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Mucinous peritoneal metastases (PM) generally respond poorly to systemic treatment, and there is a clear unmet need
for new treatment strategies to improve survival and quality of life for patients with PM. In this work, the growth in-
hibitory effect of five drugs (oxaliplatin (OXA; 5 mg/kg), irinotecan (IRI; 60 mg/kg), cabazitaxel (CBZ; 15 or 30
mg/kg), regorafenib (REG; 10, 30 or 60 mg/kg), and capecitabine (CAP; 359 or 755 mg/kg) was investigated in
three orthotopic patient-derived xenograft models that mimic mucinous PM.
Drugs were administered intraperitoneally (i.p.) as monotherapy weekly for 4 weeks (OXA, IRI), as one single i.p. in-
jection (CBZ), or orally (REG, CAP) daily 5 of 7 days per week for four weeks, and i.p. tumor growth and survival were
monitored and compared between treatment groups. The i.p. administered drugs (OXA, IRI, CBZ) had the strongest
growth inhibitory effect, with OXA being most efficacious, completely inhibiting tumor growth in the majority of
the animals. CBZ and IRI also strongly inhibited tumor growth, but with more variation in efficacy between the
models. A moderate reduction in tumor growth was observed in all models treated with REG, while CAP had little
to no growth inhibitory effect. Targeted next-generation-sequencing has identified mutational profiles typically asso-
ciated with PM (mutations in KRAS, GNAS, and BRAF oncogenes), supporting the representativeness of the models.
The results presented in this work support the continued exploration of i.p. treatment protocols for PM, with OXA re-
maining and CBZ emerging as particularly interesting candidates for further studies.
Introduction

Peritoneal metastases represent an important therapeutic challenge,
since patients generally respond poorly to systemic chemotherapy and
targeted treatments [1]. A possible explanation could be that cancers with
unfavorable molecular subtypes tend to metastasize to the peritoneal sur-
face. Indeed, colorectal cancers (CRC) with mucinous and signet ring cell
differentiation often give rise to peritoneal metastases (PM), and these tu-
mors exhibit poor responses to several of the commonly used chemothera-
peutic drugs [2,3]. Another strictly peritoneal mucinous entity is
pseudomyxoma peritonei (PMP), which is a rare cancer commonly arising
from mucinous tumors of the appendix, and which is also similarly poorly
responsive to systemic chemotherapy [4,5]. Locoregional treatment involv-
ing cytoreductive surgery (CRS) and intraperitoneal chemotherapy
ent of Tumor Biology, Institute for Ca

mark).

r Inc. on behalf of Neoplasia Press,
represents standard-of-care in resectable cases, but when locoregional
treatment fails and for patients who are not eligible for such treatment,
new treatment options are needed [6–9].

We have generated orthotopic patient-derived xenograft models that
mimic mucinous PM, and that were shown to closely resemble the original
disease with respect to growth pattern and protein expression [10,11]. We
previously investigated single intraperitoneal (i.p.) injections of two drugs
that are commonly used as components of hyperthermic intraperitoneal
chemotherapy (HIPEC),mitomycin C (MMC) and oxaliplatin (OXA), identi-
fying MMC as the more efficacious drug compared to OXA when adminis-
tered as a single i.p. injection [12]. In this study, we investigated drugs
that are part of standard systemic chemotherapy in CRC; OXA, irinotecan
(IRI) and capecitabine (CAP); and included two less commonly used
drugs in this setting, cabazitaxel (CBZ) and regorafenib (REG).
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Materials and Methods

