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Titre : Impact des thérapeutiques anticancéreuses et antibiotiques sur les bactéries et le microbiote digestif

Résumé :

Les anticancéreux n'étant pas spécifiques des cellules cancéreuses, ils pourraient également affecter les bactéries et leur écosystème comme le microbiote intestinal. Nous avons évalué l'impact de 7 chimiothérapies anticancéreuses sur la fréquence d'apparition de mutants résistants à plusieurs antibiotiques (dont la ceftazidime-avibactam) sur des isolats cliniques d'entérobactéries productrices de carbapénémases de type KPC. La comparaison de ces fréquences avec/sans chimiothérapie montre que le taux de mutation bactérienne associée à la résistance au ceftazidime-avibactam augmente jusqu'à 10 3 fois en présence de certaines chimiothérapies. Afin d'identifier les mécanismes moléculaires à l'origine de cette résistance, nous avons caractérisé les allèles de KPC associés aux mutants sélectionnés et avons objectivé des mutations au sein de la carbapénémase de type KPC.

Afin d'évaluer le paysage adaptatif mutationnel de la beta-lactamase KPC nous avons étendu l'analyse allélique des mutants résistants à la ceftazidime-avibactam. Sur 96 mutants criblés, 19 indels (impliquant de 2-15 acides aminés) ont été retrouvé tous situés dans les boucles entourant le site actif. Trois phénotypes de sensibilité aux antibiotiques se dégagent : un phénotype de type Bêta-lactamase à spectre étendu, une activité hautement spécialisée limitée à la ceftazidime et un phénotype de type KPC avec une moindre activité carbapénèmase. La grande tolérance aux indels de la protéine KPC reflète son grand potentiel évolutif.

Par ailleurs, une analyse bibliographique approfondie nous a conduit à étudier les relations entre les cancers, les médicaments anticancéreux, les bactéries et leur écosystème comme le microbiote intestinal. Non seulement les bactéries peuvent influencer l'efficacité des traitements (via la stimulation du système immunitaire notamment), mais en retour, les anticancéreux peuvent avoir un impact sur le génome bactérien et donc également sur le microbiote intestinal. Cette analyse souligne l'importance de mieux comprendre la relation entre le microbiote intestinal, l'hôte et les thérapeutiques.

Ces conclusions nous ont amené à implémenter un modèle simple permettant d'étudier les relations entre bactérie-microbiote intestinal et thérapeutiques. Le système MBRA (MiniBioReactor Array) est un modèle de culture à flux continu, placé dans une chambre anaérobie et constitue un modèle de colon in vitro. Il nous a permis d'évaluer l'impact d'une céphalosporine de troisième génération (ceftriaxone), ainsi que l'impact de 2 médicaments anticancéreux (daunorubicine et hydroxycarbamide) sur le microbiote intestinal de 2 donneurs sains. Une analyse microbiome 16S nous a permis d'évaluer la diversité microbienne et les changements taxonomiques entrainés par ces traitements. Le MBRA préserve les spécificités de chaque donneur, qui, fait notable, sont maintenues tout au long de l'expérience.

La ceftriaxone est associée à une diminution de la diversité alpha et à une augmentation de l'indice de diversité bêta, de façon concentration-dépendante. L'impact était minoré sur le microbiote du donneur ayant une activité bêta-lactamase marquée au sein du microbiote intestinal. L'activité bêta-lactamase endogène du microbiote semblait donc protéger le microbiote lui-même de la dysbiose induite par la ceftriaxone. La réponse du microbiote intestinal à la ceftriaxone dépend donc du donneur et de la concentration de l'antibiotique.

Les médicaments anticancéreux entraînaient des effets mineurs sur le microbiote intestinal.

Néanmoins, la daunorubicine a été associée à un changement significatif dans la diversité et dans le ratio Firmicutes sur Bacteroidetes; un biomarqueur de la dysbiose; d'une manière donneur-dépendante. Comparativement, l'impact de l'hydroxycarbamide était négligeable.

L'impact observé ici étant modéré, il est raisonnable de penser que l''impact in vivo des médicaments anticancéreux sur le microbiote intestinal serait la résultante de facteurs Hôte, de la combinaison de molécules cytotoxiques et/ d'autres thérapeutiques.

Mots clefs : Microbiote digestif -antibiotiques -chimiothérapie anticancéreuse -Modèle de colon in vitro

Title: Impact of antibiotic and anticancer drugs on bacteria and the gut microbiota

Abstract:

Since anticancer drugs are not specific to cancer cells, they could also affect bacteria and their ecosystem such as the gut microbiota. We evaluated the impact of 7 cancer chemotherapies on the frequency of emergence of resistant mutants to antimicrobials (including ceftazidimeavibactam) on clinical isolates of KPC-carbapenemase-producing Enterobacteriaceae.

Comparison of these frequencies in cultures with/without chemotherapy shows that the rate of bacterial mutation associated with resistance to ceftazidime-avibactam increases up to 10 3 times in the presence of certain drugs. To identify the molecular mechanisms underlying this resistance, we characterized the KPC alleles associated with some selected mutants and objectified mutations within KPC-like carbapenemase.

To assess the adaptive mutational landscape of beta-lactamase KPC we extended the allelic analysis of resistant mutants to ceftazidime-avibactam. Out of 96 screened mutants, 19 indels (involving 2-15 amino acids) were found all located in the loops surrounding the active site. Three antibiotic resistance phenotypes were observed: an extended spectrum Beta-lactamase phenotype, a highly specialized activity limited to ceftazidime and a KPC phenotype with less carbapenemase activity. The high tolerance to indels of the KPC protein reflects its great evolutionary potential.

An in-depth literature review led us to study the relationships between cancers, anticancer drugs, bacteria and their ecosystem such as the gut microbiota. Not only can bacteria influence the effectiveness of treatments (via the stimulation of the immune system in particular), but in return, anticancer drugs can have an impact on the bacterial genome and therefore also on the intestinal microbiota. This analysis highlights the importance of better understanding the relationship between the gut microbiota, the host and therapeutics.

These conclusions led us to implement a simple model to study the relationships between bacteria-gut microbiota and therapeutics. The MBRA (MiniBioReactor Array) system is an in vitro continuous flow culture model, placed in an anaerobic chamber. It allowed us to evaluate the impact of a third-generation cephalosporin (ceftriaxone) on the gut microbiota of 2 healthy donors, as well as the impact of 2 anticancer drugs (daunorubicin and hydroxycarbamide). A 16S microbiome analysis allowed us to assess the microbial diversity and taxonomic changes caused by these treatments. The MBRA preserves the specificities of each donor, which, notably, are maintained throughout the experience.

Ceftriaxone is associated with a decrease in alpha diversity and an increase in the beta diversity index, in a concentration-dependent manner. The impact was minimized on the microbiota of the donor with marked beta-lactamase activity within the gut microbiota. The endogenous beta-lactamase activity of the microbiota therefore appeared to protect the microbiota itself from ceftriaxone-induced dysbiosis. The response of the gut microbiota to ceftriaxone therefore depends on the donor and the concentration of the antibiotic.

Anticancer drugs had minor effects on the gut microbiota. Nevertheless, daunorubicin was associated with a significant change in diversity and in the Firmicutes ratio on Bacteroidetes; a biomarker of dysbiosis; in a donor-dependent manner. Comparatively, the impact of hydroxycarbamide was negligible. Thus, the reported in vivo impact of anticancer drugs on the gut microbiota appears to be the result of host factors, cytotoxic molecules and other therapeutics.
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Merci à Benoit Chassaing, Sabrine Naimi et à son groupe de recherche dont la collaboration m'a apporté le soutien nécessaire pour installer ce système dans nos locaux. Merci pour votre Introduction All started in the Microbiology Department at the Robert-Debré University hospital, when observing atypical phenotypes of resistance to antimicrobials in Escherichia coli strains, from a cancer patient, studied before and after an anticancer drug course. The underlying assumption was that anticancer drugs could favor the evolution of the resistance profile of bacteria to antimicrobials, leading to highly resistant strains after selection with antibiotic treatment.

To explore this hypothesis, we first conducted a review of the literature to evaluate the antimicrobial function of anticancer drugs, their impact on mutagenesis, and more largely, their effect on the gut microbiota. Some anticancer drugs impact bacteria and more precisely target DNA or replication, we, therefore, decided to objectify in vitro, in our lab, these mutagenic phenomena. Furthermore, as antimicrobial resistance is a major therapeutic challenge, we even tackled the hypothesis anticancer drugs could increase mutation rate in bacteria which could increase the levels of resistance to antibiotic drugs. To evaluate that, we chose a KPC beta-lactamase as a model enzyme.

Anticancer drugs are shown to impact bacteria in vitro, and the gut microbiota of treated patients. However, scarce data exist on the specific impact of these treatments on the gut microbiota, freed from its host. With that purpose, in vitro human gut models offer many advantages including the ability to study specifically the drug-gut microbiota interactions, excluding all confounding factors from the host or its environment.

We briefly present different existing models, including the MBRA (MiniBioReactor Array), implemented in Bichat University during my PhD.

In the last part of our work, we discuss our results, suggest study perspectives, and mention further experiments conceivable with the MBRA system.

Part 1: Bibliographic synthesis

This bibliographic synthesis part enables to understand the background from which we built our experiments.

In the review of the literature presented here "The interplay between anticancer challenges and the microbial communities from the gut" we support the idea anticancer drugs can directly affect bacteria, and even impact bacterial mutagenesis, altogether increasing the risk of antibiotic resistance mutations.

Anticancer treatments have also been shown to impact gut microbial communities in vivo in their diversity and richness, but also in their intrinsic composition. This constant dialogue between micro-organisms, cancer cells and anticancer drugs appears to influence the response positively or negatively to the treatment.

Aside from the anticancer drugs, the gut microbiota (GM) can be used as a diagnostic tool to early diagnose cancer, as well as a predicator of the evolution of certain diseases, the response to anti-cancer therapies. This part will be presented as a review formatted for publication in a scientific journal.

Chapter 1: The interplay between anticancer challenges and the microbial communities from the gut: a review

Introduction

The number of cancers diagnosed each year is increasing, with 18 million new diagnostics worldwide in 2018, and over 19 million in 2020 (1). Consequently, the number of patients treated with anticancer chemotherapy increased. Unfortunately, these therapies are not exclusively targeting cancer cells. The damages imposed on immune system cells and any rapidly dividing cells are the main cause for chemotherapy-associated adverse effects.

Digestive mucositis is one of the chemotherapy-associated adverse effect, that can lead to high susceptibility to infections. Indeed, anticancer drugs can be responsible for higher permeability of the intestinal epithelium, that loses its barrier effect and increases the risk of bacterial translocation (2,3). Combined with leucopenia, mucositis, and implanted devices (catheter or port), cancer-treated patients suffer more from bacterial infections. Indeed these infections are responsible for a major increase in morbidity and mortality (4,5), reaching 30% in blood stream infection after allo-hematopoietic stem cell transplantation (HSCT) (6). Consequently, cancer patients are often treated with antibiotic therapies. (7). Merging this high prescription level with the mutagenic effect of the anticancer drugs on bacteria (8,9) has made multi-drug resistant bacteria a new challenge in the management of these immunocompromised patients (7,(10)(11)(12)(13)(14)(15).

The interaction between bacteria, cancer and anticancer drugs interact, can be illustrated by a higher infection risks and antibiotic resistance. In this review, we intend to explore that relationship, focusing on a microbiological more than on an oncological point of view. These long-lasting interactions can lead to cancer, be affected by the cancer and even more, be affected by anticancer drugs. This leads to consider the gut microbiota as a diagnostic tool to early diagnose cancer, as well as a predicator of the evolution of certain diseases, the response to anti-cancer therapies (16) or even the infectious anticancer-treatment related side effects (4,17,18). One of the fascinating properties of the gut microbiota is its ability to modulate the host's response to different therapies (19,20), including in the context of cancer treatments (16,18,(21)(22)(23)(24)(25)(26)(27). Therefore, it could help targeting patients at risk of poor therapeutic response to adapt the anticancer treatment specifically, in a personalized medicine strategy (4,25).

Bacteria and cancer

The first connection between bacteria and cancer happened to be a causal one. It came as a great surprise when it was discovered that bacteria and viruses could directly trigger cancer. A quantitative analysis of the prevalence of the bacteria associated cancers suggested that they are far from anecdotal. In 2002, an estimated 1,9 million cancer cases were associated with infectious agents, including H. pylori in 5.5% (28). Moreover, the numbers of cancer linked to bacteria could even be an underestimation as over time the list of carcinogenic bacteria is increasing. Over the last decades, the panel of bacterial pathways promoting cancer has extended to include direct effects and effects through immunity. Some bacterial species have also been found to have anti-oncogenic effects as they may promote the reverse effect of the oncogenic ones (Figure 1).

Pro-oncogenic effect of bacteria

Some identified bacterial species have a direct impact on tumorigenesis through cell toxic metabolites. It was recently discovered that even some commensals of the gut could contribute to cancer through a direct effect. Indeed, in that case a genotoxic metabolite, colibactin, is involved. This peptide is synthetized by enzymes encoded by the pathogenicity island pks found in the B2 phylogenetic group of Escherichia coli, and other Enterobacteriaceae (29,30) that colonize the gut of humans without causing any infections. Colibactin is alkylating DNA on adenine residues of the host epithelial cells that are in close contact with the bacteria. It favors double-strand breaks, DNA cross-linking, AT-enrichment, and its action can result in an interruption of the cell cycle. This genotoxic effect, initially observed on cells cultures, was later found to promote cancer in animal models (31). The similarity between the mutation patterns found in colon cancer and the signature of the colibactin induced mutations have suggested a direct implication of this mutagenic agent and the emergence of colon cancer at a broad scale (29,32,33). Inhibiting colibactin synthesis, with small-molecule inhibitors such as boron-based molecules targeting specifically the pks island (34), is associated with decreased DNA damage in infected cells and prevents from the pro-tumoral activity of this peptide (29).

