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The appendix orchestrates T-cell mediated immunosurveillance in colitis-associated cancer
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Appendectomy suppresses a major site of T-cell priming in the colon resulting in a reduced colitis-associated colorectal cancer immunosurveillance. The fundamental mechanism identified emphasizes that precautions will be necessary if appendectomy becomes an accepted treatment of ulcerative colitis.

Introduction

In 1871, Charles Darwin has described the appendix as a rudimentary and useless vestige, that appeared as a consequence of a progressive shrinking of the cecum due to diet changes in our distant ancestors [START_REF] Ogier-Denis | The Descent of Man and Selection in Relation to Sex[END_REF]. This historical conception has been refuted by a modern analysis of the evolutive history showing that the appendix has been positively selected among mammals for at least 80 million years and has made multiple independent appearances without any association with diet changes or cecum shrinking [START_REF] Smith | Comparative anatomy and phylogenetic distribution of the mammalian cecal appendix[END_REF][START_REF] Smith | Morphological evolution of the mammalian cecum and cecal appendix[END_REF], pointing out a potential benefit of this structure, the function of which is still almost uncertain [START_REF] Girard-Madoux | The immunological functions of the Appendix: An example of redundancy?[END_REF].

An important question has been raised regarding whether removing the normal appendix is safe or not over time. This question is especially important given the recent improvements in the treatment of ulcerative colitis (UC). The incidence of this inflammatory bowel disease (IBD) can reach up to 465 cases per 100,000 inhabitants in developed countries [START_REF] Khalil | Incidence Rates and Predictors of Colectomy for Ulcerative Colitis in the Era of Biologics: Results from a Provincial Database[END_REF] and it is characterized by chronic inflammation of the rectum and colon. Additionally, the risk of developing colorectal cancer (CRC), referred to as colitis-associated cancer (CAC), is increased in UC patients [START_REF] Liu | Distinct clinicohistologic features of inflammatory bowel disease-associated colorectal adenocarcinoma: in comparison with sporadic microsatellite-stable and Lynch syndrome-related colorectal adenocarcinoma[END_REF]. A history of appendicitis is rare in UC patients and a reduced incidence of UC has been observed in families with a history of appendicitis [START_REF] Andersen | Reduced risk of UC in families affected by appendicitis: a Danish national cohort study[END_REF]. This suggests either a protective effect of appendectomy for colitis [START_REF] Andersson | Appendectomy and protection against ulcerative colitis[END_REF] or that appendicitis and UC involve alternative inflammatory responses [START_REF] Beaugerie | Appendicitis, not appendectomy, is protective against ulcerative colitis, both in the general population and first-degree relatives of patients with IBD[END_REF].

Interestingly, a history of appendectomy in subjects younger than 20-year-old reduces the risk of developing UC in the general population, only in case of actual appendix inflammation [START_REF] Andersson | Appendectomy and protection against ulcerative colitis[END_REF][START_REF] Frisch | Appendicitis, mesenteric lymphadenitis, and subsequent risk of ulcerative colitis: cohort studies in Sweden and Denmark[END_REF]. In contradiction with these findings, the protective effect of preemptive appendectomy without appendicitis has been investigated as a potential therapy for refractory UC and a clinical improvement has been shown in up to 50% of patients [START_REF] Stellingwerf | Prospective cohort study of appendicectomy for treatment of therapy-refractory ulcerative colitis[END_REF]. The possible effect of appendectomy on UC clinical outcomes could be a promising therapeutic option [START_REF] Felice | Therapeutic Role of Appendectomy in Ulcerative Colitis: A Tangible Perspective?[END_REF][START_REF] Gardenbroek | The ACCURE-trial: the effect of appendectomy on the clinical course of ulcerative colitis, a randomised international multicenter trial (NTR2883) and the ACCURE-UK trial: a randomised external pilot trial (ISRCTN56523019)[END_REF] but so far, evidence is lacking to use elective appendectomy as a routine therapeutic procedure in UC.

Data on the use of appendectomy as a therapeutic option are contradictory. While some studies have shown a decreased colectomy rate after appendectomy in UC patients, especially when performed after the onset of the disease [START_REF] Stellingwerf | A nationwide database study on colectomy and colorectal cancer in ulcerative colitis: what is the role of appendectomy?[END_REF], other studies have suggested an increased risk of CAC after appendectomy and no significant change in colectomy rate despite a significant reduction in colorectal inflammation [START_REF] Stellingwerf | The Risk of Colectomy and Colorectal Cancer After Appendectomy in Patients With Ulcerative Colitis: A Systematic Review and Meta-analysis[END_REF][START_REF] Harnoy | Effect of appendicectomy on colonic inflammation and neoplasia in experimental ulcerative colitis[END_REF]. Since it is commonly accepted that CAC is related to colitis severity and extent [START_REF] Flores | Impact of mucosal inflammation on risk of colorectal neoplasia in patients with ulcerative colitis: a systematic review and metaanalysis[END_REF], this last finding is counterintuitive and the mechanisms of this paradoxical effect remain to be investigated.

We have previously shown that appendectomy performed in a mouse model of UC led to a spontaneous onset of colonic tumors [START_REF] Harnoy | Effect of appendicectomy on colonic inflammation and neoplasia in experimental ulcerative colitis[END_REF]. To further decipher the underlying mechanisms involved in appendectomy-induced CAC tumorigenesis, we investigated appendectomy consequences on immunosurveillance and lymphocyte trafficking in a mouse model of CAC.

We then confirmed these results in colorectal tumors from patients with UC.

Results

Appendectomy increases tumorigenesis of CAC without worsening colitis

We first investigated the impact of appendectomy on CAC development in the AOM/DSS model. This AOM/DSS murine model aims to induce colon tumors in the setting of chronic colitis via the administration of azoxymethane (AOM), a carcinogenic agent, and of dextran sodium sulfate (DSS), a colitogenic agent, as shown in figure 1A. A significantly increased number of colorectal tumors was macroscopically observed in the appendectomy group (24.5 [20.0-31.8] tumors) compared to the control group (sham laparotomy) (15.0 [11.8-22.3] tumors, P=0.0028, figure 1B-C). This increase was confirmed microscopically (13.5 [12.3-19.8] tumors versus 9.0 [7.5-10.3] tumors per slide, P <0.0001, figure 1D-E).