In Vivo Experiments

All procedures and experiments involving animals were approved by
the Norwegian Food Safety Authority (application ID #11836, #11946,
and #18209), and were conducted according to the recommendations of
the European Laboratory Animals Science Association. Female athymic
foxn 1nu were bred at Department of Comparative Medicine, Oslo Univer-
sity Hospital, and kept in a specific pathogen-free environment at constant
temperature (22 ± 1 °C) and humidity (62 ± 5%), 15 air changes/hour
and a 12-hour light/dark cycle. Food and water were supplied ad libitum,
and the mice were given paper and card board houses for environmental
stimulation. A maximum of 10 mice were housed in each cage. The
model establishment was previously described [10,11], and the models
PMP-2, PMCA-1 and PMCA-3 were used in these experiments. All models
were established by implanting peritoneal tissue samples collected at the
time of CRS-HIPEC. PMP-2 and PMCA-3 were derived from patients with
appendiceal primaries, whereas the PMCA-1 patient had a primary rectal
carcinoma. PMP-2was classified as peritoneal mucinous carcinomatosis in-
termediate histological type (PMCA-I) based on the Ronnett classification
[13], while PMCA-3 was a high grade PMP with signet ring cell differenti-
ation. For treatment experiments 125–200 μl mucinous ascites was injected
(i.p), and treatments were initiated the following day to simulate the clini-
cal situation after CRS with a very low remaining tumor load
intraabdominally. Mice were randomly assigned to treatment groups of 6
mice. The mice were routinely examined by experienced animal techni-
cians, and sacrificed when abdominal distension was clearly visible, at
which time approximately 4–5 g of mucinous tumor tissue would be
weighed at autopsy. Occasionally, the tumor had a more solid growth pat-
tern with a necrotic core, and in these cases the mice developed cachexia,
necessitating sacrifice. Animals with no sign of tumor growth were
sacrificed 100 days (range 100–103 days) after experiment initiation,
which in all experiments was at least twice the median time of the survival
of the vehicle treated animals. Tumor growth/response was quantified by
calculating a growth index [12], combining the key parameters survival
time (in days) and tumor load at the time of sacrifice (in g), using the equa-
tion:

Growth index ¼ tumor weightþ Ttotal−TAð Þ=TTotalð Þ x 10:

where TA is the time from start of the experiment until sacrifice of the
animal, and TTotal is the total duration of the experiments.

Of the 184 animals included in the experiments, seven were excluded
from analysis for the following reasons: wrong treatment given (n = 1)
(PMP-2), mucin not weighed (n = 5) (PMCA-3), development of ascites
with no visible tumor growth (n = 1) (PMP-2).

Drugs

OXA (Fresenius Kabi, Germany) was diluted in 5% glucose; i.p. injec-
tions of 5 mg/kg were administrated weekly for 4 weeks. CBZ (TXD-258,
BioChemPartner Co. Ltd., Shanghai, China) was dissolved in polysorbate
80 (40 mg/ml), diluted in 13% ethanol to a working concentration of 10
mg/ml, and further diluted in 0.9% NaCl; i.p. injections of 15 and 30
mg/kg were administrated once. IRI (Pfizer, NewYork, NY, USA), (prodrug
that ismetabolized to SN-38 [14]) was diluted in 0.9% saline; i.p. injections
of 60 mg/kg were administrated weekly for 4 weeks. Injection volumes
were in the range of 200–250 μl, according to body weight (10 μl/g
mouse). REG (kindly donated by Bayer) was dissolved in DMSO, further di-
luted in PEG400, and administrated by oral gavage 5 of 7 days per week for
4 weeks. Tablets of CAP (Roche, Hertfordshire, UK) (prodrug that is metab-
olized to 5-fluorouracil [15]) were suspended in a vehicle consisting of
50 mM citrate buffer and 4.67% (w/v) arabic gum (pH 6.0), and 359 or
755 mg/kg was administrated by oral gavage 5 of 7 days per week for 4
weeks. Vehicle treated animals received DMSO/PEG400 5 of 7 days per
2

week for 4 weeks corresponding to regorafenib treatment. All of the
drugs and doses used in the experiments were well tolerated, and no toxic-
ity, defined as a weight reduction of more than 15%, was observed.

Drug regimens were chosen based on the maximum tolerable doses of
the drugs previously published or based on in-house experience. For CAP,
359mg/kg was chosen based on previous experience of efficacy in another
model [16], but as this dose had limited effect, experiments were also per-
formed with the defined maximum tolerable dose of 755 mg/kg [17]. The
treatment regimens were chosen based on the recommended administra-
tion route and frequency for each drug.