Bacteria can also promote the development of cancer through their stimulation of chronic inflammation (24,30,35). This phenomenon appear to be involved in gastric cancer (H. pylori), cervical cancer (Chlamydiae trachomatis); or antigen-associated lymphoproliferation; such as MALT lymphoma and H. pylori (36). Chronic inflammation and antigen-associated lymphoproliferation (immune stimulation responding to antigens) respectively promote the production of pro inflammatory cytokines and the activation of T cells, both leading to uncontrolled cell proliferation. As an example, the presence of H. pylori creates chronic inflammation, resulting in the activation of pro-inflammatory cells (macrophages, neutrophils, lymphocytes) and triggers immune responses such as the production of pro inflammatory cytokines (IL-1beta, gamma interferon, etc). This chronic inflammation involves oxidative reactions leading to gastric mucosa damages, such as gastritis or dysplasia, and promotes gastric cancer at the last stage (36).

Anti-oncogenic effect of bacteria

If some cancers are induced by mis regulation of immunity at various levels, bacteria can also have an anti-oncogenic effect by modulating immunity. This is the suggested mechanism of action of Bacillus of Calmette-Guerin that is used in the management of some bladder cancers (37,38), to prevent recurrence and limit the disease progression. The underlying pathophysiology of this treatment remains unclear, however it seems a combination of the recruitment of pro-inflammatory cells (CD4 lymphocytes and CD8 lymphocytes, granulocytes, natural killer cells), the induction of immune responses and the direct impact of BCG on cancer cells (38).

Conversely, an antioncogenic effect can be associated with modulation of oncogenic signaling pathways and an anti-inflammatory effect of bacterial metabolism. Amongst the bacterial metabolites, butyrate is of major importance. It is a short chain fatty acid (SCFA), (39) that is implicated in T-reg cell differentiation, and interferes with immune pathways limiting the production of pro-inflammatory cytokines (39)(40)(41). Furthermore, it inhibits histone deacetylase, resulting in an increased methylation of oncogenic genes, and hence, reducing their expression. Therefore, bacteria can exert their anti-oncogenic role (36,42,43), by producing butyrate and more largely SCFAs, thus reducing inflammation (30,40,41). This explains low levels of butyrate and butyrate-producing bacteria in human inflammatory bowel diseases (40). These high levels of inflammation in absence of SCFAs are suspected to be associated with proinflammatory and pro-oncogenic responses in organs, such as allergies or cardiovascular pathologies or intestinal or breast cancer, respectively, thus explaining the relation between gut microbiota disturbances and Human pathology (41).

Conversely, Faecalibacterium prausnitzii is a well-known anti-inflammatory butyrateproducer bacterium (44), and, compared to other bacteria, seems protective against colorectal cancer (35).

Interconnections between bacteria in the gut are highly complex. As an example, Bifidobacterium, a widely used probiotic strain, produces lactate, that is transformed into butyrate by other bacterial strains such as Eubacterium hallii. In fact, all butyrate-producing bacteria, such as Faecalibacterium prausnitzii, do not degrade lactate, and cross-feeding between gut bacteria is therefore observed to prevent lactate accumulation (45). Other antitumoral effects of Bifidobacterium have also been identified in a melanoma model (21) (increase in antitumor T-cells signals around the tumor and accumulation of intra-tumoral CD8+ T cells), regardless of anti-tumor treatment.

A two-way relationship therefore exists between bacteria and cancer (21,32,46). The gut hosts many bacteria, lifting the impact of these "cancer-bacteria" interactions to the gut microbiota level.

Gut microbiota and cancer

The gut microbiota is a complex and dynamic microorganism population that includes bacteria, viruses, fungi, parasites, and bacteriophages (19,47,48). The fecal microorganisms are organized in four main phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and the first two represent around 90% of the gut bacteria (35,49). Briefly, in the Firmicutes phylum we find Ruminococcus, Faecalibacterium, Clostridium genus, in the Actinobacteria phylum we find Bifidobacterium genus, in the Bacteroidetes phylum we find the Bacteroides genus, and in the Proteobacteria phylum we find the large family of Enterobacteriaceae (50).

Out of all the >2000 isolated species from the human gut (MetaHit and Human Microbiome Project (51)) only few species are present in all individuals (52). Therefore human gut microbiota allows an extreme diversity between individuals, but a global stability for each individual (49). Microbiota can be compared to an organ in itself (20,53), capable of interacting remotely with other organs via the immune and the hormonal systems (19,54,55). The composition of one's gut microbiota reflects the host's environment and lifestyle, but also the host's health (56). Indeed, gut bacteria degrade and produce carbohydrates, SCFAs, vitamins, amino acids and, all these compounds influence the host's health (48) through immunity or metabolic pathway modulation. The gut bacteria enable the fermentation of dietary fibers, source of SCFAs. SCFAs include butyrate, propionate and acetate, with each specific roles and activities (41,54,57). Among the SCFAs producers, we can cite Akkermansia muciniphilla as a key in the production of propionate and acetate, and Ruminococcus bromii, Faecalibacterium prausnitzii, Eubacterium rectale, Eubacterium hallii and Roseburia spp. for the production of butyrate (58).

As an example, some studies have pointed out the relationship between digestive cancers and inflammatory diseases, that are highly predominant in countries in which the consumption of refined carbohydrates is high and of fiber is low (41). The link between SCFAs, chronic inflammation and cancer has therefore been suggested by these observations. Variations in the bacterial species abundance is often related to an unhealthy condition (49,53) and dysbiosis could contribute to the genesis and development of certain human diseases. The composition of the Human gut microbiota has for instance been suggested to have a causative or aggravating role in oncology (42,59,60), in inflammatory bowel pathologies (61), in autism spectrum disorders (62), obesity and non-alcoholic pathologies of the liver (63), among others (53,64). As mentioned above, Goodman et al (60) list exhaustively the role of certain bacteria in tumorigenesis, and describe how current metagenomic and taxonomic analysis of the gut microbiome could enabling us to create link with cancer. The mutual influence of the gut microbiota's on the host's fitness and inversely, confirms the interest of scientists in finding biomarker of diseases (56).

As some specific microbes, or their metabolites can play a role in cancer (See above), investigating the contribution of gut microbial communities in cancer patients has been developed with the democratization of microbiota studies. The specificity of these approaches is to do associations between the host status (cancer, controls) and a broad composition of the microbiota.

The existence of associations between the microbiota characteristics and the patient's oncogenic status could simply be used as a diagnostic tool to potentially allow early detection.

But associations could reveal some causal relationship between the gut microbiota composition and cancer, and vice versa.

Gut microbiota as an early diagnostic tool

It is now admitted the baseline composition of the gut microbiota prior to treatment enables to distinguish healthy from cancer patients (65,66).

First, considering hematologic malignancies, in children with an Acute Lymphoblastic Leukemia (ALL), a significant decrease in the alpha-diversity of cancer patients compared to controls was observed before treatment (65,66). On the taxonomic level, observations were consistent between the different studies, with a decrease in Firmicutes and a lack of Clostridia (butyrate-acid producers); however a significant increase in Enterococcaceae, producing lacticacids; an increase in Bacteroidetes (especially Bacteroidales), in cancer patients (66).

The change in the gut microbiota can also be associated with certain genetic predispositions to cancer. In an ALL murine model, differences were observed in its composition between healthy mice and mice that were genetically predisposed to leukemia (67). Specific patterns in the microbiome of predisposed animals compared to the healthy ones have been observed, such as the presence or absence of Rikenellaceae S24-7 family in the Bacteroidetes phylum (especially Alistipes spp.) and Oscillospira genus (Clostridiales order, Firmicutes phylum) respectively in wild-type mice or genetically predisposed mice. The observed differences were such that an artificial intelligence model made it possible to predict genetic predispositions to ALL (96.8% accuracy). This study is of importance because it shows what we could achieve in human medicine.

Second, in solid tumors, with the example of CRC (68), compared to healthy controls, in the cancer patient's gut microbiota were reported with increased levels of Fusobacterium and Proteobacteria (especially Providencia), and decreased abundance in the Clostridiales order of the Firmicutes phylum (Lachnospiraceae, Ruminococcaceae, and Faecalibacterium prausnitzii), and in the Bacteroidales order of the Bacteroidetes phylum (Bacteroides, Rikenellaceae). Using metagenomic analysis, Yu et al. found 20 genes associated significantly and specifically with CRC compared to healthy controls, an association between Fusobacterium nucleatum and CRC and, more globally, they report a baseline dysbiosis in the gut microbiota of CRC patients (69).

As another example, dysbiosis is also observed in hepatocellular carcinoma among which butyrate-producing genera were less abundant compared to the controls. Importantly, using mathematical model, 30 microbial biomarkers have been evaluated successfully in the early diagnostic of this pathology (70).

Another simple and useful tool is the measurement of fecal pH (71). It is especially elevated in patients with colorectal cancer (associated with a decrease in SCFAs). In these patients, variations in fecal pH are related to tumorigenesis and not to the tumor growth. In ALL patients (66), the decrease in the Clostridia class abundance results in lower butyrate levels; associated with a decrease in resistance to colonization and an increase in fecal pH; and higher lactic-acid levels; increasing the intestinal permeability and the associated risks discussed in our review.

Overall, these studies suggest that for both hematologic and solid cancer, cancer patients and controls could be distinguished simply by analyzing the fecal samples, before treatment.

However, limitations to that strategy come from the heterogeneity in the species associated with a cancer. The prospects of using the gut microbiota as a diagnostic tool are very attractive because of the ease of sampling and the pan-diagnostic potential from a single sample. However, until a record for various pathology is clearly accessible, it will not be possible to use the gut microbiota as a diagnostic tool in clinical practice. Gut microbiota analyzes are complex and, to date, are not used in current practice. Indeed only a few cancers have been explored with that purpose of finding biomarker, therefore, it is not yet possible to detect any cancer just by analyzing the gut microbiota's composition. This early detection strategy is promising but we are far from being capable to diagnose all types of cancer through this method.

Gut microbiota as the chicken and, the cancer as the egg?

The question arising from this modification of gut microbiota in cancer patients, is to know whether altered microbiota, dysbiosis, is a consequence of the cancer or a driver. Dysbiosis is defined by the destabilization of the baseline gut microbiota composition. It could promote tumorigenesis, because just like some defined oncogenic bacteria that we mentioned earlier, dysbiosis can have a systemic impact on the host through gut metabolites and immunological responses (19).

Risk of estrogen-receptor (ER) positive breast cancer in post menopaused women is highly related to the increased levels of circulating estrogens. Some gut bacteria can metabolize estrogens (all grouped under the name "estrobolome") and increase the risk of tumorigenesis.

To synthetize, endogenous estrogens are metabolized and conjugated in the liver, then excreted in urine, bile and therefore, feces. Constituents of the estrobolome (Alistipes, Bacteroides, Bifidobacterium, Escherichia, and others) can deconjugate estrogens, hence enabling their reabsorption. This increase of estrogen levels in the circulation promotes cell growth and cell proliferation especially in breast tissues, associated with the genesis of ER positive breast cancer in post menopaused women. So, in that case, it seems the microbiota is a driver of cancer.

As another example in CRC, among others, Enterococcus faecalis, Bacteroides fragilis, Escherichia coli, and Streptococcus gallolyticus, have been highly suspected of playing a causal role in cancer development. Often, the production of genotoxic compounds (such as E. coli producing colibactin or B. fragilis producing metalloproteinase enterotoxin) is responsible for DNA damage, immune responses and inflammation subsequently leading to tumorigenesis (72)(73)(74).

Conversely, it is also possible that the physiological consequences of cancer or even of the genetic predispositions that lead to cancer affect gut microbiota composition. Specifying the causal relationship is still quite challenging and is even more complicated in scenarios involving mutual reinforcement.

For instance, in leukemic mice, low levels of serotonin (a neurotransmitter derived from the gut) were observed, resulting in an inhibition of insulin secretion, and high levels of IGF-BP1 (insulin-growth factor binding protein 1) responsible for insulin-resistance. One of the main actors enabling this metabolic change in leukemic patients, and therefore, tumor progression, is the gut microbiota. Indeed, leukemia was associated with a gut-dysbiosis characterized by limited SCFAs producing bacteria such as the ones belonging to the Lachnospiraceae (Firmicutes phylum, Clostridiales order) and Bacteroidales S24-7 families (Bacteroidetes phylum, Bacteroidales order), and low levels of propionate and butyrate. Propionate activates the gluconeogenesis in the liver (19), hence contributes to increased available glucose in the blood. Altogether, change in the gut microbiota composition induced modifications in its metabolic function, responsible for the modulation of insulin secretion, and more available glucose for leukemic cells (46).

This illustrates the intricate relationship that can exist between gut microbiota and cancer.

Importantly, until now, it seems impossible to know which dysregulation occurs first: is the gut microbiota influencing the tumor development and subsequently used as a machinery by cancer cells or are cancer cells the starting point leading to gut microbiota response.

