MD Nicolas Meillan 
  
PhD Dewi Vernerey 
  
MD Jérémie H Lefèvre 
  
MD Gilles Manceau 
  
MD Magali Svrcek 
  
MD Jeremy Augustin 
  
MD Jean-François Fléjou 
  
MD Olivier Lascols 
  
MD Jean-Marc Simon 
  
MD Romain Cohen 
  
MD Philippe Maingon 
  
MD Jean- Baptiste Bachet 
  
MD Florence Huguet 
email: florence.huguet@aphp.fr
  
  
  
  
  
Mismatch Repair System Deficiency Is Associated With Response to Neoadjuvant Chemoradiation in Locally Advanced Rectal Cancer

Keywords: Neoajduvant, chemoradiation, rectal cancer, defective mismatch repair system, neoadjuvant treatment, surgery, pathological results, survival, MSI

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Mismatch Repair System Deficiency is associated with response to neoadjuvant chemoradiation in locally advanced rectal cancer

Introduction

The mismatch repair system (MMR) is one of the most proficient DNA repair system in human [START_REF] Helleday | DNA repair pathways as targets for cancer therapy[END_REF]. It consists in a series of four genes working as pairs, namely MLH1, MSH2, MSH6, and PMS2 [START_REF] Helleday | DNA repair pathways as targets for cancer therapy[END_REF][START_REF] Lynch | Hereditary Colorectal Cancer[END_REF][START_REF] Truninger | Immunohistochemical Analysis Reveals High Frequency of PMS2 Defects in Colorectal Cancer[END_REF]. When hereditary defective, it is linked to a higher incidence of cancers such as digestive tract, endometrial, glial, and urothelial cancers leading to a congenital condition known as the Lynch syndrome with MLH1 being the most frequently deficient gene [START_REF] Lynch | Hereditary Colorectal Cancer[END_REF][START_REF] Truninger | Immunohistochemical Analysis Reveals High Frequency of PMS2 Defects in Colorectal Cancer[END_REF][START_REF] Bonadona | Cancer risks associated with germline mutations in MLH1, MSH2, and MSH6 genes in Lynch syndrome[END_REF][START_REF] Hampel | Feasibility of Screening for Lynch Syndrome Among Patients With Colorectal Cancer[END_REF].

Deficiency of mismatch repair system (dMMR) has been shown to be a prognostic biomarker of favorable outcome in colorectal cancer [START_REF] Popat | Systematic Review of Microsatellite Instability and Colorectal Cancer Prognosis[END_REF]. It has also been shown to be predictive of both a lack of efficiency of 5fluorouracile (5FU)-based chemotherapy and a better efficacy of immunotherapy using PD-1/PD-L1 checkpoint inhibitors [START_REF] Ribic | Tumor microsatelliteinstability status as a predictor of benefit from fluorouracil-based adjuvant chemotherapy for colon cancer[END_REF][START_REF] Le | PD-1 Blockade in Tumors with Mismatch-Repair Deficiency[END_REF].

Neoadjuvant radiation therapy has become part of the standard of care in association with total mesorectal excision (TME) for T3-T4 and/or node-positive tumors of the intermediate and lower rectum [START_REF] Heald | Recurrence and survival after total mesorectal excision for rectal cancer[END_REF][START_REF]Management of rectal cancer: the 2016 French guidelines[END_REF][START_REF] Glynne-Jones | Rectal cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up †[END_REF]. This treatment is either performed as chemoradiation (45 to 50 Gy in 5 to 5.5 weeks with concurrent capecitabine or 5FU) or as short course radiation therapy (25 Gy in five fractions). While it does not improve overall survival, it improves locoregional control, which usually weighs heavily on patients' quality of life.

Standard radiation therapy delivery is fractionated. This is based on differential DNA damage repair modalities between healthy and tumor cells, allowing repair of healthy cells between fraction while tumor cells accumulate mutations and suffer cell death through mechanisms such as mitotic catastrophe [START_REF] Chavaudra | Quantified relationship between cellular radiosensitivity, DNA repair defects and chromatin relaxation: a study of 19 human tumour cell lines from different origin[END_REF].

Tumor dMMR could thus enhance radiation therapy effects, as radiation induced lesions would not be repaired well in dMMR tumor cells [START_REF] Shin | Radiotherapy Response in Microsatellite Instability Related Rectal Cancer[END_REF].