DNA Sequencing

Tumor tissue samples from PDX models were homogenized and
disrupted using TissueLyzer LT from QIAGEN. DNA was then extracted
from the lysate using the NucleoSpin Tissue kit (Macherey Nagel, Düren,
Germany). DNA concentrations and purity were evaluated using
ThermoFisher NanoDrop spectrophotometer, and the Abs260/280> 1.8 for
all the samples. TargetedDNA sequencingwas performedusing the Ion Tor-
rent PGM Personal Genome Machine and the Ion AmpliSeqTM Cancer
Hotspot Panel v2 (Thermo Fisher Scientific, Waltham, MA, USA), covering
~2800 hotspot mutations in 50 cancer related genes. The Torrent Suite
Variant Caller, with the manufacturer's recommended settings, was used
to generate single nucleotide variants and small insertions/deletions with
a variant allele frequency threshold of two percent. The sequencing depth
exceeded 500× for 98% of all amplicons (median depth of 4376×).
Every detected mutation was manually reassessed using Integrative Geno-
mics Viewer and functionally annotated with ANNOVAR [18], using
RefSeq as the underlying gene model and information from the 1000 Ge-
nomes Project (1000genomes.org) and the Catalogue of Somatic Mutations
in Cancer (cancer.sanger.ac.uk/cosmic).

Statistical Analyses

Statistical analyses were conducted using GraphPad Prism v7
(GraphPad Software, LaJolla, California, USA) or SPSS 21 (IBM, Armonk,
NY, USA), and Student's t-tests were performed to compare treatment
groups. p-values <0.05 were considered statistically significant.

Results

All vehicle treated animals developed tumor. The time between tumor
implantation and sacrifice in vehicle-treated animals was relatively similar
in the threemodels, with a mean of 37, 38 and 44 days for PMCA-3, PMP-2
and PMCA-3, respectively.

In the PMP-2model, OXAwas themost efficacious drug, and 5 of 6mice
did not develop tumor growth, with a mean reduction of growth index of
97% compared to vehicle treatment. CBZ also had a strong growth inhibi-
tory effect, with a mean reduction in growth index of 86% (P < .001),
but no dose–response relationship was observed (Figure 1A). Of the 11 an-
imals receiving CBZ, 6 did not develop tumor growth (Table 1). Moderate
growth inhibition (20–29%) was observed with IRI, CAP and REG (P <
.05). One animal in the CAP group did not develop tumor, otherwise all an-
imals were sacrificed because of tumor growth.

In the PMCA-1 model, OXA was again the most efficacious drug, and
none of the 6 mice receiving the treatment developed tumor (Figure 1B).
Two mice were euthanized after 32 and 74 days due to snout infection
and edema respectively, but no tumor was detected in the abdomen at
the time of sacrifice. CBZ also had a strong growth inhibitory effect with
a trend towards a dose–response effect (P=.06),with 66%and 99% reduc-
tion of growth inhibition (P < .01) after administration of 15 and 30
mg/kg, respectively. Complete growth control was observed in 5/6 mice
and 3/6 mice for 30 mg/kg and 15 mg/kg, respectively. IRI also had a
strong growth inhibitory effect, with a reduction in growth index of 72%
(P < .001). One of six mice treated with IRI did not develop tumor, while
the remaining mice either lived until the end of the experiment or close
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Figure 1. Growth index of (A) PMP-2, (B) PMCA-1 and (C) PMCA-3 treated with oxaliplatin (OXA), irinotecan (IRI), cabazitaxel (CBZ), regorafenib (REG) and capecitabine
(CAP). Numbers on the X-axis indicate dose in mg/kg. * P < .05. Error bars indicate standard error of the mean (SEM).
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to the end. For REG 10 mg/kg, all animals developed tumor, and a moder-
ate growth inhibition was observed, with a reduction in growth index of
29% (P < .001) (Table 1). CAP was the least efficacious drug, with no dif-
ference in growth index compared to vehicle treatment (Figure 1B).

PMCA-3was the least responsivemodel, and except for OXA, only mod-
erate tumor growth inhibition was achieved (Figure 1C). None of the five
mice treated with OXA developed tumor. IRI and CBZ were equally effec-
tive in inhibiting tumor growth, with a mean reduction of the growth
index to 53% for IRI (P < .001) and 39 and 41% for mice treated with 15
and 30 mg/kg CBZ, respectively (P < .001). Moderate growth inhibition
was also observed with REG, with a reduction in growth index of 22% (P
= .003) and 15% (P= .02) after treatment with 30 and 60mg/kg REG, re-
spectively. One mouse treated with 30 mg/kg REG did not develop tumor,
otherwise all animals were sacrificed due to tumor growth (Table 1). A
small reduction of growth index was observed in mice treated with CAP
with a 14% (P = .014) and 11% (P = .139) reduction in growth index
after administration of 359 and 755 mg/kg, respectively (Figure 1C).

