypia. Epithelial tumor origin was assessed by immu-
nostaining for the protein EPCAM. Moreover, mucinous adenocarcinoma organoids exhibited an apparent
mucus lake dyed blue by AB-PAS staining, which was still clearly visible by H&E staining. The expression
levels of Ki67 and P53 were 72% and 59.5%, respectively, in organoids generated from primary tumors.
Combined with HE staining, these organoid cultures were from CRC cells without normal colorectal cells
(Figure S2A). The PDTOs of liver metastases originating from intestinal epithelium rather than normal liver
epithelium were assessed by immunostaining for the proteins CDX2 and HepPar-1. The positive rates of
CDX2 and HepPar-1 expression were 94.7% and 0%, respectively, which indicated that these organoid cul-
tures were from intestinal epithelium without normal liver epithelium (Figure S2B). The above results
demonstrated that the tumor organoids generally resembled the parental tumor tissue.

Drug sensitivity tests of organoids from CRC patient samples

All PDTOs were evaluated for sensitivities to multiple clinically relevant drugs, and sensitivities were calcu-
lated as ICsq values, representing the half-maximal inhibitory concentration over the dose-response curve
across six different concentrations of each drug. The concentration of chemotherapy drugs ranged from
6.25 pmol/L to 200 pmol/L, whereas that of targeted drugs ranged from 0.01236 pmol/L to 3 pmol/L. For
combination regimens, the corresponding chemotherapy drugs were added at a 1:1 ratio, and the concen-
tration ranged from 6.25 pmol/L to 200 pmol/L. Organoids exposed to different drug concentrations
showed different growth trends (Figure S3A). A reduced area or even disappearance was observed in or-
ganoids exposed to a high drug concentration after 96 h, whereas organoids exposed to a low drug con-
centration displayed a similar or even enlarged area in contrast to organoids before dosing. In addition, we
found that different organoids from different lesions in one patient showed different sensitivities to one
drug. As illustrated in Figure S3B, this is a CRC patient with liver metastases. Organoids from primary tumor
exposed to the FOLFOX regimen decreased in size and amount. In addition, there was no obvious change
in organoids from liver metastases after exposure to the FOLFOX regimen.

To further explore heterogeneous drug responses, we assembled a 39-compound library for drug

screening. In total, 127 organoids from 113 metastatic CRC (mCRC) patients were successfully generated
and subjected to customized drug screening. The demographics of the patients are summarized in
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Table 1. Patient demographics and tumor characteristics in mCRC patients

Characteristic N = 113 patients
Age, median (range), years 56 (25-75)
Sex
Male 66 (58.4)
Female 47 (41.6)
BMI, median (range), kg/m2 23.0(15.2-30.9)
Primary tumor location, No (%)
Right side 27 (23.9)
Left side 86 (76.1)
Pathological type, No (%)
Adenocarcinoma 91 (80.5)
Mucinous adenocarcinoma 22 (19.5)

Differentiation grade, No (%)

Well 5 (4.4)
Moderately 84 (74.3)
Poor 24 (21.2)
Pathologic T category, No (%)
T2 17 (15)
T3 52 (46)
T4 44 (38.9)
Pathologic N category, No (%)
NO 26 (23)
N1 60 (53.1)
N2 27 (23.9)
Metastatic site, No (%)
Liver 56 (49.6)
Lung 23 (20.4)
Peritoneal/Omental 19 (16.8)
Ovary 3(2.7)
Multiple metastases 12 (10.6)

Table 1. A heatmap of sensitivities to the 39 evaluated drugs confirmed a range of responses across the
different organoids (Figure 2B). Previous studies have shown that the molecular landscape of tumors is
associated with sensitivity to chemotherapy and targeted therapy.”’*> We divided the tumors according
to their mutation background among our 127 samples and determined whether there was statistically sig-
nificant variance. Resistance to EGFR inhibition was confirmed in PDTOs with KRAS mutations (Figure 2A).
PDTOs with wild-type KRAS were observed to have significantly higher sensitivity to four EGFR inhibitors
(cetuximab, lapatinib, neratinib and erlotinib). Similarly, the difference in sensitivity to vemurafenib and
GDC0941 was defined by BRAF-V600E and PIK3CA activity sensitivity (Figure 2A). In addition, no signif-
icant drug sensitivity difference was observed for APC and TP53 mutations regarding all detected drugs
in our samples (Figures S4A-S4B). Then, we attempted to explore whether the clinicopathological char-
acteristics are related to drug responses. Previous studies have indicated that the sidedness of CRC is
associated with the response to certain chemotherapies.”” We separated the left- and right-sided tumors
among our 127 samples and compared whether there was a statistically significant variance according to
sidedness. The results revealed that dovitinib exhibited a better response in our right-sided CRC sam-
ples. No correlation between sidedness and cetuximab was found in our samples (Figures S4C-S4D).
Next, the samples were grouped into adenocarcinoma (AC) and mucinous adenocarcinoma (MC), and
we further explored the correlation between pathology and drug responses. As shown in Figures S4E-
S4F, lapatinib resulted in a better response in the MC samples, and no significant difference was
observed for the other drugs. We continued to investigate whether there was any difference in sensitivity

4 iScience 26, 107116, July 21, 2023



iScience

A KRAS

Cetuximab

Neratinib
P<0.0001 4 P<0.0001 -

Lapatinib Erlotinib

P<0.0001
P<0.0001

1

ICsq values (umollL)
IS
1Csp values (pmoliL)
ICso values (umoliL)
»
IC5 values (moliL)

T e T s S T

BRAF-V600E

Vemurafenib
50 P<0.0001

© 2
8 3

»
8
ICso values (umoliL)

ICsq values (pmol/L)

10

mut wt

| Histology

site

Side

PISKCA

BRAF

P53

APC

KRAS

Fluorouracil

Oxaliplatin

Irinotecan

Raltitrexed

Carboplatin

Cisplatin

Nedaplatin

Gemcitabine Hydrochloride

Paclitaxel

Docetaxel

Floxuridine

Doxifluridine

Lapatinib (HER2/EGFR)

] Neratinib (HER2/EGFR)
Cetuximab (EGFR)

¢? CellPress

OPEN ACCESS

PIK3CA

GDC0941
80 P<0.0001

Histology
W~

MC
Site
Colon
5 Rectum
Side
I Left-side
Right-side
O pizKCA
mut
wt
BRAF
-5 [l mut
wt
P53
B mut
=10 wt
APC

I mut

wt

KRAS

I mut
wt

Dovitinib (FLT3/c-Kit)
] Masitinib (c-KiVUPDGFR)
(] Imatinib (c-KiVPDGFR/v-AbI)
1 AnlotinibDil ¢
Trastuzumab (HER2)
1 Sorafenib (Raf-1/B-RafVEGFR)
] it (PDX
[} Regorafenib (RET/Raf~1/VEGFR/c-Kit)
] | Temsirolimus (MTOR)
Everolimus (MTOR)
(] Erlotinib (EGFR)
| Vatalanib (VEGFR2/KDR)
] Axitinib (VEGFR)
Lenvatinib (VEGFR)
[] | PazopanibHCI (VEGFR)
[] Cabozantinib (VEGFR)
[} GDC0941 (PI3Kald)
Vemurafenib (BRAF-V600E)
Iﬂ il Olaparib (PARP1/2)
1 Palbociclib (CDK4/6)
(] ] FOLFOX
| FOLFIRI
I GEM+CBP
FU+CBP

TR TIRIIIIIIIIIIIIIINAIINIINIIIINNINNIILIIAZAZRIITINIFIFIFILAALRERFIINY

33332327222 ITIIINSIIIIIIIIIIFIFISIIISIIIIILS

Figure 2. Drug sensitivity tests of organoids from CRC patients

(A) Pharmacogenomic relationship between KRAS mutation status and response to EGFR inhibition, BRAF-V600E mutation status and response to
vemurafenib, and PIK3CA mutation status and response to GDC0941. Data are represented as median with 95% CI.

(B) A heatmap of ICsq values of different organoids to different drugs. Organoids showed heterogeneous responses to various drugs. AC = adenocarcinoma,
MC = mucinous adenocarcinoma.

to various drugs in colonic and rectal tumors. The results indicated that the rectal tumor samples ex-
hibited a better response to nedaplatin, whereas the colonic tumor samples exhibited a better response
to lapatinib (Figures S4G-S4H).