While some have reported a good overall prognosis for dMMR patients with colorectal cancer, whatever the tumor stage, only one comparative study has been published to date and failed to show a predictive value of MMR status on the efficacy of neoadjuvant chemoradiation [START_REF] Du | Prognostic value of microsatellite instability in sporadic locally advanced rectal cancer following neoadjuvant radiotherapy[END_REF].

The aim of this retrospective study was to assess the impact of MMR status (proficient vs deficient) on efficacy of neoadjuvant radiation in patients with rectal cancer.

Methods and Materials

Patients

All consecutive patients treated for a locally advanced lower or mid rectal cancer (T3/4 and/or N+) with neoadjuvant radiation therapy between January 2000 and December 2016 in two university hospitals have been identified and studied. T and N status were assessed as recommended by MRI and/or ultrasound (echo-endoscopy) [START_REF] Glynne-Jones | Rectal cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up †[END_REF][START_REF] Huertas | Radiothérapie préopératoire des cancers du rectum : volumes cibles[END_REF]. If reported stages differed between the two evaluation modalities, the patient was assigned to the worse one. Tumors were staged according to the AJCC 6 th or 7 th editions. Lower rectum was defined from the end of anal canal until 2 cm above it and mid rectum from 2 cm above the anal canal until 7 cm above it.

All patients with available MMR status have been included in this retrospective study.

Patients had previously given their consent for their data to be used in retrospective studies in accordance with French laws. Clinical files, surgery, radiology, and pathology reports, as well as radiotherapy treatment plans were retrospectively reviewed. Reported points included age, sex, clinical and radiological tumor stages at diagnosis, modalities of neoadjuvant treatment, post-treatment pathological staging, tumor regression grade according to the AJCC classification, as recommended by the American College of Pathologists, [START_REF] Kakar | Protocol for the Examination of Specimens From Patients From Patients With Primary Carcinoma of the Colon and Rectum[END_REF] local and/or distant relapse, and death. As MMR status was analyzed on the surgical pathological specimen, all patients with pathological complete response (pCR) were excluded from the analysis because their MMR status could not be determined.

Treatment

All patients received preoperative chemoradiotherapy. The clinical target volume (CTV) included the lymphatic drainage areas, i.e. mesorectal, internal iliac, and presacral lymph nodes. All patients underwent potentially curative radical surgery with TME 6 to 8 weeks after preoperative chemoradiotherapy. MMR assessment was performed either by RT-PCR or by IHC, according to local protocol. Adjuvant treatment was discussed in multidisciplinary tumor board, according to French guidelines and depending on the pathological stage.

MMR status analysis

IHC staining for MMR proteins and MMR testing were performed on all specimens. One block of formalin fixed paraffin wax embedded adenocarcinoma tissue was selected in each case. In all cases, this block comprised an area of normal colonic mucosa adjacent to the tumor. Sections (4 µm) were affixed to Superfrost plus slides (CML, Nemours, France) and dried overnight at 37°C. After dewaxing and rehydration with distilled water, endogenous peroxidase activity was quenched by incubating the slides in 3% hydrogen peroxide in methanol for 2×15 minutes. Sections were subjected to heat antigen retrieval by autoclaving in a citrate buffer at pH 6.0 for 15 minutes at 750 W and 15 minutes at 150 W. The primary antibodies used were FE11 (Calbiochem, Cambridge, MA, 1:100 dilution) for MSH2, G168-728 (Pharmingen, San Diego, CA, 1:70 dilution) for MLH1, clone 44 (Becton Dickinson Lexington, NC, 1:100 dilution) for MSH6 and clone A16-4 (BD Pharmingen, Le Pont de Claix, France, 1:150 dilution) for PMS2, with lymphocytes and normal epithelium as positive internal controls for staining of these proteins [START_REF] Svrcek | Specific Clinical and Biological Features Characterize Inflammatory Bowel Disease-Associated Colorectal Cancers Showing Microsatellite Instability[END_REF]. All incubations were performed at room temperature. The following methods were used: the avidin-biotin complex method for MLH1 and indirect immunoperoxidase for MSH2. Immunohistochemical reactions were performed with the Optimax plus system (Biogenex, San Ramon, USA). Color was developed with amino-ethyl-carbazole (Vector, Burlingame, USA) as the chromogen. Sections were washed under running tap water and then lightly counterstained in Mayer's haematoxylin [START_REF] Parc | Prognostic significance of microsatellite instability determined by immunohistochemical staining of MSH2 and MLH1 in sporadic T3N0M0 colon cancer[END_REF]. Loss of expression was recorded when nuclear staining was absent from all malignant cells but preserved in normal epithelial and stroma cells IHC staining for MSH6 and PMS2 was performed in case of MLH1/MSH2 normal expression in patients younger than 60 years' old, with personal and/or family history of Lynch Syndrome or with MMR [START_REF] Ewald | Immunohistochemical staining for mismatch repair proteins, and its relevance in the diagnosis of hereditary non-polyposis colorectal cancer[END_REF][START_REF] Canard | Screening for Lynch Syndrome in Colorectal Cancer: Are We Doing Enough?[END_REF].

