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General Summary

Metastatic disease (Stage IV) is present in approximately 20% of patients with colorectal 
cancer (CRC) at time of diagnosis. In the past, peritoneal metastases (PM) have been 
regarded as a condition only amenable to treatment with a palliative intent, due to the 
belief that the condition inevitably leads to a rapid demise of the patient. Surgical treatment 
of both hepatic and pulmonary metastases is the current standard of care for metastasized 
CRC, under the condition that these metastases can be radically resected in a safe manner. 
However, for a considerable time this approach was not regarded as feasible or desirable 
for patients with PM. Roughly 10-25% of CRC patients develop PM, of which 25% present 
with the peritoneum as the sole site of metastases. This observation led to the theory that 
PM are a form of localized spread, and thus amenable to a form of localized treatment, 
i.e. surgery. This prompted the subsequent development of a novel treatment during the 
eighties-early nineties, which consisted of an aggressive surgical approach, CytoReductive 
Surgery (CRS), combined with Hyperthermic IntraPEritoneal Chemotherapy (HIPEC).  
The introduction of this treatment modality was a game-changer in the treatment of 
PM, leading to five-year survival rates of up to 35-45% comparable to that after radical 
resection of liver metastases. Despite these improvements over the years, several important 
clinical needs still remain to be addressed. With a treatment related morbidity and mortality 
of respectively 10-20% and 1-5%, improved patient selection is paramount in reducing 
morbidity and mortality. Not only is it necessary to identify patients that could possibly be 
unfit for CRS and HIPEC, but also to select patients that will have the most advantage, i.e. 
best survival benefit, after treatment. Furthermore, the chemotherapy that is used in HIPEC 
is still based on the “one size fits all” principle, without biological stratification. Analogous 
to the initial treatment plan, i.e. the CRS and HIPEC procedure, the aftercare of these 
patients also requires further personalization. These patients have often undergone quite 
extensive gastro-intestinal surgery and are missing a key element in the containment of 
intra-abdominal infectious processes, the peritoneum. This makes this population different 
from other surgical patient populations undergoing stoma-reversal procedures, which could 
justify a different approach to patient counselling, the reversal procedure and aftercare. 
The studies in the present thesis aimed to provide more insight into a number of clinical 
challenges and their underlying biology as a first step towards developing possible solutions.
This thesis is comprised of 10 studies in which we investigated several types of potential 
prognostic factors for treatment outcome in patients with peritoneal metastases of colorectal 
cancer. These include clinical, histopathological and molecular characteristics. 
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Clinical Decision Making / Treatment Allocation

Chapter 2 provides a systematic review and meta-analysis of current literature in which 
we assessed the overall outcome after CRS and HIPEC in colorectal cancer (CRC) patients 
that present with concomitant peritoneal metastases (PM) and liver metastases (LM). There 
is no statistically significant difference in overall survival (pooled HR: 1.24 [95% CI: 0.90 
– 1.60]) between patients with a combination of LM and PM and patients with isolated 
PM after CRS and HIPEC. In addition we found that patients with metastatic CRC to both 
peritoneum and liver show a tendency towards increased median overall survival after CRS 
and HIPEC combined with resection of liver metastases when compared to treatment with 
(modern) systemic chemotherapy alone.

Adequate aftercare of patients that have undergone CRS and HIPEC is crucial if they have 
been disease-free for an extended period of time. 
CRS and HIPEC has dramatically improved the survival in selected colorectal cancer 
patients with PM. Often during the CRS procedure, the risk of additional morbidity due 
to known complications accompanying a low-anastomosis is diminished by creating 
a colostomy. However, the morbidity and mortality associated with the reversal of the 
colostomy in this population is unknown. In chapter 3 we analysed the associations 
between four clinical and 10 treatment-related factors with the outcome of the reversal 
procedure. From two prospectively collected databases, we identified 21 patients out of 
336 patients with a stoma who actively requested a reversal procedure. The reversal related 
morbidity observed in this cohort was 67%. Infectious complications were observed in 
33% of the patients. In addition, we found that infectious complications after HIPEC 
were negatively correlated with the ultimate restoration of bowel continuity (P=0.05). It is 
thought that this is caused by a diminished capacity to contain intra-abdominal infectious 
complications after a complete peritonectomy procedure. 
The ultimate success-rate of the reversal procedure was 71%. Although the restoration of 
bowel continuity after CRS and HIPEC was successful in most patients, a relatively high 
complication rate was observed. 