The complexity goes even further if we include the interplay between gut microbiota with anticancer drugs.

Anticancer drugs and gut microbiota

Anticancer drugs were developed in an era of emergency concerning the management of cancer patients. After observing decreased levels of leukocytes in the blood of the First and Second Wild War soldiers exposed to mustard gas, nitrogen mustard was the first anticancer agent developed by Gilman in 1943 (75).

The toxicity of these drugs on bacteria was therefore long neglected until the era of "gut microbiota" studies emerged. The knowledge of scientists on understanding the importance of the gut microbiota is growing and leads one to question the impact of anticancer drugs on the gut microbiota and its consequences on the response to treatment (16,76,77).

Anticancer drugs can directly affect bacteria (78), and even impact bacterial mutagenesis (79), altogether increasing the risk of antibiotic resistance mutations (80). Merging the effect of anticancer drugs on bacteria (direct and indirect impacts), with the risk of treatment-associated mucositis, we illustrate the high risk of systemic infections with resistant bacteria from the gut in cancer patients (Figure 2). Since 1950's anticancer chemotherapies are part of the treatment of various cancers (81)(82)(83).

Amongst these, human hormones, antimetabolites (for example 5-azacitidine (84) and methotrexate (85)), corticosteroids, alkylating agents, but also antibiotics such as Actinomycin C, and mitomycin C are some examples (86). Some anticancer drugs have been integrated in the cancer management strategy while their impact on bacteria had been demonstrated years earlier (84,87). Inversely, antibiotics have been used as anticancer treatment (88,89), such as the actinomycin D, inhibiting the RNA synthesis in HeLa cells, (90), or bleomycin, a glycopeptide antineoplastic antibiotic, produced by Streptomyces verticillus, causing doublestrand breaks in DNA.

Some anticancer drugs, such as daunorubicin or bleomycin, were initially developed as antimicrobial drugs. The direct impact of anti-cancer molecules on bacteria is thus not surprising (25,76,77,88,91).

Mutagenic effects of anticancer drugs on bacteria

Cytotoxic effects of anticancer drugs were expected to eradicate cancer cells, however mutagenic effects were also reported (92). Bacterial models enabled studying this issue.

Mutagenic models.

Besides the antimicrobial effect of anticancer chemotherapy, the hypothesis of a mutagenic potential of chemical molecules raised around 1940 (93). A relation was then established between the carcinogenic effect of molecules on human cells and mutagenesis in bacteria (94,95). Mutagenicity has been explored by many authors. In 1973 Ames et al. (96,97) were the first to use a Salmonella system to test the cytotoxicity of anticancer molecules. The Ames Salmonella/microsome mutagenicity assay (92,98,99) was therefore used to study the mutagenic activity of new drugs including anticancer drugs, and it is still used today. This test uses an hypermutator bacterium that is highly permeable to mutations. It assesses the capacity to reverse the expression of histidine genes on mutagen bacterial strains of Salmonella typhimurium (97). The mutation makes bacteria auxotrophic (i.e. they are not capable of synthetizing a component necessary to their growth) unlike wild bacteria (prototrophs). It is a back-mutation test, based on the count of revertant colonies after exposure to carcinogens, using 4 mutated different Salmonella strains representing a panel of the different DNA-damage pattern. Rapid screening for cytotoxicity of anticancer drugs was crucial, and a bacterial-based test was particularly useful. However, these tests have however some limits as some drugs (mostly cytostatic drugs such as 5-FU, Bleomycin and others) are negative with this test but positive with test using mammalian or human cells (100).

In 1982, the SOS chromotest (101) was developed based on measuring genotoxicity of molecules using the E. coli SOS response. This SOS signal responds to a DNA damage (a break in a single or double-stranded), leading to the recruitment of the ubiquitous protein RecA, which binds to DNA at the break-up level. This complex inhibits the LexA repression, therefore removing inhibition of the SOS response. DNA repair requires the recruitment and use of lowfidelity DNA polymerases that will increase the mutation rate (102,103). This test therefore highlights DNA damage, and it is still widely used today and even commercialized.

Mutagenic effects of anticancer drugs.

As it was a simple and inexpensive model compared to human cell studies, bacterial models contributed to the assessment of the toxicity and mutagenicity of anti-cancer chemotherapy molecules. These tests allowed the development of these cytotoxic therapies and their classification depending on their impact on mutagenesis and/or carcinogenesis (104).

As an example, the mutagenic effect of cisplatine (platine salt) (105-108) (see below), can be used as a reference to study induced mutagenicity of anticancer drugs (105). The Ames Salmonella assay revealed mainly frameshift mutations (insertions or deletions) and base pair substitutions (105). Studied on lymphoblast cell lines, cisplatine had the greatest mutagenic effect (number of single nucleotide variation), inducing base substitution and short insertion/deletion mutations. The mechanism of resistance to cisplatin relies on mutations in the DNA repair system that allows the errors induced by cisplatine to bypass (106).

Anthracyclines such as doxorubine (an amino glycosylated molecule) create various DNAdamage (cross-links, intercalation, strand separation…) resulting in the growth cell inhibition, similarly, in human cells and as well as in bacteria. Doxorubicin is highly mutagenic (109).

When tested with the Ames Salmonella (105), bleomycin (an antineoplastic antibiotic) and mitomycin C (alkylating agent) increased mutagenicity mainly through nonsense mutations.

Contrary to cisplatin, no signal was found on frameshift or substitutions. Mitomycin C causes direct DNA damage by "cross-linking" DNA, resulting in a bacterial SOS response (110).

Interestingly, some drugs, such as antineoplastic chemicals, may also induce mutagenesis not directly but though their processed metabolites (97,111). For instance, the 2-nitrofluorene, that is produced from 2-aminofluorene has a mutagenic activity increased by 20 000 times. Other compounds are not carcinogenic, however their metabolites can be mutagenic (111). -Antineoplastic antibiotic. Bleomycin, is fragmenting the bacterial DNA, and induces changes in the cells' morphology (increase in volume, elongated…) (112). Importantly, it's antagonistic activity with aminoglycosides on K. pneumoniae and E. coli (113) should be accounted in the therapeutic management of treated patients in the case of infection. Recently, a gene (bleMBL) encoding for a Bleomycin Resistance Protein (BRP) has been identified and seems to be coexpressed with the blaNDM-1 carbapenemase gene. This observation is particularly important and worrying since metallo-ß-lactamase NDM-1 is highly resistant to all the main antibiotic classes.

Antimicrobial effects of anticancer

Furthermore, this study allows us to confirm resistance to antibiotics is also influenced by the prescription pressure of anticancer drugs (114).

-Antimetabolites: In vitro Methotrexate exerts an antimicrobial activity against E. coli and K.

pneumoniae, and its effect is antagonistic to antibiotics such as ceftriaxone and cefotiam (115).

5-Fluorouracil (5-FU) can inhibit

Staphylococcus aureus and S. epidermidis in vitro even at low concentration (<0.8ug/mL). This drug is a biofilm inhibitor (116,117) and has a synergistic effect with beta-lactam antibiotics, increasing its impact on gram-negative isolates (115) including E. coli and Pseudomonas aeruginosa (116)). Indeed, after treatment, a decrease in Bacteroides spp., Lactobacillus spp., and Enterococcus spp. has been reported (118).

The 5-azacytidine incorporates in DNA and RNA in E. coli (the 5-azacytosine replaces the cytosine) (119) and, therefore irreversibly inhibits the DNA-methylase activity, and consequently protein synthesis (87,120) modifying bacteria growth.

-Anthracycline. (88). Daunorubicin, is mostly bactericidal.

Impact of anticancer drugs on the emergence of antibiotic resistance

Due to their mutagenic effect, it has been suggested anticancer drugs could have a role to play in the emergence and dissemination of resistance to antibiotics, notably by inducing bacterial SOS responses and therefore, increasing horizontal gene transfer (110). As we saw, the induction of the SOS response can induce mutagenesis in bacteria (79,122), and mutagenic events in bacteria can occur in genes involved in antibiotic susceptibility.

It has been recently shown that several anticancer molecules can activate the SOS system in E.

coli with an impact on resistance to antibiotics. In bacterial populations, this stress response to DNA damage was also related to an increased antibiotic resistance gene transfer frequency (123). Both these mechanisms (SOS response to stress and horizontal gene transfer) contribute to the diffusion of resistance mechanisms and lead to severe clinical consequences. Indeed, patients with cancer are neutropenic and at high risk of infection (110), and thus antimicrobial therapy and antineoplastic drugs are often used in combination (124). This constitutes a risk of both induction of SOS response and thus increase mutagenesis and horizontal dissemination of resistance genes and selection of resistance with antibiotics. Recently, we showed that some anticancer drugs can increase bacterial mutation rate of K. pneumoniae Carbapenemase (KPC)-

producing Enterobacteriaceae with an impact on resistance to one of the most recently commercialized antibiotic (ie : ceftazidime-avibactam) (8).

With the interest of understanding to what extent non antibiotic drugs could be vectors for antibiotic resistance emergence and dissemination through their impact on the gut microbiota, Maier et al (125) evaluated over 1,000 non-antibiotic drugs, including anticancer drugs. They showed 54% of the antineoplastic drugs tested (n= 29/57) had antimicrobial activities, including 42% of alkylating agents (n= 2/7) and 90% of antimetabolites (n= 10/11). Meunier et al showed that among the 39 chemotherapeutic drugs evaluated, 10 had an impact on bacteria through the induction of the SOS system (80). Interestingly, bacteria seem to have selected protective systems against antibiotic molecules used as anticancer therapy such as bleomycin. These systems are co-selected with NDM-like carbapenemase genes and could participate in the maintenance and diffusion of these genes (114,126).

It is therefore crucial to continue studying the antimicrobial effects of anticancer drugs as well as evaluating the chemotherapy-induced mutagenesis in bacteria and its impact on resistance to antibiotics (78,80,114,126).

Anticancer drugs impact on gut bacteria

Not surprisingly if anticancer treatments can target bacteria, they could also impact the microbial communities hosted in the gut. In recent years, anticancer-induced dysbiosis has been largely studied. The induced dysbiosis is responsible for modifications in the dominant clone among the gut microbiota bacterial communities, for mucositis and for mutagenic events in bacteria (110). Altogether the main risk for patients is the overgrowth of pathogenic bacteria (selected after treatment) carrying resistance to antibiotics (that could be the result of mutational events associated to the treatment see before), in a permeable intestinal epithelium favorable to bacterial translocation (118). These elements are reminders of how vulnerable cancer patients are to infections with strains they host in their own gut (5,12), and explain the importance of studying the interactions between anticancer drugs and bacteria. Chemotherapy-induced mucositis is detailed in a different chapter.

Anticancer treatments have been shown to impact gut microbial communities in their diversity and richness, but also in their intrinsic composition (23,76). The treatment's efficacy or toxicity appeared in that respect to have a major impact (25). However, to date, no study has evaluated the impact of anticancer drugs on the gut microbiota resistome.

Many studies have now reported that some treatment induce dysbiosis. Zwielehner et al (127) reported a significantly decreased abundance of bacteria in the gut microbiota (p= 0.037) after chemotherapy, combined or not with antibiotics. This phenomenon particularly affected the Clostridium cluster IV and XIVa (butyrate producers). Although the return to baseline abundance of gut microbiota microorganisms is possible remotely from treatment, it usually differs from the basal state in terms of composition. Comparatively, a decrease in alphadiversity after induction treatment for acute lymphoblastic leukemia (ALL) in children, compared to healthy siblings was shown (128), along with a decrease in enterocytes, an increase in the Enterococcus spp. abundance and systemic inflammation. Similarly, a shift in the fecal microbial composition with Enterococcus becoming dominant after treatment, followed by Streptococcus (10). For many patients, the diversity is largely impacted by the treatment, with a consequent dominance of a single taxon during treatment.

In patients with non-Hodgkin's lymphoma, Montassier et al. (76) observed a decrease in Faecalibacterium (Firmicutes phyla), known for its anti-inflammatory properties (44) and, an increase in beta-glucuronidase producing bacteria such as Escherichia coli (Proteobacteria phyla). They found the ratio Firmicutes/Bacteroides (F/B) was in favor of the former group before chemotherapy and of the latter group after the treatment. Furthermore, metabolism paths (amino acid, nucleotide, energy, vitamins, glycane, etc) were modified after this therapy.

Nitrogen and Sulphur pathways increased after chemotherapy as well as the production of inflammatory metabolites, reflecting the inflammatory processes occurring on the gut microbiota after these treatments. On the mice's gut microbiota, cyclophosphamide treatment is associated with a decrease in the class Alphaproteobacteria and Bacteroidia and, at the family level, with an increase in the Staphylococcaceae, Lachnospiraceae, and a decrease in Prevotellaceae (129).

These changes in the gut microbiota also appear to be impacted by the treatment posology.

Comparing induction therapy and repeated therapy in cancer mice (130), the impact of anticancer treatments on baseline gut microbiota (profound decline in microbial diversity through time, and overgrowth of Enterococcus) revealed significant differences between the 2 treatment strategies. Indeed, the repeated therapy triggered a larger decrease in microbial diversity, especially in the Firmicutes phyla and more precisely the genera Faecalibacterium, and Lactobacillus.