The same paraffin blocks were used for DNA extractions and for IHC analyses. DNA was extracted from formalin-fixed, paraffin-embedded neoplastic tissue that had been macrodissected with reference to the H&E-stained section. DNA was extracted after deparaffinization by treatment with sodium dodecyl sulfateproteinase K and phenol-chloroform-isoamyl alcohol. To evaluate MSI, 5 quasimonomorphic mononucleotide markers (BAT-25, BAT-26, NR-21, NR-22, and NR-24) were coamplified in a single pentaplex PCR mix (mononucleotide repeat pentaplex [MRP] assay) and then analyzed for amplicon size in an automated DNA sequencer 1 . Tumors showing instability at two or more markers were defined as dMMR, whereas those with instability at only one marker or showing no instability were defined as proficient MMR (pMMR) [START_REF] Buhard | HSP110 T17 simplifies and improves the microsatellite instability testing in patients with colorectal cancer[END_REF].

Methylation status of the proximal part of the promoter region of MLH1 was assessed by methylationspecific PCR (MSP). All DNA samples were treated chemically with sodium bisulphite according to the Zymo Research DNA-methylation Kit. Subsequent methylation-specific PCRs were carried out as described by Capel et al. [START_REF] Capel | Assessment of MLH1 promoter methylation in relation to gene expression requires specific analysis[END_REF] Two PCRs were performed for each chemically modified DNA sample, one with primers annealing specifically to the methylated gene and the other to unmethylated DNA, with a fluorescent primer in each case. PCR products were run on an ABI 3730 DNA sequencer (Applied Biosystems, Foster City, CA). The resulting data were analyzed with the GeneMapper software, version 4.0 (Applied Biosystems). All PCRs were performed with positive controls of both methylated and unmethylated DNA. If methylation of the promoter could not be assessed because of technical failure, it was considered as a failure of methylation [START_REF] Ewald | Immunohistochemical staining for mismatch repair proteins, and its relevance in the diagnosis of hereditary non-polyposis colorectal cancer[END_REF][START_REF] Canard | Screening for Lynch Syndrome in Colorectal Cancer: Are We Doing Enough?[END_REF].

Germ-Line Mutation Analysis

DNA was isolated from peripheral blood after obtaining informed consent for MMR genetic analysis, as requested by French laws. Human genomic DNA was prepared from whole blood samples with a semiautomated Extragene extractor (Genomic Industry, Archamps, France) and a DNA extraction kit (Promega France). All hMLH1, hMSH2, and hMSH6 exons were amplified by PCR with primers designed with primer3 software (http://Frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Amplification was performed on a GeneAmp PCR system 9700 (Applied Biosystems). PCR products were cleaned up on a MultiScreen PCR 96-well plate (Millipore, Billerica, MA) and sequencing reactions were carried out with the BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems). The products of the sequencing reactions were cleaned up with the Sephadex G-50 (GE Healthcare, Life Sciences) in a MultiScreen-HV 96-well filter plate (Millipore), then run up on an ABI 3730 DNA sequencer (Applied Biosystems). The resulting sequence data were analyzed by SeqScape software, version 2.5 (Applied Biosystems) in comparison with the reference sequences of MLH1 and MSH2 genes (accession numbers, respectively: NM_000249 and NM_000251).

The SALSA MLPA P003 MLH1/MSH2 probe mix and SALSA MLPA P008 kits (MRC-Holland, Holland, The Netherlands) were used according to the manufacturer's instructions to screen rearrangements of one or more exons of the hMLH1, hMSH2, and hMSH6 genes. Fragment analysis of multiplex PCR was carried out on the ABI 3730 DNA analyzer (Applied Biosystems) and results were analyzed by GeneMapper software, version 4.0 (Applied Biosystems). Normalization of samples was performed against the mean control ratios.

DNA samples from unaffected individuals were used as controls in each experiment [START_REF] Canard | Screening for Lynch Syndrome in Colorectal Cancer: Are We Doing Enough?[END_REF].