As chronic inflammation is the primary cause of CAC, we first explored the impact of appendectomy on chronic colitis severity after the third DSS cycle without initial injection of AOM according to the "DSS-only protocol". This "DSS-only protocol" consisted in colitis evaluation at the end of the third cycle of DSS independently of CAC in order to assess the effect of appendectomy only on chronic colitis (figure 1F). Body weight changes during each DSS cycle and length of the colon did not significantly differ between the appendectomy and control groups (figure 1G-H). However, the histological assessment revealed that appendectomy significantly reduced the extent of colitis compared to controls (P=0.0453, figure 1I), suggesting that appendectomy could moderately decrease the severity of chronic inflammation.

Reduced colonic inflammation following appendectomy has also been reported in patients with UC [START_REF] Stellingwerf | Prospective cohort study of appendicectomy for treatment of therapy-refractory ulcerative colitis[END_REF]. However, it is classically admitted that the risk of developing CAC correlates with colitis severity in UC while we observed a concomitant paradoxical increase in the number of colonic tumors. To explore this counterintuitive result, mice were exposed to the AOM/DSS protocol at four different DSS concentrations from 0.5% to 2.0%. We found a positive correlation between the DSS concentration and colitis severity (figure 2A), and the number of colonic tumors (figure 2B-C), confirming a role of inflammation in tumorigenesis and thus suggesting that appendectomy increased tumorigenesis through a mechanism other than inflammation.

To assess whether appendectomy induced specific tumorigenic pathways, we profiled the molecular landscape of tumors from appendectomized and control mice. The comparative transcriptome analysis of tumors revealed a similar gene expression profile between both groups. Among the 23,517 RNA transcripts analyzed, only 21 (0.1%) were differentially expressed due to appendectomy (figure 3A). In addition, tumor proliferation assessed by immunohistochemistry staining of PCNA was similar in both groups (figure 3B). Thus, no specific tumor molecular pattern was identified in appendectomized mice.

The appendix may be instrumental in maintaining the intestinal microbiome [START_REF] Bollinger | Biofilms in the large bowel suggest an apparent function of the human vermiform appendix[END_REF] and gut dysbiosis could be a relevant hypothesis to explain the increased tumorigenesis.

The non-spore-forming Gram-negative bacteria, Fusobacterium nucleatum, have been associated with both acute appendicitis [START_REF] Swidsinski | Acute appendicitis is characterised by local invasion with Fusobacterium nucleatum/necrophorum[END_REF], mild colitis in UC [START_REF] Tahara | Fusobacterium detected in colonic biopsy and clinicopathological features of ulcerative colitis in Japan[END_REF], and more severe forms of sporadic CRC in humans [START_REF] Mima | Fusobacterium nucleatum in colorectal carcinoma tissue and patient prognosis[END_REF]. To date, the specific consequences of this bacteria on the CAC are unknown in human, nevertheless a recent published study in mice reported that this bacteria may accelerate the progression of CAC in the AOM-DSS model [START_REF] Yu | Fusobacterium nucleatum Accelerates the Progression of Colitis-Associated Colorectal Cancer by Promoting EMT[END_REF]. Thus, we assessed the intra-tumor infiltration of Fusobacterium nucleatum by qPCR in individual tumors.

Fusobacterium nucleatum was detected in 1 out of 7 and in 1 out of 5 mice (figure 4A and4B) in the appendectomy and control groups, respectively, indicating that Fusobacterium nucleatum was not directly involved in the tumorigenic mechanisms.

We further investigated the overall composition of the fecal microbiota one week after surgery and before DSS treatment. This time point was selected to identify the specific effects of appendectomy, avoiding the indirect effects of inflammation [START_REF] Hakansson | Immunological alteration and changes of gut microbiota after dextran sulfate sodium (DSS) administration in mice[END_REF] and tumorigenesis on the microbiota composition. 16s rRNA sequencing of the fecal microbiota revealed a similar abundance of the 7 most represented bacterial phyla between control and appendectomized mice (figure 3C). Both alpha diversity, assessed as the observed richness (Chao1) and diversity (Shannon), (figure 3D) and beta diversity, measured based on the Bray-Curtis or Jaccard indexes, did not significantly differ between both groups (figure 3E-F). LEfSe (Linear discriminant analysis Effect Size) analysis on the fecal microbiota composition did not shown any differences between the two groups, except for the genus Roseburia (figure 3G). All in one, our microbiota analysis suggests, in the limits of our explorations, a comparable profile of the fecal microbiota 1 week after the surgery between the appendectomy and the control groups.

Appendectomy reduces intra-tumor T-cell infiltration

To determine the importance of the immunological function of the cecal patch (the murine equivalent of the lymphoid structures of the human appendix) in colitis-associated tumorigenesis, we focused on the anti-tumor immunity driven by CD3+ and CD8+ T cells [START_REF] Pages | International validation of the consensus Immunoscore for the classification of colon cancer: a prognostic and accuracy study[END_REF].

Immunohistochemistry showed a significant decrease in CD3+ and CD8+ T-cell tumor infiltration after appendectomy (P=0.0001 figure 5A-B and P=0.031 figure 5C-D, respectively).

We further characterized T cells infiltrating CAC by multiparameter flow cytometry (figure 5E-N). The proportion of intra-tumor memory T cells (CD3+ and CD44 high cells among CD3+ cells) (figure 5E) was not affected by appendectomy (P=0.5382) even in the subgroups of CD4+ T cells (P=0.4059) (figure 5H) and CD8+ T cells (P=0.3203) (figure 5K). Among memory T cells (CD3+ and CD44 high cells), the ratio between effector (CD62L low ) and central (CD62L high ) memory T cells was significantly decreased after appendectomy (P=0.0398) (figures 5F and 5N). Accordingly, it is noteworthy that the SELL mRNA encoding CD62L was overexpressed in tumors after appendectomy (see figure 3A). Percentages of PD1 high T-cells among CD3+ T cells and CD8+ T cells were reduced in the appendectomy group, suggesting a lower proportion of intra-tumor exhausted T cells (figure 5G and 5M, respectively). However, the functional evaluation of intra-tumor T cells stimulated with PMA-ionomycin did not confirm this hypothesis (figure 5O).