Association of organoid drug response with patient clinical response

Next, we attempted to evaluate the potential of using organoids to predict patient response to chemo-
therapy. A total of 189 samples from 136 mCRC patients were collected from November 2018 to July
2021. Among them, 148 samples from 113 mCRC patients were successfully used to establish PDTOs,
and 41 samples from 23 mCRC patients could not be cultured. The success rate of organoid establishment
was 78.3% (148/189). All organoids were exposed to fluorouracil combined with oxaliplatin at concentra-
tions ranging from 200 umol/L to 6.25 umol/L at a 1:1 ratio. At 96 h after drug exposure, we assayed the
cell viability of each condition and fitted a dose-response curve (DRC) to calculate ICsg values and the
area under the DRC (AUCpgc) (Figure 3F). The clinical characteristics of 113 mCRC patients are presented
in Table 1. We defined response in the clinic as CR/PR, AJCC/CAP regression grade 0 to 1, or decreased
CEA levels, whereas nonresponse was defined as SD/PD, AJCC/CAP regression grade 2 to 3, or elevated
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Figure 3. Association of organoid drug responses with patient clinical responses

(A) Column chart depicting the difference in ICsg values for the FOLFOX regimen between the clinical response and clinical nonresponse groups. The ICsg
value of the clinical response group was significantly lower than that of the clinical nonresponse group (p < 0.0001). Data are represented as median with 95%
Cl.

(B) Receiver operating characteristic (ROC) curve of ICsq values for the FOLFOX regimen tested in organoids. The ICsg value for the organoid drug sensitivity
test was associated with the patients’ clinical responses, with an area under the ROC curve of 0.771(95% Cl, 0.695-0.847), and the optimal ICsq cutoff value for
the FOLFOX regimen was 43.26 umol/L, as determined from the ROC curve. An ICsq value higher than 43.26 umol/L indicated organoid resistance, and an
ICsp value lower than 43.26 pmol/L indicated organoid sensitivity.

(C) Column chart depicting the difference in the AUCpgc for the FOLFOX regimen between the clinical response and clinical nonresponse groups. The
AUCprc of the clinical response group was significantly lower than that of the clinical nonresponse group (p < 0.0001). Data are represented as median with
95% Cl. AUCpgc: area under the dose-response curve.

(D) Receiver operating characteristic (ROC) curve of the AUCpgc for the FOLFOX regimen tested in organoids.

(E) Comparison of ICsg and AUCpgc values in evaluating the clinical response.

(F) Fitted dose-response curves (DRCs) of 10 PDTOs exposed to the FOLFOX regimen in vitro. Blue lines represent PDTOs derived from the organoid-
sensitive group, and red lines represent PDTOs derived from the organoid-resistant group.

CEA levels. After the clinical follow-up (median time: 12 months) in the mCRC patients, the treatment re-
sponses were revealed. In total, 69 organoids were derived from lesions that were classified as responsive,
and 79 organoids were derived from lesions that were classified as nonresponsive. We quantified re-
sponses to FOLFOX by calculating the ICsp and AUCpgc, and the results showed that the ICsg values of or-
ganoids generated from the responsive group were significantly lower than those of organoids from the
nonresponsive group (Figure 3A, p < 0.0001). Similarly, the AUCpgrc of organoids generated from the
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Table 2. Predictive ability of the defined ICsq cutoff value in the PDTO drug test for predicting chemotherapy

responses
Response in the clinic
Response Nonresponse
N =148 N = 69 N =79
Drug response in PDTO Sensitive 52 20 PPV=72.22% (52/72)
N=72
Resistant 17 59 NPV=77.63% (59/76)
N=76

Sens=75.36% (52/69) Spec=74.68% (59/79) Accuracy=75% (111/148)

PDTO: patient-derived tumor organoid; PPV: positive predictive value; NPV: negative predictive value; Sens: sensitivity; Spec:
specificity.

responsive group was significantly lower than that of organoids from the nonresponsive group (Figure 3C,
p < 0.0001). We next constructed a receiver operating characteristic (ROC) curve to explore the association
of organoid drug response with patient clinical response. The dependent variable of the ROC curve was
categorized by clinical responses assessed using the above definitions in 148 samples. The area under
the ROC curve were 0.771 (95% Cl, 0.695-0.847) and 0.798 (95% Cl, 0.721-0.876) based on the ICsq and
AUCpgc respectively (Figures 3B and 3D). Further comparison showed that there was no significant differ-
ence between ICsg and AUCpgc in evaluating the clinical response (Figure 3E, p = 0.239), which suggests
that the ICsg and AUCpgc values for the organoid drug-sensitivity test were both associated with the cor-
responding patients’ clinical responses. In addition, the optimal ICsg cutoff value for the FOLFOX regimen
was 43.26 umol/L, as determined from the ROC curve. An ICsq value higher than 43.26 pmol/L indicated
organoid resistance, and an ICso value lower than 43.26 pmol/L indicated organoid sensitivity. In total,
72 organoids were classified as sensitive, and 76 organoids were classified as resistant. Next, we compared
the clinical responses and organoid responses to evaluate the ability of this defined cutoff value to predict
chemotherapy responses. As Table 2 shows, the sensitivity, specificity, accuracy, positive predictive value
(PPV) and negative predictive value (NPV) of the defined cutoff value for predicting chemotherapy re-
sponses in CRC were 75.36% (95% Cl: 63.16%-82.89%), 74.68% (95% Cl: 61.11%-81.94%), 75% (95% Cl:
65.54%-80.41%), 72.22% (95% Cl: 66.25%-81.82%) and 77.63% (95% Cl: 64.56%-80.56%), respectively. Sub-
sequently, we performed further stratifications considering several clinical features, and the results are
shown in Table 3 (see Tables S1-S17 for details). For patients with multiple different lesions, we attempted
to assess the predictive ability of spatially distinct individual cultures from the same patient. A total of 25
patients had multiple lesions, and 60 lesions (25 primary lesions and 35 metastatic lesions) were included in
the analysis. As Table 4 and Table 5 show, the predictive accuracy values were 84% and 77.14% for primary
and metastatic lesions, respectively. Overall, all of these results suggested that our defined cutoff value of
the ICsq value can be used to effectively distinguish between chemosensitive and nonsensitive patients
receiving the FOLFOX regimen.

Association of organoid response with prognosis in mCRC patients

We continued to explore the relationship of organoid drug response with patient survival. All samples were
divided into an organoid-sensitive group and an organoid-resistant group according to the defined cutoff
value, and the clinical features of the two groups were similar (Table 6). The progression-free survival (PFS)
rate in the organoid-resistant group was significantly worse than that in the organoid-sensitive group, as
expected, with an HR of 4.315 (95% ClI: 2.585-7.202; p < 0.001) (Figure 4). The median PFS of the mCRC
patients was 11 months in the organoid-sensitive group and 8 months in the organoid-resistant group.
For patients with multiple different lesions, we attempted to assess the prognostic value of spatially distinct
individual cultures from the same patient. A total of 25 patients had multiple lesions, and 60 lesions (25 pri-
mary lesions and 35 metastatic lesions) were included in the analysis. Similarly, the PFS rate in the organoid-
resistant group was significantly worse than that in the organoid-sensitive group in both samples from pri-
mary lesions (HR: 4.437; 95% CI: 1.279-15.39; p = 0.007) (Figure 5A) and samples from metastatic lesions
(HR: 4.003; 95% CI: 1.629-9.834; p = 0.001) (Figure 5B). In the multivariate Cox regression analysis, the or-
ganoid response remained an independent prognostic predictor of PFS (HR: 3.865; 95% Cl: 2.299-6.496,
p < 0.001) (Table 7).
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Table 3. Predictive ability of the defined ICsq cutoff value in the PDTO drug test for predicting chemotherapy
responses in mCRC patients with different characteristics

Characteristic IC50sensitivity IC50specificity IC50accuracy IC50ppy IC50npv
Gender

Male 77.5% 79.25% 78.49% 73.81% 82.35%
Female 72.41% 65.38% 69.09% 70% 68%

Primary tumor

Left side 74% 76.92% 75.49% 75.51% 75.47%
Right side 78.95% 70.37% 73.91% 65.22% 82.62%
Histological type

AC 72.88% 70% 71.56% 74.14% 68.63%
MC 90% 82.76% 84.62% 64.29% 96%

Differentiation grade

Well 83.33% 100% 87.5% 100% 66.7%
Moderate 72.55% 74.55% 73.58% 72.55% 74.55%
Poor 83.33% 72.73% 76.47% 62.5% 88.89%
T stage

2 72.73% 50% 63.16% 66.67% 57.14%
3 75% 65.71% 70.15% 66.67% 74.19%
4 76.92% 88.89% 83.87% 83.33% 84.21%
N stage

0 86.96% 87.5% 92.31% 90.91% 82.35%
1 76.47% 76.46% 76.62% 72.22% 80.49%
2 50% 60% 56.25% 42.86% 66.67%

Location of sample

Primary lesion 74.07% 75% 74.49% 78.43% 70.21%
Metastatic lesion 80% 74.29% 76% 57.14% 98.66%

Prognostic value of organoid response in stage Il to Ill CRC samples

To evaluate whether organoid responses determined by this cutoff value could be applied to predict the
survival of patients with stage II/1ll CRC, surgical samples were collected after excision, and organoid cul-
ture and drug tests were performed. A total of 173 samples from 173 CRC patients were collected from
November 2018 to December 2019. Among them, 142 samples from 142 CRC patients were successfully
used to establish PDTOs, and 31 samples from 31 CRC patients could not be cultured. The success rate
of organoid establishment was 82.1% (142/173). In the subsequent follow-up (median time: 35 months),
10 patients refused chemotherapy, 1 patient had other tumors, and 2 patients were lost to follow-up. There-
fore, 129 samples from 129 patients with stage II/lll CRC were finally included in the analysis, of which 45

