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Background: Patients with peritoneal metastases from colorectal cancer have a poor prognosis. If
the intraperitoneal tumour load is limited, patients may be eligible for cytoreductive surgery followed
by hyperthermic intraperitoneal chemotherapy (HIPEC). This treatment has improved overall survival,
but recurrence rates are high. The aim of this study was to create a preclinical platform for the
development of more effective intraperitoneal chemotherapy strategies.
Methods: Using organoid technology, five tumour cultures were generated from malignant ascites
and resected peritoneal metastases. These were used in an in vitro HIPEC model to assess sensitivity to
mitomycin C (MMC) and oxaliplatin, the drugs used most commonly in HIPEC. The model was also used
to test a rational combination treatment involving MMC and inhibitors of the checkpoint kinase ATR.
Results: MMC was more effective in eliminating peritoneal metastasis-derived organoids than oxaliplatin
at clinically relevant concentrations. However, the drug concentrations required to eliminate 50 per
cent of the tumour cells (IC50) were higher than the median clinical dose in two of five organoid lines
for MMC, and all five lines for oxaliplatin, indicating a general resistance to monotherapy. ATR inhibition
increased the sensitivity of all peritoneal metastasis-derived organoids to MMC, as the IC50 decreased
2⋅6–12⋅4-fold to well below concentrations commonly attained in clinical practice. Live-cell imaging
and flow cytometric analysis showed that ATR inhibition did not release cells from MMC-induced cell
cycle arrest, but caused increased replication stress and accelerated cell death.
Conclusion: Peritoneal metastasis-derived organoids can be used to evaluate existing HIPEC regimens
on an individual-patient level and for development of more effective treatment strategies.

Surgical relevance
Cytoreductive surgery followed by hyperthermic intraperitoneal
chemotherapy (HIPEC) has improved prognosis of patients with
peritoneal metastases from colorectal cancer, but disease recur-
rence is common. More effective and personalized HIPEC is
urgently needed. Organoid technology is frequently used for drug
screens, as patient-derived organoids can accurately predict clin-
ical therapeutic response in vitro.

A panel of organoids was established from peritoneal metas-
tases from colorectal cancer and used to develop a model for

testing HIPEC regimens in vitro. Patient-derived organoids

differed in sensitivity to commonly used chemotherapeutics,

in line with variable clinical outcomes following cytoreduc-

tive surgery–HIPEC. Combining MMC with an ATR inhibitor

improved the efficacy of MMC.

Peritoneal metastasis-derived organoids can be used as a

platform to test novel (combination) strategies that increase

HIPEC efficacy. In the future, organoids could be used to select

patent-tailored HIPEC regimens.
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Introduction

Peritoneal metastases (PMs) develop in approximately 10
per cent of patients with colorectal cancer1. These patients
generally have a very poor prognosis, with a median sur-
vival of only 6–9 months without treatment2. For selected
patients with limited PMs and treatable extraperitoneal
disease, cytoreductive surgery (CRS) combined with
hyperthermic intraperitoneal chemotherapy (HIPEC) is
a potentially curative localized treatment option3. The
goal is to remove all macroscopic PMs surgically, while
eliminating any residual microscopic disease by HIPEC.
CRS–HIPEC has significantly improved median overall
survival of patients with PMs from colorectal cancer to 36
months4–7.

Retrospective comparisons between oxaliplatin and mit-
omycin C (MMC), the two drugs most commonly used in
HIPEC for PMs from colorectal cancer, generated contra-
dictory results7–10. As a consequence, there is currently no
consensus on the choice of chemotherapy, the dose admin-
istered or the duration of perfusion3. Regardless of the
chemotherapy drug used in HIPEC, recurrence rates after
CRS–HIPEC are high and more than half of patients expe-
rience disease recurrence within 2 years7,11,12. The added
value of HIPEC after CRS has recently been questioned in
light of results from the Prodige 7 RCT12, which showed
that adding oxaliplatin-based HIPEC to CRS provided
no survival benefit12. However, clinical proof that HIPEC
after CRS can effectively target minimal residual disease
in the peritoneum has been provided by a large phase III
study in ovarian cancer13. Rather than omitting HIPEC
from the treatment of PMs from colorectal cancer, efforts
should be made to improve the efficacy of intraperitoneal
chemotherapy.