Molecular Approach – Possible Aids in Future Clinical Decision-Making

Uncovering the Biological Landscape of Peritoneal Metastases
At present, the selection of patients for CRS and HIPEC is based on clinical parameters 
and intra-operative findings. Currently, patients with isolated PM with a Peritoneal Cancer 
Index (PCI) of lower than 20 or a simplified PCI score of less than five are deemed the most 
suitable candidates for this approach. Based on the hypothesis that underlying biological 
mechanisms drive the clinical behaviour of CRC PM, readouts of the disease biology, also 
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known as biomarkers, might improve and refine the identification of suitable patients. In 
addition, these markers could potentially include so-called drugable targets. 
Relatively little is known about the biology of peritoneal spread of CRC. In chapter 4, we 
provide an overview of molecules associated with peritoneal dissemination and explore the 
clinical possibilities of these candidate biomarkers. In a series of over 100 studies on PM 
published between 1990 and 2010, IGF-1, HIF1α, VEGF, EGFR and ITGB1 emerge as the 
most interesting candidates for possible clinical application. Even though these promising 
candidate biomarkers have been identified, all of these require extensive further validation 
prior to clinical application. 
According to the proposed model seen in chapter 4 (figure 1), tumour cell adhesion is 
a key step in peritoneal dissemination. In chapter 5 we have provided an overview of 
the functional importance of adhesion molecules in peritoneal dissemination. Most 
importantly, targeting adhesion molecules might be able to prevent tumour cell adhesion 
to the peritoneal surface and tumour outgrowth in patients at high risk for peritoneal 
dissemination. The most studied molecules in tumour cell adhesion were found to be 
integrin α2β1, CD44s and MUC16. Furthermore, L1CAM, EpCAM, MUC1, sLex and 
Lex, chemokine receptors, Betaig-H3 and uPAR may have a role in this process. Based on 
current literature the blood group antigens and MUC16 are the most promising prognostic 
biomarkers in the context of colorectal PM. We feel that advancing the studies on the 
diagnostic and possible therapeutic value of adhesion molecules seems a promising and 
logical approach to optimizing and personalizing treatment of patients presenting with PM 
of CRC. 
In chapter 4, attachment is considered a key step in the dissemination process of intra-
abdominal tumour cells. In addition to attachment, angiogenesis, i.e. the formation of 
new blood vessels, is crucial for tumour growth beyond 150-200 micrometres from the 
nearest blood vessel and thus for the progression of micrometastases to macrometastases. 
Angiogenesis depends on, among other things, complex interactions between several cell 
types and extracellular matrix components. Even though the exact interactions required 
for this process are not fully understood, several studies suggest a role for the attachment 
molecule Versican (VCAN). VCAN mediated angiogenesis possibly depends upon 
interaction with vascular endothelial growth factor (VEGF). In chapter 6, we analysed 
the expression of one attachment molecule, VCAN and VEGF and their relation to 
overall survival after CRS and HIPEC with curative intent. Our study shows that high 
stromal VCAN expression was associated with high microvessel density (MVD) and 
higher T-stage, but with improved resection outcome. Epithelial VCAN was associated 
with MVD and with a more complete resection macroscopically. In multivariate analysis, 
simplified PCI, VEGF expression levels, age, VCAN expression levels and lymph node 
status were all associated with overall survival after treatment with CRS and HIPEC. The 
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possible role of VEGF as a predictor of worse outcome supports the rationale for (neo-)
adjuvant anti-VEGF based therapy in this particular group of metastasized CRC patients. 
Furthermore, epithelial VCAN seems to be indicative for good outcome in CRC patients 
with PM. One possible mechanism by which epithelial VCAN positively influences 
patient outcome might be related to tumour cell responses to chemotherapy. The potential 
influence of VCAN in tumour response to chemotherapy in this context further emphasizes 
the importance of the systematic analysis of interactions between cancer cells and their 
environment, in this case the peritoneal surface, in order to identify possible mechanisms 
contributing to drug sensitivity.