Endpoints

Endpoints included tumor downstaging (defined as a lower pT or pN staging than cT or cN with neither having risen), resection margins (R0 or R1), recurrence free survival (overall, local, and metastatic), and overall survival. Survival endpoints were defined from the date of diagnosis (i.e. endoscopic biopsy).

Recurrences were defined as local if located within the pelvis or involving the inguinal nodes and metastatic otherwise.

Overall survival (OS) was calculated from the date of diagnosis to the date of death from any cause. Survival data were censored at the last follow-up. Progression-free survival (PFS) was calculated from the date of diagnosis to the date of progression or death from any cause, or the date of the last follow-up, at which point data were censored. Recurrence-free survival (RFS) was calculated from the date of diagnosis to the date of progression, or the date of the last follow-up or death from any cause, at which point data were censored.

Statistical analysis

Median value (interquartile range) and frequency (percentage) were provided for the description of continuous and categorical variables, respectively. Medians and proportions were compared among proficient MMR (pMMR) and deficient MMR (dMMR) groups using Wilcoxon-Mann-Whitney and chi-square test (or Fisher's exact test, if appropriate), respectively. Overall, recurrence-free and disease-free survivals were estimated using the Kaplan-Meier method and described using rate at specific time points with 95% confidence intervals and compared with the logrank test.

The primary analysis was made in the overall population with the comparison of the characteristics and outcomes between the pMMR and dMMR groups.

A sensitivity analysis was performed to deal with the main clinical parameters distributed unequally among pMMR and dMMR groups at the rectal cancer diagnosis that could distort the outcomes analyses.

Association of a dMMR status with outcomes was studied with a propensity score matching approach to deal with potential heterogeneity in characteristics between pMMR and dMMR groups. The propensity score construction is based on the probability estimation with a non-parsimonious multivariate logistic regression model including main parameters distributed unequally among pMMR and dMMR groups. To address the potential confounding effect of the unbalanced factors two methods were used: 1/ inverse probability of treatment weighting (IPTW) and 2/ propensity score matching.

Hazard ratios (HR) and their 95% confidence interval (95% CI) were estimated with the IPTW model [START_REF] Austin | The Relative Ability of Different Propensity Score Methods to Balance Measured Covariates Between Treated and Untreated Subjects in Observational Studies[END_REF].

The propensity score matching technique based on the caliper method was performed with a ratio 3:1 (3 pMMR patients matched to 1 dMMR patient) to select two samples with well-balanced characteristics at time of diagnosis.

All analyses were performed using SAS version 9.4 (SAS Institute, Cary NC). p values of less than 0.05 were considered statistically significant, and all tests were two-sided. This study was performed according to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines [START_REF] Von Elm | The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: guidelines for reporting observational studies[END_REF].

Results

Overall cohort

Patients' characteristics

We identified a total of 349 patients treated with neoadjuvant chemoradiation therapy followed by TME.

Fifty-three had to be excluded from the analysis because of lack of data on MMR status (including 49 patients with pathological complete response). Among the 296 included patients, 273 were pMMR (92.2%) and 23 dMMR (7.8%). For the whole population, median age at diagnosis was 60.6 years (IQR: 50.3-70.2).

Median follow-up was 43.0 months (IQR: 27.9-66.7). hMSH2 activity was lost in eight patients, hMLH1 in six, hMSH6 in three, and PMS2 in one. In one patient, the defective protein could not conclusively be identified due to lack of material, genetic testing then identified the mutation as being MSH6, bringing the total of MSH6 mutated patients to four. In four patients, two proteins were defective (hMLH1 and hMLH2 in two and hMSH2 and hMSH6 in two).

When compared to pMMR patients, dMMR patients were younger (p<0.0001), had more nodal involvement (p=0.0212) with a non-significant trend for low tumor location. Patients' characteristics are shown in Table 1.

Radiation therapy

Most patients received 45 Gy over 5 weeks with a 3D conformal 3-field technique (one posterior and two lateral fields) with 21 (7%) receiving a 5-Gy boost to the tumor. Two had their treatment interrupted at 35 Gy.

Chemotherapy

Patients received fluoropyrimidine-based chemotherapy concurrently with radiation therapy (except for two who were treated with short-course radiation therapy). The most frequent regimens were mFOLFOX4 (n=144, 49%, patients treated before 2011), capecitabine 800-850 mg/m2 bidaily (n=75, 25%) and 5-FU (n=48, 16%), either as a continuous infusion or according to the LV5FU2 "De Gramont" regimen.