Table 4. Predictive ability of the defined ICso cutoff value in the PDTO drug test for predicting the chemotherapy
responses of mCRC patients with multiple lesions

. . Response in the clinic
Location of sample = primary

lesion Response Nonresponse

N =25 N=6 N =19

Drug response in PDTO Sensitive 5 8 PPV=65.5% (5/8)
N=8
Resistant 1 16 NPV=94.12% (16/17)
N=17

Sens=83.33% (5/6) Spec=84.21% (16/19) Accuracy=84% (21/25)
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Table 5. Predictive ability of the defined ICso cutoff value in the PDTO drug test for predicting the chemotherapy
responses of mCRC patients with multiple lesions

. . Response in the clinic
Location of sample = metastatic P

lesion Response Nonresponse

N =35 N =12 N =23

Drug response in PDTO  Sensitive 11 7 PPV=61.11% (11/18)
N=18
Resistant 1 16 NPV=94.12% (16/17)
N=17

Sens=91.67% (11/12)  Spec=69.57% (16/23)  Accuracy=77.14% (27/35)

(34.9%) were stage Il and 84 (65.1%) were stage lll. The clinicopathological characteristics of these patients
are presented in Table 8. According to the defined cutoff value, 48 samples were classified as organoid
resistant (16 with stage Il and 32 with stage lll), whereas 81 samples were classified as organoid sensitive
(29 with stage Il and 52 with stage Ill). Low recurrence risk was observed in the organoid-sensitive patients,
with a 2-year disease-free survival (DFS) rate of 86.4% (95% Cl: 79.0%-93.8%). In contrast, the organoid-
resistant patients had a significantly higher recurrence risk than the organoid-sensitive patients (HR:
3.009; 95% Cl: 1.409-6.427; p = 0.004), with a 2-year DFS rate of 64.6% (95% Cl: 51.1%-78.1%) (Figure 6A).
Subsequently, we attempted to assess the prognostic value of the organoid response in stage Il and stage
Il CRC patients. As expected, the organoid-resistant patients had a significantly poorer DFS rate than the
organoid-sensitive patients in both patients with stage Il disease (HR: 5.318; 95% Cl: 1.030-27.450;
p = 0.046) (Figure 6B) and those with stage lll disease (HR: 2.444; 95% Cl: 1.029-5.803; p = 0.043) (Figure 6C).

DISCUSSION

The current treatment for CRC is mainly based on traditional tumor node metastasis (TNM) staging.”* How-
ever, increasing evidence has demonstrated that patients with the same stage who receive the same treat-
ment have different outcomes, which highlights the need for individualized treatment.”” In addition, it is
currently not possible to test the drug response in individual patients before treatment in the clinic. An ac-
curate prediction of drug sensitivity and survival benefits in patients with CRC is of great importance in
chemotherapy decision-making and improvement of prognosis. In this study, we defined the ICsq cutoff
value of the FOLFOX regimen for the PDTO drug sensitivity test based on clinical responses and evaluated
the association of PDTO drug responses determined from the defined cutoff value with prognosis in CRC
patients. We found that our defined cutoff value could be used to predict the chemotherapy efficacy and
prognosis of CRC patients who received the FOLFOX/XELOX regimen.

Despite the development of novel effective strategies for the treatment of tumors, including the targeted
therapy and immunotherapy, chemotherapy still plays crucial roles in the fight against cancer alone or in
combination with other regimens.”® Fanget et al.”’ revealed that triplet-drug combination
(FOLFIRINOX) was associated with better long-term outcomes for CRC peritoneal metastases patients af-
ter complete cytoreductive surgery compared with doublet drug (FOLFOX/FOLFIRI) plus targeted therapy.
Napolitano et al.”® showed that chemotherapy combined with targeted therapy has a stronger anti-tumor
activity than targeted therapy alone in BRAFV600E mutant CRC. Torregrosa et al.”” demonstrated that
FOLFIRI-bevacizumab combination was associated with better survival after failure of first line FOLFOX-
bevacizumab for mCRC. In short, standard chemotherapy in CRC plays the pivotal role despite the avail-
ability of different targeted approaches or immunotherapy. As a first-line chemotherapy regimen, the
FOLFOX/XELOX regimen only works in approximately one-third of CRC patients.’® Therefore, approxi-
mately two-thirds of patients receive ineffective chemotherapy because of the lack of a drug test for pre-
dicting response in the clinic. Organoids are an emerging technology that has been used for drug
screening, drug repositioning and dose adjustment. Combining high-throughput sequencing and drug
testing, organoids can be used to reverse drug resistance or improve treatment efficiency.”’** The
matched healthy and tumor organoids are applicable to adjust drugs with the best appropriate dose,
considering both tumor efficacy and normal tissue toxicity.*” For some off-label drugs, the use of organoids
can cut the cost of development and validation.** In addition, organoids have displayed potential in
response prediction in multiple tumors, including CRC.%~*” However, the specific cutoff value for the
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Table 6. Patient demographics and tumor characteristics of the organoid-sensitive and organoid-resistant groups
of mCRC patients

Organoid-sensitive Organoid-resistant p value
Characteristic group (N =72 group (N = 76)
Age, median (IQR) 58.0 (50.0-63.0) 56.0 (45.0-61.2) 0.087
Sex 0.351
Male 42 (58.3%) 51 (67.1%)
Female 30 (41.7%) 25 (32.9%)
BMI, median (IQR) 23.0(20.7-24.3) 22.8(21.1-24.2) 0.621
Primary tumor 0.966
Left-side 49 (68.1%) 53 (69.7%)
Right-side 23 (31.9%) 23 (30.3%)
Histological type 0.095
Adenocarcinoma 58 (80.6%) 51(67.1%)
Mucinous adenocarcinoma 14 (19.4%) 25 (32.9%)
Tumor differentiation, no (%) 0.769
Well 5 (7.0%) 3(3.95%)
Moderate 51 (70.8%) 55 (72.4%)
Poor 16 (22.2%) 18 (23.7%)
T stage 0.093
2 12 (16.7%) 7 (9.2%)
3 36 (60.0%) 31 (40.8%)
4 24 (33.3%) 38 (50.0%)
N stage 0.507
0 22 (30.6%) 17 (22.4%)
1 36 (50.0%) 41 (53.9%)
2 14 (19.4%) 18 (23.7%)
Resection 1.000
RO resection 43(59.7%) 45 (59.2%)
R1 resection 29 (40.3%) 31 (40.8%)
Location of distant disease 0.431
Liver 35 (48.6%) 39 (51.3%)
Lung 13 (18.1%) 11 (14.5%)
Peritoneal 8 (11.1%) 15 (19.7%)
Multiple metastases 11 (15.3%) 6 (7.9%)
Other 5 (6.94%) 5 (6.6%)
Neoadjuvant chemotherapy 0.342
No 51 (70.8%) 60 (78.9%)
Yes 21 (29.2%) 16 (21.1%)
Lymphovascular invasion 0.183
No 42 (58.3%) 35 (46.1%)
Yes 30 (41.7%) 41 (53.9%)
Preoperative CEA 0.493
<5 53 (73.6%) 51 (67.1%)
>5 19 (26.4%) 25 (32.9%)
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Figure 4. Association of organoid response with prognosis in mCRC patients
The Kaplan-Meier survival curve indicated that the organoid-resistant group showed a significantly lower PFS rate than
the organoid-sensitive group (HR: 4.315; 95% Cl: 2.585-7.202; p < 0.001). PFS = progression-free time, HR = hazard ratio.

FOLFOX regimen to determine whether the ICsg of the PDTO drug-sensitivity test indicates sensitivity or
resistance remains unknown because of a lack of clinical cohort data. In this research, we performed a
cohort study to define the ICsg cutoff value for the FOLFOX regimen to explore the association of the
PDTO drug response with the patient clinical response. Our results indicated that the ICsq cutoff value
for the FOLFOX regimen was 43.26 umol/L, with an area under the ROC curve of 0.771 (95% ClI, 0.695-
0.847). An ICso higher than 43.26 umol/L indicated organoid resistance, and an ICsy lower than
43.26 umol/L indicated organoid sensitivity. The sensitivity, specificity, accuracy, PPV and NPV of the orga-
noid response determined by our defined cutoff value for predicting the chemotherapy response in CRC
patients were 75.36%, 74.68%, 75%, 72.22% and 77.63%, respectively. The above results suggested that the
defined ICsq cutoff value can be used to effectively distinguish CRC patients with chemosensitivity or non-
sensitivity to the FOLFOX regimen.