Simply increasing the HIPEC dose is not feasible, as a
higher perfusate concentration leads to a higher plasma
concentration, which has been associated with increased
toxicity14. A rational combination treatment of MMC with
inhibition of ataxia telangiectasia and Rad3-related pro-
tein kinase (ATR) could enhance HIPEC efficacy. ATR
inhibitors are currently being tested in a number of clinical
trials, either alone or in combination with chemotherapy15.
MMC causes cytotoxicity mainly through formation of
interstrand crosslinks16. This type of DNA damage acti-
vates ATR, which induces cell cycle arrest to allow DNA
repair. Inhibition of ATR after exposure to MMC could
lead to fatal collapse of replication forks and increased cell
death17.

To evaluate current HIPEC agents and novel com-
bination therapies, a representative in vitro model of
colorectal PM is required. Tumour-derived organoids are
ideally suited for this purpose, as they retain the genetic

and phenotypic characteristics of the original cancers,
and can accurately predict clinical therapeutic response
in vitro18–20. The aim of this project was to create an
organoid-based preclinical model of PM from colorectal
cancer to study current HIPEC regimens and to test
novel combination strategies that augment the efficacy of
HIPEC.

Methods

A detailed description of the methodology is provided
in Appendix S1 (supporting information).

Tissue collection and organoid culture

Tissue samples from PMs were collected during CRS
or diagnostic laparoscopy within biobanking protocol
HUB-Cancer TcBio#12-09, which was approved by the
medical ethics committee of the University Medical
Centre Utrecht. Ascites was collected within the context
of the CRC-PIPAC trial (NCT03246321) at the Catherina
Hospital, Eindhoven. Before treatment with electrostat-
ically precipitated pressurized intraperitoneal aerosol
chemotherapy, 40 ml ascites was aspirated using a gastro-
nasal tube and a syringe through one of the laparoscopic
trocar openings.

Chemotherapy regimens and drug concentrations

Before undertaking drug screens on the PM-derived
organoids, the concentrations of MMC and oxaliplatin
that are commonly attained in the peritoneal cavity dur-
ing HIPEC procedures were investigated. Data from 40
HIPEC procedures for PMs from colorectal cancer or
pseudomyxoma peritonei carried out at the University
Medical Centre Utrecht between January 2016 and July
2018 were collected. Perfusion volume, body surface
area (BSA) and chemotherapy dose were extracted from
intraoperative recordings of the perfusion pump system
Performer HT® (RanD, Medolla, Italy). At University
Medical Centre Utrecht, chemotherapy dose is determined
by BSA, at 35 mg/m2 for MMC and 460 mg/m2 for oxali-
platin. The concentration of intraperitoneal chemotherapy
further depends on the volume used for dialysis. During
HIPEC, MMC is added to the total perfusion fluid in
three separate doses. First, 50 per cent of the total dose is
added, followed by 25 per cent after 30 and 60 min. This
compensates for systemic uptake of MMC and results in
a relatively stable perfusate concentration21. As a result,
the maximum concentration reached in the perfusate is
roughly equal to the starting concentration (50 per cent of
the total dose divided by the total perfusate volume).

© 2019 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2019; 106: 1404–1414
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Fig. 1 Organoid generation and testing
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Organoids were generated directly from malignant ascites or from solid lesions by first digesting the tissue enzymatically. Three-dimensional (3D) tumour
organoids were grown out by culturing single cells in 3D basement membrane extract (BME) immersed in basal culture medium. For the in vitro HIPEC
experiments, organoids were plated on top of a layer of BME, rather than inside the matrix, to maximize drug exposure and simulate the clinical features
of microscopic peritoneal metastases (PMs).

Subsequent drug screens were performed across a wide
range of concentrations including the calculated clinical
concentrations. MMC (S8146; Selleckchem, Munich, Ger-
many) was dissolved in dimethylsulphoxide (DMSO) to a
stock concentration of 60 mmol/l, and was further diluted
in basal culture medium without niche factors to a con-
centration range of 0⋅4–300 μmol/l. Oxaliplatin (5 mg/ml
solution; Fresenius Kabi, Bad Homburg, Germany) was
diluted in 0⋅45 per cent sodium chloride/2⋅5 per cent glu-
cose solution to preserve solubility in a physiological car-
rier solution22, to a concentration range of 8⋅6 μmol/l to
6⋅29 mmol/l.

In an effort to improve MMC-based HIPEC, combi-
nation treatment of MMC with VE-821, an inhibitor
of ATR, was assessed. The clinical derivative of VE-821
(VX-970) was also assessed for enhancement of response
to MMC, to evaluate whether this rational combination
strategy could be translated to the clinical setting. VE-821
(Sigma Aldrich, Saint Louis, Missouri, USA) and VX-970
(VE-822; Selleckchem) were dissolved in DMSO at a stock
concentration of 10 mmol/l, and added to basal growth
medium at the concentrations indicated.