Overall, these studies show changes in the gut microbiota composition before and after chemotherapy treatment. Although there are many confounding factors, including the combination of treatments, it seems anticancer chemotherapies are responsible for a dysbiosis, combining a decrease in some species of anaerobic bacteria, a decrease in butyrate-producers (Clostridiales clusters IV and XIVa) and an increase in proteobacteria. These modifications of the gut microbiota can have multiple consequences in terms of infectious risk. Dysbiosis may favor the incidence of Clostridioides infections in some patients treated by chemotherapy and antibiotics. Along those lines, van Vliet et al. (23) reported the colonization with pathogenic aerobic enterococci after anticancer-induced dysbiosis, in pediatric patients with hematologic malignancies. They revealed a high permeability of the gut microbiota to colonization, because of both an increase in enterococci and a decrease in anaerobic bacteria.

Besides an increased risk of colonization by pathogens, the dysbiosis induced by chemotherapy also changes the prevalence of bacteria, and the brittle equilibrium that prevents the translocation of harmful bacteria. This disequilibrium, combined with the direct impact of chemotherapies on the intestinal epithelial cells, results in an increased risk of infection.

Anticancer treatments, intestinal epithelium, and infectious consequences

Not only do anticancer drugs affect bacteria, but they can also be responsible for cell damage, especially in the epithelial gut. An important number of anticancer chemotherapeutic drugs are responsible for gastrointestinal complications such as mucositis (131,132). More largely, a reduction in Lachnospiraceae (family belonging to the Clostridiales order and Firmicutes phylum), and especially the Roseburia specie, a butyrate-producing Firmicutes, could be associated with increased risk of chemotherapy-induced mucositis in these ALL patients (65).

The mechanisms underlying this adverse effect remain poorly understood, but the gut microbiota seems to play a role in the development of chemotherapy-associated mucositis (118). Also, mucus nests antimicrobial peptides (133), hence it is of no surprise that destroying this layer decreases the resistance to colonization, increases the risk of bacterial translocation and increases local inflammation of epithelial cells by losing its protection from fecal bacteria.

Cancer in itself can also have an impact on the intestinal barrier, such as leukemia in which cell infiltration of the gut is possible, leading to gastrointestinal disorders (gingivitis, stomatitis, enterocolitis)(134), and bacterial translocation (5,135).

A correlation between the increase in intestinal permeability induced by anticancer treatments and infections has been reported (136). Data on intestinal permeability in patients with acute myeloid leukemia is controversial. Some authors find no difference prior to anticancer treatment, compared to healthy controls (134), while others concluded that there was significant disturbance in the intestinal permeability of the cancer patient group (acute myeloid leukemia or myelodysplastic syndrome), worsening after treatment (137,138). Although this parameter seems difficult to evaluate, the mucosal impact of chemotherapy was reported in 55% of chemotherapy cycles for acute myeloid leukemia (139).

Antineoplastic drugs can also induce a shortening of the intestinal villi (2), such as cyclophosphamide (25) and through mucositis, facilitate the translocation of microorganisms.

Hydroxyurea (an S-phase inhibitor), inhibits mitosis in intestinal epithelial cells, therefore reducing the number of cells in the crypt, but does not significantly affect their migration along the villi (140). Citrulline (an amino acid produced mostly by the small bowel enterocytes) levels reflect the functionality of enterocytes, and is a reliable parameter to evaluate mucosal damage after chemotherapy (139). Bacteremia at the induction phase of the treatment for ALL is associated with low citrulline levels in the plasmatic compartment, therefore confirming mucosal damage could be responsible for a loss of the intestine's barrier function, and an increased permeability to bacterial translocation (135).

It has been reported that the impact of anticancer drugs on bacterial communities from gut microbiota coincides with the impact on intestinal epithelium (131), explaining why bacterial translocation of pathogenic bacteria becomes possible after exposure to anticancer drugs (118,141). Adding to the mutagenic effects of anticancer drugs, that increases the risk of selecting resistant bacterial clones. Therefore, cancer patients therefore have increased risks of infections with resistant bacteria.

Dysbiosis often results in a decrease in SCFA production and especially of butyrate-producers (30,127,142). As butyrate ensures the formation of tight-junction between epithelial cells, the further indirect consequence of the anticancer treatment can be the increase in the risk of bacterial translocation (26,143). Furthermore, propionate is responsible for intestinal epithelial cells migration along the villi, cell proliferation and, for epithelial cell regeneration, therefore highly supporting the barrier function of the intestine (57).

These mucosal complications increase the risk of bacterial translocation, the risk of bloodstream infection (4,10,131,132), and have a non-negligible effect on the success of the anticancer therapy that is often interrupted because of difficulties that patients experience when having the treatment (118,132) These examples well illustrate the vulnerability of cancer patients facing infectious disease and help understand the link between infectious events and cancer patients undergoing anticancer chemotherapy courses. Before prescribing antimicrobial drugs in cancer patients, one should therefore consider the disturbance of the gut microbiota as a risk factor for more serious infectious complications.

Gut microbiota and treatment-induced dysbiosis

Commensal bacteria play an important role in intestinal homeostasis and a protective role on the integrity of the intestinal barrier, mostly through the production of SCFAs. From an immunological point of view, their interactions with Toll-like receptors in contact with microvillositar cells contribute to the development of the innate immune response (54,144).

While some bacteria are tolerated by the immune system and can even contribute to antiinflammatory responses (Lactobacillus, Clostridiales, Bacteroides and, especially Bacteroides fragilis), others are rather pro-inflammatory (such as filamentous bacteria like Escherichia coli)(133). Many of these bacteria produce or degrade SCFAs that have far-field effects, therefore the impact of dysbiosis has a much larger impact on the host than just the modification of the gut microbiota (54).

Firmicutes and Bacteroidetes represent over 90% of all 16S rRNA sequences in human (145), hence variations in their proportions is easy to detect and highly informative. As a rapid tool for screening dysbiosis, the ratio between Firmicutes and Bacteroidetes has been closely studied, not only in physiological states, such as age (146), but also in human pathology, especially in obesity by Ley et al.(145,147), but also in oncology (66), in infectious diseases (148), as well as in inflammatory diseases (27,76,147).

In Crohn's disease, Bacteroidetes and Firmicutes seem to decrease and increase, respectively, associated with an increase in Enterobacteriaceae (especially E. coli) (49,149).

This ratio correlates with the gut microbiota's composition and metabolic function. It decreases in ALL patients compared to the control (with no recent antibiotic history) (66), and it increases in obesity (147), because it can be inverted in case of environmental modulations (27). The interpretation of the variations in this ratio can be explained by the metabolic functions of the gut bacteria that depends on the host's condition (in colorectal cancer was found a decrease in the abundance of butyrate-producers, that have anti-cancer and anti-inflammatory properties (42)). The decrease in Bacteroidetes and increase in Firmicutes reported by Xu et al (129) when studying the impact of cyclophosphamide on the gut microbiota, confirms this tendency to the modification of the F/B ratio in case of dysbiosis. For them, cyclophosphamide treatment in mice was associated with an increase in the F/B ratio (0.9 versus 0.5 in the treated and nontreated groups respectively), and a significantly lower abundance of Bacteroidetes.

Dysbiosis could also be responsible for impairments in the barrier function of the intestine and could therefore increase the risk of infectious complications (150,151). The loss of diversity after induction chemotherapy seems to be related to a higher risk of bloodstream infection and variations in the dominant bacterial clone, in favor of the pathogenic genera (152).

Hence, Anticancer drugs modify the gut microbiota leading to potential deleterious side effects

The impact of the gut microbiota on treatment

As the composition of the fecal communities are impacted by treatment and may contribute highly to the response to anticancer treatments, personalized approaches integrating microbiota specificities seems to be an interesting avenue in the future however complex it may be to implement. The famous "TIMER" framework (Translocation, Immunomodulation, Metabolism, Enzymatic degradation, Reduced diversity), first described by Alexander et al. (25) resumes the influence of the gut microbiota on anticancer treatment's effects, and is now supported by many (133).

Gut microbiota and anticancer treatments 'response and efficiency

One surprising result, that emerged from the study of microbiota upon treatment is that microbiota modifications may not only lead to side effects but may also in some cases promote the treatment efficacy or compromise it. (22,24,42,151).

Chemotherapy. The antitumoral response to cyclophosphamide depends on the composition of the microbiota before treatment (22,153,154). Gram-positive bacteria translocate in secondary lymphoid organs in response to this drug. This triggers immune responses, the production of "pathogenic T helper cells" (pTh17) and T helper 1 (Th1) memory cells. In particular, the CD4 T-cell response to Enterococcus hirae (Firmicutes phylum, Bacilli class) is associated with decreased morbidity in cancer patients (154). Vancomycin (glycopeptide antibiotic targeting gram-positive bacteria) treatment impairs the effectiveness of this chemotherapy molecule.

Furthermore, the shortening of the intestinal villi induced by cyclophosphamide ( 25) is necessary to its activity (22).

Hence, some drugs are responsible for variations in the underlying epithelial cell layer but also on the gut microbiota, and these changes can be crucial for an efficient host response to these molecules.

Oxaliplatin's efficacy is also dependent on gut bacteria. This drug is responsible for an increase in the expression of pro-inflammatory genes, but this phenomenon decreased in the absence of microbiota, and in case of a concomitant antibiotic treatment, in a murine model (77).

Inflammation is required for an efficient antitumor response. Therefore, commensal bacteria influence the response to oxaliplatin through the modulation of ROS (reactive oxygen species) production in tumor cells. Indeed, an antibiotic cocktail prevented the production of ROS and the effect of oxaliplatin was reduced.

The gut microbiota is suspected to control local inflammation (63,77), which is often necessary for an efficient response to anticancer drugs, hence the enthusiasm for immunotherapy in cancer management (42,155). Indeed, the narrow links between "immune response-cancer", and "gut microbiota-immune response" suggests an underlying association between the gut microbiota and the response to cancer treatment.

Immunotherapy. Many authors have evaluated the positive or negative impacts of gut bacteria on antitumoral response of immunotherapy, mainly in animal models (133).Amongst them, Vetizou and colleagues (156) evaluated the role of the gut microbiota in the tumor response to ipilimumab (an antibody anti Cytotoxic T Lymphocytes associated antigen 4 (CTLA-4)), an anticancer immunotherapy, in a mouse model. The response to ipilimumab depends on some Bacterioïdes species (B. fragilis and B. thetaiotaomicron). No response was observed in the germ free, or antibiotic treated models. However, the response could be reverted after the ingestion of B. fragilis. In metastatic melanoma, a high abundance of Faecalibacterium, positively influenced the response to ipilimumab, but negatively influenced the treatmentinduced colitis (16). Consistent results were found with other immunotherapy molecules, in which responders to anti-PD-1 immunotherapy had higher alpha-diversity and a higher abundance of Ruminococcaceae (especially the Faecalibacterium specie) compared to nonresponders. The later harbored increased levels of Escherichia coli, Bacteroides thetaiotaomicron and, Anaerotruncus colihominis (157). In subcutaneous tumors (77) the commensal baseline microbiota also impacts the host's response to CpG-oligodeoxynucleotides (CpG-ODN) immunotherapy with Interleukin-10 (IL-10) receptor antibody, and anti-tumor chemotherapy (oxaliplatin, platinum salts). This immunotherapy binds to TLR9, activating innate immunity (proliferation of T lymphocytes, of dendritic cells, and of Natural Killer cells)

and specific tumor-immune responses, such as the production of Tumor-necrosis factor (TNF, a pro-inflammatory cytokines) by tumor-associated myeloid cells (TAMc), leading to CD8 Tcell response, and to tumor suppression. When treating with oral antibiotics concomitantly to the immunotherapy, lower levels of TNF were measured, and increased tumor volumes were observed. The authors suggest a synergistic effect of commensal bacteria, mainly activating of TLR-4 and the immune responses required for an efficient response to immunotherapy.

Furthermore, levels of TNF correlated to the composition of the gut microbiota, such as lower levels of TNF were detected in antibiotic treated mice up to 4 weeks after the end of the antibiotic treatment. Alistipes genus was found to be particularly important in initiating immune signals through TLR-4, promoting the production of TNF by TAMCs.

Not only the intestinal microbiota is a major actor in the host's response to anticancer drugs, but in some cases the interactions can be narrowed down to a single bacterial species (142).

Indeed, bacteria can modify not only the tumor response to a drug but also its toxicity(158).

The fluctuations in the drug's cytotoxicity are due to the bacterial biotransformation, with a dose dependent relation (142,151,158). Concerning the drug's efficacy, out of 30 tested drugs (158), 10 had a decreased activity and 6 increase activity after bacterial co-incubation (E. coli and Listeria welshimeri). In particular, Gemcitabine's cytotoxicity increased in presence of E.

coli, and its efficacy decreased, based on survival rates. The biotransformation of this drugs changed in presence of E. coli illustrated by a new mass profile in the Mass Spectrometry analysis. Similarly, a decreased efficiency of gemcitabine was observed in tumors colonized by mycoplasma, through an increased drug catabolism involving the mycoplasma cytidine deaminase (159).

All these studies underline the impact of the microbiota on the efficacy of chemotherapeutic drugs, and the importance of considering these interactions for future cancer therapy studies (24). Future could lead us to analyze the gut microbiota before deciding of a treatment, considering some species as necessary for the treatment's efficacy. However, screening all the gut bacteria before treatment is fastidious, placing the biomarkers as a key tool in this search for the perfect drug-gut microbiota combination.

Finding biomarkers predicting the treatment's effect

The composition of the gut microbiota over time is an important health marker in itself (47).