As a heterogeneous disease, CRC shows differences in prognosis among patients.?® Previous studies have
shown that the TNM staging system and some histopathological factors, including tumor grade, histolog-
ical type and lymphovascular invasion, could be used to predict prognosis. However, their predictive values
were limited.**% In this study, mCRC patients with organoid sensitivity showed a significantly higher PFS
rate than patients with organoid resistance (p < 0.001). The PDTO drug response determined by the ICsq
cutoff value was identified as an independent prognostic predictor. Furthermore, despite prognosis pre-
diction reaching statistical significance, the incremental value of the PDTO drug response played the
most important role among all prognostic factors, and the HR of the PDTO drug test was 3.856, which
was higher than those of other factors. From a clinical perspective, the PDTO drug response provides vital
prognostic information. Therefore, the PDTO drug test is a promising clinical application.

Postoperative adjuvant chemotherapy is the standard treatment for CRC patients with high-risk stage Il and
stage Il disease to improve survival outcomes.”>*" In this study, we attempted to explore whether this cut-
off value could predict the survival benefits of CRC patients with stage Il to Ill disease. We found that the
PDTO drug response determined by the cutoff value could be used to predict the DFS of stage Il and IlI
CRC patients, similar to stage IV CRC patients. Both stage Il and stage Ill patients with organoid sensitivity
had a significantly lower recurrence risk than those with organoid resistance.

The potential paradigm-changing clinical applications of this PDTO-guided strategy can be summarized as
follows: CRC patients with organoid sensitivity are predicted to respond to the FOLFOX/XELOX regimen
and have a good prognosis. Therefore, these patients are recommended to receive the FOLFOX/XELOX
regimen. Organoid-resistant CRC patients are predicted to be nonresponsive to the FOLFOX/XELOX
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Figure 5. Association of the organoid response with prognosis in mCRC patients with multiple lesions

(A) The Kaplan-Meier survival curve indicated that the organoid-resistant group had a significantly lower PFS rate than the
organoid-sensitive group (HR: 4.437; 95% Cl: 1.279-15.39; p = 0.007) in organoids derived from primary lesions.

(B) The Kaplan—Meier survival curve indicated that the organoid-resistant group had a significantly lower PFS rate than the
organoid-sensitive group (HR: 4.003; 95% ClI: 1.629-9.834; p = 0.001) in organoids derived from metastatic lesions. PFS =
progression-free survival, HR = hazard ratio.

regimen and have a poor prognosis. Therefore, these patients may be classified as high risk, and this clas-
sification might be helpful in decision-making regarding whether the FOLFIRI regimen should be recom-
mended directly for these patients, especially stage IV CRC patients.

Although the ICsg value is an effective response metric and can be used to predict the chemotherapy ef-
ficacy and prognosis of CRC patients, it still has some limitations in evaluating the drug response. When
two or more drugs are involved in the comparison of efficacy, the ICsq value is not accurate enough as
an evaluation metric. In this case, the AUCprc may be a more accurate and objective evaluation method.
In addition, as an in vitro drug response metric, the value of ICsq in predicting drug sensitivity or drug resis-
tance still needs to be validated by clinical data. Moreover, PDTOs may not completely mimic the in vivo
tumor because of the lack of some components of the tumor microenvironment, and by using PDTOs, it is
not possible to evaluate the antitumor effects of the immune system. In addition, the purpose of this study
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Table 7. Univariate and multivariate Cox regression analyses of the association of the PDTO-based drug test and

clinicopathological characteristics with progression-free survival (PFS) in stage IV CRC patients

Univariate Multivariate

Variable HR (95% Cl) P HR (95% Cl) P
Age (years) 0.989 (0.969-1.009) 0.288
BMI 1.004 (0.931-1.082) 0.921
Sex

Male 1

Female 0.766 (0.478-1.224) 0.265
Location

Left 1

Right 1.239 (0.778-1.973) 0.366
Histological type

Adenocarcinoma 1 1

Mucinous adenocarcinoma 3.356 (2.075-5.426) <0.001 2.321 (1.378-3.909) 0.002
Differentiation

Well 1 1

Moderate 1.650 (1.072-2.541) 0.023 1.424 (0.333-6.085) 0.633

Poorly 1.890 (1.241-3.278) 0.020 1.741 (0.390-7.772) 0.467
T stage

2 1

3 1.416 (0.656-1.682) 0.249

4 1.765 (0.777-2.896) 0.150
N stage

0 1

1 1.344 (0.756-2.387) 0.314

2 1.500 (0.734-3.399) 0.227
RO resection

Yes 1 1

No 2.187 (1.389-3.442) <0.001 1.723 (1.070-2.777) 0.025
Neoadjuvant chemotherapy

No 1

Yes 1.132 (0.681-1.882) 0.633
Lymphovascular invasion

No 1 1

Yes 1.797 (1.150-2.806) 0.01 1.662 (1.053-2.624) 0.029
CEA (ng/mL)

<5 1 1

>5 1.881 (1.192-2.970) 0.007 1.531 (0.952-2.462) 0.079
Organoid response

Sensitive 1 1

Resistant 4.315 (2.585-7.202) <0.001 3.865 (2.299-6.49¢6) <0.001
Location of distant disease

Liver 1

Lung 0.221 (0.088-0.557) 0.001

Peritoneal 1.073 (0.609-1.891) 0.807

Multiple metastases 0.483 (0.217-1.075) 0.075

Other 0.391 (0.122-1.256) 0.115
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Table 8. Patient demographics and tumor characteristics in stage Il to lll CRC patients

Stage II-Ill Stage Il Stage lll
Characteristic (N =129) (N = 45) (N = 84)
Age, median (range) 58 (20-75) 61 (25-75) 56.5 (20-75)
Sex
Male 70 (54.3%) 30 (66.7%) 40 (47.6%)
Female 59 (45.7%) 15 (33.3%) 44 (52.4%)

BMI, median (range)

Primary Tumor

22.1(15.7-39.6)

21.8 (16.9-39.6)

22.8 (15.7-30.9)

Right-side 37 (28.7%) 19 (42.2%) 18 (21.4%)

Left-side 92 (71.3%) 26 (57.8%) 66 (78.6)
Histological Type

AC 107 (82.9%) 38(84.4%) 69 (82.1%)

MC 22 (17.1%) 7 (15.6%) 15 (17.9%)
Tumor Differentiation

Well 5 (3.9%) 3 (6.7%) 2 (2.4%)

Moderate 96 (74.4%) 34 (75.6%) 62 (73.8%)

Poor 28 (21.7%) 8 (17.8%) 20 (23.8%)
T stage

2 9 (7.0%) / 9(10.7)

3 60 (46.5%) 21 (46.7%) 39 (46.4%)

4 60 (46.5%) 24 (53.3%) 36 (42.9%)
N stage

0 45 (34.9%) 45 (100%) /

1 57 (44.2%) / 57 (67.9%)

2 27 (20.9%) / 27 (32.1%)
Lymphovascular Invasion

Yes 86 (66.7%) 45 (100%) 41 (48.8%)

No 43 (33.3%) / 43 (51.3%)
Drug Test

Resistant 48 (37.2%) 16 (35.6%) 32(38.1%)

Sensitive 81 (62.8%) 29 (64.4%) 52 (61.9)

AC = adenocarcinoma, MC = mucinous adenocarcinoma.

was to define the ICsq cutoff value for the PDTO drug test to effectively distinguish CRC patients who un-
derwent first-line chemotherapy such as FOLFOX or XELOX. We did not test the ICsq values of second-line
chemotherapy such as FOLFOXIRI. Of course, the synergy between/among drugs may influence the ther-
apeutic response of patients. Some monoclonal antibodies, such as cetuximab or trastuzumab, may have at
least two mechanisms of action: (1) inhibition of EGFR and HER2 and (2) immune system-mediated cytotox-
icity. Regarding the second mechanism of action, by using tumor organoids, it is not possible to establish
immune system-mediated cytotoxicity. In this study, the purpose was to define the ICsq cutoff value of first-
line chemotherapy regimens such as FOLFOX or XELOX, and we also tested some monoclonal antibodies
such as cetuximab or trastuzumab. We admitted that we did not establish immune system-mediated cyto-
toxicity. This is also a limitation in this study. Our next step will consider the use of more complex models of
PDTOs cocultured with lymphocytes.

To the best of our knowledge, this is the first study to define the ICsq cutoff value for PDTO drug sensitivity
based on clinical responses in CRC patients, which provides a broad reference for clinical translation and
subsequent research. Organoids have been recognized as a novel model for disease research.'”"*
Although some studies have shown that organoids have the potential to be used to predict treatment
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Figure 6. Prognostic value of organoid response in stage Il to Ill CRC patients

(A) Association of organoid response with survival in CRC patients with stage Il to Ill disease. The organoid-resistant
group showed a significantly poorer DFS rate than the organoid-sensitive group (HR: 3.009; 95% ClI: 1.409-6.427;

p = 0.004).