Hyperthermic intraperitoneal chemotherapy
in vitro

The clinical presentation of microscopic tumour cell
deposits attached to the peritoneum was simulated
by allowing multicellular organoids to adhere to a bottom
layer of basement membrane extract (BME). As such,
organoids were in direct contact with the chemother-
apy solution, similar to micrometastases during HIPEC.
Bottom layers of 40 μl BME were dispensed in a 96-well
plate (Costar® 3904; Corning, New York, USA) by use

of a Multidrop™ Combi Reagent Dispenser with a small
tubing cassette (ThermoFisher Scientific, Waltham, Mas-
sachusetts, USA). Approximately 3000 2-day-old organoids
suspended in 100 μl basal culture medium were dispensed
on top of the BME. Two days after plating, medium was
aspirated, and the organoids were incubated with 100 μl
preheated chemotherapy at a range of concentrations
for 30 min (oxaliplatin) or 90 min (MMC) at 42∘C, in line
with current standard clinical treatment protocols10. ATR
inhibitors VE-821 and VX-970 were added during the
72 h after HIPEC. As a measure of cell viability, ATP levels
were assessed using a CellTiterGlo® 2.0 kit (Promega,
Fitchburg, Wisconsin, USA) on a Spectramax M5e reader
(Molecular Devices, San Jose, California, USA). Viability
was normalized to the mean of three control wells per
batch, which were treated with 0⋅5 per cent DMSO in
MMC and glucose/sodium chloride solution in oxaliplatin
experiments, and included the respective inhibitors in
the drug combination experiments. Viability assays were
performed in triplicate and repeated multiple times on
different days, yielding a total of 1422 data points from 61
separate experiments.

Live-cell imaging

TOR14 organoids expressing mNeon-tagged histone 2B
were incubated with either basal culture medium, 1 μmol/l
VE821, 0⋅5 μmol/l MMC, or 0⋅5 μmol MMC+ 1 μmol
VE821 for 90 min at 42∘C. The chemotherapy agent was
washed away, medium was replaced and 1 μmol/l VE-821
was added to the appropriate wells. The plate was mounted
on an inverted confocal microscope (Nikon TiE-based
CSU-W1 Spinning Disk; Nikon Minato, Tokyo, Japan)
equipped with a culture chamber at 37∘C and 5 per cent
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Fig. 2 Morphological and molecular comparison of organoids of peritoneal metastases with parent tumours from which they were
derived
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a Histological or cytological (p02-1) comparison of parent tumours (haematoxylin and eosin stain; TOR14, TOR17, TOR22 and p02-1: original
magnification × 40; TOR10: original magnification × 20) with matched organoids (bright field, scale bar 100 μm; haematoxylin and eosin stain, scale
bar 25 μm) and orthotopic xenografts in mouse caecum (haematoxylin and eosin stain, original magnification × 10 and × 40). b Comparison of hotspot
mutations in original tumours (T) and matched organoids (O). The tumour cell content of solid peritoneal lesions of p02-1 was too low (less than 5 per
cent) to call mutations reliably.

carbon dioxide. Organoids were imaged every 15 min over
72 h to follow cell fate after treatment.

Results

Organoids derived from colorectal peritoneal
metastases

A panel of five patient-derived PM organoid lines was
established for this study; four were generated from solid

Table 1 Perfusion data for patients undergoing hyperthermic
chemotherapy

No. of patients*

Sex ratio (M : F) 18 : 22

Body surface area (m2)† 1⋅84 (1⋅55–2⋅36)

Patient volume (ml)† 6055 (3000–9300)

Total perfusate volume (ml)† 7060 (4800–11 018)

*Unless indicated otherwise; †values are median (range).