Some authors have been searching for tumor associated bacteria, to diagnose early stages of cancer (160), and/or to follow-up the response to the treatment (60). These previous observations have now motivated studying the microbiota composition to optimize patients' therapy management in oncology, and target biomarkers to predict the response to anti-cancer therapy (4,10,22,35,161,162).

Biomarkers can help finding the best drug-gut microbiota combination to potentialize the response to treatment, and microbiota studies are therefore crucial to extend knowledge on "personalized or precision medicine" (11,161,163).

For instance, ipilimumab, an anti CTL-4 immunotherapy (see above), is often associated with enterocolitis. High abundance in Firmicutes and, especially the Faecalibacterium genus, is associated with a better anti-tumoral response but an increased risk of drug-associated enterocolitis (16). Inversely, abundance in the Bacteroidetes phylum, especially the Bacteroides genus, is associated with a low antitumoral response and a low risk of colitis.

Not only biomarkers can help in predicting the response to a treatment, but they are also used to predict treatment-associated side effects. Indeed, the composition of the pretreatment gut microbiota can be analyzed to target high risk patients for chemotherapy blood stream infection Similar results were reported in gut microbiota composition studies, before and after hematopoietic stem cell transplantation (10), in which the intestinal domination (predominance of a bacterial taxon > 30%) was predictive of bacterial bloodstream infection. More specifically, enterococcal domination or proteobacterial domination, prior to treatment, can increase the risk of Vancomycin-resistant Enterococcus or gram-negative rod bacteremia, respectively (10). This highlights the importance of fecal microbiota analysis prior to anticancer treatment, in patients undergoing allogenic hematopoietic stem cell transplantation.

A search for specific biomarkers in the bacterial environment prior to the treatment can enable preventing side effects but also help in the follow-up of a treatment. The biggest difficulty relies in the fact one biomarker of a good response to treatment cannot be generalizable to all cancer and all treatment. This search for biomarkers prior to treatment can therefore be useful in specific cancers and treatments only.

Discussion: Therapeutic challenges linking gut microbiota and cancer management

Another interesting therapeutic tool is adjuvant agents. Adjuvant treatment strategies include all therapeutic intervention associated with the curative treatment: before, during, or after.

Although many studies have been published (26,59,133,164) it seems we are only at the early stage of research on this topic. Indeed, the complexity lies in the fact that the perfect treatment depends not only on the underlying disease but also on the baseline composition of the gut microbiota and the anticancer treatment prescribed. All these parameters complexify research on finding the best personalized combination for a patient, meeting here the idea of a personalized medicine in the future.

This constant dialogue between micro-organisms, cancer cells and anticancer drugs appears to influence the response positively or negatively to the treatment while minimizing its toxicity.

Whatever the intended goal, there are still many questions regarding the impact of gut microbiota modulation on the cancer's evolution (25,26,59,143,151,164). Limiting dysbiosis may diminish the negative impacts of chemotherapy on the host often responsible for the temporary discontinuation of the treatment. Hence several therapeutic strategies have been developed to limit the impact of treatment during or after treatment.

Acting while treating: adjuvant therapies

Modulations targeting the gut microbiota's composition

If chemotherapy affects the microbiota resulting in dysbiosis, one strategy could rely in the concomitant administration of adjuvant agents, with the idea to prevent this deleterious effect on the gut microbiota. For instance, modifications to the patient's diets have been proposed.

Indeed, on the metabolic scale, some teams managed to decrease the cancer progression by modulating the glucose metabolism (46). Alternatively, an increasing number of studies suggest that there is a close link between gut microbiota modulation and drug modulation (20). With this purpose, Wallace et al. managed to control treatment-associated diarrhea by using a bacterial b-glucuronidase enzyme inhibitor, which does not kill the bacteria, as an adjuvant therapy (165). In the gut, the levels of activated drugs can be linked to the activity of the bacterial ß-glucuronidase enzyme, therefore modifying the drug-associated intestinal toxicity.

Along those lines, one could question the utility of a charcoal based treatment (166) used concomitantly to antibiotic treatments. The DAV132 is efficient in protecting the gut microbiota from the impact of moxifloxacin (fluoroquinolone group) on healthy volunteers. In the princeps study, bacterial richness was conserved, and stability in the genera was maintained.

A similar approach could be used to limit the impact of anticancer drugs on microbiota. To our knowledge, the ability of DAV132 to adsorb anticancer chemotherapy hasn't been evaluated yet.

Probiotics

Administration of microorganisms (probiotics or prebiotics) is another solution for modulating the gut microbiota. First it is important to notice that resistance to colonization is a limit to the use of probiotic/prebiotic treatments or even FMT(167). The patients baseline gut microbiota can challenge the implementation of the probiotic strain and therefore compromise its efficacy (167,168). Yet, despite this potential limitation, multiple studies have shown some encouraging success of this strategy.

In allogenic bone marrow transplantation (BMT), the prevention of the development of acute probiotic organisms with 10 digestive enzymes (27) was tested to limit the impact of 5-FU and vancomycin on the gut microbiota. This therapeutic combination enabled a protection against anticancer drugs-associated dysbiosis, the F/B ratio was restored as well as diversity. Many other probiotics have been studied (172). For example, we can cite L. casei and its apoptotic effect on tumor cells, S bulardii and its anti-inflammatory properties in colorectal cancer, L rhamnosus for the prevention of diarrhea in 5FU treated patients (59,173).

In immunotherapy ( 156 In subcutaneous tumors, after an antibiotic perturbation, the TNF production by TAMCs in response to CpG-ODN immunotherapy (see above), was restored by gavage of Alistipes shahii (77). This restored response to anticancer treatment was not obtained with gavage of Lactobacillus fermentum.

Many strains have been suggested (27,59) with different objectives and, for different pathologies, thus results from studies should be analyzed with caution. Considering the importance of the gut microbiota's composition in response to treatment, misuse of these new treatments could be disastrous.

Not only probiotics can help optimize the antitumoral effect of a drug, but they can also be useful in preventing drug-associated side effects.

Acting after treating: the challenges in fecal microbiota transplantation

Besides the use of probiotics, whole Fecal microbiota transplantation is also part of the adjuvant therapy strategy to fight against anticancer treatment-side effects, and/or optimize the host's response to treatment. The current definition of FMT is an heterologous transplantation from a healthy donor to an unhealthy patient, to restore some homeostasis in a dysbiotic gut microbiota (176).

This therapeutic strategy was first during the 4 th century in China (177), and it is now widely used in Clostridioides difficile infections, in metabolic disorders, and its utility in oncology is increasing (173,178,179). As seen above and, also discussed by others (26,180,181), the biggest challenge in FMT is finding the "super-donor" for each patient.

Gut microbiota composition can be linked to the underlying disease (24,46,67), hence autologous FMT could be controversial in some diseases. However, for Kellermayer et al.(181) autologous FMT seems the most physiological method, and for them, the "super-donor" sample has high abundance of Bacteroides, Ruminococcus, Eubacterium and Roseburia. A recent prospective study (ODYSSEE) even concluded autologous FMT was safe and efficient in restoring baseline diversity of the gut microbiota of patients with acute myeloid leukemia, after induction chemotherapy (182). A randomized controlled trial is currently ongoing to adjust dosing and timing of administration.

Some disturbances in the baseline gut microbiota can hasten the development of certain diseases in predisposed patients, hence donor and receiver should be "compatible" to limit this risk.

When considering the narrow dialog between gut microbiota, the immune system (55,178), and metabolic functions (183) caution should be taken prior to FMT. From a therapeutic point of view, certain species enhance the treatment's effect, therefore analyzing the feces used for FMT prior to transplantation would be interesting to choose the "best" sample for one receiver.

Consensus on the constitution of stool banks, security and traceability have been established to limit risks with FMT (184). Criteria for donors have been established, and blood and stool testing are required before donation.

Lastly, considering the gut microbiota differences between infants and adults, should age be considered when choosing the appropriate donor? This question remains unanswered. In vitro gut models (185-187) have a non-neglectable advantage, to enable the testing of compatibility between fecal samples, evaluate the impact of treatments (or environmental particles (188)) on human fecal samples to predict in vivo modifications and adapt the proposed treatment to patients, in a personalized medicine context. TMF is not risk free, and enough tools exist nowadays to be able to enable compatibility studies before transplantation. Notably, the gender and the age parameters should be further studied to evaluate the impact of these 2 parameters on the TMF's efficacy.

TMF enables modulation of the host's immune system (178) as commensals stimulate the production of IL-22, which acts on the intestinal epithelium to maintain intestinal impermeability to translocation of pathogens. Amongst the rich literature on this subject, we find that, in a murine model, FMT can not only restore richness in fecal samples but also diversity and the taxonomic distribution, after a combined treatment of antibiotic (ampicillin 1g/L in the drinking water 7days) and chemotherapy (5FU one day after disruption of ampicillin 150mg/kg once on day 8) (189). As a second example, prior to allogeneic hematopoietic stem cell transplantation (HSCT), antibiotic treatments can be required to prevent severe infections.

However, low diversity in the gut microbiota is associated with higher mortality after allo-HSCT (190). In 2018, Taur et al (191) showed in a randomized clinical trial that autologous fecal transplantation after the allo HSCT enabled to restore the gut microbiota diversity and composition, preventing the negative effects of antibiotic induced dysbiosis and lowering the mortality after HSCT.

One major challenge in research is that many cancer patients receive antibiotic treatment either before, during or/and after chemotherapy, disturbing the gut microbiota, making it highly complex for researchers to work on the link between gut microbiota and cancer management.

The highly complex synergy between some specific commensal bacteria and the treatment's efficacy, supports the need to consider a personalized approach in the development of adjuvant strategies, including the host, the anticancer treatment, and the baseline gut microbiota composition.

Conclusion

In this review we saw on the single cell level, bacteria can be implicated in tumorigenesis and can modify the efficacy and cytotoxicity of anticancer drugs. Not only do bacteria influence cancerous treatments, but inversely, the impact of anticancer drugs goes beyond tumor cells and their impact on bacteria is non-neglectable. Not only can anticancer drugs influence bacterial mutagenesis, affect horizontal gene transfer and possibly resistance to antibiotics, but they can also be responsible for dysbiosis, leading to consequences on the treatment's efficacy, and side effects.

At the gut microbiota level, bacteria can positively or negatively influence tumor-growth independently from the treatment. The impact of anticancer drugs on the gut microbiota is highly heterogeneous, possibly explaining the variations in side effect's intensity and response to treatment.

Gut microbiota modulation is a promising approach, but precautions should be taken considering the high implication of immunity, and one can easily observe that, depending on the underlying disease, the same treatments do not lead to the exact same effects (18).

This observation highlights the great difficulties in finding generalizable conclusions applicable to all "similar cancers", or all "similar gut microbiotas'", or all "similar patients". It is one of the main challenges in gut microbiota studies nowadays. The amount of information is a strength for exploring therapeutic or diagnostic issues, but the limit to generalizing information is the great specificity of the "cancer-host-microbiota" tryptic. This review supports the importance of precision in medicine in the future, hence the importance of better understanding the ins and outs of the relation between the gut microbiota, the host and anticancer drugs. Chapter 2: KPC model to study resistance to antimicrobials.
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Based on the conclusion of our review of the literature, it is important to better characterize the impact of anticancer drugs on the gut bacteria and more largely, on their ecosystem, the gut microbiota (GM).

At the bacteria level, the cytotoxic, mutagenic, and antimicrobial activities of anticancer drugs are now admitted (3)(4)(5). To go further, we used the beta-lactamase type KPC (Klebsiella pneumoniae carbapenemase) as a study model to evaluate the impact of these drugs, not only on bacteria, but on resistant bacteria. KPC-type beta-lactamase which belongs to Ambler class A beta-lactamase represents an interesting model enzyme as it is particularly tolerant to mutations. The underlying idea was to demonstrate that an important threat associated to these drugs come from their ability to generate improved antibiotic resistance through their impact on mutation rate of resistant bacteria. For that purpose, we used the recently commercialized (2015) antibiotic ceftazidime-avibactam (CZA or CAZavi) which show high efficacy on KPC-type beta-lactamases but resistant mutants may appear (See experimental part).

At the beginning of my research work, few in-vivo selected mutants of KPC resistant to

CAZavi were reported and we wanted to challenge this enzyme possibilities of evolution.

Interesting results led us to further explore the molecular mechanisms underlying CAZavi resistance and thus, we conducted a literature review on CAZavi-resistant clinical mutants which is presented below.

In this review work, we resume the main characteristics of the KPC-type beta lactamase, and the main mutation hot spots conferring resistance to CAZavi, to better understand the experimental results linked to this model.

Abstract

First variants of the Klebsiella pneumoniae carbapenemase (KPC), KPC-2 and KPC-3, have encountered a worldwide success, particularly in K. pneumoniae isolates. These betalactamases conferred resistance to most beta-lactams including carbapenems but remained susceptible to ceftazidime-avibactam (CAZavi). After the marketing of CAZavi, numerous variants of KPC resistant to this association have been described in isolates recovered from clinical samples or from experimental studies. Different point mutations, insertions and/or deletions have been described in different hotspots in KPC variants resistant to CAZavi.

Deciphering the impact of these mutations is crucial, not only from a therapeutic point of view, but also to follow the evolution in time and space of KPC variants resistant to CAZavi. In this review, we describe the mutational landscape of the KPC beta-lactamase towards ceftazidimeavibactam resistance based on a multidisciplinary approach including epidemiology, microbiology, enzymology, and thermodynamics.