Surgery and adjuvant treatment

Seventy-six patients (26%) had an abdominoperineal resection while the remaining 220 (74%) had sphincter preserving surgery. Adjuvant treatment was discussed in multidisciplinary tumor board, according to French recommendations and depending on the pathological stage. One hundred and seventeen patients (40%) received adjuvant therapy which included a fluoropyrimidine, either alone (n=13, 11%) or in association with oxaliplatin (n=99, 85%) or irinotecan (n=5, 4%). The most frequent regimen was FOLFOX (n=99 patients, 84%).

Endpoints

The unmatched endpoint analysis is shown in Table 2. Tumor downstaging was significantly more frequent in dMMR patients (n=16/23, 70%) than in pMMR patients (n=133/273, 49%; p<0.0051). Resection margin status did not significantly differ between the two groups with R0 resection in 85% (n=231/273) of pMMR patients and 74% (n=17/23) of dMMR patients (p=1.0).

Unmatched survival curves can be seen in Figure 1. Only recurrence-free survival differed significantly between the two groups (p=0.0463) with disease-free survival curves showing a non-significant trend towards improvement for the dMMR group (p=0.0657).

Propensity score construction

In univariate analysis, only age at diagnosis was significantly different between the two groups (Supplementary Table 1). Due to the limited sample of dMMR patients, only age could be used for propensity score construction.

Analysis for unconditional logistic regression to predict MSI status for propensity score construction is shown in Supplementary table 1.

The model exhibited good discrimination capability with an area under the curves equal to 0.7689 (Supplementary Figure 1) and good calibration with a p value for the Hosmer-Lemeshow goodness of fit test equals to 0.8303 (Supplementary Figure 2).

Then, dMMR patients were matched considering the nearest neighbor with a caliper of 0.1 and a ratio of 3:1 with pMMR patients.

Matched cohort

After propensity score matching, 67 of 273 pMMR patients (25%) could be matched successfully with 23 dMMR patients (Supplementary Table 2). Matched survival curves can be seen in Figure 2. Patients are matched 3 to 1 and differences between the two groups do not reach statistical significance regarding overall survival and recurrence-free survival. Only disease-free survival is significantly different, as shown in Table 3.

After IPTW analysis, dMMR patients had a higher chance to achieve downstaging (p<0.0001), higher tumor regression (grade 2-3 vs. 1, according to the AJCC classification, p=0.0240), recurrence-free (p=0.0002), and metastasis-free (p=0.0001) survivals. Local recurrence-free survival did not differ significantly (Table 4). The odds ratio for death was significantly higher for dMMR patients (OR =2.288; 95%CI 1.300 -4.026); p=0.0041). As we had excluded pCR patients due to lack of MMR status data, we performed a worst-case scenario analysis, allocating a pMMR status to all patients with pCR who had been excluded from the main analysis. The above-cited results remained statistically significant (data not shown).

Discussion

In this study, pathological downstaging after neoadjuvant chemoradiation occurred more often amongst dMMR than pMMR patients. This is coherent with other clinical studies results [START_REF] Charara | Microsatellite status and cell cycle associated markers in rectal cancer patients undergoing a combined regimen of 5-FU and CPT-11 chemotherapy and radiotherapy[END_REF]. This may be of interest because improved downstaging may allow more frequent sphincter preservation or even organ preservation [START_REF] Peponi | Preoperative Chemoradiation in Locally Advanced Rectal Cancer: Efficacy and Safety[END_REF]. It is also consistent with current recommendations of not prescribing adjuvant chemotherapy to favorable dMMR patients (i.e. stage II) [START_REF]Management of rectal cancer: the 2016 French guidelines[END_REF][START_REF] Glynne-Jones | Rectal cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up †[END_REF].

Hasan et al. recently showed a decreased likelihood of pCR for dMMR patients after chemoradiation [START_REF] Hasan | Microsatellite Instability (MSI) as an Independent Predictor of Pathologic Complete Response (PCR) in Locally Advanced Rectal Cancer: A National Cancer Database (NCDB) Analysis[END_REF].

They did not report the downstaging frequency in their article. We chose to exclude patients with a pCR from our analysis as the absence of residual tumor did not allow for testing and we did not have the MMR status on the diagnostic biopsy because most of them had been done outside the institution. One could wonder whether some of the patients with pCR in Hasan's study who were reported as pMMR were so by default as the technique and timing of MMR status analysis was not reported as it was a database study.