(B) Association of organoid response with survival in CRC patients with stage Il disease. Organoid-resistant patients had a
significantly poorer DFS rate than organoid-sensitive patients (HR: 5.318; 95% ClI: 1.030-27.450; p = 0.046).

(C) Association of organoid response with survival in CRC patients with stage Il disease. Organoid-resistant patients had
asignificantly poorer DFS rate than organoid-sensitive patients (HR: 2.444; 95% Cl: 1.029-5.803; p = 0.043). DFS = disease-
free time, HR = hazard ratio.

response, the number of patients analyzed has been insufficient, and the specific cutoff value indicating
whether the ICsq indicates drug sensitivity or resistance is lacking.”*"* Therefore, our study showing the
defined cutoff value is promising for clinical application. We believe that clinicians could obtain organoid
drug sensitivity results in the near future, and the ICsg cutoff value could be used to guide individualized
treatment.

In conclusion, our study is the first to define the ICsq cutoff value for the FOLFOX regimen in the PDTO drug
test, which could be used to effectively distinguish CRC patients with chemosensitivity or nonsensitivity and
predict survival benefits.

Limitations of the study

This study was retrospective and may have selection bias.
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Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY

O Lead contact

O Materials availability

O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o METHOD DETAILS

O Clinical treatment and follow-up

O PDTO culture

O Drug library and response assay

O H&E staining, AB-PAS staining and immunostaining
o QUANTIFICATION AND STATISTICAL ANALYSIS
o ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2023.107116.

ACKNOWLEDGMENTS

This work was supported by grants from the National Natural Science Foundation of China (82273340), the
Guangdong Provincial Major Talents Project (No. 2019JC05Y361), the Fu Jian Medical Innovation Project
(2022CXA028), the Science and Technology Planning Project of Guangzhou City (202206010085), the China
Postdoctoral Science Foundation (2020M682789), the Clinical Research Project of Nanfang Hospital
(2018CR034, 2020CR001, and 2020CR011), the President Foundation of Nanfang Hospital, Southern Med-
ical University (20192023), and the Training Program for Undergraduate Innovation and Entrepreneurship
(202212121011, S202212121092, and $202212121104).

AUTHOR CONTRIBUTIONS

Y.T., C.D., XW., and J.Y. conceived and designed the study. Y.T., TW., Y.H., H.J., and B.Y. performed or-
ganoid culture and drug test. X.H., Y.Z., Y.H., and W.X. collected the clinicopathological data. Y.W. and
H.D. contributed to patient recruitment. Z.C. and J.L. performed immunohistochemistry. Data analysis
and result interpretation were performed by Y.T. Y.T. and J.Y. drafted the manuscript. C.D., XW., Y.W.,

16 iScience 26, 107116, July 21, 2023


https://doi.org/10.1016/j.isci.2023.107116

iScience

¢? CellPress

OPEN ACCESS

and H.D. critically revised the manuscript. All authors approved the final draft submitted. Y.T., T.W., and
Y.H. contributed equally as first authors. C.D., X.W., and J.Y. contributed equally as corresponding authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: October 16, 2022
Revised: February 21, 2023
Accepted: June 9, 2023
Published: June 13, 2023

REFERENCES

1.

Sung, H., Ferlay, J., Siegel, R.L., Laversanne,
M., Soerjomataram, ., Jemal, A., and Bray, F.
(2021). Global Cancer Statistics 2020:
GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185
Countries. Ca - Cancer J. Clin. 71, 209-249.
https://doi.org/10.3322/caac.21660.

. Siegel, R.L., Miller, K.D., Fuchs, H.E., and

Jemal, A. (2022). Cancer statistics, 2022. Ca -
Cancer J. Clin. 72, 7-33. https://doi.org/10.
3322/caac.21708.

. Xie, Y.H., Chen, Y.X., and Fang, J.Y. (2020).

Comprehensive review of targeted therapy
for colorectal cancer. Signal Transduct.
Targeted Ther. 5, 22. https://doi.org/10.
1038/541392-020-0116-z.

. Hoang, T., Sohn, D.K,, Kim, B.C., Cha, Y., and

Kim, J. (2021). Efficacy and Safety of Systemic
Treatments Among Colorectal Cancer
Patients: A Network Meta-Analysis of
Randomized Controlled Trials. Front. Oncol.
11, 756214. https://doi.org/10.3389/fonc.
2021.756214.

. Auclin, E., Zaanan, A., Vernerey, D., Douard,

R., Gallois, C., Laurent-Puig, P., Bonnetain, F.,
and Taieb, J. (2017). Subgroups and
prognostication in stage Ill colon cancer:
future perspectives for adjuvant therapy.
Ann. Oncol. 28, 958-968. https://doi.org/10.
1093/annonc/mdx030.

. Venook, A.P., Niedzwiecki, D., Lenz, H.J.,

Innocenti, F., Fruth, B., Meyerhardt, J.A.,
Schrag, D., Greene, C., O'Neil, B.H., Atkins,
J.N., et al. (2017). Effect of First-Line
Chemotherapy Combined With Cetuximab
or Bevacizumab on Overall Survival in
Patients With KRAS Wild-Type Advanced or
Metastatic Colorectal Cancer: A Randomized
Clinical Trial. JAMA 317, 2392-2401. https://
doi.org/10.1001/jama.2017.7105.

. Lombardi, L., Morelli, F., Cinieri, S., Santini,

D., Silvestris, N., Fazio, N., Orlando, L., Tonini,
G., Colucdi, G., and Maiello, E. (2010).
Adjuvant colon cancer chemotherapy: where
we are and where we'll go. Cancer Treat Rev.
36, S34-S41. https://doi.org/10.1016/s0305-
7372(10)70018-9.

. Drost, J., and Clevers, H. (2018). Organoids in

cancer research. Nat. Rev. Cancer 18,
407-418. https://doi.org/10.1038/s41568-
018-0007-6.

. Kim, J., Koo, B.K., and Knoblich, J.A. (2020).

Human organoids: model systems for human
biology and medicine. Nat. Rev. Mol. Cell
Biol. 21, 571-584. https://doi.org/10.1038/
s41580-020-0259-3.

. Li, M., and Izpisua Belmonte, J.C. (2019).

Organoids - Preclinical Models of Human
Disease. N. Engl. J. Med. 380, 569-579.
https://doi.org/10.1056/NEJMra1806175.

11. Tuveson, D., and Clevers, H. (2019). Cancer

modeling meets human organoid
technology. Science (New York, N.Y.) 364,
952-955. https://doi.org/10.1126/science.
aawb985.

. LeSavage, B.L., Suhar, R.A., Broguiere, N.,

Lutolf, M.P., and Heilshorn, S.C. (2022). Next-
generation cancer organoids. Nat. Mater. 21,
143-159. https://doi.org/10.1038/s41563-
021-01057-5.

. van de Wetering, M., Francies, H.E., Francis,

J.M., Bounova, G., lorio, F., Pronk, A., van
Houdt, W., van Gorp, J., Taylor-Weiner, A.,
Kester, L., et al. (2015). Prospective derivation
of a living organoid biobank of colorectal
cancer patients. Cell 161, 933-945. https://
doi.org/10.1016/j.cell.2015.03.053.

. Kopper, O., de Witte, C.J., Ldhmussaar, K.,

Valle-Inclan, J.E., Hami, N., Kester, L.,
Balgobind, A\V., Korving, J., Proost, N.,
Begthel, H., et al. (2019). An organoid
platform for ovarian cancer captures intra-
and interpatient heterogeneity. Nat. Med. 25,
838-849. https://doi.org/10.1038/s41591-
019-0422-6.

. Gao, D., Vela, I., Sboner, A., laquinta, P.J.,

Karthaus, W.R., Gopalan, A., Dowling, C.,
Wanjala, J.N., Undvall, E.A., Arora, V.K,, et al.
(2014). Organoid cultures derived from
patients with advanced prostate cancer. Cell
159, 176-187. https://doi.org/10.1016/j.cell.
2014.08.016.

. Tiriac, H., Belleau, P., Engle, D.D., Plenker, D.,

Deschénes, A., Somerville, T.D.D., Froeling,
F.E.M., Burkhart, R.A., Denroche, R.E., Jang,
G.H., et al. (2018). Organoid Profiling
Identifies Common Responders to
Chemotherapy in Pancreatic Cancer. Cancer
Discov. 8, 1112-1129. https://doi.org/10.
1158/2159-8290.Cd-18-0349.

. Bruun, J., Kryeziu, K., Eide, P.W., Moosavi,

S.H., Eilertsen, .A., Langerud, J., Resok, B.,
Totland, M.Z., Brunsell, T.H., Pellinen, T., et al.

18.

19.

20.

21.

22.

23.

(2020). Patient-Derived Organoids from
Multiple Colorectal Cancer Liver Metastases
Reveal Moderate Intra-patient
Pharmacotranscriptomic Heterogeneity. Clin.
Cancer Res. 26, 4107-4119. https://doi.org/
10.1158/1078-0432.Ccr-19-3637.