Introduction

Carbapenem resistance in Enterobacterales is a major health issue as it complicates the therapeutic management of patients and increases the morbidity and mortality in case of infection (1)(2)(3)(4)(5)(6)(7). The main mechanism of this resistance relies on the production of a ß-lactamase (8-10) type carbapenemase.

Among the most prevalent carbapenemases are KPC, OXA-48, NDM and VIM-types with large disparities by country and region (3,11,12). Like the widespread TEM and CTX-M-type betalactamases, Klebsiella pneumoniae carbapenemase (KPC) belongs to family of class-A serine beta-lactamases (12,13). It was described for the first time in 1996 in the United States (14) and is now a common carbapenem resistance mechanism among Enterobacterales in many countries including India, Mediterranean and European countries (12).

Since its first description, over 98 modified variants have been described and new alleles continue to appear (in January 2022: 100 clinical alleles are described but 98 different sequences are available). All these KPC variants differ in amino acid sequence (insertions, deletions and/or substitutions are described) and many of them differ in resistance phenotype, including in their level of resistance to carbapenems.

Historically, the KPC carbapenemases demonstrate a broad substrate profile, including penicillins, cephalosporins, aztreonam, carbapenems and are resistant to most beta-lactamase inhibitors (clavulanic acid, tazobactam, sulbactam). Recently, new beta-lactamase inhibitors have been developed with an activity on KPC beta-lactamase such as avibactam and more recently vaborbactam and relebactam (15).

The combination ceftazidime-avibactam (CAZavi) has been approved in 2015 in the USA and in 2016 in Europe. CAZavi demonstrates excellent in vitro activity against Carbapenemresistant Enterobacterales (CRE) of KPC-type and is associated with a decreased mortality rate in treated patient (15,16). However, since commercialization, many alerts have been given on the emergence of resistant KPC-mutants after therapy with CAZavi (17,18) showing a high evolutionary potential of this enzyme.

Here, we describe the mutational landscape of the KPC beta-lactamase towards ceftazidimeavibactam resistance in clinical isolates including epidemiology, microbiology, enzymology, and thermodynamics data.

Epidemiology of KPC-producing Enterobacterales

After the first identification of KPC in 1996 in a Salmonella cubana isolate identified in the stool of a 4-year-old child with gastroenteritis in Maryland ( 14), four KPC-producing Klebsiella pneumoniae strains were isolated in adult patients at a Baltimore hospital, as well as one KPCproducing Klebsiella oxytoca in a patient from New York City. Since that time, and after the first description of KPC-2, the incidence of KPC-producing K. pneumoniae strains has been increasing (14,19) and KPC beta-lactamase is now the most common carbapenemases detected globally (20,21).

Out of the 37 countries monitored by the ECDC (European Centre for Disease Prevention and Control), 11 (including France) have reported an increase in the incidence of CPE between 2015 and 2018.

In France, less than 9 episodes involving CPE isolates were reported, 10 in 2009 (including 6 KPC-type), 233 in 2012 (including 25 KPC-type), 1223 in 2016 (including 48 KPC-type) (22).

Between 2012 and 2019 an increase of 195% was reported in the number of Enterobacterales strains received at the National Reference Center (CNR) (23). In 2020, among the 3,289 isolates received, 2,208 were carbapenemase-producing strains, and KPC-type represented 2.9%. In 94% of the cases, KPC-type carbapenemase were identified in K. pneumoniae.

In the thirty European Union (EU) or European Economic Area (EEA) resistance to carbapenems in E. coli isolates and K. pneumoniae isolates represented 0.2% and 6.8%, respectively, of the total number of invasive isolates in 2015, and increased to 0.3% and 7.9%, respectively, in 2019 (24).

The endemic stage has even been declared successively in Israel, Greece and Italy (25). Greece is currently the most concerned country with over 60% of carbapenem-resistant isolates among invasive K. pneumoniae (26,27). Between 2005 and 2014 in Greece, among the 3,449 K.

pneumoniae isolates collected by the University Hospital of Patras, 48% were carbapenemaseproducing, including 80% of KPC-type (28). In a study conducted between 2014 and 2016 in 15 Greek hospitals, KPC-type enzymes accounted for 66.5% of the 394 carbapenemaseproducing K. pneumoniae (27).

A worldwide surveillance study that collected 38,266 Gram-negative pathogens from 2012 to 2014 found 586 isolates (1.2%) of KPC-type carbapenemase (29). KPC-2 was the most prevalent (408, 69.6%) followed by KPC-3 (173, 29.5%). A different repartition was observed for some countries including Italy, Israel or the United States which had a majority of KPC-3 variant. Three other marginal variants were found: KPC-9, KPC-12 and KPC-18 respectively found in 2, 1 and 2 patients (30).

The KPC-3 variant, differing by the H274Y mutation was first described in K. pneumoniae and E. coli (31). The first outbreak occurred in the United States in the years 2000 and interestingly, the strains isolated in Israel in 2004 were genetically close to the strains from the United States (32), suggesting worldwide diffusion by travellers. It has been suggested that the worldwide spread of KPC was related to the release of a clone of K. pneumoniae belonging to the ST258 sequence-type (33). Although β-lactamase KPC is more frequently associated with K.

pneumoniae, it is also identified in many other species including E. coli, Citrobacter sp., Enterobacter sp., Serratia marcescens, Proteus mirabilis, Morganella morganii, as well as in non-fermentation Gram negative bacilli strains such as Pseudomonas aeruginosa and

Acinetobacter baumannii (34,35). KPC-type carbapenemase gene is frequently located on selfconjugative plasmids, variable in size and number, and are often associated with the Tn4401 transposon (type 3) (13,36), participating to its worldwide diffusion between species.

Structure of KPC carbapenemase

KPC enzymes are proteins of 293 amino acids, with a molecular weight of c.a. 32kDa. Fiftyeight KPC-2 structures, or variants, are currently available in the Protein Data Bank (https://www.rcsb.org/) (37). They are composed of two subdomains and the overall folding is similar to that observed in other class A beta-lactamase (13,38). The first subdomain is composed of 8 alpha helixes, and the second is composed of 5 antiparallel beta sheets flanked by 3 alpha helixes (39,40). These two domains share electrostatic interactions and hydrogen bridges stabilize the structure. The active site, located in a pocket at the interface, contains the catalytic S70 residue and the deacylation water, that is activated when interacting with E166, N170 and S70 (38).

For memory, the hydrolysis of the amide bond of β-lactam by beta-lactamase involves an acyl- In KPC, as in the other Ambler Class-A enzymes, very conserved regions or motifs that contribute to the catalytic function of the enzyme are identified (42-44) (Figure 1).

-The first preserved motif is the Ser70-X-X-Lys73 sequence containing the main catalytic residue Ser70. This S70 constitutes the active site's core. Lys73 which is strictly conserved and connected to the Ser70 by a hydrogen bond is of importance for the enzyme's function. The active site is delimited by three residues (residues 104, 105 and 240)(

-The second retained pattern is the "SDN" loop formed by the Ser130, Asp131 and Asn132 residues. To notice, Ser130 is probably involved in proton transfer from Ser70

to the β-lactam nucleus during the acylation step.

-The third pattern is the "KTG" pattern (Lys234-Thr235-Gly236 sequence), important in the structure since it is located at the right hand-side of the active site.

Crystallographic data indicate that Ser130 and Lys234 are connected by a hydrogen bond, which would serve as a connection between the two domains of the protein and help stabilize the active site.

-The well-preserved pattern in the class A beta-lactamase such as KPC-type beta lactamase is the Ω loop of 16 residues (from Arg164 to Asp179). It contains the Glu166-X-Glu-Leu-Asn170 sequence, in which the Glu166 and Asn170 residues are important for positioning the water molecule (40,46).

The active site is therefore surrounded by: the Ω-loop 164-179 (47,48), the loop between the α3 and α4 helices in position 237-243 (opposite the Ω-loop), and a further loop located between the ß-5 sheet and the α-11 helix in position 267-275 (38,40). The α4 helix contains the W105 residue important for the ligand recognition (49). This residue has a preferential affinity for aromatic residues and could favour interactions with substrates such as carbapenems (38).

Emergence of KPC variants resistant to CAZavi

The first CZAavi-resistant strain was described in 2015, the year CAZavi was marketed.

Surprisingly, this strain was isolated from a patient who had not received this drug (50).

Since then, most new KPC-type clinical variants described in the databases were associated with resistance to CAZavi is described. Although these resistances remain at very low rates in surveillance studies (51), they may increase in the future with increased use of CAZavi or other new beta-lactamase inhibitors.

The mechanisms of resistance to CAZavi in KPC-producing strains may be due to coproduction of less sensitive beta-lactamases (e.g. MBLs), to changes in membrane permeability including loss or mutations in porins, or to efflux pumps (51). But the most frequent and most marked mechanism is due to mutations in KPC-encoding genes.

The review by Di bella et al. studied CAZavi resistance from a clinical point of view in 42 patients from 23 clinical studies or case reports. This review showed that most isolates (55/57) were K. pneumoniae which were mainly identified in the USA, Italy and Greece, countries where prevalence of KPC-producing K. pneumoniae is high.

The most frequent clinical alleles were KPC-31 and KPC-33 involving the D179Y +/-H274Y mutation. Other infrequent variants such as KPC-8 (V240G-H274Y), KPC-23 (V240A-H274Y) or KPC-40 (T237S-H274Y) have also been described (52).

Structural insight into the functional effects of mutations conferring resistance to CAZavi

Here, focusing on the mutations associated with resistance to CAZavi, we give an evolutionary perspective integrating the concept of structure-activity relationship as well as the underlying molecular mechanisms.

Of In total, the Ω-loop appears to be permissive to insertions and deletions, the loop 237-243 appears permissive only to deletions, and the loop 266-275 only to insertions suggesting that each structure exhibits a different mutational tolerance.

Here, we will study the mutational tolerance of each of these 3 structures in KPC beta-lactamase and identify the mechanisms related to the structure-activity relationship.

Mutations located in the Ω-loop

The Ω-loop (residues 164-179) surrounds the active site of KPC-2, adjacent to the catalytic S70. It is a hot spot for substitutions that widen the substrate spectrum of many class A enzymes (TEM-1, SHV-1 …) towards ceftazidime (9). It contains Glu166 and Asn170, two essential residues required for activating a water molecule for the ß-lactam deacylation (53).

Structurally, the Ω-loop is largely stabilized by a saline bridge between the R164 and the D179 residue. This Ω-loop is fundamental for maintaining the structure of the protein and interacts with many residues outside this loop. Particularly, D179 connects to residues outside the Ωloop like Pro67, Leu68 et Arg161 by hydrogen bonds (54). Thus, mutations can have repercussions on the Ω-loop but also outside.

Because of their central role in the interactions between KPC-2 residues, it is not surprising to frequently find mutations at position 164 (n= 2) and 179 (n=10) in clinical alleles resistant to CAZavi.

Position 163, directly adjacent to the Ω-loop is involved in mutations like the D163E mutation associated with H274Y in KPC-36 that confers resistance to CAZavi. This position is also found in other class A beta-lactamases as associated with an extension of resistance to ceftazidime in TEM-1 (55). The underlying mechanism is probably related to the contiguity with position 164 which plays a major role in the stability of the loop.

The Arg164 residue is important for maintaining the Ω-loop stability ( 9) and notably the saltbridge's integrity with Asp-179 that insures Glu-166's position, important for the deacylation step (55). A mutation in this site like R164S, found in KPC-49 (also associated with H274Y), leads to a disturbance on this conserved bridge and show increased CZA MICs (54) 9)). They reported a 100-fold ceftazidime hydrolysis increase compared to the wild type. This is probably due to the change in the size of the Ω-loop, creating instabilities at the structural level, and subsequently modifying the size of the active site, eventually affecting the hydrolytic capacities.

The deacylation water is primed by interacting with E166, N170 and S70 (38), therefore placing the Glu166 site as of paramount importance in the catalytic mechanism (60). This explains why no non-synonymous mutation is found at this site and why the E166 is a conserved residue in class A beta-lactamases (61).

At position 169, a deletion of the E168L169 motif is identified in KPC-66 and KPC-73 variants in association with other mutations and is also described in laboratory isolates (7). In addition, the L169P and L169Q mutations are associated with reduced susceptibility to CAZavi in 4 clinical variants but appear to confer resistance levels below the critical resistance level defined by EUCAST.

There are no clinical alleles with a mutation at the N170 position. However, Gottig et al. (47) showed that the N170D mutation led to an increase in the MIC of CAZavi from 0.5 to 32 mg/L.

As previously seen, the N170 site plays a role in the active site structure and establishes hydrogen bonds between E166 and water molecules (61). It's conserved characteristic in class A beta-lactamases suggests that it has a primary role. It is possible that the laboratory mutants obtained at this site are not sufficiently well adapted to be found in the wild. This remains to be evaluated.

At position 172, 3 variants are found and thought to be resistant to CAZavi; A172T, A172D, A172V. These variants have been reported resistant by Gottig et al. (62). Interestingly, the KPC-47 mutant with the A172T is associated with T243A mutation.

At position 176, the D176Y mutation, alone or in combination with H274Y, is found in the KPC-70 and KPC-88 alleles. Few details are available on this site but its impact on resistance to CAZavi was also shown in laboratory isolates (62) and is possibly due to disorder in the Ωloop.