Of note, at the DSS treatment endpoint (DSS-only protocol), CD3+ and CD8+ T-cell densities in the lamina propria were significantly reduced after appendectomy (figure 6A-D), in line with the observation of less severe colitis. In contrast, one week after surgery without AOM/DSS treatment (Surgery-only protocol), CD3+ and CD8+ T-cell densities in the lamina propria were low and did not differ between groups (figure 6E-H). The number of isolated lymphoid follicles in the colon was also unchanged (figure 6I-J). These findings suggested that the immunological impact of appendectomy was mainly observed in case of colitis.

Overall, in tumors from appendectomized mice, CD8 + T-cell infiltration was decreased and the cell phenotype was switched from effector memory T cells to central memory T cells. This finding suggested that the increased CAC development after appendectomy was associated with decreased immune induction and surveillance.

Inhibiting lymphocyte trafficking mitigates the pro-tumor effect of appendectomy

As a key inducer site, the appendix could orchestrate anti-tumor immunity in the colon in the context of chronic inflammation and antigenic stimulation. To test this hypothesis, intestinal homing of lymphocytes from the bloodstream to the gut was reduced with an anti-α4β7 integrin antibody in the one hand and lymphocyte egress from mesenteric lymph nodes and the appendix was inhibited with FTY720 on the other hand. Both blockades were supposed to mimic in part the pro-tumor effect of appendectomy although their own mechanism of action on lymphocyte trafficking into the appendix is unknown.

As expected, anti-α4β7 integrin treatment eliminated the macroscopic and microscopic differences in tumor number between the AOM/DSS appendectomy + anti-α4β7 integrin and anti-α4β7 integrin only groups (figure 7A-B). Furthermore, anti-α4β7 integrin treatment reduced intra-tumor CD3+ and CD8+ T-cell densities that became similar between appendectomy + anti-α4β7 integrin and anti-α4β7 integrin only groups (figure 7C-D). FTY720 treatment led to identical findings (figure 7E-H). Together, these experiments supported a defect of protective T-cell trafficking to the gut in the mechanism of appendectomy-associated tumorigenesis.

Appendicitis protects against CAC and induces intra-tumor T-cell infiltration

We then assumed that appendicitis could have effects on tumorigenesis opposite to those induced by appendectomy, through the activation of immune surveillance and lymphocytes.

Therefore, we explored the potential benefit of inducing neo-appendicitis (figure 8A), on antitumor immune protection. As part of the AOM/DSS protocol, significant decreases in macroscopic (P=0.0075) and microscopic (P=0.0035) tumor numbers were detected in the appendicitis group compared to the control group (figure 8B-C). As expected, CD3+ and CD8+ T-cell infiltration was significantly increased in CAC after appendicitis (figure 8D-E). Of note as part of the DSS-only protocol, no significant difference in body weight change after each DSS cycle was observed between the appendicitis and control groups (figure 8F). However, the pathological analysis showed that appendicitis increased colitis extent throughout the colon compared to the control group (P=0.0453, figure 8G). Thus, appendicular inflammation could worsen colitis and induce a phenotype opposite to that observed after appendectomy.

Systemic injection of CD3+ or CD8+ T cells activated by appendicitis protects against CAC and induces intra-tumor T-cell infiltration

To further validate the role of circulating T cells, neo-appendicitis was surgically induced in 27 donor mice and appendicular cells were isolated and purified one week later. T-cell depleted immune cells (CD45+ CD3-cells) or purified CD3+ T cells or CD8+ T cells were injected into the retro-orbital venous sinus of recipient mice that were further treated with AOM/DSS. Mice injected with CD3+ or CD8+ T cells showed a significant reduction in the number of colonic tumors compared to mice injected with CD45+ CD3-cells (figure 9A-B 

The reduced intra-tumor CD3+ and CD8+ T-cell infiltration observed in mice after appendectomy is confirmed in CAC samples from UC patients

To confirm our results obtained in mice in humans, we analyzed colonic tumors from 21 consecutive UC patients who underwent colorectal resection for CAC between January 2006 and December 2017. Five patients (24%) had a history of appendectomy and 16 patients (76%) did not have any history of appendectomy. Clinical and oncological characteristics are summarized in table 1.

More than one CAC (synchronous tumors) was found in the surgical specimen in one patient with a history of appendectomy (2 tumors) and in one patient without history of appendectomy (3 tumors). Thus, we assessed by immunohistochemistry 6 tumors in the appendectomy group and 18 tumors in the control group. The analysis of intra-tumor T cells confirmed that patients with a history of appendectomy had significantly lower CD3+ and CD8+ T-cell densities compared to patients without history of appendectomy (respectively P=0.0044, figure 10A-B and P=0.0472, figure 10C-D).

Discussion

Our results showed that appendectomy was associated with a reduced CD3+ and CD8+ T-cell infiltration in CAC in both mice and humans. In animal models, appendectomy increased colitis-associated tumorigenesis by preventing T-cell trafficking and the subsequent decrease in immune surveillance of cancer. As a mirror image, neo-appendicitis reinforced the protection against CAC through an increase in CD3+ and CD8+ T-cell immunosurveillance. The appendix thus appeared as a major inducer site for T-cell priming of colonic T lymphocytes and could also prime intra-tumor T cells in the context of CAC.

