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Evaluation of a new histological grading system for assessing the response to chemotherapy of peritoneal metastases from colorectal cancer: A mouse model study Running title: Histological response after chemotherapy
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This experimental study evaluated the histological response of peritoneal metastases (PM) from colorectal cancer (CRC) after preoperative systemic chemotherapy (pCT). The results demonstrated that the Peritoneal Regression Grade Score could be used in medical practice.

Introduction

One quarter of patients with newly diagnosed colorectal cancer (CRC) have metastases.

While the liver is the organ most commonly affected, peritoneal metastases (PM) are present in 10 to 25% of CRC cases; of these, 25% have metastases only in the peritoneum [START_REF] De Cuba | Cytoreductive surgery and HIPEC for peritoneal metastases combined with curative treatment of colorectal liver metastases: Systematic review of all literature and metaanalysis of observational studies[END_REF].

Curative management of PM from CRC has progressed a great deal [START_REF] Demtröder | Pressurized intraperitoneal aerosol chemotherapy with oxaliplatin in colorectal peritoneal metastasis[END_REF][START_REF] Quenet | A UNICANCER phase III trial of hyperthermic intra-peritoneal chemotherapy (HIPEC) for colorectal peritoneal carcinomatosis (PC): PRODIGE 7[END_REF] and involves cytoreductive surgery after preoperative intravenous chemotherapy (pCT) in selected patients [START_REF] Quenet | A UNICANCER phase III trial of hyperthermic intra-peritoneal chemotherapy (HIPEC) for colorectal peritoneal carcinomatosis (PC): PRODIGE 7[END_REF]. The median overall survival (OS) of 41 months can be attributed both to advances in surgical techniques, but also to the emergence of more effective intravenous chemotherapy (CT) modalities, such as oxaliplatin (Ox) and 5-fluorouracil (5FU) [START_REF] Mcquade | Colorectal Cancer Chemotherapy: The Evolution of Treatment and New Approaches[END_REF].

Radiological assessment is most commonly used to evaluate responses to pCT [START_REF] Laghi | Diagnostic performance of computed tomography and magnetic resonance imaging for detecting peritoneal metastases: systematic review and meta-analysis[END_REF]. However, PM less than 1 cm in diameter can be difficult to detect by abdominal computed tomography or abdominal magnetic resonance imaging. For this reason, in recent years, histological response (HR) to pCT has become a key element in multidisciplinary consultations, guiding physicians in their choice of postoperative CT. Several classifications of HR have been introduced in digestive oncology, for CRC [START_REF] Rödel | Prognostic significance of tumor regression after preoperative chemoradiotherapy for rectal cancer[END_REF], oesophageal cancer [START_REF] Mandard | Pathologic assessment of tumor regression after preoperative chemoradiotherapy of esophageal carcinoma. Clinicopathologic correlations[END_REF], and pancreatic cancer [START_REF] Chun | Significance of pathologic response to preoperative therapy in pancreatic cancer[END_REF]. Tumour regression grade (TRG) has been validated as a prognostic factor for liver metastases (LM) from CRC [START_REF] Rubbia-Brandt | Importance of histological tumor response assessment in predicting the outcome in patients with colorectal liver metastases treated with neo-adjuvant chemotherapy followed by liver surgery[END_REF]. In 2016, Solass et al. described a histological scoring system for PM, the Peritoneal Regression Grading Score (PRGS), but it has not been validated specifically for PM from CRC. Therefore, the aim of this experimental study was to evaluate the utility of PRGS in a mouse model of PM from CRC.

Methods

This experimental study was carried out in the laboratory of the INSERM 965 laboratory (Paris, France). The registration number for the study assigned by the Ethics Committee is APAFIS-3944 2015122813591563v3.

Cell line and cell culture

The luciferase-expressing CT26 tumour cell line (CT26-luc) was derived from a colonic adenocarcinoma of immunocompetent BALB/c mice treated with N-nitroso-methylurethane. 