Position 179 is one of the most common position reported in CZA resistant isolates (18,(63)(64)(65)(66)(67) with a variety of substitutions in 10 different clinical isolates (D179Y, D179N, D179A, D179G (47,54).

Numerous studies show that mutations at this site lead to high-level resistance to CAZavi (62,(68)(69)(70).

In particular, the D179N mutation confers resistance to CAZavi while maintaining a hydrolytic profile close to KPC-2. The D179Y mutation that is the most frequently reported, increases

CAZavi MIC while reducing meropenem MIC (63,64,(71)(72)(73)(74).

At the mechanistic level, different hypotheses explain resistance to CAZavi. The mutation in position 179 leads to a break of the salt bridge with the R164 position, which destabilizes the structure of the loop. In addition, it prevents hydrogen bonds between D179 and other residues distant from the Ω-loop, such as Pro67, Leu68 and Arg161. The effect of a mutation in 179 has therefore protein repercussions distant from the Ω-loop (54).

These conformational changes and the structural disorders in the Ω-loop allow the ceftazidime to be more easily inserted at the active site and to bind to it in an increased manner (lower Km).

This disorder also leads to a displacement of the E166 and N170 residues. However, they remain able to position the diacylation molecule of water; necessary for the hydrolytic mechanism; resulting in a slower turnover of the ceftazidime and therefore a reduced Kcat.

Altogether, the effect of D179Y mutation can be illustrated by the « trapping » of the ceftazidime antibiotic in the active site (54,56) (Figure 1). This also leads to decreased concentrations of free ceftazidime and of the active molecule in the periplasm. Regarding the effect of avibactam, two mechanisms seem to contribute to a decrease in binding : 1/ The covalent trapping of ceftazidime prevents avibactam from binding to and inhibiting the enzyme (54,57); 2/ the D179Y has a significant effect on the efficiency of avibactam acylation by the enzyme (70,000-fold decrease in the inactivation constant k 2 /K value) (75).

At position 180, duplication of a serine alone (KPC-71) or associated with other mutations (KPC-64) have also been evidence in vitro (76). The insertion of two serine's is also described by the same author in the KPC-68 variant, in association with the H274Y mutation.

These insertions, although located at the end of the Ω-loop, can also modify the structure of the loop by increasing its size, thus leading to a possible release of the active site.

At position 181 and 182, duplication and insertions can modify the structure of the Ω-loop and are associated with mutations in loop 267-275 in KPC-104, 106 and 108.

The Ω-loop which contains numerous mutations conferring resistance to CAZavi is a major site in the KPC protein, and more generally in class A beta-lactamases. Indeed, the salt bridge located between positions 164 and 179 is essential to maintain the structure of this loop which also interacts with remote positions. Mutations occurring in this site may lead to further modifications in the overall structure of the protein. Consequences can be a better access of the ceftazidime to the active site (46) and changes in susceptibility to other beta-lactams like carbapenems. Some mutations in this loop also decrease the binding of avibactam, and lead to a reduction in the rate of carbamylation leading to resistance to the CAZavi combination (41,46).

2 Mutations located in the loop 237-243

A total of 12 variants has mutations described in this loop. Interestingly, these variants often have associated mutations in other areas of beta-lactamase and in particular the Ω-loop. Here are the important sites that may be involved in resistance to CAZavi.

At position 237.

Residue 237 is implicated in the carbapenemase activity in class A carbapenemases and especially KPC (77,78) as it is part of the active site (39). The length of the active site's pocket is crucial for the carbapenemase activity and the interactions between the E166 and N237 determine this distance (39). It allows a good position of the beta-lactam carbonyl for the beta-lactam bond to be hydrolysed. Its primordial role in hydrolysis probably explains why we do not find this position in clinical alleles. Papp Wallace et al. showed in vitro an important role of T237 in resistance to inhibitors, but the study was performed before the CAZavi commercialization (79), therefore this combination was not evaluated.

Positions 239-240. The residue 239 is close to the active site, explaining in what measure mutations could impact the enzyme's activity (78). For the positions 239 and 240, the deletion of the pattern G239V240 confers resistance in KPC-74, and in isolates from experimental evolution (80). In addition, V240G and V240A mutations with and without H274Y are described in clinical isolates (KPC-6/KPC-8 and KPC-23, respectively) as being associated with CAZavi resistance (63,67,73). Mutations in position 240 enlargers the active site for wider substrates/ligands to bind (81). In position 241 two mutations, Y241H as well as Y241S are described as probably resistant to

CAZavi but not proven. Indeed, in KPC-51, Y241H is associated with D179Y and H274N which makes it difficult to interpret the impact of mutation at this position, independently. The loop 237-243 has essential residues for the enzyme activity and in particular, site 237 which is part of the active site of beta-lactamase.

Mutations located in the loop 267-275

The loop 267-275 is a « hotspot » for mutations since it is the 2 nd site with the most mutations Thus, these insertions within the loop 267-275 could modify the conformation and increase the accessibility to the substrate. They would therefore result in an increased affinity towards ceftazidime, and a decreased inhibitory activity of avibactam, explaining the phenotype of resistance to CAZavi. It is fascinating to see the mutational tolerance in this loop. Insertions of up to 15 amino acids have been reported, which greatly expands the structure. In contrast to the other loops, very few mutations have been described within loop 266-275, especially the H274Y, in the other class A beta-lactamases suggesting a very specific mechanism to KPC beta-lactamase (81). However, variants with mutations in this region have been observed in isolates from in vitro laboratory selection (41,86).

Particularity of site 274. The main mutation found at site 274 is H274Y, at the origin of KPC-3. This mutation presents a very big evolutionary success since it is identified in 40 clinical mutants.

We find a hydrogen bond between the hydroxyl side chain of tyrosine from the H274Y and the amine functionality of the ceftazidime's aminothiazole ring. Substrate binding and/or substrate stability is improved, leading to increased catalytic efficiency (81). The consequence is a 9-fold increase in catalytic efficiency compared to KPC-2 against ceftazidime (31,87).

Interactions between hotspots

Galdadas et al. studied the loop dynamics in KPC-2 and TEM-1 beta-lactamases (40). For them, distal loops are involved in the structure of the active site, through their connections with other sites in the protein (88,89). In TEM-1 and KPC-2, several loops surround the active sites. The highly conserved Glu166 and Asn170 residues are not only essential for the Ω-loop's structure (90) but they also influence the other loops conformation. The structural proximity of the 3 loops discussed here as well as the interactions between their residues, by van der walls bonds in particular, makes the structures interconnected. For example, changes in the 270-loop are necessary for a correct repositioning of the 240-loop to avoid steric clashes with the ceftazidime aminothiazole ring. According to Tooke et al., this could be made possible through deletions or substitutions in the 240 loop (46).

The local binding pocket as well as other allosteric sites can be responsible for conformational changes. Class A β-lactamases are rigid and therefore more often impacted by localized changes in the loops than by important change in their conformation (91). Structural changes occur after ligand binding, particularly in the regions surrounding the active site. The impact of mutation in the loops is a dynamic phenomenon, Flexible motions can be observed, responsible for a widening of the active site modifying the enzyme's activity (60,92,93).

Mutation effects: a trade-off in the resistance spectrum

While biochemichal data have shown that KPC-2 has good hydrolytic activity on penicillins, cephalosporins and carbapenems, it poorly hydrolyzes cephamycins and ceftazidime (14).The KPC-3 variant exhibited a ceftazidime hydrolysis capacity greater than KPC-2 and a similar hydrolysis rate for carbapenems (82). In Mehta et al. study, most variants (2 to -11) increased activity towards ceftazidime without compromising the hydrolysis of carbapenems or penicillins. However, these variants have not been described regarding resistance to CAZavi.

What emerges from most studies describing KPC CAZavi-resistant variants is an evolutionary trade-off with a decreased resistance to other beta-lactams, such as carbapenems (13,73,82). This is not surprising, as the acquisition of a new function in beta-lactamases is often correlated with the loss of a natural function. This is the case for TEM-1, in which there is a compromise at the hydrolysis spectrum level explained from a structural point of view. : some of these mutations confer an enlargement of the pocket of the active site, allowing the interaction of the active site with oxy-iminocephalosporins, larger molecules, to the detriment of interaction with penicillins. There is therefore a broadening of the hydrolysis spectrum of penicillins, their natural substrate, towards oxy-iminocephalosporins (94). Regarding KPC carbapenemase, the same compromise is observed.

It is interesting to note that the 3 key regions involved in CAZavi resistance are involved in this change in activity:

Within the Ω-loop, substitutions in position 179 alter the hydrolysis of natural substrates such as ampicillin, aztreonam and meropenem. The same applies to substitutions in positions 163, 164, 169 and 172. The structural modification and disorganization of the saline bridge therefore has a major impact on the hydrolytic spectrum. As an example, a drastic reduction of MICs to carbapenems is observed in KPC-25 and KPC-40, related to the insertion of 2 amino acids, Ins165_EL (59,95).

In a study carried out by Hobson et al. on clinical and in vitro variants resistant to CAZavi, we showed that insertions in the Ω-loop resulted in a very different resistance profile (Figure 3).

We observed ESBL-like phenotypes with sensitivity to carbapenems and decreased piperacillin/tazibactam MICs, corroborating the data demonstrated for KPC-25 and KPC-40 (80). Some mutants with deletions in the Ω-loop recovered susceptibility to all beta-lactam except ceftazidime and CZAavi thus becoming "hyper-specialized" on ceftazidime. The underlying mechanism is not yet known but could correspond to a trapping of ceftazidime.

Concerning the 4 duplications in the 267-275 loop of KPC described in the literature (47),

although their ertapenem and meropenem MICs decreased, they retained activity on imipenem revealing a versatile resistance of these mutants to beta-lactams. The same observations of loss of hydrolytic activity have been highlighted, particularly for cephalosporins and aztreonam.

Mutants with deletions in loop 238-243 showed resistance to most penicillins and cephalosporins. They were highly inhibited by clavulanic acid and tazobactam, exhibiting an ESBL-like phenotype. All variants with a deletion within this loop lose their catalytic activities towards carbapenems.

Mutation effects: a trade-off in the enzyme stability

From a thermodynamic point of view, folding and stability are closely related, and thermodynamic stability can be considered as the proportion of correctly folded proteins. In this sense, low stability corresponds to a significant proportion of misfolded proteins. Thus, a decrease in stability can be associated with a decrease in the number of functional proteins.

denatured proteins are supported by degradation systems in bacteria, such as E. coli where it has been shown that the rate of degradation is higher for denatured proteins than for native proteins (96). Proteins of low stability therefore confer a reduced selective value; due to fewer functional proteins; significant energy costs and potentially other costs if the denatured proteins aggregate.

Substitutions close to the active site altering enzyme function are often associated with a cost in terms of protein stability. Mehta et al. show that simple substitutions near the active site;

increasing the hydrolysis of ceftazidime; result in a loss of 2.6 °C to 7 °C. The V240G/H274Y mutant (KPC-8) has the greatest loss of stability among all the variants studied. Similarly, a significant decrease in stability was shown for variants with insertions, including duplications within the loop 267-275 far from the active site. The observed decreases in melting temperatures were greater than for substitutions. Thus, increased hydrolysis of ceftazidime or

CAZavi is associated with a cost in terms of stability for the protein.

KPC-2 and its variants have greater stability than other Class A beta-lactamases. Indeed, the melting temperature of KPC-2 (66.5°C) is higher than that of TEM-1 (56.7°C) and CTX-M-14 (51°C) (61,97). Despite the strong stress caused by large insertions, stability remains important.

This could explain the propensity of KPC to acquire these insertions, the ability to adapt to new substrates, including the CAZavi combination. The presence of a significant number of insertions/deletions in clinical variants of KPC is likely related to the high stability of the protein, making the structure permissive to these events.

The thermodynamic stability of the KPC enzyme compared to other class A beta-lactamases could explain their fascinating adaptability to the environment. In addition to their high tolerance to mutations, their evolutionary potential therefore remains unpredictable, and needs to be further evaluated.

Discussion

The number of KPC variants are appearing extremely rapidly and especially since the commercialization and use of CAZavi (98). They are the bed of increasing attention, particularly due to their impact ceftazidime and CAZavi. Indeed, the emergence of resistance is frequent and could compromise the use of this antibiotic in the future. KPC shows significant adaptive potential with 98 variants described including 58 resistant to CAZavi. This adaptability is confirmed by numerous in vitro studies demonstrating this ability to adapt (18,36,59,76).

The Ω-loop is the main structure involved in this resistance. It is also responsible for modifications of hydrolytic capacities in other Class A beta-lactamases such as TEM or CTX-M, broadening the spectrum of activity towards ceftazidime. This change in spectrum can be explained by the proximity of this loop to the active site and the interaction of certain residues, including E166 with the catalytic serine 70. All this leads to a modification of the Kcat and Km for ceftazidime as well as the affinity of avibactam.

The second mutation hotspot described is loop 238-243 near the active site and bordering the right side of the active site. This region is conducive to substitutions and deletions, conferring a ESBL phenotype to the enzyme. This mutation hotspot has already been described in other

Class A beta-lactamases. The enzymological description made it possible to highlight a reduction in the catalytic efficiency concerning ceftazidime, with an increased affinity constant.

Avibactam does not seem susceptible to mutations within this loop. Deletions result in a shorter loop, and lead to easier access of the ceftazidime to the active site.