In chapter 4 several promising biomarkers were identified that are potential candidates for 
more refined identification of suitable patients. Angiogenesis can not only be driven by the 
interaction between VCAN and VEGF, but possibly also by the activation of alternative 
pathways. In chapter 7 we investigated the presence of the angiogenesis related markers; 
HIF1a, SDF1, CXCR4, VEGF and MVD and whether or not these have prognostic 
implications in patients with PM of CRC undergoing CRS and HIPEC. Multivariate 
analysis showed an independent association between PCI, resection outcome and VEGF 
expression with OS after treatment. We conclude that not only could VEGF levels serve as 
a prognostic tool, but also that addition of anti-VEGF antibody therapies, i.e. Bevacizumab, 
could be of added value in this subgroup of metastatic colorectal cancer patients. Our study 
adds to the evidence that the possibility of combining the aggressive surgical approach, 
CRS & HIPEC, with the systemic administration of anti-VEGF forms a very interesting 
and viable avenue for the further improvement of survival in this particular population of 
metastatic CRC patients. 

Other than the fact that PM and LM differ from location, to date little is known about 
possible biological differences between these two metastatic niches. To uncover possible 
differences between PM and LM, we have investigated the individual and combined 
prognostic value of HIF1a, GLUT1 and VEGF in a multi-institutional cohort of patients 
with resected colorectal cancer liver metastasis.

In the majority of CRC patient with LM, resection appears not to be curative, despite its 
curative intent. Overexpression of HIF1a, GLUT1 and VEGF has been associated with 
tumour progression and poor prognosis of CRC patients in general. In chapter 8 we found 
that high GLUT1 expression was associated with good prognosis, particularly in patients 
treated with systemic therapy. High VEGF expression was associated with poor prognosis, 
particularly in patients not treated with systemic therapy. Thus, at present, no differences 
in marker expression profiles have been found for HIF1a and VEGF between LM and PM. 
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In LM, assessment of GLUT1 levels on top of VEGFA expression may improve outcome 
by selecting patients eligible for resection and, furthermore, selecting patients highly 
expressing both VEGFA and GLUT1 as best candidates for additional systemic treatment. 