Mutation Analyses

PMP-2 and PMCA-3 both had mutated GNAS (R201C), while mutated
KRAS (G12V and G12A) was present in PMP-2 and PMCA-1. In addition,
Table 1
In vivo tumor growth in three models treated with vehicle, oxaliplatin, irinotecan, cabaz
vival, amount of tumor and number of animals excluded and for what reason

Vehicle Oxaliplatin (mg/kg Irinotecan (mg/kg) Ca

5 60 15

PMP-2
Tumor growth/
total number of animals

12/12 1/6 6/6 3/6

Survival (days, mean) 39 100 68 10
Tumor (g), mean (SEM) 4.3 (0.4) 0.4 (0.4) 4.6 (0.3) 1.2
# of mice excluded
PMCA-1
Tumor growth/
total number of animals

18/18 0/6 5/6 3/6

Survival (days, mean) 44 84 96 91
Tumor (g), mean (SEM) 5.3 (0.3) 0 (0) 2.6 (1.0) 2.3
PMCA-3
Tumor growth/
total number of animals

24/24 0/5 6/6 9/1

Survival (days, mean) 37 100 74 68
Tumor (g), mean (SEM) 4.7 (0.3) 0 2.8 (0.6) 3.6
# of mice excluded 1**

(SEM, Standard error of the mean)
* Wrong treatment given.
** Mucin not weighed.
*** No tumor growth, only ascites.
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mutations in BRAF (V600E) and CTNNB1 (D32G) were detected in
PMCA-3 and a TP53 (R248Q) was detected in PMCA-1 (Table 2).

Discussion

Single i.p. injections of OXA 5 and 10 mg/kg were previously investi-
gated in the same models with a modest inhibitory effect on tumor growth
[12], and for this study the schedule was changed to include four weekly
administrations of 5 mg/kg. The strong growth inhibitory effect observed
was interesting, highlighting the importance of the treatment schedule.
The results from the PRODIGE7 trial presented at ASCO in 2018 [19] sug-
gested that adding OXA-based HIPEC to CRS in PM-CRC did not improve
the survival compared toCRS alone, leading to questions regarding the ben-
efit of HIPEC in the treatment of PM-CRC [19,20]. OXA exposure time has
been shown to be associatedwith response in vitro, and the 30-minute OXA
exposure in the PRODIGE7 trial may have been insufficient to cause effec-
tive tumor cell killing [20,21]. Our results suggest that repeated exposure
might improve drug efficacy, and points to OXA having a strong direct
anti-tumor effect in these models upon administration in the peritoneal
cavity.

Single injections of CBZ efficaciously inhibited tumor growth, and at the
highest doses exhibited similar effects as were previously observed with
itaxel, regorafenib or capecitabine with number of animals with tumor growth, sur-

bazitaxel (mg/kg) Regorafenib (mg/kg) Capecitabine (mg/kg)

30 10 30 60 359 755

2/5 5/5 6/6 5/6

0 97 62 57 67
(0.7) 1.4 (0.9) 2.6 (0.9) 4.1 (0.8) 4.1 (0.8)

1* 1***

1/6 12/12 6/6

103 63 51
(0.9) 0.1 (0.1) 4.3 (0.4) 5.70 (0.3)

0 5/5 10/11 6/6 11/11 5/5

75 51 46 45 44
(0.5) 4.0 (0.5) 3.6 (0.5) 3.9 (0.3) 4.0 (0.4) 4.2 (0.4)