Bioluminescence monitoring

All four groups were monitored using bioluminescence until day (D) 10 (D5, D7, and D10).

Mice were imaged three times in total (at 10 s, 30 s, and 2 m) after ip injection (10 μl/g body weight) of luciferin (D-Luciferin firefly potassium salt, 1.0 g/vial; (Caliper Life Sciences, Hopkinton, MA, USA) and anaesthesia with isoflurane (2%). Images were acquired between 5 s and 2 m using IVIS Lumina and IVIS Lumina II cameras (Caliper), with the animals placed on their backs.

Chemotherapy treatment

At D10, the histology before CT group, was sacrificed to observe PM prior to any treatment.

Animals were randomly assigned to the other three groups and treated as described below; CT drugs were obtained from the Pharmacy Department of St Louis Hospital (Paris, France).

(i) 5FU on D11, D17, and D20 (50 mg/ml, 0.03 mg/g body weight)

(ii) Ox on D13 and D19 (200 mg/40 ml, 0.006 mg/g) in addition to 5FU on D11, D17 and D20 (0.03 mg/g) (Ox-5FU group) (iii) 5% glucose solution (G5) on D11, D17, and D20 (0.25 ml)

Tumour growth analysis: peritoneal carcinomatosis index (PCI) score Animals in the histology before CT group were sacrificed by cervical dislocation on D10; all other groups were sacrificed on D25. A surgeon explored the peritoneal cavity and the PCI score was calculated. During the laparotomy, the presence or absence of ascites, its volume, and its aspect (clear or haemorrhagic) was noted, without cytological analysis. He performed resection of peritoneal metastases in all mice. The PMs were millimetre-sized, which would make biopsy impossible.

Histological response assessment

HR was defined by comparing the histology of PM in the histology before CT group with that after pCT, based on two classification systems:

(i) The TRG was described initially by Mandart et al. [START_REF] Mandard | Pathologic assessment of tumor regression after preoperative chemoradiotherapy of esophageal carcinoma. Clinicopathologic correlations[END_REF] and was used by Rubbia- Two pathologists specialising in PM independently compared the PM histology of the control and chemotherapy groups. At least five PMs were analysed for each mouse.

Statistical analysis

Results are expressed as means (± standard deviation) or as percentages. Means were compared using the non-parametric Kruskal-Wallis test, followed by Dunn's post-test.

Percentage data were compared using the chi-square or Fisher's exact test, depending on the number of groups. P-values less than 0.05 were considered statistically significant. The statistical analysis was conducted using GraphPad Prism® software (GraphPad Inc., La Jolla, CA, USA).

Results

Bioluminescence monitoring

All mice showed luciferase activity in the abdominal cavity at D10. Luciferase intensity increased with time, and corresponded to tumour growth between D0 and D10 (Figure 1A-D). As shown in Figure 2, mean bioluminescence activity, estimated in photons per second per cm 2 per steradian (p/s/cm 2 /sr), was significantly higher on D10 (315,400) than on D7

(69,625) and D5 (2,500) (p = 0.01).

Peritoneal carcinomatosis index (PCI)