Vlachogiannis, G., Hedayat, S., Vatsiou, A.,
Jamin, Y., Ferndndez-Mateos, J., Khan, K.,
Lampis, A., Eason, K., Huntingford, I., Burke,
R., et al. (2018). Patient-derived organoids
model treatment response of metastatic
gastrointestinal cancers. Science (New York,
N.Y.) 359, 920-926. https://doi.org/10.1126/
science.aao2774.

Sato, T., Stange, D.E., Ferrante, M., Vries,
R.G.J., Van Es, J.H., Van den Brink, S., Van
Houdt, W.J., Pronk, A., Van Gorp, J.,
Siersema, P.D., and Clevers, H. (2011). Long-
term expansion of epithelial organoids from
human colon, adenoma, adenocarcinoma,
and Barrett's epithelium. Gastroenterology
141, 1762-1772. https://doi.org/10.1053/].
gastro.2011.07.050.

Yao, Y., Xu, X, Yang, L., Zhu, J., Wan, J., Shen,
L., Xia, F., Fu, G., Deng, Y., Pan, M., et al.
(2020). Patient-Derived Organoids Predict
Chemoradiation Responses of Locally
Advanced Rectal Cancer. Cell Stem Cell 26,
17-26.e6. https://doi.org/10.1016/j.stem.
2019.10.010.

Sartore-Bianchi, A., Trusolino, L., Martino, C.,
Bencardino, K., Lonardi, S., Bergamo, F.,
Zagonel, V., Leone, F., Depetris, ., Martinelli,
E., et al. (2016). Dual-targeted therapy with
trastuzumab and lapatinib in treatment-
refractory, KRAS codon 12/13 wild-type,
HER2-positive metastatic colorectal cancer
(HERACLES): a proof-of-concept,
multicentre, open-label, phase 2 trial. Lancet
Oncol. 17, 738-746. https://doi.org/10.1016/
s1470-2045(16)00150-9.

Kopetz, S., Grothey, A., Yaeger, R., Van
Cutsem, E., Desai, J., Yoshino, T., Wasan, H.,
Ciardiello, F., Loupakis, F., Hong, Y.S., et al.
(2019). Encorafenib, Binimetinib, and
Cetuximab in BRAF V400E-Mutated
Colorectal Cancer. N. Engl. J. Med. 3817,
1632-1643. https://doi.org/10.1056/
NEJMoa1908075.

Dekker, E., Tanis, P.J., Vleugels, J.L.A., Kasi,
P.M., and Wallace, M.B. (2019). Colorectal
cancer. Lancet (London, England) 394, 1467-
1480. https://doi.org/10.1016/50140-6736(19)
32319-0.

iScience 26, 107116, July 21, 2023 17



https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21708
https://doi.org/10.3322/caac.21708
https://doi.org/10.1038/s41392-020-0116-z
https://doi.org/10.1038/s41392-020-0116-z
https://doi.org/10.3389/fonc.2021.756214
https://doi.org/10.3389/fonc.2021.756214
https://doi.org/10.1093/annonc/mdx030
https://doi.org/10.1093/annonc/mdx030
https://doi.org/10.1001/jama.2017.7105
https://doi.org/10.1001/jama.2017.7105
https://doi.org/10.1016/s0305-7372(10)70018-9
https://doi.org/10.1016/s0305-7372(10)70018-9
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1056/NEJMra1806175
https://doi.org/10.1126/science.aaw6985
https://doi.org/10.1126/science.aaw6985
https://doi.org/10.1038/s41563-021-01057-5
https://doi.org/10.1038/s41563-021-01057-5
https://doi.org/10.1016/j.cell.2015.03.053
https://doi.org/10.1016/j.cell.2015.03.053
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1016/j.cell.2014.08.016
https://doi.org/10.1016/j.cell.2014.08.016
https://doi.org/10.1158/2159-8290.Cd-18-0349
https://doi.org/10.1158/2159-8290.Cd-18-0349
https://doi.org/10.1158/1078-0432.Ccr-19-3637
https://doi.org/10.1158/1078-0432.Ccr-19-3637
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1016/j.stem.2019.10.010
https://doi.org/10.1016/j.stem.2019.10.010
https://doi.org/10.1016/s1470-2045(16)00150-9
https://doi.org/10.1016/s1470-2045(16)00150-9
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1056/NEJMoa1908075
https://doi.org/10.1016/s0140-6736(19)32319-0
https://doi.org/10.1016/s0140-6736(19)32319-0

¢? CellPress

24.

25.

26.

27.

28.

29.

30.

18

OPEN ACCESS

Weitz, J., Koch, M., Debus, J., Héhler, T,
Galle, P.R., and Biichler, M.W. (2005).
Colorectal cancer. Lancet (London, England)
365, 153-165. https://doi.org/10.1016/s0140-
6736(05)17706-x.

Bruni, D., Angell, H.K., and Galon, J. (2020).
The immune contexture and Immunoscore in
cancer prognosis and therapeutic efficacy.
Nat. Rev. Cancer 20, 662-680. https://doi.
org/10.1038/s41568-020-0285-7.

Falzone, L., Bordonaro, R., and Libra, M.
(2023). SnapShot: Cancer chemotherapy. Cell
186, 1816-1816.e1. https://doi.org/10.1016/j.
cell.2023.02.038.

Fanget, F., Kefleyesus, A., Peron, J.,
Bonnefoy, I, Villeneuve, L., Passot, G.,
Rousset, P., You, B., Benzerdjeb, N., Glehen,
O., and Kepenekian, V. (2023). Comparison of
Neoadjuvant Systemic Chemotherapy
Protocols for the Curative-Intent
Management of Peritoneal Metastases from
Colorectal Cancer, Regarding Morphological
Response, Pathological Response, and Long-
Term Outcomes: A Retrospective Study. Ann.
Surg Oncol. 30, 3304-3315. https://doi.org/
10.1245/510434-023-13150-x.

Napolitano, S., Woods, M., Lee, H.M., De
Falco, V., Martini, G., Della Corte, C.M.,
Martinelli, E., Famiglietti, V., Ciardiello, D.,
Anderson, A., et al. (2023). Antitumor efficacy
of dual blockade with encorafenib plus
cetuximab in combination with
chemotherapy in human BRAFV600E mutant
colorectal cancer. Clin. Cancer Res. 29, 2299—
2309. https://doi.org/10.1158/1078-0432.Ccr-
22-3894.

Torregrosa, C., Pernot, S., Vaflard, P., Perret,
A., Tournigand, C., Randrian, V., Doat, S.,
Neuzillet, C., Moulin, V., Stouvenot, M., et al.
(2022). FOLFIRI plus BEvacizumab or
aFLIbercept after FOLFOX-bevacizumab
failure for COlorectal cancer (BEFLICO): An
AGEO multicenter study. Int. J. Cancer 151,
1978-1988. https://doi.org/10.1002/ijc.
34166.

Colucci, G., Gebbia, V., Paoletti, G., Giuliani,
F., Caruso, M., Gebbia, N., Carteni, G.,
Agostara, B., Pezzella, G., Manzione, L., et al.
(2005). Phase Ill randomized trial of FOLFIRI
versus FOLFOX4 in the treatment of
advanced colorectal cancer: a multicenter
study of the Gruppo Oncologico Dell'ltalia

iScience 26, 107116, July 21, 2023

32.

33.

34.

35.

36.

37.

Meridionale. J. Clin. Oncol. 23, 4866-4875.
https://doi.org/10.1200/jc0.2005.07.113.

. Geevimaan, K., Guo, J.Y., Shen, C.N., Jiang,

J.K,, Fann, C.S.J., Hwang, M.J., Shui, J.W., Lin,
H.T., Wang, M.J., Shih, H.C., et al. (2022).
Patient-Derived Organoid Serves as a
Platform for Personalized Chemotherapy in
Advanced Colorectal Cancer Patients. Front.
Oncol. 12, 883437. https://doi.org/10.3389/
fonc.2022.883437.

Verduin, M., Hoeben, A., De Ruysscher, D.,
and Vooijs, M. (2021). Patient-Derived Cancer
Organoids as Predictors of Treatment
Response. Front. Oncol. 11, 641980. https://
doi.org/10.3389/fonc.2021.641980.

Xu, H., Jiao, D., Liu, A., and Wu, K. (2022).
Tumor organoids: applications in cancer
modeling and potentials in precision
medicine. J. Hematol. Oncol. 15, 58. https://
doi.org/10.1186/s13045-022-01278-4.

Vivarelli, S., Candido, S., Caruso, G., Falzone,
L., and Libra, M. (2020). Patient-Derived
Tumor Organoids for Drug Repositioning in
Cancer Care: A Promising Approach in the
Era of Tailored Treatment. Cancers 12, 3636.
https://doi.org/10.3390/cancers12123636.

de Witte, C.J., Espejo Valle-Inclan, J., Hami,
N., Léhmussaar, K., Kopper, O., Vreuls,
C.P.H., Jonges, G.N., van Diest, P., Nguyen,
L., Clevers, H., et al. (2020). Patient-Derived
Ovarian Cancer Organoids Mimic Clinical
Response and Exhibit Heterogeneous Inter-
and Intrapatient Drug Responses. Cell Rep.
31, 107762. https://doi.org/10.1016/j.celrep.
2020.107762.