Tailoring Chemotherapeutic Regiments
HIPEC consists of intra-peritoneal lavage with Mitomycin C (MMC) in order to eliminate 
minimal residual disease after cytoreduction. During surgery it is impossible to determine 
the extent of microscopic disease left behind. In order to eliminate these cancerous cells that 
are either still attached to the peritoneal surface or free floating in the abdomen, the surgical 
team administers hyperthermic intra-peritoneal MMC. MMC is the drug of choice because 
of the direct cytotoxicity and the tissue penetrance of only one to two mm. This is thought 
to cause minimal systemic side effects, while still eliminating minimal residual disease 
after cytoreduction. After cytoreduction and HIPEC, a subset of patients were observed 
to have decreased survival, despite a low PCI and a favourable resection outcome, giving 
rise to our hypothesis that these patients might respond differently to MMC. In chapter 9, 
we studied multiple markers to predict treatment response to MMC in patients receiving 
HIPEC for PM of CRC in order to ultimately tailor the treatment and subsequently improve 
survival after cytoreduction and HIPEC. 
MMC functions by intercalating or cross-linking DNA, thus creating DNA damage, which 
disrupts DNA replication. There are two proposed mechanisms by which a cancer cell can 
become resistant to the effects of MMC. Activation of MMC is required in order for it to 
function. Another way for these malignant cells to overcome this MMC-induced damage 
is simply to repair it by activation of either the Fanconi Anaemia-BRCA (FA-BRCA) 
pathway or the ATM-ATR pathway. 
In this study, MMC sensitivity was determined for 12 CRC cell lines and correlated to 
mRNA expression of 37 genes related to the Fanconi Anaemia (FA)-BRCA pathway, 
ATM-ATR pathway and enzymatic activation of MMC. In addition, the functionality of the 
FA-BRCA pathway in these cell lines was assessed using a chromosomal breakage assay 
and Western Blot for key protein FANCD2. Briefly, the number of chromosomal breaks 
corresponds with the functionality of the FA-BRCA pathway. For example, cells with a 
non-functional FA-BRCA pathway display more than 10 breaks per cell. An additional 
step in assessing the activity of this pathway is assessing the presence of FANCD2 protein. 
FANCD2 is monoubiquitinated in case of DNA damage, which results in the activation 
of DNA repair mechanisms. High sensitivity for MMC correlated with a low Bloom 
syndrome (BLM) and BRCA2 at mRNA expression level. However, FA-BRCA pathway 
functionality demonstrated no correlation to MMC sensitivity. BLM was further analysed 
by staining for the corresponding protein with immunohistochemistry on both the CRC cell 
lines and patient derived material. In cell lines, weak intensity staining of BLM by IHC 
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correlated with high sensitivity to MMC.  Subsequently, low BLM protein expression was 
significantly associated with an improved survival in patients after CRS and HIPEC.
Ultimately, low BLM levels were found to be associated with high MMC sensitivity and 
an improved survival after HIPEC. These findings indicate a possible role for BLM in the 
prediction of MMC sensitivity in CRS and HIPEC patients and certainly warrant further 
investigation prior to implementation in a clinical setting. 

Microsatellite instable (MSI) CRC has been described to preferentially metastasize 
to the peritoneal surface. MSI tumours tend to have a worse prognosis in late stage 
disease, probably because the tumours are less sensitive to regiments containing 5-FU. 
Paradoxically, this phenotype has been associated with favourable survival in early stage 
CRC compared to microsatellite stable (MSS) CRC. BRAF mutation has been associated 
with worse survival in MSS CRC. This mutation occurs in 40% of MSI CRC and it is 
unclear whether it confers worse survival in this setting. In chapter 10, we investigated the 
effect of BRAF and KRAS mutations on survival in both stage II and III MSI colon cancer 
patients. BRAF mutations were observed in 51% and KRAS mutations in 16% of the 
included patients. Patients with double wild-type cancers had a highly favourable survival 
with 5-year cancer-specific survival (CSS) of 93%, while patients with cancers harbouring 
mutations in either BRAF or KRAS, had 5-year CSS of 76%. Multivariate analysis showed 
that a mutation in either BRAF or KRAS versus double wild-type tumours remained 
significantly prognostic. In the future, it would be interesting to assess the percentage of 
MSI tumours in patients presenting with PM and study the possible effect of this phenotype 
on the survival of patients after CRS and HIPEC. In conclusion, mutations in BRAF as 
well as KRAS should be analysed when considering these genes as prognostic markers in 
MSI colon cancers. Patients with BRAF or KRAS mutant CRC could therefore potentially 
benefit from adjuvant therapy, which evidently should be tuned to the specific biology 
underlying these tumours. 

Conclusions and Future Perspectives

The studies presented in this thesis have improved our understanding of both clinical 
and molecular factors affecting the entire clinical course of Cytoreductive surgery (CRS) 
and Hyperthermic IntraPeritoneal Chemotherapy (HIPEC) patients – from diagnosis to 
aftercare.