The histology before CT group, sacrificed on D10, had a mean PCI of score 8 [START_REF] Rödel | Prognostic significance of tumor regression after preoperative chemoradiotherapy for rectal cancer[END_REF][START_REF] Mandard | Pathologic assessment of tumor regression after preoperative chemoradiotherapy of esophageal carcinoma. Clinicopathologic correlations[END_REF][START_REF] Chun | Significance of pathologic response to preoperative therapy in pancreatic cancer[END_REF][START_REF] Rubbia-Brandt | Importance of histological tumor response assessment in predicting the outcome in patients with colorectal liver metastases treated with neo-adjuvant chemotherapy followed by liver surgery[END_REF][START_REF] Solass | Peritoneal sampling and histological assessment of therapeutic response in peritoneal metastasis: proposal of the Peritoneal Regression Grading Score (PRGS)[END_REF]. PM were preferentially located on the visceral peritoneum and at the antimesenteric border (Figure 3). Mean PCI scores were 2 [0-4], 9 [START_REF] Solass | Peritoneal sampling and histological assessment of therapeutic response in peritoneal metastasis: proposal of the Peritoneal Regression Grading Score (PRGS)[END_REF][START_REF] Arredondo | Tumor response assessment in locally advanced colon cancer after neoadjuvant chemotherapy[END_REF][START_REF] Blazer | Pathologic response to preoperative chemotherapy: a new outcome end point after resection of hepatic colorectal metastases[END_REF], and 24 in the Ox-5FU, 5FU, and G5 groups, respectively (p <0.01, Figure 3). In the G5 group, PMs were preferentially located on the parietal peritoneum, diaphragm, and intestine.

Histological response according to PRGS and TRG Using the TRG, MHR was significantly higher in the Ox-5FU group than in the 5FU and G5 groups (100%, 20%, and 0%, respectively, p = 0.012, Figure 4A). According to the PRGS, the complete response rate was also significantly higher in the Ox-5FU group (83.3%) than in the 5FU group (0%) and G5 group (0%) (p = 0.016, Figure 4B). Fibrosis was identified only in the groups treated with CT, at rates of 80% and 60% in the Ox-5FU and 5FU groups, respectively, Figure 4C. In the G5 group, all mice showed NHR, regardless of the classification system applied. Figure 5 Ascites Ascites was present in 100% of mice in the G5 and 5FU groups, and in 40% of mice in the Ox-5FU group. Ascites volume was significantly higher in the G5 group (2.65 ± 0.61 ml) than in the Ox-5FU group (0.2 ± 0.14 ml, p = 0.001). The appearance of ascites was haemorrhagic in 100% of cases in the G5 group, versus 20% of cases in the 5FU group and 0% in the Ox-5FU group (p = 0.003). Figure 6 A-B-C Mortality Rate

Four mice were sacrificed before the end of the experiment (D25): three in the G5 group and one in the 5FU group; all four had extensive disease (PCI > 20) and NHR (p = 0.08, Figure 1).

Discussion

Intravenous CT has a fundamental place in the curative strategy for patients with PM from CRC. To avoid administering postoperative CT to patients in the absence of preoperative evidence of efficacy, histological classification systems have been validated for evaluating HR after pCT in various cancers. However, objective evaluation of the response to CT is a major challenge for CRC-generated PM. Indeed, imaging exams may have poor accuracy for evaluating responses after pCT, and RECIST criteria are sometimes difficult to apply to this disease [START_REF] Dohan | Preoperative assessment of peritoneal carcinomatosis of colorectal origin[END_REF].

The TRG score is the most commonly used classification system for evaluating digestive tumours [START_REF] Tomasello | Tumor regression grade and survival after neoadjuvant treatment in gastro-esophageal cancer: A meta-analysis of 17 published studies[END_REF][START_REF] Peng | Tumor regression grades: potential outcome predictor of locally advanced rectal adenocarcinoma after preoperative radiotherapy[END_REF], and specifically in the case of LM from CRC [START_REF] Rubbia-Brandt | Importance of histological tumor response assessment in predicting the outcome in patients with colorectal liver metastases treated with neo-adjuvant chemotherapy followed by liver surgery[END_REF]. The TRG is based on four histological criteria: the percentages of residual tumour cells, fibrosis, acellular mucin, and necrosis. Until 2016, there was no specific HR classification for PM. However, in medical practice, pathologists have used these four criteria to examine the efficacy of treatments for PM, including pressurised aerosolised intraperitoneal chemotherapy (PIPAC) for patients with PM from ovarian cancer ( 16), gastric cancer [START_REF] Nadiradze | Pressurized Intraperitoneal Aerosol Chemotherapy (PIPAC) with Low-Dose Cisplatin and Doxorubicin in Gastric Peritoneal Metastasis[END_REF], and CRC (2).