© 2019 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2019; 106: 1404–1414
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Fig. 3 Organoids as an in vitro model to study the efficacy of hyperthermic intraperitoneal chemotherapy regimens
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a Scatter plot of body surface area (BSA) versus intra-abdominal perfusion volume, which together determine the concentration of hyperthermic
intraperitoneal chemotherapy (HIPEC) drug in the clinic (men: R2 = 0⋅019, P = 0⋅540; women: R2 = 0⋅119, P = 0⋅161). b Frequency distribution histogram
of calculated starting concentrations of mitomycin C (MMC) in 40 HIPEC procedures. c,d Dose–response curves illustrating the variation in sensitivity to
MMC (c) and oxaliplatin (d) on the individual patient-derived organoids. The shaded area represents the clinically relevant concentration ranges determined
in the clinical cohort. The dashed line crosses the individual curves at the concentration required to eliminate 50 per cent of the tumour cells (IC50).
e,f Estimated between-batch variation (variation between separate in vitro HIPEC experiments) for MMC (e) and oxaliplatin (f). Bars represent the estimated
IC50 values pooled over all batches using a non-linear mixed-effect model as determined in c and d; error bars show estimated standard deviation in IC50
values between batches, and symbols indicate estimated per-batch IC50 values (both based on random batch effects included in the model). The shaded
area represents the clinically relevant concentration ranges determined in the clinical cohort.
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lesions and the fifth from malignant ascites (Fig. 1; Table
S1, supporting information). The five organoid lines
showed divergent morphologies in vitro, with either pre-
dominant tubular formation (TOR10MII, TOR22 and
p02-1), a papillary growth pattern with some tubular
formation (TOR14) or a solid growth pattern (TOR17)
(Fig. 2a). These growth patterns are common in colorectal
adenocarcinoma histology. Organoid morphology closely
resembled the histology of the original metastases. The
orthotopic xenograft of TOR10 showed the same histo-
logical features as the original carcinoma, with evident
mucin lakes comprising more than 50 per cent of the
tumour mass, classifying them as mucinous carcinomas.
The organoid TOR10MII also produced extracellular
mucin, as confirmed by a positive periodic acid Schiff
stain (data not shown). Comparison of hotspot mutations
between the original tumours and the organoids showed
that 13 of 14 mutations found in the tumours were also
identified in the matched organoid (Fig. 2b). Thus, the
PM-derived organoid lines faithfully recapitulated the
histological and genetic characteristics of the cancers from
which they were derived.

In vivo models system for hyperthermic
intraperitoneal chemotherapy in vitro

Before performing drug screens on the organoid panel,
the concentrations of intraperitoneal chemotherapy drugs
in 40 consecutive HIPEC procedures were evaluated. Both
BSA and perfusate volumes varied widely between patients
(Table 1). Importantly, BSA was a poor predictor of abdom-
inal volume in both men and women (Fig. 3a), which led to
variable perfusate concentrations. The calculated median
starting concentration was 13⋅6 (range 9⋅7–19⋅8) μmol/l
for MMC (Fig. 3b) and 306 (215–439) μmol/l for oxali-
platin.

The viability of organoids in response to a range of drug
concentrations, including the calculated clinical concentra-
tions, was then assessed. The experimental set-up of the
in vitro drug screen is shown in Fig. 1. Dose–response
curves to MMC and oxaliplatin for each organoid showed
that drug sensitivity varied considerably between individ-
ual patient-derived organoids (Fig. 3c,d). The concentra-
tion required to eliminate 50 per cent of the tumour cells
(IC50) for MMC ranged from 3⋅3 to 22⋅2 μmol/l; TOR14
was most sensitive to MMC and p02-1 least sensitive. The
IC50 for oxaliplatin ranged from 297 to 692 μmol/l, with
TOR10MII as the most sensitive organoid line (Table 2).
The assay proved robust and reproducible, with limited
variation in IC50 values in repeated experiments over sev-
eral months (Fig. 3e,f ). The dose–response curves also

Table 2 Half-maximal inhibitory concentration for mitomycin C
and oxaliplatin by organoid line

IC50 (𝛍mol/l)

Organoid line Mitomycin C Oxaliplatin

TOR 14 3⋅3 (2⋅3, 4⋅6) 368 (326, 414)

TOR17 12⋅9 (15⋅5, 30⋅9) 692 (375, 1277)

TOR22 7⋅4 (4⋅4, 12⋅5) 364 (243, 544)

TOR10MII 5⋅6 (4⋅7, 6⋅6) 297 (253, 348)

P02-1 22⋅2 (10⋅8, 45⋅5) 549 (449, 672)

Estimated half-maximal inhibitory concentrations (IC50) were pooled over
all batches using a non-linear mixed-effect model. Values in parentheses are
95 per cent confidence intervals.

showed that the doses of MMC and oxaliplatin achieved
clinically were insufficient to eliminate all cancer cells com-
pletely in these organoid lines. This highlights the need for
improving the efficacy of HIPEC treatment.