1** 1** 1** 1**



Table 2
Overview over genes mutated in the PMP-2, PMCA-1 and PMCA-3 models

KRAS GNAS BRAF TP53 CTNNB1

PMP-2 p.G12V p.R201C wt wt wt
PMCA-1 p.G12A wt wt p.R248Q wt
PMCA-3 wt p.R201C p.V600E wt p.D32G
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single i.p. injections of MMC [12]. CBZ is a member of the taxane family of
microtubuli inhibitors, preventing cell division by stabilizing the
microtubuli [22]. It is approved for treatment of hormone refractory pros-
tate cancer following docetaxel-based treatment, but ongoing clinical trials
are investigating CBZ in other cancer types as well [23]. In metastatic CRC
(mCRC), a phase IIb trial was terminated because of lack of responses to in-
travenous administration in the first 10 included patients (NCT02204332).
The strong growth inhibition observed in our experiments suggests a poten-
tial opportunity for CBZ in peritoneal disease, possibly administered i.p. In-
terestingly, i.p. injections of IRI also inhibited tumor growth in all models.
High expression of topoisomerase 1, which is associated with response to
IRI [24] was frequently detected in PM-CRC (54% in a cohort of 465
cases) and also in PMP (63% in a cohort of 43 cases) [25,26], providing a
molecular rationale to expect efficacy of IRI in peritoneal disease. IRI is a
component of standard-of-care systemic treatment for mCRC, but has not
been extensively administrated in i.p. treatment protocols [5,27,28]. Exper-
imental results have suggested favorable treatment responses and less tox-
icity with i.p. compared to intravenous injection of IRI, highlighting the
potential for locoregional treatment [14]. When used in combination
with OXA during HIPEC, no increase in survival was observed for patients
receiving the combination compared to OXA alone [29].

Significant growth inhibition was observed upon oral administration of
REG in all the investigated models, but with no clear dose response effects.
REG is a multi-tyrosine kinase inhibitor targeting angiogenic, stromal and
oncogenic receptor tyrosine kinases, and is approved for treatment of
mCRC [30,31]. REG has a short half-life, thus the requirement for daily ad-
ministration of the drug. Treatment was stopped after 4 weeks, and since it
has previously been observed that REG will inhibit tumor growth only on
treatment, complete responses would not be expected [31]. Prolongation
of the treatment period would have been expected to lengthen the inhibi-
tion of tumor growth. A possible combination strategy for REG is together
with IRI, which has previously been shown to result in increased
progression-free survival in patients with mCRC [32]. Interestingly, very
encouraging results have also been observed with REG in combination
with nivolumab in microsatellite stable mCRC in the recently reported
REGONIVO trial, suggesting a novel opportunity for systemic treatment in
PM-CRC [33].

The fluoropyrimidine, CAP, was the least efficacious drug in our
models, having either a weak or no inhibitory effect on tumor growth.
Fluoropyrimidines are included as a backbone ofmCRC treatment, typically
in combination with OXA or IRI [34]. Intravenous administration of 5-
fluorouracil is also by many centers included concomitantly with HIPEC
in patients with PMP and PM-CRC in combination with MMC or OXA
[35,36]. In line with our observations, fluoropyrimidine monotherapy is
not extensively administered in this setting, and is not expected to be highly
efficacious.

The growth inhibitory responses varied between the models, with PMP-
2 and PMCA-1 being more responsive than the PMCA-3model. The PMCA-
3 model, being a high-grade mucinous cancer with signet ring cell differen-
tiation, mimics an aggressive phenotype, which could contribute to explain
the observed differences. KRAS and GNAS mutations were the most fre-
quent mutations observed in our models, both being common mutations
in PM-CRC and PMP, respectively [25,26], indicating that the PDX models
are representative of the original disease and relevantmodels for investigat-
ing drug responses. None of the mutations detected in our models are pre-
dictive biomarkers for the drugs investigated in this study. KRAS and
GNAS mutations are both associated with poor survival in patients with
CRC and PMP [7,37,38], and treatments that exhibit efficacy in models
4

with these genomic aberrations could potentially have an impact on a
large patient group. Mutated KRAS has generally been considered to be
undruggable, but efforts to develop drugs targeting KRAS have been exten-
sive. Recently, a novel small molecule inhibitor of KRAS G12C (AMG 510)
was shown to induce stable disease or partial responses in the majority of
patients with advanced solid tumors receiving the treatment [39,40].
With KRAS mutations being prevalent in PM, efficacious targeting of mu-
tated KRAS would represent an important therapeutic breakthrough for
mutant PM cases.

In this study, OXA, CBZ and IRI administered by i.p. injection, all re-
sulted in substantial growth inhibition, supporting the concept of
locoregional administration of cytotoxic drugs in the peritoneal cavity. In
contrast, the orally administered drugs, REG andCAP,were less efficacious,
all though REG had an apparent inhibitory effect as long as it was being ad-
ministered, and could be considered in combinatory protocols. There is a
clear unmet need for new treatments for patients with PM-CRC and PMP,
and based on the current work, OXA remains and CBZ emerges as particu-
larly interesting candidates for further studies. We are currently investigat-
ing nanoparticle-based delivery of these drugs for i.p. administration.
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