Their pCR rate (8.6%) was also rather low as compared to that of prospective studies such as GRECCAR-6 (15% at seven weeks), despite a higher dose of radiation (including 11% above 54 Gy) [START_REF] Lefevre | Effect of Interval (7 or 11 weeks) Between Neoadjuvant Radiochemotherapy and Surgery on Complete Pathologic Response in Rectal Cancer: A Multicenter, Randomized, Controlled Trial (GRECCAR-6)[END_REF]. Additionally, inclusion of pCR patients in our worst-case scenario analysis did not change the downstaging results, with it remaining more frequent in the dMMR group.

In a descriptive report about 62 dMMR patients, De Rosa et al. identified 29 patients treated with neoadjuvant chemoradiotherapy followed by surgery [START_REF] De Rosa | DNA Mismatch Repair Deficiency in Rectal Cancer: Benchmarking Its Impact on Prognosis, Neoadjuvant Response Prediction, and Clinical Cancer Genetics[END_REF]. As in our study, most patients had a tumor downstaging on the surgical specimen. They were able to study pCR rate, having information about MMR proficiency on biopsy, and this rate was high (27.6%, as compared to 5.9% for dMMR patients in Hasan's study) [START_REF] Hasan | Microsatellite Instability (MSI) as an Independent Predictor of Pathologic Complete Response (PCR) in Locally Advanced Rectal Cancer: A National Cancer Database (NCDB) Analysis[END_REF]. Overall survival was good but local recurrence rate was not specified according to neoadjuvant treatment.

Another series studying patients with pCR did not find any significant association between dMMR status and pCR [START_REF] Huh | Mismatch Repair Gene Expression as a Predictor of Tumor Responses in Patients With Rectal Cancer Treated With Preoperative Chemoradiation[END_REF]. Only ypN status was associated with improved disease-free survival. In a multivariate analysis, a pre-treatment high expression of MSH6 was correlated to a better overall survival and a post-treatment expression of MSH6 was a predictor for local recurrence [START_REF] Huh | Mismatch Repair Gene Expression as a Predictor of Tumor Responses in Patients With Rectal Cancer Treated With Preoperative Chemoradiation[END_REF]. The difference between pre-and posttreatment status may have to do with radiation-induced modifications [START_REF] Vilkin | How reliable is immunohistochemical staining for DNA mismatch repair proteins performed after neoadjuvant chemoradiation?[END_REF][START_REF] Bao | Neoadjuvant therapy induces loss of MSH6 expression in colorectal carcinoma[END_REF][START_REF] Radu | Challenging cases encountered in colorectal cancer screening for Lynch syndrome reveal novel findings: nucleolar MSH6 staining and impact of prior chemoradiation therapy[END_REF]. Constitutive low MSH6 status has also been linked to later disease onset for colorectal cancer and higher frequency of noncolorectal cancers which may explain the poorer overall survival [START_REF] Plaschke | Lower Incidence of Colorectal Cancer and Later Age of Disease Onset in 27 Families With Pathogenic MSH6 Germline Mutations Compared With Families With MLH1 or MSH2 Mutations: The German Hereditary Nonpolyposis Colorectal Cancer Consortium[END_REF]. These results add weight to our analysis as they seem to indicate that our worst-case scenario analysis may only underestimate pCR rates in dMMR patients.

Matched curves do not show statistical differences because of the small sample of dMMR patients, which does not allow high statistical power. IPTW however allows a higher power for the analysis, by matching patients on known prognostic or predictive characteristics, highlighting the difference between the two groups [START_REF] Austin | The use of propensity score methods with survival or time-to-event outcomes: reporting measures of effect similar to those used in randomized experiments: Propensity scores and survival analysis[END_REF].

The median follow-up in this study is rather short (43 months). However, it is has been reported that 85% of local recurrences happened during the first three years after initial surgery [START_REF] Palmer | A Population-Based Study on the Management and Outcome in Patients with Locally Recurrent Rectal Cancer[END_REF]. Metastasis-free survival was improved in dMMR patients, which is consistent with previous reports in dMMR colon cancer patients [START_REF] Popat | Systematic Review of Microsatellite Instability and Colorectal Cancer Prognosis[END_REF][START_REF] Ribic | Tumor microsatelliteinstability status as a predictor of benefit from fluorouracil-based adjuvant chemotherapy for colon cancer[END_REF]. The dMMR patients in our cohort were significantly younger than pMMR patients. This is probably linked to the fact that at least some of them had Lynch syndrome, which may explain poorer overall survival due to second malignancies being more frequent in this population [START_REF] Lynch | Hereditary Colorectal Cancer[END_REF]. The cN1 status also trended towards significance, which is consistent with literature on dMMR colon cancer, where the lymph node yield has been reported to be higher in dMMR patients than pMMR patients, which authors link to a lymphoid reaction to neoantigens created by the high number of unrepaired mutations [START_REF] Belt | High Lymph Node Yield is Related to Microsatellite Instability in Colon Cancer[END_REF][START_REF] Berg | Influence of microsatellite instability and KRAS and BRAF mutations on lymph node harvest in stage I-III colon cancers[END_REF][START_REF] Søreide | Lymph Node Harvest in Colon Cancer: Influence of Microsatellite Instability and Proximal Tumor Location[END_REF].