CRS and HIPEC is an aggressive combination with considerable treatment related 
morbidity and mortality. Therefore, further development of strategies to aid in clinical 
decision-making is fundamental for the improvement and evolution of this approach. From 
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a clinical point of view, we gained insight into possible inclusion of patients with liver 
metastases for CRS and HIPEC. In addition, we described the negative effect of infectious 
complications after HIPEC on the success of bowel continuity restoration long after the 
initial surgical procedure. This finding will aid in the counselling of CRS and HIPEC 
patients who are actively requesting bowel restoration. 
In addition to our clinical findings, we found very promising molecular markers of 
prognosis after CRS and HIPEC and of Mitomycin C (MMC) sensitivity. Furthermore, we 
have explored possible biomarkers for cancer-specific survival after primary resection of 
Microsatellite Instable (MSI) CRC, which have been described to preferentially metastasize 
to the peritoneal surface and to be less sensitive to regiments containing 5-FU. 
Advancing our understanding of the molecular basis of this undeniably complex process 
will be challenging, but ultimately very rewarding. These biomarkers have the potential to 
be powerful allies in the treatment of our patients by further enabling the treatment team 
to tailor this aggressive, but effective modality based on disease biology to better suit the 
needs of the individual patient. 

The future  

The need for additional tools in aid of continuous refinement of both patient selection and 
the treatment itself is critical in improving the outcome for our patients. From a clinical 
viewpoint future efforts should focus on uncovering additional clinical patient selection 
criteria. Not only to identify patients that will have the best outcome after CRS and HIPEC, 
but also to try to identify the patients deemed excellent candidates for this combined 
approach but alas intra-operatively are found to be unsuitable. Continuing efforts from our 
group and collaborators are currently focussed on indentifying clinicopathological factors 
that can be assessed pre-operatively. Firstly, by means of an extensive systematic review 
and meta-analysis of all published data to date. The available tools, at present, rely heavily 
on intraoperative findings. Preoperative patient selection is preferential, because it allows 
for a more patient-centred approach with increased information, less morbidity and early 
referral for systemic therapy. In addition, with the growing stress on our healthcare system, 
both on specialized personnel and finances, it would be more desirable to be able to identify 
patients who are not suitable for this approach beforehand, i.e. preoperatively, in order to 
minimize the burden on hospital resources. Last, but certainly not least, we feel it would 
aid in avoiding the uncertainty, and thus emotional burden on the patient, that accompanies 
an approach based on largely intra-operative findings. To achieve this the combination of 
the growing amount of clinical data available worldwide from expert centres is the key to 
unlocking a robust clinical profile we can utilize for optimal patient counselling and care. 

A profile or selection algorithm based on solely clinical data is an excellent starting 
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point, however adding specific biomarkers to the diagnostic and work-up trajectory could 
greatly improve the chances of creating a more reproducible and sound profile on which 
to adequately select patients for this type of combined treatment modality. A multimodal 
approach in the truest sense of the word. 

Our future preclinical work will focus on further tailoring the treatment, based on the 
patient’s individual tumour characteristics. Ideally, future efforts to uncover additional 
molecular markers in PM of CRC would be undertaken with the aid of high-throughput 
methods, such as next-generation sequencing either as a stand-alone technique or combined 
with a proteomic approach on a well-defined, large patient cohort from the Dutch Peritoneal 
Oncology Group (DPOG) and international affiliated organisations. The findings should 
subsequently be validated by for example immunohistochemistry and functional assays. 
Furthermore, we are looking forward to the design of clinical studies in the future to further 
investigate the findings with respect to MMC sensitivity. The addition of anti-VEGF and 
other (targeted) therapies to the treatment arsenal for patients who develop PM of CRC 
should also be further studied, with a special focus on patients deemed inoperable who are 
subsequently treated neo-adjuvantly. 

The omics-revolution in medicine is moving forward at a very high speed, facilitating the 
development of new trial designs where patients are included based on the biology of their 
disease, as well as to enable earlier read out of end-points (e.g. ctDNA), which enables 
real-time reaction in the inclusion of patients and ultimately implement cutting-edge 
medicine in the clinic faster. With the further development and careful implementation of 
molecularly driven medicine in oncology, the question is not if, but when these techniques 
will be implemented in this category of CRC patients, i.e. specifically those with peritoneal 
metastases. 
In the future, the use of combined clinical and molecular prognostic and predictive markers 
will lead to true patient centred, tailored medicine in peritoneal metastases of colorectal 
cancer. Cooperation between expert centres, not only nationally, but internationally will be 
of vital importance in order to provide improved treatment and care for our patients at the 
fastest pace possible. 
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