Regarding PM from CRC, only one study has validated the Blazer score in patients treated with cytoreduction surgery and hyperthermic intraperitoneal chemotherapy (HIPEC) ( 18).

This classification system, which has the advantage of being simple, relies only on the percentage of residual tumour cells after pCT. In 2016, Solass et al. described the first histological classification system specific to PM for assessment of HR after CT; their system is based on the same four histological criteria as the TRG, i.e. the percentages of residual tumour cells, fibrosis, necrosis, and acellular mucin after CT. In contrast to TRG, PRGS distinguishes two types of necrosis: infarct-like necrosis (which corresponds to HR after pCT) and the "dirty" necrosis in the centres of untreated PM that develop secondary to cellular hypoxia [START_REF] Solass | Peritoneal sampling and histological assessment of therapeutic response in peritoneal metastasis: proposal of the Peritoneal Regression Grading Score (PRGS)[END_REF][START_REF] Chang | Infarct-like Necrosis: A Distinct Form of Necrosis Seen in Colorectal Carcinoma Liver Metastases Treated With Perioperative Chemotherapy[END_REF][START_REF] Bibeau | Comment on "Histopathologic evaluation of liver metastases from colorectal cancer in patients treated with FOLFOXIRI plus bevacizumab[END_REF].

In our experimental study, PM from CRC was evaluated using the PRGS and TRG. The highest PRGS or TRG score was considered in our histological response calculations. There is no consensus whether to consider only the highest histological response score or to calculate the mean histological response score [START_REF] Solass | Peritoneal sampling and histological assessment of therapeutic response in peritoneal metastasis: proposal of the Peritoneal Regression Grading Score (PRGS)[END_REF]. Rubbia Grandt et al were the first to describe a method for grading pathological tumor response for LM from CRC according to the highest TRG (9). Solass et al, proposed to report the highest as well as the mean PRGS [START_REF] Solass | Peritoneal sampling and histological assessment of therapeutic response in peritoneal metastasis: proposal of the Peritoneal Regression Grading Score (PRGS)[END_REF].

It was difficult for us to determine a best choice between these two classifications. Despite the small differences between them (number of criteria and number of sub-classifications), the results obtained are consistent. The PM cases not treated with CT typically showed large viable tumour zones, sometimes accompanied by necrotic zones but without fibrosis, corresponding to an absence of HR (using either classification system). In the groups receiving CT, histological reorganization was observed, characterized by a decrease in the number, or complete disappearance, of tumour cells, and their replacement by fibrosis.

Fibrosis after CT is the primary indicator of CT response, and is a useful criterion for evaluating HR. Moreover, unlike the study of Passot et al., which examined the histology of PM only after CT, we compared the histology of PM before and after CT. This allowed us to avoid incorrectly scoring HR after CT based on evidence of necrosis, fibrosis, or acellular mucin that were already present in PM before CT. In our study, the incidence of complete HR, according to the PRGS, was significantly higher in the Ox-5FU group compared to the 5FU and G5 groups. This histologically confirms the superiority against CRC of the combination of Ox and 5FU over 5FU alone, as previously reported [START_REF] Gustavsson | A Review of the Evolution of Systemic Chemotherapy in the Management of Colorectal Cancer[END_REF]. Complete HR according to the PRGS was also consistent with PCI scores and ascites volumes, which were also lower in the Ox-5FU versus 5FU and G5 groups. These two criteria are known prognostic factors used to determine whether patients with PM from CRC are suitable for curative surgical treatment [START_REF] Elias | A Comparative Study of Complete Cytoreductive Surgery Plus Intraperitoneal Chemotherapy to Treat Peritoneal Dissemination From Colon, Rectum, Small Bowel, and Nonpseudomyxoma Appendix[END_REF]. Overall, our results confirm that the PRGS classification can be used to evaluate HR to CT in patients with PM from CRC.