Du et al. reported a series of 316 rectal cancer patients, amongst whom 25 had dMMR [START_REF] Du | Prognostic value of microsatellite instability in sporadic locally advanced rectal cancer following neoadjuvant radiotherapy[END_REF]. When comparing dMMR and pMMR populations, they found no association with pathological stage, radiationinduced tumor regression, or downstaging. ypN0 stage was associated with better disease-free survival [START_REF] Yeo | Pathologic Complete Response of Primary Tumor Following Preoperative Chemoradiotherapy for Locally Advanced Rectal Cancer: Long-term Outcomes and Prognostic Significance of Pathologic Nodal Status (KROG 09-01)[END_REF].

Most of our patients were treated before the results of oxaliplatin-containing chemoradiation trials were published. Therefore, many of our patients did receive concurrent oxaliplatin with radiation therapy. One could ponder if this had an impact on our findings. However, preclinical data on the biologic basis of the combination of radiation therapy and oxaliplatin are rather scarce [START_REF] Wilson | Biologic Basis for Combining Drugs With Radiation[END_REF][START_REF] Flatmark | Radiosensitizing Drugs: Lessons to Be Learned From the Oxaliplatin Story[END_REF]. In clinical setting, the drug has been found to be better tolerated than cisplatin during concurrent chemoradiation for esophageal cancers [START_REF] Conroy | Definitive chemoradiotherapy with FOLFOX versus fluorouracil and cisplatin in patients with oesophageal cancer (PRODIGE5/ACCORD17): final results of a randomised, phase 2/3 trial[END_REF]. It has also been studied in a therapeutic intensification strategy for rectal cancers [START_REF] Rödel | Oxaliplatin added to fluorouracil-based preoperative chemoradiotherapy and postoperative chemotherapy of locally advanced rectal cancer (the German CAO/ARO/AIO-04 study): final results of the multicentre, openlabel, randomised, phase 3 trial[END_REF][START_REF] Aschele | Primary Tumor Response to Preoperative Chemoradiation With or Without Oxaliplatin in Locally Advanced Rectal Cancer: Pathologic Results of the STAR-01 Randomized Phase III Trial[END_REF][START_REF] Schmoll | Effect of adjuvant capecitabine or fluorouracil, with or without oxaliplatin, on survival outcomes in stage III colon cancer and the effect of oxaliplatin on post-relapse survival: a pooled analysis of individual patient data from four randomised controlled trials[END_REF][START_REF] Gerard | Clinical Outcome of the ACCORD 12/0405 PRODIGE 2 Randomized Trial in Rectal Cancer[END_REF][START_REF] Allegra | Neoadjuvant 5-FU or Capecitabine Plus Radiation With or Without Oxaliplatin in Rectal Cancer Patients: A Phase III Randomized Clinical Trial[END_REF]. Multiple randomized trials showed the lack of improvement in pCR or survival of oxaliplatin adjunction to fluoropyrimidin-based chemoradiation regimen with an increase in toxicity [START_REF] Rödel | Oxaliplatin added to fluorouracil-based preoperative chemoradiotherapy and postoperative chemotherapy of locally advanced rectal cancer (the German CAO/ARO/AIO-04 study): final results of the multicentre, openlabel, randomised, phase 3 trial[END_REF][START_REF] Aschele | Primary Tumor Response to Preoperative Chemoradiation With or Without Oxaliplatin in Locally Advanced Rectal Cancer: Pathologic Results of the STAR-01 Randomized Phase III Trial[END_REF][START_REF] Schmoll | Effect of adjuvant capecitabine or fluorouracil, with or without oxaliplatin, on survival outcomes in stage III colon cancer and the effect of oxaliplatin on post-relapse survival: a pooled analysis of individual patient data from four randomised controlled trials[END_REF][START_REF] Gerard | Clinical Outcome of the ACCORD 12/0405 PRODIGE 2 Randomized Trial in Rectal Cancer[END_REF][START_REF] Allegra | Neoadjuvant 5-FU or Capecitabine Plus Radiation With or Without Oxaliplatin in Rectal Cancer Patients: A Phase III Randomized Clinical Trial[END_REF]. There is also evidence that oxaliplatin adducts are not repaired by MMR [START_REF] Fink | The role of DNA mismatch repair in platinum drug resistance[END_REF]. Therefore, it is unlikely that the addition of oxaliplatin may have significantly altered our results, compared to standard chemoradiation with 5fluorouracil or capecitabin alone.

