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Abstract

The peritoneum is a common site of dissemination in patients with colorectal cancer. In order to identify high-risk patients and
improve therapeutic strategies, a better understanding of the peritoneal dissemination process and the reasons behind the high
heterogeneity that is observed between patients is required. We aimed to create a murine model to further elucidate the process
of peritoneal dissemination and to provide an experimental platform for further studies. We developed an in vivo model to
assess patterns of peritoneal dissemination of 15 colorectal cancer cell lines. Immune deficient mice were intraperitoneally
injected with 10,000 human colorectal cancer cells. Ten weeks after injection, or earlier in case of severe discomfort, the mice
were sacrificed followed by dissection including assessment of the outgrowth and localization of peritoneal metastases.
Furthermore, using a color-based clonal tracing method, the clonal dynamics of peritoneal nodules were observed. The
different cell lines showed great variation in the extent of peritoneal outgrowth, ranging from no outgrowth to localized or
widespread outgrowth of cells. An association between KRAS pathway activation and the formation of peritoneal metastases
was identified. Also, cell line specific tumor location preferences were observed, with similar patterns of outgrowth in
anatomically related areas. Furthermore, different patterns regarding clonal dynamics were found, varying from monoclonal
or polyclonal outgrowth to extensively dispersed polyclonal lesions. The established murine model recapitulates heterogeneity
as observed in human peritoneal metastases, which makes it a suitable platform for future (intervention) studies.

Introduction

Colorectal cancer (CRC) is a highly prevalent disease

worldwide, with an estimated incidence of over 1.8 million
These authors contributed equally: Vivian P. Bastiaenen, Charlotte E. in 2018 [1]. A common site of dissemination is the peri-
L. Klaver toneum, being the sole site of recurrence in up to 25% [2].
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might even be higher due to the limited accuracy of imaging
modalities to detect PM. As a result, PMs are often detected
at a late and symptomatic stage, when numerous small
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To identify high-risk patients, a thorough understanding
of the evolution of PM is required. It is often hypothesized
that PMs develop after intraperitoneal exfoliation of tumor
cells from a primary tumor with full-thickness invasion of
the bowel wall (T4 tumors), or after iatrogenic intraper-
itoneal tumor spill. The free floating cells then need to
preserve their metastatic potential, avoid apoptosis, migrate
and adhere to the peritoneal surface, and invade the peri-
toneum. Finally, tumor cells need to survive and proliferate
in the new tumor microenvironment [9]. However, cellular
dynamics of the formation of PM of colorectal origin
remain unclarified and literature on the topic is limited.

High patient heterogeneity is characteristic for CRC,
with differences in driver oncogenes, in chromosomal and
microsatellite stability and in dissemination pattern, all
potentially impacting prognosis and treatment options
[10, 11]. Likewise, a high variety exists in CRC patients
regarding PM, including the formation or absence of PM,
and the extensiveness and preferential localization in case
PM develop. We aimed to create a murine PM model that is
able to reflect the heterogeneity found in CRC patients. By
quantitatively assessing the in vivo peritoneal outgrowth of
extensively characterized human CRC cells, combined with
the lentiviral gene ontology (LeGO) labeling method, we
attempted to identify CRC subgroups with differential
abdominal dissemination ability and preferential localiza-
tion, as well as to investigate clonal dynamics in PM for-
mation [12, 13]. Hereby, we aim to further elucidate the
process of peritoneal dissemination and provide an experi-
mental platform for further studies.

Materials and methods
In vivo model for PMs

To study the ability and pattern of peritoneal dissemination
of 15 well-characterized CRC cell lines (for cell line details
see Supplemental Table 1), we injected 10,000 human CRC
cells in medium containing 50% matrigel (Corning) into the
peritoneum of immune deficient mice. Mice were monitored
and weighed twice a week. Ten weeks after injection, or
earlier in case of severe discomfort (e.g., >15% weight
loss), the mice were sacrificed followed by dissection
including assessment of PM (Fig. 1a). The extent of PM
was assessed with a scoring system equivalent to the peri-
toneal cancer index (PCI) as used in humans [14]. To this
end, the murine peritoneal cavity was divided into seven
anatomical regions: right and left subphrenic, (sub)hepatic,
subgastric, small bowel/mesentery, pelvic, and back area.
Per region, a score of 0-3 was determined based on the
amount and size of peritoneal nodules: 0 = no macroscopic
tumors, 1 =tumor nodules <2mm, 2 =tumor nodules
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between 2 and 5Smm or >5 tumor nodules, 3 = tumor
nodules 25 mm or >10 tumor nodules present. The modified
PCI as used in this murine model was calculated by adding
the scores of all seven regions with a maximum score of 21
(Fig. 1b, ¢).