The negative impact of low intra-tumor CD3+ and CD8+ T-cell densities on the prognosis of sporadic CRC is well established [START_REF] Galon | Type, density, and location of immune cells within human colorectal tumors predict clinical outcome[END_REF]. The immunoscore based on CD3+ and CD8+ T-cell densities in sporadic colorectal tumors and in their invasive margins is a powerful prognostic marker for tumor evolution [START_REF] Pages | International validation of the consensus Immunoscore for the classification of colon cancer: a prognostic and accuracy study[END_REF]. Intra-tumor CD3+ and CD8+ T-cell densities in CAC have been reported in two contradictory studies. Michael-Robinson et al. have highlighted higher densities in CAC [START_REF] Michael-Robinson | Characterization of tumour-infiltrating lymphocytes and apoptosis in colitis-associated neoplasia: comparison with sporadic colorectal cancer[END_REF], whereas Seung Soh et al. have observed lower densities [START_REF] Soh | Immunoprofiling of Colitis-associated and Sporadic Colorectal Cancer and its Clinical Significance[END_REF]. Whatever, low intra-tumor CD3+ and CD8+ density was associated with a poorer tumor prognosis in CAC as in sporadic CRC [START_REF] Soh | Immunoprofiling of Colitis-associated and Sporadic Colorectal Cancer and its Clinical Significance[END_REF]. Here, we demonstrate in a mouse model of CAC that lower densities of these cell populations were associated with a higher number of tumors, suggesting a protective role of intra-tumor CD3+ and CD8+ T cells. Interestingly, both the transcriptome analysis and the proliferation of CAC were similar between control and appendectomy groups suggesting that the protective role of T-cell immunity conferred by the presence of the appendix might be mainly involved in the protection against tumor initiation rather than tumor progression.

After appendectomy, the number of CD3+ and CD8+ T cells was reduced in both human and mouse with CAC, raising the question of the role of the appendix in cancer immunosurveillance. However, the limited number of CAC analyzed in human did not allow to go further in the exploration of the data with a statistical analysis adjusted on the confounding factors. Noteworthy, the lower intra-tumor CD3+ and CD8+ T-cell densities in mice were associated with a change in T-cell phenotype characterized by a reduced CD62L low /CD62L high ratio among memory T cells (CD3+ and CD44 high ). CD3+/CD44 high /CD62L low and CD3+/CD44 high /CD62L high cells are effector (Tem-cell) and central (Tcm-cell) memory T cells, respectively [START_REF] Sallusto | Two subsets of memory T lymphocytes with distinct homing potentials and effector functions[END_REF]. The proportion of Tem-cells and Tcm-cells generated after antigen presentation to naïve T cells is not constant and depends on the intensity of the antigen exposure: the differentiation into Tem-cells requires a strong antigen exposure while it is the opposite for Tcm-cells [START_REF] Wherry | Lineage relationship and protective immunity of memory CD8 T cell subsets[END_REF][START_REF] Marzo | Initial T cell frequency dictates memory CD8+ T cell lineage commitment[END_REF]. The appendix is a lymphoid structure where intestinal microbiota and environmental antigens are sampled and presented to the immune system [START_REF] Gebbers | Bacterial translocation in the normal human appendix parallels the development of the local immune system[END_REF].

The appendix is thus a major priming site in the colon, able to locally induce Tem-cells and its surgical resection is likely to reduce T-cell education with a significantly decreased Temcell/Tcm-cell ratio.

Appendectomy is also associated with a decreased expression of PD1 by T cells in tumors. Intra-tumor exhausted T cells are characterized by a high PD1 expression and an impaired effector function [START_REF] Ahmadzadeh | Tumor antigen-specific CD8 T cells infiltrating the tumor express high levels of PD-1 and are functionally impaired[END_REF]. Indeed, the capacity of these exhausted T cells to proliferate and produce effector cytokines is reduced. Here, we found a low proportion of PD1 high T cells after appendectomy but similar cytokine levels between the appendectomy and control groups. This finding suggests that PD1 high T cells are not exhausted T cells. Beswick et al. have shown that PD1 is upregulated in inflamed colonic mucosa [START_REF] Beswick | Expression of Programmed Death-Ligand 1 by Human Colonic CD90(+) Stromal Cells Differs Between Ulcerative Colitis and Crohn's Disease and Determines Their Capacity to Suppress Th1 Cells[END_REF]. In line with our results, Yassin et al. [START_REF] Yassin | Upregulation of PD-1 follows tumour development in the AOM/DSS model of inflammation-induced colorectal cancer in mice[END_REF] have shown a progressive increase in PD1 expression over time in the mucosal T-cell subset using the AOM/DSS model. Further CAC treatment with antibodies directed against PD1 has failed to reactivate PD1 high T cells directed against the tumors [START_REF] Yassin | Upregulation of PD-1 follows tumour development in the AOM/DSS model of inflammation-induced colorectal cancer in mice[END_REF]. Recently, we have shown that using anti-PD1 treatment in the AOM/DSS model led to an increased tumor proliferation [START_REF] Collard | Immune-checkpoint inhibitor anti-PD1 aggravates colitis-associated colorectal cancer without enhancing intestinal inflammation[END_REF]. Therefore, PD1 upregulation could reflect previous colonic inflammation rather than an exhausting state of intra-tumor T cells.

CAC is a consequence of DSS-induced colonic inflammation. In the DSS-only model of colitis, colitis extent was reduced and the CD3+ and CD8+ T-cell densities in the lamina propria were significantly reduced after appendectomy. These findings are consistent with a loss of T-cell priming in the appendix even if other mechanisms could be involved [START_REF] Cheluvappa | Experimental appendicitis and appendectomy modulate the CCL20-CCR6 axis to limit inflammatory colitis pathology[END_REF][START_REF] Cheluvappa | Autophagy suppression by appendicitis and appendectomy protects against colitis[END_REF][START_REF] Cheluvappa | The Role of Specific Chemokines in the Amelioration of Colitis by Appendicitis and Appendectomy[END_REF].