Ooft, S.N., Weeber, F., Dijkstra, K.K., McLean,
C.M,, Kaing, S., van Werkhoven, E., Schipper,
L., Hoes, L., Vis, D.J., van de Haar, J., et al.
(2019). Patient-derived organoids can predict
response to chemotherapy in metastatic
colorectal cancer patients. Sci. Transl. Med.
11, eaay2574. https://doi.org/10.1126/
scitranslmed.aay2574.

Sachs, N., de Ligt, J., Kopper, O., Gogola, E.,
Bounova, G., Weeber, F., Balgobind, A.V.,
Wind, K., Gracanin, A., Begthel, H., et al.
(2018). A Living Biobank of Breast Cancer
Organoids Captures Disease Heterogeneity.
Cell 172, 373-386.e10. https://doi.org/10.
1016/j.cell.2017.11.010.

38.

39.

40.

41.

42.

43.

44,

iScience

von Winterfeld, M., Hoffmeister, M., Ingold-
Heppner, B., Jansen, L., Tao, S., Herpel, E.,
Schirmacher, P., Dietel, M., Chang-Claude, J.,
Autschbach, F., et al. (2014). Frequency of
therapy-relevant staging shifts in colorectal
cancer through the introduction of pN1c in
the 7th TNM edition. Eur. J. Cancer 50, 2958-
2965. https://doi.org/10.1016/j.ejca.2014.
09.002.

Sugai, T., Yamada, N., Eizuka, M., Sugimoto,
R., Uesugi, N., Osakabe, M., Ishida, K.,
Otsuka, K., Sasaki, A., and Matsumoto, T.
(2017). Vascular Invasion and Stromal S100A4
Expression at the Invasive Front of Colorectal
Cancer are Novel Determinants and Tumor
Prognostic Markers. J. Cancer 8, 1552-1561.
https://doi.org/10.7150/jca.18685.

Jiang, P.C., Zhu, L., Fan, Y., and Zhao, H.L.
(2013). Clinicopathological and biological
significance of cripto overexpression in
human colon cancer. World J. Gastroenterol.
19, 8630-8637. https://doi.org/10.3748/wjg.
v19.i46.8630.

Benson, A.B., Venook, A.P., Al-Hawary, M.M.,
Cederquist, L., Chen, Y.J., Ciombor, KK,
Cohen, S., Cooper, H.S., Deming, D.,
Engstrom, P.F., et al. (2018). NCCN
Guidelines Insights: Colon Cancer, Version
2.2018. J. Natl. Compr. Canc. Netw. 16,
359-369. https://doi.org/10.6004/jncen.
2018.0021.

Fujii, M., and Sato, T. (2021). Somatic cell-
derived organoids as prototypes of human
epithelial tissues and diseases. Nat. Mater.
20, 156-169. https://doi.org/10.1038/s41563-
020-0754-0.

Boretto, M., Maenhoudt, N., Luo, X., Hennes,
A., Boeckx, B., Bui, B., Heremans, R., Perneel,
L., Kobayashi, H., Van Zundert, |., et al. (2019).
Patient-derived organoids from endometrial
disease capture clinical heterogeneity and
are amenable to drug screening. Nat. Cell
Biol. 21, 1041-1051. https://doi.org/10.1038/
s41556-019-0360-z.

Ganesh, K., Wu, C., O'Rourke, K.P., Szeglin,
B.C., Zheng, Y., Sauvé, C.E.G., Adileh, M.,
Wasserman, |., Marco, M.R., Kim, A.S., et al.
(2019). A rectal cancer organoid platform to
study individual responses to
chemoradiation. Nat. Med. 25, 1607-1614.
https://doi.org/10.1038/s41591-019-0584-2.


https://doi.org/10.1016/s0140-6736(05)17706-x
https://doi.org/10.1016/s0140-6736(05)17706-x
https://doi.org/10.1038/s41568-020-0285-7
https://doi.org/10.1038/s41568-020-0285-7
https://doi.org/10.1016/j.cell.2023.02.038
https://doi.org/10.1016/j.cell.2023.02.038
https://doi.org/10.1245/s10434-023-13150-x
https://doi.org/10.1245/s10434-023-13150-x
https://doi.org/10.1158/1078-0432.Ccr-22-3894
https://doi.org/10.1158/1078-0432.Ccr-22-3894
https://doi.org/10.1002/ijc.34166
https://doi.org/10.1002/ijc.34166
https://doi.org/10.1200/jco.2005.07.113
https://doi.org/10.3389/fonc.2022.883437
https://doi.org/10.3389/fonc.2022.883437
https://doi.org/10.3389/fonc.2021.641980
https://doi.org/10.3389/fonc.2021.641980
https://doi.org/10.1186/s13045-022-01278-4
https://doi.org/10.1186/s13045-022-01278-4
https://doi.org/10.3390/cancers12123636
https://doi.org/10.1016/j.celrep.2020.107762
https://doi.org/10.1016/j.celrep.2020.107762
https://doi.org/10.1126/scitranslmed.aay2574
https://doi.org/10.1126/scitranslmed.aay2574
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1016/j.ejca.2014.09.002
https://doi.org/10.1016/j.ejca.2014.09.002
https://doi.org/10.7150/jca.18685
https://doi.org/10.3748/wjg.v19.i46.8630
https://doi.org/10.3748/wjg.v19.i46.8630
https://doi.org/10.6004/jnccn.2018.0021
https://doi.org/10.6004/jnccn.2018.0021
https://doi.org/10.1038/s41563-020-0754-0
https://doi.org/10.1038/s41563-020-0754-0
https://doi.org/10.1038/s41556-019-0360-z
https://doi.org/10.1038/s41556-019-0360-z
https://doi.org/10.1038/s41591-019-0584-2

iScience

STARxMETHODS

KEY RESOURCES TABLE

¢? CellPress

OPEN ACCESS

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-EPCAM Affinity # BFO159; RRID: AB_2833813
Mouse monoclonal anti-HepPar-1 Abnova #MAB14639; RRID: AB_2909615
Rabbit monoclonal anti-CDX2 Affinity #DF4679; RRID: AB_2837030
Rabbit polyclonal anti-Ki67 Affinity #AF0198; RRID: AB_2834152
Rabbit polyclonal anti-P53 Affinity #AF0879; RRID: AB_2827700
Chemicals, peptides, and recombinant proteins

5-Fluorouracil Selleck S1209; CAS: 51-21-8
Irinotecan Selleck S2217; CAS: 136572-09-3
Oxaliplatin Selleck S1224; CAS: 61825-94-3
Raltitrexed GLPBIO GC17750; CAS: 112887-68-0
Carboplatin GLPBIO GC11207; CAS: 41575-94-4
Cisplatin GLPBIO GC11908; CAS: 15663-27-1
Nedaplatin GLPBIO GC15786; CAS: 95734-82-0
Gemcitabine GLPBIO GC16805; CAS: 95058-81-4
Paclitaxel GLPBIO GC12511; CAS: 33069-62-4
Docetaxel GLPBIO GC16684; CAS: 114977-28-5
Floxuridine GLPBIO GC18014; CAS: 50-91-9
Doxifluridine GLPBIO GC11099; CAS: 3094-09-5
Cetuximab Macklin C873860; CAS: 205923-56-4
Lapatinib GLPBIO GC13608; CAS: 231277-92-2
Sunitinib Malate GLPBIO GC14683; CAS: 341031-54-7
Imatinib Macklin 1823217; CAS: 152459-95-5
Masitinib GLPBIO GC13410; CAS: 790299-79-5
Dovitinib GLPBIO GC11372; CAS : 852433-84-2
Sorafenib GLPBIO GC17369; CAS: 284461-73-0
Anlotinib Dihydrochloride GLPBIO GC25073; CAS: 1360460-82-7
Neratinib GLPBIO GC10362; CAS: 89785-84-2
Erlotinib GLPBIO GC10627; CAS: 183321-74-6
Trastuzumab GLPBIO GC61473; CAS: 1826843-81-5
Pazopanib HCI Selleck S1035; CAS: 444731-52-6
Vatalanib GLPBIO GC14464; CAS: 212141-54-3
Cabozantinib GLPBIO GC12531; CAS: 1140909-48-3
Lenvatinib GLPBIO GC36438; CAS: 857890-39-2
Axitinib GLPBIO GC12216; CAS: 319460-85-0
Regorafenib GLPBIO GC10111; CAS: 755037-03-7
Temsirolimus GLPBIO GC12573; CAS: 162635-04-3
Everolimus GLPBIO GC13601; CAS: 159351-69-6
Palbociclib GLPBIO GC15173; CAS: 571190-30-2
Vemurafenib GLPBIO GC13412; CAS: 918504-65-1
GDC0941 Biorbyt orb154703; CAS: 957054-30-7
Olaparib GLPBIO GC17580; CAS: 763113-22-0
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Software and algorithms