Animals

Female nude (Hsd:Athymic Nude-Foxnl™) mice
(6-12 weeks old) were obtained from Envigo. Animals
were randomly assigned to experimental groups, no blind-
ing was performed during these experiments.

Cell culture

Cell lines T84, SW48, HT55, SW948, LS180, HUTUSO,
SW620, and OUMS-23 were cultured in Dulbecco’s mod-
ified Eagle’s medium/F-12 medium with L-glutamine, 15
mM HEPES (Thermo-Fisher Scientific, Bleiswijk, The
Netherlands) supplemented with 10% v/v fetal bovine
serum (Life Technologies), penicillin and streptomycin.
Cell lines HCT116, KM12, LS411IN, SNU-C1, LS513,
MDSTS, and NCI-H716 were cultured in RPMI 1640 with
L-glutamine, 25 mM HEPES (Thermo-Fisher Scientific,
Bleiswijk, The Netherlands) supplemented with 10% v/v
fetal bovine serum (Life Technologies), penicillin and
streptomycin, 1% D-glucose solution plus (Sigma-Aldrich,
Zwijndrecht, The Netherlands) and 100 uM sodium pyr-
uvate (Life Technologies, Bleiswijk, The Netherlands). All
cell lines were obtained from the Sanger Institute (Cam-
bridge, UK) and authenticated by STR Genotyping and
regularly tested for mycoplasma infection.

Lentiviral LeGO transduction

To study the clonal outgrowth of tumor cells in the peri-
toneum, we used a series of human serum cultured CRC cell
lines (HCT116, KM12, LS411N, SW48, HT55, LS513,
SNU-C1, SW620, MDSTS, and HUTUS80) lentivirally
transduced with the LeGO vector set. As described pre-
viously, this method combines red, green, and blue (RGB)
labeling resulting in cultures in which cells are stably
labeled with a wide range of unique colors. This enables
tracing of individual cells and their clonal outgrowth by
their unique RGB color coding [12, 13]. Of these ten
transduced cell lines, five cell lines (HCT116, KM12,
SW620, MDSTS, and HUTUS8O0) yielded sufficient amounts
of peritoneal tumors to perform analysis of clonal dynamics.

Frozen tissue section imaging

Tumors from the different anatomical locations were iso-
lated and immediately fixed using 4%-paraformaldehyde,
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Fig. 1 In vivo model for peritoneal metastasis and scoring system.
a 10* tumor cells were intraperitoneally injected in immune deficient
mice. Ten weeks after injection, the mice are sacrificed followed by
dissection including assessment of peritoneal metastases. b The extent
of peritoneal metastases is assessed with a scoring system equivalent to
the PCI as used in humans, by dividing the murine peritoneal cavity

followed by 30% sucrose saturation after which tumors
were frozen. Prior to imaging, 20-um-thick sections were
mounted with ProLong Gold Antifade Mountant (Thermo-
Fisher Scientific). Tissue sections were imaged using an
SP8-X confocal microscope (Leica) and the Leica Appli-
cation Suite-Advanced Fluorescence software. mCherry,
Venus and Cerulean were detected using 587; 510; and 405
nm lasers, respectively. To detect nuclei, sections were
counterstained with Hoechst 33342 (Sigma) (405 nm laser),
for F-Actin detection ActinGreen-488 (phalloidin) ready
probe (ThermoFisher) (488 nm laser) was used. For HE
stainings, frozen tumor sections were stained with hema-
toxylin and eosin.

Image analysis

The number of clones was identified manually by two
authors. In case of multiple clones, the same two authors
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into seven regions. Per region, a score of 0-3 is determined based on
the amount and size of peritoneal nodules as indicated. The PCI is
calculated by adding the scores of all seven regions together with a
maximum score of 21. ¢ Example images of tumor outgrowth in the
different anatomical regions.

decided whether it concerned a mixed or non-mixed clonal
outgrowth pattern.

Geneset analysis R2 platform

The ‘R2: Genomics Analysis and Visualization Platform
(http://r2.amc.nl)’ was used to perform Geneset analysis on
datasets GSE36133 and GSE68379 (Sanger and CCLE cell
line datasets), using the KRAS.DF.VI_UP signature,
(GSE17643) [15].