T-cell trafficking blockade with an anti-α4β7 integrin antibody or FTY720 mimicked the effect of the appendectomy on the median number of tumors in the AOM/DSS model of CAC. The loss of differences in tumor number and the reduced intra-tumor CD3+/CD8+ T-cell densities between the appendectomy and appendectomy after trafficking blockade suggested that the effect of appendectomy could be mediated by lymphocyte recirculation towards the colonic lamina propria and tumors. Finally, a protection against CAC induced by intra-tumor CD3+/CD8+ T cells primed in the appendix was strongly supported by the T-cell transfer experiments. Indeed, intravenous injection of intra-appendicular CD3+/CD8+ T cells obtained from donor mice in which neo-appendicitis was induced increased tumor infiltration by T cells and limited tumor number in recipient mice. This demonstrates that CD8+ T cells can acquire an efficient immunity against tumorigenesis through an initial priming in the appendix that does not imply exposition to a specific tumor antigen.

Importantly, our results do not suggest that a systematic increased risk of CAC would be inherent to all immunosuppressive or immunomodulatory treatments given to patients with UC.

Two parameters should be considered to assess this risk, which are the treatment efficiency on the colonic inflammation and the mechanism of action of the treatment. As these two parameters differ between each treatment, our results regarding the impact of appendectomy on the risk of CAC can in no way be extrapolated to the impact of other treatments. To warrant this point, a significant lower risk of developing a CAC in IBD patients treated by immunosuppressive therapy such as thiopurines [START_REF] Zhu | Reduced Risk of Inflammatory Bowel Disease-associated Colorectal Neoplasia with Use of Thiopurines: a Systematic Review and Meta-analysis[END_REF] or by anti-TNFα [START_REF] Alkhayyat | Lower Rates of Colorectal Cancer in Patients With Inflammatory Bowel Disease Using Anti-TNF Therapy[END_REF] has been reported. A higher risk of CAC despite a decrease of UC severity is not only reported in the specific context of the appendectomy but also in patients with UC with a concomitant primary sclerosing cholangitis (PSC) [START_REF] Aranake-Chrisinger | Primary sclerosing cholangitis associated colitis: Characterization of clinical, histologic features, and their associations with liver transplantation[END_REF][START_REF] Zheng | Increased risk of colorectal neoplasia in patients with primary sclerosing cholangitis and inflammatory bowel disease: a meta-analysis of 16 observational studies[END_REF]. As we know up to now, the toxicity of bile acids is suspected of being implicated in the increased risk of CAC in patients with PSC. It is assumed that liver cholestasis observed during PSC would decrease the absorption of bile acids in the digestive tract [START_REF] Hruz | Adaptive regulation of the ileal apical sodium dependent bile acid transporter (ASBT) in patients with obstructive cholestasis[END_REF] leading to an elevation of bile acid concentration in the colon, and specifically of the secondary bile acids which are known to be carcinogenic for the colon [START_REF] Bernstein | Carcinogenicity of deoxycholate, a secondary bile acid[END_REF].

Thus, despite a similar phenotype between patients with UC with a concomitant PSC and patients with UC with a history of appendectomy, the mechanism involved seems to be totally different.

If the appendix plays a crucial role in CAC, why is the oncological immunosurveillance provided by CD8+ T cells primed in the appendix not effective in sporadic CRC? In industrialized countries, about 10% of the population will undergo appendectomy during their life [START_REF] Anderson | Examining a common disease with unknown etiology: trends in epidemiology and surgical management of appendicitis in California, 1995-2009[END_REF]. Despite a high incidence of sporadic CRC, a history of appendectomy is not known as a risk factor [START_REF] Lee | The Risk of Colorectal Cancer After Cholecystectomy or Appendectomy: A Population-based Cohort Study in Korea[END_REF]. However, in most cases, appendectomy is performed for acute appendicitis. Indeed, a Taiwanese national cohort study has confirmed that a history of appendectomy for appendicitis was not associated with a risk of cancer (hazard ratio (HR): 1.02, 95%CI [0.90-1.16]) but a history of incidental appendectomy without appendicitis was significantly associated with a risk of sporadic CRC (HR: 2.90, 95%CI [2.24-3.75]) [START_REF] Wu | Association between appendectomy and subsequent colorectal cancer development: an Asian population study[END_REF]. This finding suggests that the appendix could also play a role in sporadic CRC.

In conclusion, using a mouse model of CAC, we showed that appendectomy induced a protumorigenic effect mediated by intra-tumor T-cell infiltration. Blocking cell egress from the appendix or T-cell homing to the colon mimicked the appendectomy-associated phenotype whereas re-injecting appendix-primed T cells increased intra-tumor T-cell infiltration. In UC patients with CAC, appendectomy was associated with a decreased intra-tumor T-cell infiltration. The fundamental mechanism identified in this study emphasizes that precautions will be necessary if appendectomy becomes an accepted therapeutic option for the treatment of refractory UC.

Methods

Animal models

All experimental procedures were approved by our local Animal Ethics Committee and the French Ministry of Research in accordance with the European legislation (APAFIS n° 14004-2018030914101923v5 and 24604-2020030518127896v3).

Five-week-old male BALB/c mice were purchased from Charles River and housed in ventilated cages with free access to water and food under controlled temperature (22 ± 2°C) and humidity (50 ± 10%). Mice were randomly assigned to experimental and control groups and the azoxymethane/dextran sodium sulfate (AOM/DSS) model of CAC was induced [START_REF] Tanaka | A novel inflammationrelated mouse colon carcinogenesis model induced by azoxymethane and dextran sodium sulfate[END_REF]. Mice were injected intraperitoneally with AOM (10 mg/kg of body weight; Sigma-Aldrich) at day 0.

One week later, mice were treated with DSS (MW=36,000-50,000; MP Biomedicals) in sterile drinking water according to the following sequence: 1.5% DSS for 7 days (first DSS cycle), sterile drinking water for 7 days, 1.5% DSS for 7 days (second cycle), sterile drinking water for 14 days and 1.5% DSS for 4 days (third cycle). Between the end of the third DSS cycle and sacrifice, mice had free access to DSS-free drinking water. Mice were weighed once a week all along the AOM/DSS protocol and the clinical severity of colitis was assessed during each DSS cycle based on the percentage of weight change. Mice were sacrificed 12 weeks after AOM injection. To induce chronic colitis without CAC, mice underwent 3 DSS cycles without prior injection of AOM (DSS-only protocol). Colonic specimens were collected for blinded histological evaluation and further biological and biochemical analyzes.