ATR inhibition increases the efficacy
of mitomycin C

Given the recent finding that oxaliplatin-based HIPEC is
not effective in a clinical setting12 and that MMC appeared
more effective at clinical concentrations than oxaliplatin in
the PM-organoid model, further improvement of MMC
HIPEC was considered more promising, and combina-
tion treatment with ATR inhibition was assessed. The ATR
inhibitor VE-821 showed limited toxicity as monotherapy
(Fig. S1, supporting information), but greatly sensitized all
PM organoids to MMC, as shown by statistically signifi-
cant reductions of 2⋅6–12⋅4-fold in IC50 values (Fig. 4a;
Table S2, supporting information). Importantly, for each
organoid line, the IC50 values for MMC in the combi-
nation treatment were below the concentrations of MMC
attained clinically.

To understand the mechanism of action of the combina-
tion therapy, the effects of the drugs on cell cycle distribu-
tion and cell fate were characterized. MMC treatment at
IC50 concentrations induced rapid phosphorylation of the
ATR substrate Checkpoint kinase 1 (Chk1) (Fig. 4b) and
led to cell cycle arrest in the S phase (Fig. 4c,d). Chk1 phos-
phorylation was reduced by combining MMC with VE-821
(Fig. 4b). However, rather than inducing a shift from S
phase towards G2/M phase, co-treatment with VE-821
and MMC induced a more pronounced S-phase arrest
than MMC alone (Fig. 4c,d). Live-cell imaging of TOR14
over 72 h after MMC treatment confirmed that combina-
tion treatment did not increase the fraction of death in
mitosis compared with monotherapy with MMC (Videos
S1–S4, supporting information). In both conditions, most

© 2019 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2019; 106: 1404–1414
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Fig. 4 Effects of mitomycin C and ATR inhibition on organoid viability and cell cycle distribution
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curves at the concentration required to eliminate 50 per cent of the tumour cells. b Western blot analysis of checkpoint kinase 1 (Chk1) phosphorylation
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propidium iodide (PI) intensity. d Quantification of cell cycle distribution. Data for TOR22 and TOR10MII are shown in Fig. S2 (supporting information).
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Fig. 5 Effects of mitomycin C and ATR inhibition on cell fate and replication stress
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a Examples of cell death events observed during live-cell imaging. Upper panel shows cell death in mitosis (cell death is preceded by mitotic chromosome
condensation) and lower panel death in interphase (no chromosomal condensation observed before the formation of apoptotic bodies) (scale bar 10 μm).
b Quantification of TOR14 cell fates observed during 72 h of live-cell imaging after treatment with either no drugs, 0⋅5 μmol/l mitomycin C (MMC) for
90 min, 1 μmol/l VE-821 for 72 h, or 0⋅5 μmol/l MMC for 90 min+ 1 μmol/l VE-821 for 72 h. If a parent cell (P) underwent mitosis, the fates of the resulting
daughter cells (D) were also followed. c Analysis of replication protein A (RPA) foci in response to MMC or the combination treatment of MMC+VE-821
in TOR14. Flow cytometry profiles for the different conditions are shown in the frequency distribution plots, and the mean intensities of the RPA or
phosphorylated RPA (p-RPA) signal per cell are plotted separately. PE-CF594-A, fluorescence area. Maximum projection confocal images of cells from the
same experiment illustrate the increased number of RPA or p-RPA foci in the combination treatment. The red signal represents the RPA or p-RPA, and
the blue signal shows 4′,6-diamidino-2-phenylindole staining (scale bar 10 μm). d Western blot analysis of checkpoint kinase 1 (Chk1) phosphorylation
after 90 min of treatment with hyperthermic MMC or the combination of MMC and VX-970 (100 and 500 nmol/l); p-Chk1 S345, Chk1 phosphorylated
on serine 345. e Dose–response curves comparing MMC monotherapy and the combination of MMC and VX-970 (100 and 500 nmol/l) in the individual
organoids. The shaded area represents the clinically relevant concentration ranges determined in the clinical cohort. The dashed line crosses the individual
curves at the concentration required to eliminate 50 per cent of the tumour cells.
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cell death occurred during a period of interphase (Fig. 5a,b).
Cell death appeared to occur earlier in cells co-treated with
MMC and ATR inhibitors than in cultures treated with
MMC alone (Figs S3 and S4, supporting information).

Flow cytometric analysis showed that MMC induced
a profound increase in replication protein A (RPA) foci.
RPA binds to single-strand DNA at sites of DNA dam-
age, and the increased presence of RPA foci is indicative
of replication stress23,24. Combined treatment with MMC
and VE-821 slightly increased the number of RPA foci per
cell as reflected by the mean fluorescence of RPA70, and
induced a pronounced increase in RPA phosphorylation
(RPA32, phosphorylated on either serine 4 or 8) (Fig. 5c).
Replication stress can lead to massive chromosome break-
age and subsequent cell death23.