Statistics

Sample sizes, statistical tests, and definitions of error bars
are indicated in the figure legends and calculated using
GraphPad Prism 7. All statistical tests were two-sided. P
values of <0.05 were considered significant. Clustering
analysis was performed using the online ClustVis tool
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(https://biit.cs.ut.ee/clustvis/), using Euclidean distance and
average linking for both rows and columns [16].

Study approval

All in vivo experiments of this study were approved by the
Animal Experimentation Committee at the Amsterdam
UMC, location AMC in Amsterdam (LEX227) and per-
formed according to national guidelines.

Results
Outgrowth and localization of PMs

Ten weeks after intraperitoneal injection of 10* tumor cells,
or earlier in case of severe discomfort, the ability and pat-
tern of peritoneal dissemination of 15 CRC cell lines was
systematically analyzed according to the mouse PCI scoring
system (Fig. la—c). A wide range of peritoneal outgrowth
was observed among the different cell lines, varying from
no tumors, localized tumor growth or widespread outgrowth
of cells (Fig. 2a, b, b example pictures). In contrast, when
subcutaneously grafted, these cell lines have been shown
previously to be able to successfully form tumors [17]. The
growth rate of the subcutaneous xenografts [17] was not
correlated with the PCI score, indicating that the ability to
form peritoneal lesions is a distinct feature of a cell line,
independent of proliferation speed (Supplemental Fig. 1a).
Tumor sections demonstrated cell line specific histology
and structure (Fig. 2c—d), as has been observed previously
in subcutaneous xenograft models of these cell lines [17].
Interestingly, cell line specific preferences for tumor
location were observed. Whereas the subgastric area was
affected by nearly all tested cell lines, other areas were only
populated by specific cell lines (Fig. 3a). For instance,
HUTUSO cells seem to have a preference for the subphrenic
areas, whereas most other cell lines did not form lesions in
this area. Clustering of the peritoneal areas based on the
fraction of tumor outgrowth for each cell line revealed very
similar patterns in anatomically related areas, such as right
and left subphrenic area, or hepatic and gastric regions.
Clustering of the cell lines did separate the lines with high
and low PCI scores and the cell lines with high PCI scores
did tend to grow in most anatomical locations (Fig. 3a).
The development of ascites as a sign of advanced disease
is a recognized problem in humans [18, 19]. Likewise, the
presence of ascites was associated with PM and higher PCI
scores in our model (Fig. 3a and Supplemental Fig. 1b).
Also, a high PCI score was usually accompanied by reduced
gain or even loss of weight, even when severe ascites was
present (Supplemental Fig. 1c). The presence of small (<2
mm) loose tumors throughout the peritoneal cavity
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(Supplemental Fig. 1d, left panel) was most frequently
observed in mice with low PCI scores, especially for cell
lines such as LS411N, SW48, LS513, and HTS5, although
not significantly correlated, since we also observed these
loose tumors in mice with high PCI scores, in particular for
LS180, SW620, and OUMS-23. In contrast, MDST8 and
HCT116, both cell lines resulting in high PCI scores, did
almost not form loose tumors at all (Supplemental Fig. 1d,
right panel).

No correlation between microsatellite instability or CpG
island methylator phenotype and the PCI score was found
(Fig. 3a and Supplemental Fig. le). Also, there was no
difference in PCI score between cell lines that originally
have been derived from metastatic lesions or primary
tumors (Supplemental Fig. le). Notably, SNU-C1, origin-
ally derived from a CRC PM did not form any PM, whereas
MDSTS and LS180, both originally derived from a primary
tumor, did grow out very efficiently when seeded in the
peritoneum. Mutations in most common CRC oncogenes
did not clearly define the ability of outgrowth in the peri-
toneal cavity (Fig. 3a and Supplemental Fig. 1f), although
cell lines with mutations in the receptor tyrosine kinase
(RTK)/mitogen-activated protein kinase cascade (KRAS
and BRAF) tended toward higher PCI scores (Fig. 3b).
Especially the microsatellite stable cell lines with con-
stitutively active BRAF mutation (OUMS-23 and MDSTS)
did show a higher ability to form tumors in the peritoneum
(Supplemental Fig. 1g), as has been reported in patients
before [20-22]. To elaborate on the relation between
KRAS/BRAF pathway activation and the establishment of
PM, we made use of two publicly available RNA expres-
sion datasets (Sanger and CCLE datasets), containing most
of the used cell lines (14 and 15 out of 15 lines, respec-
tively). In both datasets, we found a strong correlation of the
PCI score with a signature consisting of KRAS upregulated
targets (KRAS.DF.V1_UP, GSE17643, Fig. 3c) [15].
Strikingly, the absence of matrigel in the injected cell sus-
pension dramatically reduced the outgrowth of all tested cell
lines (Supplemental Fig. 1h), suggesting a requirement for
the presence of growth factors and extracellular matrix
components, which are abundant in matrigel. It could very
well be that tumors with activating KRAS/RTK pathway
mutations are less dependent on these external factors for
the peritoneal outgrowth.