Surgical procedures

Surgery was performed under general anesthesia (intraperitoneal injection of buprenorphine at 0.1 mg/kg and inhalation of 3% isoflurane during the induction, and then 1.5% isoflurane during the procedure). Three different surgical procedures were performed: appendectomy, appendicitis induction and sham laparotomy (thereafter referred to as "control"). All mice underwent a single surgical procedure. After initiation of anesthesia, the skin was shaved and prepped with 70% ethanol. In the left iliac fossa, 1-cm paramedian laparotomy was performed, and the cecum was externalized from the peritoneal cavity. The cecal patch was identified as a 2-mm white ovoid structure on the antimesenteric side of the cecum. The appendectomy procedure consisted in the resection of the cecal patch. This structure is a major lymphoid structure in the colon of mice, located at the end of the cecum, and corresponds to the human appendix lymphoid structure [START_REF] Harnoy | Effect of appendicectomy on colonic inflammation and neoplasia in experimental ulcerative colitis[END_REF][START_REF] Li | Murine Appendectomy Model of Chronic Colitis Associated Colorectal Cancer by Precise Localization of Caecal Patch[END_REF]. Bacterial translocation occurs in the murine cecal patch via microfold (M) cells [START_REF] Kimura | Visualization of the entire differentiation process of murine M cells: suppression of their maturation in cecal patches[END_REF] as observed in the human appendix [START_REF] Gebbers | Bacterial translocation in the normal human appendix parallels the development of the local immune system[END_REF] recapitulating its immune function. Nevertheless, the cecal patch is a flat surface that does not have the cul-de-sac shape of the human appendix, thus does not reproducing the microbiota sanctuary function. To perform the resection of the cecal patch, this structure was suctioned with a 1-ml plastic syringe, ligated at its base with Corolene ® 8/0 thread and resected. Then, the cecum was reintegrated into the abdomen and the abdominal wall was closed with two layers (muscles and skin) of Filapeau ® 6/0 continuous sutures. To induce experimental appendicitis, the cecal patch was ligated at its base but not resected, leading to local inflammation that resolved spontaneously without any antibiotics or secondary appendectomy. For the sham procedure, the cecum was externalized and reintegrated into the abdomen without any ligation of the cecal patch (control group). Buprenorphine (0.1 mg/kg) could be administered postoperatively in case of apparent pain but no other treatments such as anti-inflammatory drugs or antibiotics were administered.

As part of the AOM/DSS protocol, surgery was performed at the same time as the AOM injection, i.e., 1 week before starting the first DSS cycle. AOM was injected into the peritoneal cavity at the end of the procedure, after abdomen closure. Similarly, as part of the DSS-only protocol, surgery was performed 1 week before starting the first DSS cycle. A third protocol called "surgery-only" was used to assess the effect of surgery in the absence of colitis and CAC.

As part of this protocol, mice underwent surgery (appendectomy, appendicitis or sham laparotomy) and were sacrificed 1 week later without any administration of AOM or DSS.

Human samples

From January 2006 to December 2017, all UC patients (n=21) who underwent surgical resection for CAC in our institution (Beaujon hospital, Clichy, France) were included. Patients with Crohn's disease or unclassified IBD or with dysplastic lesions only were excluded.

Patients' clinical characteristics were retrospectively collected. Paraffin-embedded CAC samples were collected for pathological analysis and immunohistochemistry. Any history of appendectomy was obtained from the pathology report of (sub-)total colectomy or coloproctectomy describing the presence or the absence of an appendix on the surgical specimen. Paraffin-embedded blocks with colorectal tumor fragments were collected for immunohistochemistry.

This study was approved by our local Ethics Committee and the French Ministry of Research (n° 12.739) in accordance with the European legislation.

Pathology

After sacrifice of mice, the entire colon was removed, opened in the longitudinal axis and macroscopically-visible tumors were counted. Then, swiss rolls of colons were fixed for 24h in 10% formalin and embedded in paraffin to observe the full-length organ. Paraffin-embedded sections (5 µm) were deparaffinized, stained with H&E reagent and the number of microscopically-visible tumors was determined. The colitis severity was assessed by the histological extent of colitis [START_REF] Cheung | TIGAR is required for efficient intestinal regeneration and tumorigenesis[END_REF]. Tissue sections from mice that underwent the DSS-only protocol were digitized (Scanscope AT turbo, Leica). Histological lesions of colitis were delineated with Aperio ImageScope software to calculate the percentage of inflamed colonic epithelium surface within the entire colonic epithelium for each mouse.

Immunohistochemistry

Paraffin-embedded colonic sections (5 µm) from each mouse were prepared for immunohistochemistry using antibodies directed against CD3 (ab16669, Abcam, 1/150 dilution) and CD8 (ab209775, Abcam, 1/1,000 dilution). Tissue slides from AOM/DSS-treated mice were also stained with antibodies directed against PCNA (Sc-56, Biotechnology, 1/100 dilution) to assess tumor cell proliferation. Tumor sections from human samples were analyzed by immunohistochemistry using antibodies directed against CD3 (A0452, Dako, 1/50 dilution) and CD8 (M7103, Dako, 1/50 dilution). Immunostained slides were digitized with Scanscope AT turbo, Leica. Using Aperio ImageScope software, human and mouse tumors were delineated. Tumor surfaces and the number of cells stained with the specific antibodies were automatically quantified. The median intra-tumor CD3+ and CD8+ T-cell densities were then calculated. This method was thus observer-independent. The lamina propria was also delineated on slides from mice that underwent the Surgery-only and DSS-only protocols. The surface and number of cells stained with the specific antibodies were quantified to assess the median CD3+ and CD8+ T-cell densities.