To evaluate whether this combination strategy could
be translated to the clinical setting, VX-970, the clinical
derivative of VE-821, was tested in combination with
MMC. VX-970 also inhibited Chk1 phosphorylation
induced by MMC in a dose-dependent fashion (Fig. 5d),
and dramatically lowered the IC50 value of MMC (Fig. 5e;
Table S2, supporting information), similar to VE-821.
This suggests that MMC plus ATR inhibition is a feasible
combination strategy in HIPEC for PM from colorectal
cancer.

Discussion

Retrospective comparisons between MMC and oxaliplatin
as intraperitoneal chemotherapy agents in HIPEC for PM
from colorectal cancer are contradictory7–10. This may
be due to heterogeneous patient populations, variation
in selection criteria for CRS–HIPEC and differences in
the application of perioperative systemic chemotherapy.
Furthermore, the intraperitoneal drug concentration dur-
ing HIPEC varies widely as a consequence of BSA-based
chemotherapeutic dose. This study has shown that BSA
correlates poorly with intraperitoneal volume, and per-
fusate volume influences the concentration to which peri-
toneal micrometastases are exposed. Finally, even though
there may not be a clear superiority of either chemotherapy
agent at group level, one drug might perform better than
the other in individual patients, depending on the tumour
biology of the metastases.

In the present study, organoid technology was used to
develop a model system for evaluating the efficacy of
HIPEC. Considerable differences in sensitivity to MMC
and oxaliplatin were observed between patient-derived
organoid lines. Moreover, hyperthermic chemotherapy at
commonly attained clinical doses had only a minor effect
on the viability of several organoid lines. This indicates

that current HIPEC regimens are insufficient to eradi-
cate residual microscopic disease at least in a subgroup of
patients with colorectal PMs, and this is consistent with the
high recurrence rates observed after CRS–HIPEC and the
negative result from the Prodige 7 trial7,11,12.

In an effort to improve MMC efficacy, combined treat-
ment with MMC and inhibitors of the replication check-
point kinase ATR was assessed in this study. The addition
of ATR inhibitors to MMC was effective in eliminating
microscopic metastases at clinical doses of MMC in all
PM-derived organoids tested. These findings are in line
with a model in which ATR inhibition causes unrestrained
replication origin firing despite the presence of DNA dam-
age caused by MMC. Excess origin firing increases the
number of RPA foci and exhausts the nuclear RPA pool.
Ultimately, this leads to massive chromosome breakage and
a type of cell death known as replication catastrophe23.

This study provides insights into the mechanism of
action of ATR inhibition in combination with a standard
chemotherapy used in HIPEC. Understanding how a drug
combination works before it enters the clinical setting is
important as it can increase the chance of success. It can
yield biomarkers for monitoring therapeutic response as
well as predictive biomarkers for trial stratification. Of
note, all organoids in this cohort have a mutation in TP53.
ATR inhibition is particularly potent in tumours with
deficiencies in the ATM pathway, such as TP53-mutant
cancers25. An important future goal is to further optimize
organoid establishment and long-term expansion, in order
to create an organoid panel of PMs from colorectal can-
cer that completely reflects the diversity of mutational and
histological subtypes. Further research is also required to
find the optimal timing, dose and route of administration
(intraperitoneal or systemic) of ATR inhibitors in the clin-
ical HIPEC setting. By modelling the effects of sequential
or concomitant treatment, the in vitro model could aid in
rational trial design for ATR inhibition in HIPEC.

Several factors could potentially limit the predictive value
of the present model. First, the culture matrix used in the
model is an abstraction of the microenvironment of the
peritoneum, which includes fibroblasts and other stromal
and immune cells. These components potentially influence
drug response. Second, HIPEC is nearly always preceded
by CRS which induces cytokine production26 that could
also influence drug response. Third, intrapatient inter-
lesion heterogeneity may provide an additional level of
complexity that is not modelled in the present organoid
collection27,28. Despite these limitations, this model of PM
from colorectal cancer is a robust in vitro system that allows
rapid evaluation of existing and novel HIPEC strategies in
a biologically relevant setting.

© 2019 The Authors. BJS published by John Wiley & Sons Ltd www.bjs.co.uk BJS 2019; 106: 1404–1414
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