Clonal dynamics of PMs

Analysis of clonal dynamics by imaging of frozen tissue
sections was performed on the five cancer cell lines with the
highest PCI scores (HCT116, KM12, SW620, MDST8, and
HUTUSO). Three distinct patterns of clonal outgrowth were
identified. A monoclonal growth pattern, where individual
lesions consist of only one color, was characterized by well-
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Fig. 2 Peritoneal outgrowth of CRC lines. a PCI score of 15 CRC
cell lines, depicted as a violin plot, red lines indicate median PCI
scores. Black dots are individual scores per mouse. The number of
replicates per cell line is indicated between brackets. b Example

differentiated morphology with evident glandular structures
separated by murine stroma (Fig. 4a, left panel). In contrast,
polyclonal tumors contained a mixture of multiple colors. In
case clones were still distinguishable, we defined it as a
polyclonal non-mixed growth pattern (Fig. 4a, center
panels), whereas tumors consisting of regions with a mix-
ture of multiple clones were classified as polyclonal mixed
tumors (Fig. 4a, right panel).

We found that peritoneal nodules deriving from the same
cell line showed different patterns of clonal outgrowth

images of different PCI scores. HE (¢) and immunofluorescent (d)
stainings of peritoneal tumor tissue of the indicated cell lines. Scale
bars, 100 um. F-Actin (green) and nuclei (blue, Hoechst) are visualized
in (d).

(Fig. 4b). KM12, SW620, and HUTUSO cancer cell lines
showed predominantly monoclonal or non-mixed polyclonal
patterns, indicating that single cells are able to initiate tumor
nodules, which eventually merge into larger aggregates. On
the other hand, MDSTS8 tumors were all polyclonal, and the
majority consisted of regions with homogeneous mixtures of
multiple clones. This might indicate polyclonal origins of
these nodules, as well as a high tumor cell dispersal. All three
patterns were found in the tumor nodules of the HCT116 cell
line. Interestingly, MDST8 peritoneal nodules located in

SPRINGER NATURE
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distribution of average PCI score per cell line, specified for the pre-
sence of RAS/BRAF mutations. Differences between groups were
tested using unpaired, two-tailed #-tests. ¢ Correlation between PCI
score and KRAS target signature expression (z-score) (R%, Pearson
correlation), using CCLE (left panel) and Sanger (right panel) cell line
gene expression datasets. Red line indicates best fit of linear regres-
sion, dotted lines represent 95% confidence intervals.



A mouse model for peritoneal metastases of colorectal origin recapitulates patient heterogeneity 1471

A KM12 mono

KM12 poly

gastric

back area

% of tumors

KM12
MDST8

SW620

©
-
-
—
O
I

Il Polyclonal, mixed

HUTUB80

Il Polyclonal, hon-mixed

I Monoclonal
Fig. 4 Clonal dynamics of peritoneal tumor nodules. a Different
clonal outgrowth patterns are observed in peritoneal tumor nodules.
Cell lines marked with the LeGO tracing system were intraperitoneally
injected in immunodeficient mice. Ten weeks after injection, tumor
nodules were isolated and processed for confocal imaging. Colors
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different areas within one mouse showed highly similar clonal
composition patterns (Fig. 4c).

Discussion
Main findings

By quantitatively assessing the in vivo peritoneal outgrowth
of intraperitoneally injected human CRC cells, we gained

SW620 poly MDST8 poly, mixed

gastric small bowel T1

MDST8 poly, mixed

diaphragm

small bowel T2

and 7 tumors for respectively HCT116, KM12, SW620, MDSTS, and
HUTU80). ¢ MDSTS8 tumor nodules have a highly dispersed poly-
clonal growth pattern. Different tumors from the same mouse showed
similar patterns. a, ¢ White boxes indicate magnificated area in lower
panels. Scale bars, 500 um (upper panels) or 250 um (lower panels).

insight in the ability and pattern of peritoneal dissemination
of fifteen CRC cell lines. Firstly, the cell lines showed great
variation in the extent of peritoneal outgrowth, ranging from
no outgrowth to localized or widespread outgrowth of cells.
These differences could be correlated to gene expression
profiles (KRAS activation), thereby providing potential
starting points for targeted therapies. Secondly, cell line
specific tumor location preferences were observed, with
similar patterns of outgrowth in anatomically related areas.