Another limitation of our study is that we included a limited number of dMMR patients, thus limiting the power of analysis. However, MMR is only defective in about 13% of colorectal cancers (3). Defective MMR incidence is also increasingly infrequent along the course of the colorectal tract, meaning that only few rectal cancers are MMR defective [START_REF] Cho | Location-related differences in sporadic microsatellite unstable colorectal cancer[END_REF][START_REF] Effendi | Adenomatous Polyposis Coli, mismatch repair, and microsatellite instability in colorectal cancer based on different locations[END_REF][START_REF] Sugai | Analysis of Molecular Alterations in Left-and Right-Sided Colorectal Carcinomas Reveals Distinct Pathways of Carcinogenesis[END_REF]. As we studied the response to neoadjuvant chemoradiation, we only included stage III and favorable stage IV patients, further reducing the pool of eligible patients. The size of our cohort is close to those reported by other institutions [START_REF] Du | Prognostic value of microsatellite instability in sporadic locally advanced rectal cancer following neoadjuvant radiotherapy[END_REF][START_REF] De Rosa | DNA Mismatch Repair Deficiency in Rectal Cancer: Benchmarking Its Impact on Prognosis, Neoadjuvant Response Prediction, and Clinical Cancer Genetics[END_REF]. Due to the large number of missing data for N status especially in the already small dMMR group, we could not take this parameter into account either in the propensity score construction or in an adjusted analysis.

To conclude, dMMR status appears predictive of tumor downstaging and increased RFS after neoadjuvant chemoradiotherapy in rectal cancer patients. Patients with dMMR had a better metastasis-free survival as previously reported [START_REF] Popat | Systematic Review of Microsatellite Instability and Colorectal Cancer Prognosis[END_REF]. dMMR patients seem to have more radiation sensitive tumors. New treatment combinations may improve these results, such as immunotherapy, which has been observed to be synergic 
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Table 1 . Patients' unmatched clinical characteristics pMMR patients n=273 dMMR patients n=23 p-value Age at diagnosis (year old)

 1 

		Median [IQR]	60.6 [53.3-70.2]	45.4 [39.7-56.2]	<.0001
	Gender (n;%)	Male	164 (60.0%)	18 (78.3%)	0.0852
		Female	109 (40.0%)	5 (21.7%)	
	Tumor location	Low rectum	123 (45.1%)	14 (60.9%)	0.1605
	(n;%)	Intermediate	133 (48.7%)	8 (34.8%)	
		Unknown	17 (6.2%)	1 (4.3%)	
	T stage (n;%)	T2	22 (8.1%)	0	0.5157
		T3	194 (71%)	18 (78.3%)	
		T4	40 (14.7%)	3 (13.0%)	
		Unknown	17 (6.2%)	2 (8.7%)	
	N stage (n;%)	N0	97 (35.6%)	2 (8.7%)	0.0212
		N1	168 (61.5%)	17 (73.9%)	
		Unknown	8 (2.9%)	4 (17.4%)	
	M stage (n;%)	0	257 (94.1%)	21 (91.3%)	1.0000
		1	13 (4.8%)	1 (4.35%)	
		Unknown	3 (1.1%)	1 (4.35%)	
	Abbreviations: n, number of patients; pMMR, proficient mismatch repair system; dMMR, defective
	mismatch repair system; T, tumor; N, node; M, metastasis; IQR, interquartile range.	

Table 2 . Patients' unmatched outcomes endpoints

 2 

	pMMR	dMMR	
	patients	patients	p-value
	n=273	n=23	

with radiation-induced cell death [START_REF] Le | PD-1 Blockade in Tumors with Mismatch-Repair Deficiency[END_REF]. 

Supplementary Table 1. Univariate analysis for unconditional logistic regression to predict dMMR status
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