Isolation of intra-tumor T cells

Colonic tumors obtained at the end of the AOM/DSS protocol were collected, taking care to not remove the adjacent healthy colon. All tumors from the same colon were pooled in 10 mL of RPMI 1640 medium with GlutaMAX (61870-010, Gibco) supplemented with 10 mg of type IV Collagenase (LS004188 Serlabo), 0.5% of fetal bovine serum (FBS) and 10 mg of DNase (DN25-100MG Sigma). Fresh tumors were transferred to gentleMACS tubes (130-096-334, Miltenyi). Digestion was performed with gentleMACS Dissociator for 36 minutes at 37°C and with subsequent centrifugation at 930 rpm (37C_m_LIDK_1 program). After collagenase digestion and mechanical disruption, a single-cell suspension was obtained after filtration with 100-μm and then 40-μm cell strainers and washed twice with RPMI. To increase T-cell concentration, intra-tumor T cells were selected using Mouse CD90.2 MicroBeads (130-121-278, Miltenyi) according to the manufacturer's instructions. Magnetic separation was performed with the MultiMACs Separator Plus (130-098-637, Miltenyi).

Flow cytometry

Cell suspensions were Fc-blocked (FcR Blocking mouse, 130-092-575 Miltenyi) and dead cells were stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit-AmCyan (L34957, Thermofisher). Then, cells were incubated for 20 minutes at 4°C in the dark with a cocktail of 

T-cell stimulation and cytokine measurement by ELISA

For each mouse, 100,000 intra-tumor T cells were transferred to 96-well plates with 200 μL of cell culture medium in the presence or in the absence of a stimulation cocktail of PMA and ionomycin (00-4970-93; 1/500 dilution; Thermofisher). Cell culture medium included RPMI 1640 with GlutaMAX, 10% of FBS and 1% of antibiotic-antimycotic (15240096, Thermofisher). After 16 hours in a humidified 37°C incubator with 5% CO2, supernatants were collected and stored at -20°C for cytokine assay. Concentrations of TNF-α and INF-γ were measured by ELISA according to the manufacturer's instructions (respectively 88-7324-22 and 88-7314-22; Thermofisher). Detection ranges were 8-1,000 pg/mL for TNF-α and 15-2,000 pg/mL for INF-γ.

Transcriptome analyzes

Total RNAs were extracted from fresh colonic tumors using the RNAble Kit (Eurobio) and quantified with a nanodrop-1000 spectrophotometer (Thermofisher). Microarray processing was performed by a genomic platform (genom'IC, Cochin Institute, Paris, France). After validation of the RNA quality with the Bioanalyzer 2100 (using the Agilent RNA6000 nano chip kit), 100 ng of total RNAs were reverse transcribed using the GeneChip® WT Plus Reagent Kit (Thermofisher). Briefly, the resulting double-strand cDNA was used for in vitro transcription with T7 RNA polymerase (all these steps are included in the WT cDNA synthesis and amplification kit from Thermofisher). After purification according to Thermofisher protocol, 5.5 μg of Sens Target DNA were fragmented, biotin labelled and controlled using the Bioanalyzer 2100. cDNAs were then hybridized to GeneChip® MouseGene2.0ST (Affymetrix) at 45°C for 17 hours, and the chips were washed on the FS450 fluidics station (Affymetrix) and scanned using the GCS3000 7G. Scanned images were then analyzed with Expression Console software (Affymetrix) to obtain raw data (CEL files) and metrics for Quality Controls. No apparent outlier value was detected. CEL files were normalized by Robust Multi-array Averaging (RMA) in the Bioconductor R with the Brain Array custom CDF vs 23. Statistical analyzes were performed with Partek® GS. A t-test was used to explore differences in expressed genes between the appendectomy and control groups. Only genes with p-values <0.05 and expression fold-changes >1.5 were considered differentially expressed between both groups.

Fecal microbiota characterization

Mouse fecal samples were collected one week after surgery and frozen at -80°C. DNA was extracted using the QIAamp Fast DNA Stool Mini Kit (51604, Qiagen). A mechanical lysis with FastPrep (MP Biomedicals) was added to the protocol before thermal lysis. DNA concentration was measured using the Qubit dsDNA High Sensitivity Assay Kit (Q32851, Thermofisher) and adjusted for each sample to 5 ng/µL. 16S rRNA genes were amplified by PCR with universal primers amplifying the V4 variable region (515F: GTGCCAGCMGCCGCGGTAA and 806R: GGACTACHVGGGTWTCTAAT) [START_REF] Caporaso | Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample[END_REF].

Barcodes and Illumina sequencing adapters were attached using the Nextera XT Index Kit (Illumina). Amplicons were purified using Agencourt AMPure (Beckman Coulter), quantified by qPCR using the KAPA Library Quantification Kit (Roche), pooled in equimolar concentration and diluted to 5.5 pM for sequencing. Sequencing was performed on the Illumina Miseq (600 cycles, 2x300 bp, paired sequences). Sequencing data was processed in R (version 4.1.2) using the DADA2 pipeline [START_REF] Callahan | DADA2: High-resolution sample inference from Illumina amplicon data[END_REF]. Quality profiles of the reads were analysed, filtered and trimmed. Forward and reverse denoised reads were merged together. The amplicon sequence variant (ASV) table was constructed with the full denoised sequences. After the removal of chimeras (method="consensus"), taxonomy was assigned from 16S rRNA database Silva 138.1 [START_REF] Quast | The SILVA ribosomal RNA gene database project: improved data processing and webbased tools[END_REF]. Data obtained were assembled and converted into a phyloseq object [START_REF] Mcmurdie | phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data[END_REF]. Abundance, alpha and beta diversity measurements were performed with the Shiny Migale script (https://shiny.migale.inrae.fr/app/easy16S/). Alpha diversity indices (Chao1 and Shannon) were calculated for each sample and compared between the appendectomy and control groups using an ANOVA analysis. A principal coordinates analysis based on the distance matrix of the beta diversity indices (Bray Curtis and Jaccard) was used to visualize differences in microbial composition between groups. Significance was assessed using a PERMANOVA (Permutational Multivariate Analysis of Variance Using Distance Matrices) test. A P-value <0.05 was considered significant.