SPRINGER NATURE
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Thirdly, different patterns regarding clonal dynamics were
found, varying from monoclonal or polyclonal outgrowth to
extensively dispersed polyclonal lesions, suggesting het-
erogeneity in the seeding process between cell lines. The
observed variation in ability and pattern of peritoneal dis-
semination demonstrates that the established murine model
reflects the heterogeneity as observed in human PM, making
it a powerful model system for future (intervention) studies.

Heterogeneity regarding peritoneal dissemination
ability

The difference in peritoneal dissemination ability amongst
the cell lines in our study, varying from no dissemination to
widespread outgrowth, might represent differences in daily
clinical practice. It remains unclarified why some patients
do and others do not develop PM. Several clinical studies
have been conducted in order to identify patients who are at
high risk of developing PM. Recognized risk factors include
locally advanced tumor stage (T3 and T4), lymph node
metastases, right sided tumors, mucinous and signet cell
histology, irradical resection (R1 or R2) and tumors with
vascular and perineural invasion [5, 7, 23]. Literature is less
extensive on the association of genetic profile (i.e., muta-
tions) and the risk of PM. KRAS mutations, present in
~35% of stage IV CRC tumors, has been associated with
PM based on small series of patients with already metas-
tasized disease, although the association is not always
confirmed [24-26]. BRAF mutated tumors (about 10% of
the stage IV CRC tumors) have also been associated with
higher rates of PM in stage IV disease (46% vs. 24%, p =
0.001) (60% vs. 15%, p<0.01) as compared with BRAF
wild-type tumors [20-22]. In line with this (limited) evi-
dence, cell lines with KRAS and BRAF mutations dis-
played higher PCI scores in our study, although not
significant. Nevertheless, transcriptomic analysis of our cell
lines did reveal a clear correlation between KRAS upre-
gulated target expression and PCI score. Interestingly, in
patients, preferred locations of dissemination (i.e., perito-
neum, liver, lung) differ between mutated and wild-type
KRAS and BRAF tumors [26]. This might suggest a role of
these genes in a location specific mechanistic pathway of
dissemination. However, it must be noted that in all studies
but one, mutational status was determined in already
metastasized CRC, and it is unclear whether the primary
tumor already exhibited this genotype before dissemination.

Heterogeneity regarding localization of PM
Heterogeneity was also observed in the pattern of tumor
spread in the peritoneum. Some areas were affected by

nearly all cell lines (i.e., subgastric and (sub)hepatic),
whereas other areas were only populated by specific cell
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lines (i.e., back and pelvic area) or almost not at all (i.e.,
small bowel, subphrenic areas). In human, distribution of
peritoneal disease is thought to be dependent on gravity, the
extent of peritoneal fluid absorption of certain tissues, and
peristaltic movement. As a result, peritoneal disease usually
concentrates in gravity-dependent areas (e.g., paracolic
gutters, pelvis) and on surfaces absorbing peritoneal fluid
(e.g., omentum, diaphragmatic peritoneum), while the small
intestine is initially spared due to peristaltic movement
preventing adhesion of tumor cells [27]. In mice, the
omentum is not only a fluid absorbing surface, but due to
their horizontal posture also a gravity-dependent area. This
might explain the high proportion of PM in the subgastric
area representing the murine omentum as observed in
this study.