Obviously, histological response classification has to be precise and reproducible to guide clinical management and to determine trial outcomes. In this study, two anatomical pathologists separately gave the same independent classification for each mouse. The consistent scoring results may be because these two pathologists frequently work with these classifications, in this specialised centre for the treatment of PM. Moreover, the peritoneal metastases of mice are very small, which may have made the histological analysis easier. In their study of liver metastases of CRC, Rubbia Brandt et al (9) reached a similar conclusion, noting that discrepancies in the histological response pattern were rare (10%).

In this experimental study, we preferred to use the Glucose solution in the control group because this is often used in oncology surgery. For example, oxaliplatin can only be administered in a glucose solution, during hyperthermic intraperitoneal chemoperfusion (HIPEC) for reasons of chemical stability. Nevertheless, us choice can be explained: this cell proliferation and the high PCI score in the control group but the histological structure of PMs were not altered.

Many studies have shown that complete or major HR after CT is synonymous with better survival in patients with digestive cancer [START_REF] Maguire | Controversies in the pathological assessment of colorectal cancer[END_REF]. For LM from CRC, Rubbia-Brandt et al.

reported that 5-year disease-free survival was significantly higher in patients with MHR and PHR compared to those with NHR (38%, 37%, and 15%, respectively, p = 0.008) [START_REF] Rubbia-Brandt | Importance of histological tumor response assessment in predicting the outcome in patients with colorectal liver metastases treated with neo-adjuvant chemotherapy followed by liver surgery[END_REF]. For PM from CRC, according to the Blazer classification, OS was 75%, 57%, and 13% for patients with complete HR, PHR, and NHR, respectively (18) (p = 0.0019). For PM from CRC, no clinical study has evaluated the prognostic value of the PRGS. In our study, the four mice sacrificed before the end of the experiment (three in the G5 group, and one in the 5FU group) all had NHR. This suggests that complete HR according to PRGS may be synonymous with better survival, although it will be necessary to evaluate the prognostic utility of the PRGS in clinical studies, as was done for the Blazer score.

Conclusion

The levels of residual tumour cells, fibrosis, infarct-like necrosis, and acellular mucin are useful markers in the assessment of HR, and are correlated with the efficacy of CT. The TRG score can be used in pratice when we want to compare the histological response between the primary tumor and the PMs. The PRGS classification system appears to be applicable to patients with PM from CRC, but this should be validated in a clinical study. 

Brandt et al. ( 9 )

 9 to assess LM of CRC. It comprises five sub-categories: TRG1 (no residual tumour cells), TRG 2 (some residual tumour cells dispersed within abundant fibrosis), TRG3 (presence of residual tumour cells dispersed within significant fibrosis), TRG4 (numerous residual tumour cells with scant fibrosis) and TRG5 (many tumour cells without signs of regression). Rubbia-Brandt et al. collapsed these five categories into three categories of HR: major histological response (MHR, TRG 1-2), partial histological response (PHR, TRG3), and no histological response (NHR, TRG 4-5).(ii) A new histological classification system for PM introduced by Solass et al.[START_REF] Solass | Peritoneal sampling and histological assessment of therapeutic response in peritoneal metastasis: proposal of the Peritoneal Regression Grading Score (PRGS)[END_REF], the Peritoneal Regression Grading Score (PRGS), assigns cases to one of four categories based on the presence of residual tumour cells and the regression characteristics (fibrosis, infarct-like necrosis, and acellular mucin). PRGS 1 corresponds to complete regression with an absence of tumour cells; PRGS 2 to major regression with only a few residual tumour cells; PRGS 3 to minor regression with a predominance of residual tumour cells; and PRGS 4 to NHR to therapy, where tumour cells show no regression. Mice with multiple PM who showed different PRGS or TRG score between their metastases were categorized according to the highest PRGS or TRG score.
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