A LEfSe (Linear discriminant analysis Effect Size) analysis was conducted to assess the bacterial taxa enriched in the feces of the appendectomy and of the control groups [START_REF] Segata | Metagenomic biomarker discovery and explanation[END_REF]. To do so, first we added a refseq slot to the phyloseq object (Microbiomeutilities package) , then LefSe analysis was run based on p-value <0.05 and on a LDA >4. Results were plotted in a cladogram.

Quantitative PCR for the detection of Fusobacterium nucleatum DNA Genomic DNA was extracted from fresh colonic tumors using the DNeasy Blood and Tissue kit (Qiagen). DNA was quantified using a Qubit 3.0 Fluorometer (Thermo Fisher Scientific).

Real-time qPCR was performed with 10 ng or 40 ng of DNA sample, 10 M of primers and MesaBlue qPCR MasterMix (Eurogentec). Fusobacterium nucleatum DNA was detected using the following primers: forward 5'-CCAACCATTACTTTAACTCTACCATGTTCA-3' and reverse 5'-GTTGACTTTACAGAAGGAGATTATGTAAAAATC-3' [START_REF] Repass | Registered report: Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma[END_REF]. To detect the presence of bacterial DNA in samples, a 16S rDNA non-specific PCR was performed using the primers U968 5'-GAACGCGAAGAACCTTAC-3' and L1401 5'-GCGTGTGTACAAGACCC-3' [START_REF] Iebba | Higher prevalence and abundance of Bdellovibrio bacteriovorus in the human gut of healthy subjects[END_REF]. PCR were carried out using a LightCycler 480 instrument (Roche Diagnostics). Initial denaturation was performed at 95°C for 10 min, followed by 45 cycles consisting of 95°C for 15s and 60°C for 45s. A dissociation step was added, and dissociation curves were analyzed to confirm amplification fidelity. Positive PCR products were sent for sequencing to Eurofins Genomics, and sequences were analyzed through BLAST program (NCBI) to confirm Fusobacterium nucleatum-specific amplification.

Blocking lymphocyte trafficking

An anti-integrin α4-β7 antibody and FTY720 (a sphingosine-1-phosphate receptor agonist)

were independently used to limit lymphocyte trafficking to the colon. From Day 1 of the first DSS cycle (i.e., 1 week after appendectomy or sham surgery and after the AOM injection) until sacrifice, 125 μg/100μL of InVivoMAb anti-mouse LPAM-1 (integrin α4β7) (BE0034, Bioxcell) or 60 μg/100μL of FTY720 (SML0700, Sigma-Aldrich) were intraperitoneally administered twice a week. Regarding the control group, 100μL of sterile PBS was injected intraperitoneally according to the same chronology as the anti-integrin α4-β7 antibody and FTY720.

Transfers of systemic immune cells isolated from inflamed appendices

One week after appendicitis induction, 27 mice were sacrificed and inflamed appendices were resected and pooled in gentleMACS tubes (130-096-334, Miltenyi) containing 10 mL of RPMI 1640 with GlutaMAX (61870-010, Gibco) supplemented with 10 mg of type IV Collagenase (LS004188 Serlabo), 0.5% of FBS and 10 mg of DNase (DN25-100MG Sigma). Cell digestion and dissociation were performed using the gentleMACS Dissociator for 36 minutes at 37°C

with subsequent centrifugation at 930 rpm. After incubation, the single-cell suspension was obtained after filtration with 100-μm and 40-μm cell strainers and washed twice with RPMI. At this step, 2.1x10 8 living cells were obtained and then divided into two different tubes (tubes A and B). Tube A was used to isolate CD8+ T cells from inflamed appendices using the Mouse CD8a+ T-cell Isolation Kit (130-104-075, Miltenyi). Magnetic separation was performed using the MultiMACs Separator Plus (130-098-637, Miltenyi) according to the manufacturer's instructions. Tube B was used to isolate CD3+ T cells using Mouse CD90.2 MicroBeads (130-121-278, Miltenyi). Appendicular cells depleted in CD3+ T cells were then incubated with Mouse CD45 MicroBeads (130-052-301, Miltenyi). Cell isolation quality was controlled by flow cytometry. Among CD8+ filtered T cells, 87% of living cells were CD8+ and 0.007% were CD4+. Among CD3+ filtered T cells, 80% of living cells were CD3+, 38% were CD4+ and 39% were CD8+. Among CD45+ cells depleted in CD3+ T cells, 99% of living cells were CD45+ and 92% were CD3-. Comparisons of multiple groups were performed using the Kruskal-Wallis's test. A p-value <0.05 was considered statistically significant. Cladogram generated by LEfSe (Linear discriminant analysis Effect Size) assessing differences in taxa of fecal microbiota between appendectomy and control. Regions in red indicate taxa that were enriched in the appendectomy group, white regions show no statistical differences and green regions would have referred to taxa enriched in the control group, but no significant differences found on this comparison. A p-value <0.05 was considered statistically significant. 

  ). A parallel increase in intra-tumor CD3+ and CD8+ T-cell densities was observed (figure 9C-D). No difference in tumor number or intra-tumor T-cell infiltration was noted between mice that received a CD3+ or CD8+ T-cell systemic injection.

  antibodies directed against CD3 (APC-Vio770, 130-119-793 Miltenyi), CD4 (FITC, 130-118-692, Miltenyi), CD8 (PE-Vio770, 130-119-123, Miltenyi), CD62L (APC, 130-112-837, Miltenyi), CD44 (PE, 130-118-694, Miltenyi) and PD1 (PE-CF594, 562523 BD). Samples were washed twice with PBS (phosphate buffered saline). Samples were acquired using LSRFortessa (BD) and analyzed with FlowJo v10.
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Representative CD3+ cell staining of a colon after appendectomy or sham laparotomy (control). M-stage: 0 / 1 6 (100)/0 (0) 18 (100)/0 (0) 1.000 1 number of patients (percent); 2 median (interquartile range); 3 according to the 8 th TNM classification