Heterogeneity regarding clonal dynamics

We found heterogeneity in clonal dynamics both between
and within cell lines. Roughly three different patterns could
be identified: monoclonal, polyclonal non-mixed, and
polyclonal mixed. It must be noted that it is possible that the
tumors showing a monoclonal growth pattern in 2D sections
actually consist of multiple non-mixed clones, which would
be visible if all three dimensions were considered. The
polyclonal non-mixed tumors seem to be the result of
competition of parallel expansion of different clones at
distinct rates, or even fusion of multiple individual nodules.
Such a pattern was described previously [13]. In contrast, in
lesions derived from MDSTS, the cell line with the highest
PCI score, the mixed phenotype was most prevalent, which
might reflect, besides polyclonal metastasis initiation, a high
migratory or dissemination ability, properties that are both
highly advantageous for peritoneal seeding. These different
patterns of clonal dynamics might represent separate the-
ories of the dissemination process. Alternatively to the
conventional idea that single cells metastasize after epithe-
lial to mesenchymal transition, it is increasingly assumed
that this migration occurs collectively in human carcinomas,
leading to polyclonal metastases [28—32]. In line with these
findings, a recent study with human ex vivo CRC PM
material showed that collective behavior of tumor cells with
an epithelial organization predominates in the peritoneal
microenvironment, throughout the whole process of peri-
toneal dissemination [33].

The collective dissemination pattern also suggests, in
contrast with the single cell theory, that the microenviron-
ment plays a critical role in the dissemination process. This
is depicted in our study by the highly increased peritoneal
outgrowth of tumor cells when injecting the cells suspended
in matrigel (extracellular matrix of mouse sarcoma cells), as
was described previously [34]. Matrigel might enhance
peritoneal outgrowth by stimulating tumor cell clustering by
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capturing cells in the matrix structure after cell injection.
However, also in the cell lines that exhibited a monoclonal
growth pattern of peritoneal outgrowth (KM12, SW620,
and HUTUS8O0), the presence of matrigel was crucial,
implying that matrigel not only promotes peritoneal out-
growth by clustering the cells. Laminin and collagen, the
main components of matrigel, have been shown to stimulate
motility and adhesion, and also the plethora of growth
factors present in the matrigel might benefit peritoneal
survival, adhesion and outgrowth of tumor cells [34].

Further implications and limitations

Since the established murine PM model reflects the high
heterogeneity as observed in human CRC patients, we
believe that this model can be used in future research to
study pathophysiological mechanisms of PM. The model
allows investigation of the impact of particular mutations on
peritoneal dissemination, by ex vivo manipulation (e.g.,
knockdown/overexpression) of particular genes (e.g.,
KRAS/BRAF). Furthermore, the model can be used to
study different targeted therapy strategies and their effect on
the outgrowth of loose tumor cells. Several limitations of
the model should be mentioned. The most important
drawback of our model is that it does not represent tumor
cell dissemination from a primary colorectal tumor. Peri-
toneal dissemination is a multistep process, which starts
with detachment of cancer cells from the primary tumor
promoted by several molecules that modulate signaling
pathways [35]. By directly injecting cancer cells into the
peritoneal cavity, this first step of the metastatic cascade is
eliminated. In contrast, tumor cell spill into the peritoneum
during primary tumor resection, another way of PM initia-
tion, is captured more representative by our model. In both
processes the formation of peritoneal lesions is dependent of
the ability of disseminated cells to survive, adhere to the
peritoneal lining, and be able to proliferate in this non-
native location. Intraperitoneal injection of 10,000 cells
might overestimate the number of cells that are released in
either process, but this enables the quantitative comparison
of peritoneal outgrowth of cell lines, and in the future the
exploration of more effective therapies of PMs. In our
study, we have used cell lines rather than primary cultures,
which has both advantages and disadvantages. In vitro
modification of cell lines is more feasible than with primary
(polyclonal) tumor material, and ensures proper analysis of
the direct effects of these modifications. In addition, it
facilitates reproducibility by the use of homogeneous
models between laboratories. On the other hand, cell lines
might not truly represent the characteristics of the original
primary tumor anymore, due to extensive selection by
in vitro culturing. Furthermore, due to a lack of an adaptive
immune system and a nonspecific residual innate response

in the immunocompromised mice, it is impossible to induce
an immune response similar as in humans. Next to this,
cancer cell-stromal cell interactions might be limited
between human cancer cells and murine stroma, while these
interactions are believed to play a crucial role in the biology
of metastasis. Due to these factors, the underlying biology
of the PM in our murine model might be different from
spontaneous PM arising from a primary tumor. These lim-
itations should be considered when using the model in
future research projects.

Conclusion

We demonstrated that in a murine model for PM of color-
ectal origin, patient heterogeneity regarding dissemination
ability, preferential localization, and clonal dynamics is
recapitulated. We found evidence for a role of KRAS
pathway activation in the formation of PM. This model can
be used in future research to further unravel the pathophy-
siological mechanisms of PM and to study possible novel
drug targets and other therapy strategies.
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