R version 4.0.3 Open source https://cran.rproject.org/bin/windows/base/old/4.0.3/

R Studio Open source https://www.rstudio.com/

survival package in R R CRAN https://cran.rproject.org/web/packages/survival/index.html
survminer package in R R CRAN https://cran.rproject.org/web/packages/survminer/index.html
pROC package in R R CRAN https://cran.rproject.org/web/packages/pROC/index.html
rms package in R R CRAN https://cran.rproject.org/web/packages/rms/index.html
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Jun Yan (yanjunfudan@163.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® The clinicopathological, survival and drug test data of all participants after deidentification are available
from the corresponding author; proposals or written requests for access should be directed to Dr. Jun
Yan (yanjunfudan@163.com). The data sharing process should be approved by the Ethics Committee
of Nanfang Hospital, and a data access agreement should be signed.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request, Dr. Jun Yan (yanjunfudan@163.com).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A total of 242 CRC patients who received neoadjuvant chemotherapy or adjuvant chemotherapy with the
FOLFOX/XELOX regimen were enrolled in this cohort study from November 2018 to July 2021 at NanFang
Hospital (Tables 1 and 8 and Figure S5). Among these patients, 113 patients (median [range] age: 56[25-75]
years, including 66 men [58.4%]) were in stage IV, and 129 patients (median [range] age: 58[20-75] years,
including 70 men [54.3%]) were in stage Ill and high-risk stage Il. The inclusion criteria were as follows:
aged between 18 and 75 years; pathologically diagnosed with CRC; American Society of Anesthesiologists
(ASA) score <3; and underwent surgery or biopsy to obtain samples. The exclusion criteria were as follows:
other malignancies; chemotherapy contraindications; lost to follow-up; pregnant or breastfeeding women;
and patients diagnosed with middle and lower rectal cancer who planned to receive chemoradiotherapy.
For patients who needed neoadjuvant chemotherapy or translational therapy, a biopsy was performed to
obtain tumor specimens. For patients who needed adjuvant chemotherapy, surgery was performed to
obtain tumor specimens.

The clinicopathological characteristics, including age, sex, body mass index (BMI), tumor location, histo-
logical type, tumor differentiation, T stage, N stage, location of distant disease, receipt of neoadjuvant
chemotherapy, lymphovascular invasion, carcinoembryonic antigen (CEA) level, and follow-up data,
were documented.

Tumor specimens were sampled within 30 min after excision and then immediately sent to the laboratory
and stored in RPMI 1690 (L220KJ, Basalmedia) supplemented with 5% penicillin-1-streptomycin (BL505A,
Biosharp) at 4°C.

All tissues collected were verified as CRC by pathological examination. This study was approved by the
Institutional Review Board of the Nanfang Hospital of Southern Medical University (NFEC-2021-447). All
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patients signed an informed consent to participate in the study. All procedures performed in the study
involving human participants were in accordance with the Declaration of Helsinki.

METHOD DETAILS
Clinical treatment and follow-up

For a CRC patient with stage IV disease, one multidisciplinary treatment (MDT) team consultation was car-
ried out. If the MDT team decided that simultaneous resection of the primary tumor and metastases could
be achieved, the patient received radical surgery and postoperative adjuvant chemotherapy. If the MDT
team decided that the primary tumor and metastases could not be resected simultaneously or needed
to be resected in stages, the patient received neoadjuvant chemotherapy or translational therapy, and
the MDT consultation was performed again to evaluate the timing of surgery after 4 cycles of chemo-
therapy. For a CRC patient with stage Il and high-risk stage Il disease, curative surgery was performed, fol-
lowed by adjuvant chemotherapy.

Patients were regularly tested for blood CEA levels, chest and abdominal enhanced CT, liver MRl or PET-CT
if necessary. For patients who received neoadjuvant chemotherapy or translational therapy and then un-
derwent surgery, the blood CEA level was measured every cycle, and CT (MRl or PET-CT if necessary)
was performed after 4 cycles of chemotherapy. The pathologic response was assessed using the American
Joint Committee on Cancer/College of American Pathologists (AJCC/CAP) regression grade. For patients
who received postoperative adjuvant chemotherapy, blood CEA levels were measured every cycle, and CT
(MRI or PET-CT) was performed every 4 cycles until the end of 8 cycles of FOLFOX/XELOX chemotherapy.
The imaging response was evaluated using the Response Evaluation Criteria in Solid Tumors (RECIST)
version 1.1 (RECIST 1.1), which includes complete response (CR), partial response (PR), stable disease
(SD), and progressive disease (PD). Stage Il or lll CRC patients who completed half year chemotherapy
were followed up. CEA levels were measured every 3 months for the first 3 years and every 6 months to
5 years. Enhanced CT of the chest and abdomen was checked every 6-12 months.

PDTO culture

Organoid culture was performed as previously described with minor modifications.'” In brief, tumor sam-
ples were washed with 10 mL of Hank’s balanced salt solution (HBSS) containing 5% antibiotics 8-10 times
and minced with scissors to 1x1x1 mm in size. The minced tissue was digested in 5 mL of 5 mg/mL colla-
genase type Il (Invitrogen) in DMEM/F12 for approximately 3 h at 37°C on a shaker. After filtering, the sus-
pension was centrifuged at 1200 x g for 2 minutes, and red blood cells (RBCs) were removed by adding
RBC lysis buffer (00443357, Invitrogen eBioscience) for 5 minutes. Tumor cells were washed, counted
and resuspended in a mixture of Matrigel basement membrane Matrix (Corning, 356235) and organoid cul-
ture medium-Advanced DMEM/F12 (Gibco, 12634010). Then, 30 plL drops of the Matrigel cell suspension
were incubated in a 37°C and 5% CO2 cell culture incubator for 10 min. Once complete gelation occurred,
the corresponding culture medium was added to each plate, and the cells were incubated in a 37°C and 5%
CO2 cell culture incubator. The medium was refreshed every 2-3 days. All cultures were periodically exam-
ined for mycoplasma contamination using the MycoAlert Mycoplasma Detection Assay (Lonza #LT07-218).

Drug library and response assay

A customized 39-drug library was designed for drug sensitivity profiling of the organoids, including 12
chemotherapy drugs, 23 targeted drugs and 4 combination agents. For subsequent organoid drug sensi-
tivity analyses, organoids were harvested from the Matrigel using 1x TrypLE (Gibco) and then dissociated
into small clusters. Next, organoids were resuspended in 2% Matrigel/organoid culture medium (200-1000
clusters/ml) and dispensed into 384-well plates (Corning) in triplicate. To maximize cell viability, plates
were coated with 0.1% collagen (Thermo Fisher) prior to plating. At 48 h after plating, the drug and vehicle
(DMSO, ABT-263/navitoclax) were preprinted onto 384-well tissue culture plates. Chemotherapy drug con-
centrations typically ranged from 200 pmol/L to 6.25 pmol/L at a 6-point 2-fold dilution. Targeted drug con-
centrations typically ranged from 3 umol/L to 0.01236 umol/L at a 6-point 3-fold dilution. The combination
agent combined the corresponding drugs at a 1:1 ratio, and the concentrations typically ranged from
200 pmol/L to 6.25 pmol/L at a 6-point 2-fold dilution. Cell viability was assayed after 96 h of drug exposure
using a CellTiter-Glo 3D Cell Viability Assay (Promega) according to the manufacturer’s instructions, and
the results were normalized to vehicle controls.
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Data were analyzed using GraphPad Prism 7.0 software, and the half-maximal inhibitory concentration
(ICsp) values were calculated by the dose-response curve visualized using nonlinear regression (curve
fitting). Drug sensitivity was evaluated by the dose-response curve of cell viability and the ICsq value.

H&E staining, AB-PAS staining and immunostaining

All organoids were processed for paraffin embedding and stained with hematoxylin & eosin. Alcian blue/
periodic acid-Schiff (PAS) staining and epithelial cell adhesion molecule (EPCAM), Kié7, P53, CDX2 and
HepPar-1 immunohistochemical staining were performed as previously described.

QUANTIFICATION AND STATISTICAL ANALYSIS

A receiver operating characteristic (ROC) curve was used to explore the association of organoid drug
response with patients’ clinical response, by which the optimal cutoff value of ICso was generated.
Kaplan-Meier survival curves were used to compare the survival of different groups. Univariate and multi-
variate Cox proportional hazard regression analyses were performed to estimate the hazard ratio (HR) with
a95% Cl and identify the independent predictors for PFS. Student'’s ttest was carried out to analyze the ICsq
values. All statistical analyses were performed in R (version 3.6.0) and GraphPad Prism 7.0. A 2-sided p
value < 0.05 was considered to represent a significant difference.

ADDITIONAL RESOURCES

We have no relevant resources.
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