Finally, the third mutation hotspot is the 267-275 loop. This loop is located far from the active site and can tolerate many duplications, some of which are large. In other class A betalactamase, very few mutations have been described within this zone. Despite the remoteness of the active site, significant hydrolytic changes occur when this loop is modified. The position 274 is a strong evolutionary success and leads to an increased ceftazidimase activity in case of H274Y substitution. The resistance to CAZavi observed in case of an insertion in the loop, is not explained by increased catalytic activity to ceftazidime, but by a reduced avibactam activity.

In a study on a E166Q mutated KPC, when ceftazidime binds to the enzyme, large rearrangements in the protein occur, in the Ω loop and in residues 270 to 274 included in loop 267-275.

Indeed, the restructuring of the loop seems necessary to avoid significant steric clashes with the aminothiazole cycle. Residues 239 to 243 of loop 237-243 move considerably, compared to their natural positions in the parent enzyme, with a distance from the loop Ω in the direction of loop 270 (46). Deletions or substitutions in loop 238-243 should reduce these conflicts, by better accepting the aminothiazole ring of ceftazidime. Notably, H274Y substitution can further reduce the energy load associated with the reorganization of the 238-243 loop (46,81). It is interesting to note that deletions in loop 238-243 (KPC-28) induce lower km values for ceftazidime compared to ancestral enzymes (46,82). Steric clashes induced during ceftazidime binding could be drivers of beta-lactamase restructuration (46) When KPC has a structural modification resulting in resistance to CAZavi, an enzymatic compromise emerges. Indeed, in the three loops described above, there is a loss of carbapenemase activity with reductions in minimum inhibiting concentrations for imipenem, meropenem and ertapenem. These reductions are explained enzymologically by a reduction in kcat catalytic activity and kcat/km catalytic efficiency. This observation of spectrum modification is observed for other beta-lactams yet included in the natural hydrolysis spectrum of KPC. Beta-lactamase inhibitors with beta-lactam nucleus have an increase in their inhibitory capacities towards CAZavi resistant variants. The trade-off observed here is reported in other class A beta-lactamases (99).

KPC carbapenemase is distinguished by a significant proportion of insertions/deletions within in vivo isolates. The enzyme's ability to modify its structure and tolerate insertions/deletions reflects its plasticity and ability to adapt to new substrates. The presence of insertions and deletions is rare in other class A beta-lactamases, this could be explained by the high stability of KPC beta-lactamase. Indeed, KPC has a very high melting temperature compared to TEM-1 or CTX-M (97,100). Despite destabilization by substitutions or insertions, melting temperatures remain high. The propensity of KPC to possess insertions and deletions in vivo could therefore be related to the important natural stability of this enzyme.

Its high mutational tolerance and formidable ability to adapt to new substrates such as CAZavi, makes beta-lactamase KPC a real-speed evolutionary model. This health care issue led us to sum up the existing data on described in vivo mutants, structural changes in the KPC-enzyme, and their impact on resistance to CAZavi.

The evolutionary trade-off makes it difficult for beta-lactamase to resist both CAZavi and carbapenems revealing therapeutic options with, in particular, the new inhibitors meropenemvaborbactam or imipenem-relebactam or cefiderocol (15,65,101,102). But here again, close monitoring will be necessary in the future to monitor the adaptive potential of class A betalactamases because resistance possibilities are already emerging (103,104). Thanks to their high tolerance to mutations, KPC-type beta-lactamases are a suitable model to evaluate the impact of anticancer drugs on resistant bacteria.

With that purpose, we conducted the experiments presented below in the "Experimental results" section.

These first 2 introductory parts allowed us to lay the foundations of the impact of chemotherapy on bacteria and the intestinal microbiota. We understand the key issues in terms of treatment responses and personalized medicine possibilities.

In addition, since chemotherapy is often non-specific to cancer cells, an impact on the genome of bacteria could lead to an increased generation of mutations that can cause easier selection of mutations conferring resistance to antibiotics.

To study this, KPC beta-lactamase appears to be a relevant model and will be used in our experiments.

Finally, in this last introductory part, we will describe the different in vitro models for studying the impact of various therapeutics on the intestinal microbiota, to overcome confounding factors related to the host or its environment.

Chapter 3: In vitro human gut models

Though the interaction between microbes and anticancer drugs can be studied in vitro, the used conditions are not always clinically relevant as we miss a large part of the complexity of natural conditions. Indeed, anticancer drugs affect bacteria that evolved in a diverse environment, the microbiota, and within a host. Because a 3 players drug-bacteria-host interplay may be difficult to unravel, we decided, in my work, to focus on the drug-gut microbiota interactions. With that purpose, we decided to implement a system that would allow us to decipher the impact of drugs on a full microbiota. In search for a "good" model to conduct these experiments, we eventually decided to implement an in vitro human gut in the Bichat Medical University, for my PhD.

To complete the bibliographic section of my work I briefly present below the existing in vitro human gut systems, developed with the purpose of better studying these drug-microbiota interactions.

Background

Gut microbiota (GM) is the reflect of health, and its disturbances can be associated with human diseases. It is well admitted that the GM composition is tightly linked to the host's health, but also that antibiotics disturb the gut's homeostasis, positively or negatively, with systemic consequences in the host (6-8) (among others, vitamin production, SCFA production, modified immune responses). However, the drug-gut microbiota interactions, and their consequences, is host-dependent (7, 9), and can therefore not always be generalized to all individuals. This particularity highlights the importance of using personalized approaches when evaluating the relation between the gut microbiota and environmental perturbations (10).

Existing models

Animal models are widely used for gut microbiota studies, with pros and cons (11,12). Like all models, mice models comprise bias, such as macroscopic and microscopic differences in their anatomy and microbiology compared to humans (11), or diet differences highly impacting the gut microbiota composition (13).

Moreover, in vivo models are limited by the number of tested conditions simultaneously, the number of replicates, and ethical constraints. Therefore, many in vivo models using healthy humans group a limited number of subjects (14)(15)(16). Regarding the difficulties in sampling different regions of the human's gut in vivo, the in vitro gut model system provides easier means to study the gut microbiome (17) enabling studying variations in the environment on the microbiota.

In vitro models of human gut microbiota offer the advantage of numerous simultaneous replicates, in controlled environment, controlled duration of experiments, unlimited screening conditions, enabling high-throughput experiments. These models allow to observe the possible changes in the gut microbiota after a treatment and evaluate the changes in the bacterial communities. One patient can be its own control throughout the experiment, and many conditions can be evaluated simultaneously on the same fecal sample. Although some models comprise epithelial-cells, or mucus (18,19), these in vitro models are not yet adapted for studying immune responses or metabolic responses in the host to gut microbiota changes.

In microbiology and infectious diseases, in vitro models of human gut microbiota have largely been used with different objectives: studying genetic evolution in bacteria or competition experiments (20), the dynamics of antibiotic resistance (21), of colonization by resistant clones or pathogenic strains (21)(22)(23)(24)(25)(26), and the conditions for their detection (25), but also to experiment human pathology and therapeutics (27,28). As an example, C. difficile infections have been widely studied using in vitro gut models, to screen the determinants of infection, such as antibiotic exposure, but also evaluate therapeutic options in case of infection, with pharmacokinetics monitoring options (22,24,(29)(30)(31). At a larger scale, they enable to study the impact of drugs (antibiotics, anticancer drugs, pre-probiotics), dietary regimens, pollutants on the gut microbiota (32)(33)(34)(35)(36)(37). Finally these systems have also been used with therapeutic outcome strategies (29,31,38) or adjuvant therapies such as FMT, pre-probiotics, or other, using one or multiple fecal samples, after a treatment with one or many treatments (37,39) .

In vitro gut models are numerous, and, among many specific characteristics, these models can be distinguished by the represented organ, the culture volume, the pH, the duration of the experiment, the pumping characteristic, the presence of mucus or epithelial cells (17,40,41).

Depending on the targeted digestive site and the study objectives, all models are not suitable.

In vitro gut models

First, we present the continuous flow models (Figure 1). The TIM-1 model (1997), simulates the stomach to the small intestine, it is used to test the effect of bile on bacterial survival (42).

The MacFarlane model (1998) (43), a three stage compound continuous culture system representing one "proximal" compartment and two "distal "compartments is used to study the large intestinal. In 2013, Berner et al (35) developed the "Polyfermentor intestinal model (PolyFermS)" used to study the effects of treatments on the proximal colon microbiota, using immobilized fecal microbiota allowing the cultivation of a complex microbiota, including the slow growing microorganisms at planktonic state.

Currently, the gold standard system remains the Simulator of the Human Intestinal Microbial The same year, the MBRA (MiniBioReactor Arrays) representing the colon, was developed, a single stage continuous flow model, allowing 24 simultaneous fecal cultures in anaerobic conditions (48). We will detail it specifically this model below, as a part of my PhD was dedicated to the implementation of this system in our lab. All our microbiota experiments were therefore conducted using this system.

In 2016, the HuMiX (49) was developed, a microfluidics-based in vitro model allowing a coculture of human cells (Caco-2 cell line) with bacteria. 

MBRA (MiniBioReactor Arrays)

To us, among the existing models, the MBRA seemed the most suitable. Its cost, its rapidity of installation, and its practicity of use were adapted to our work and our budget.

The MBRA system, is a single-step continuous flow culture of 24 chambers, nested in an anaerobic chamber. Fecal samples are inoculated directly in each chamber; therefore, the 24 cultures evolve independently during the experiment.

Briefly, the culture volume of 15mL is maintained throughout the experiment by 2 peristaltic pumps, one bringing fresh media to each chamber, and one extracting the waste.

All the components of the system are stored in the anaerobic chambers at least 48h prior to the experiment, including the culture media, the Bioreactor medium (BRM), placed 72 hours before the experiment in the chamber. Fresh BRM media is prepared for the pre-treatment period before the treatment step and again before the post-treatment step. Before the experiment, BRM is infused in all the 24 chambers, up to a 15mL volume, and settles 6-8 hours before the fecal inoculation. Fecal samples are diluted at 25% w/v in anaerobic phosphate buffered saline (PBS), vortexed for 5 min and centrifuged 800rpm. The supernatant is then filtered through a 100µm filter (Falcon® cell stainer ®) and distributed equally, at 20% in the 24 culture chambers containing the BRM. Stirring is activated (1600 rpm) after a 16-18-hour resting period, required before launching the pumps. Flow rate is of 1.875mL/hour (equivalent to a 15mL turnover every 8 hours, mimicking the physiological intestinal peristalsis), corresponding to an 8-hour retention time. Daily samplings are performed in the 24 chambers, a 400uL volume is collected for further analysis.

The experiment is divided into 3 periods, the pretreatment, the treatment, and the post treatment. The pretreatment period corresponds to the stabilization period during which feces settle in the in vitro environment. This period lasts minimum 3 days, so the experimental period starts with settled bacterial communities only. Compared to other models (19), this 3day stabilization period is very short, and this characteristic was also important in our choice of model.

Depending on the tested treatment, it is administered directly in each chamber, or it is part of the media, infused in the treated chambers through the pumps.

In vitro human gut models have many advantages but among their limits, we can cite the importance of the culture media used for the experiments. Indeed, depending on the microorganisms of interest, culture media composition should be optimized. Regulatory effects of the media components (bile salts, inorganic salts or mucin…) on metaproteome can be observed with components (50). In vitro, the microbiota's functions and metabolic responses, can be modified by inorganic salts or bile salts present in the culture media (51).

With that purpose, Li et al. ( 50) evaluated 4 different medium in an in vitro model of gut microbiome (in mice) before conducting metaproteomic studies. They evaluated how each bacterial community respond to the variations in the media. As an example, Faecalibacterium prausnitzii was particularly adapted to a media with SCFAs and high concentrations of inorganic salts. In the MBRA system, used for our experiments (48), the BRM media is the reflect of the colon environment, low in glucose, maltose, cellobiose, and in complex carbohydrates (inulin, arabinogalactan).

Focusing on the colon seemed to us the most logical strategy as we chose to work on fecal samples, adapted to the colon environment in terms of anaerobiosis, pH, and nutrients.

Using the MBRA model, we performed different series of experiments, described below.

Part 2: Experimental results

Based on these data from literature, we performed a series of experiments that are presented here in the form of 5 manuscripts.

Our first aim was to test if anticancer drugs could, through their action on mutation rate, promote an antibiotic resistance escalation. We studied therefore the response of KPCcarbapenemase producing Enterobacterales to anticancer chemotherapy and obtained a variety of mutational possibilities conferring resistance to ceftazidime-avibactam. Further analyzes of these mutants are integrated to this work. These results are presented in Chapter 4.

To go beyond in vitro studies and test at a broader scale the impact of drugs used in cancer patients, we resolved to use an in vitro gut model and focus on the impact in the microbiota.

These results are presented in chapter 5.

Chapter 4: Anticancer drugs, bacteria, and antimicrobials

In this chapter, we present our work on the impact of anticancer drugs on bacteria mutagenesis, and the impact on resistance to antibiotics, focusing on CAZavi. Ceftazidimeavibactam (CZA or CAZavi) is one of the last resort antibiotics used against carbapenemaseproducing Enterobacteriaceae (excluding metallo-ß-lactamases), including the KPC (Klebsiella pneumoniae Carbapenemase, of Ambler Class A) producing bacteria. However, soon after its commercialization, in 2015, resistant mutants have been described in vivo, compromising therefore its clinical efficacy (52,53).

We studied the evolution of KPC towards resistance to CAZavi under anticancer chemotherapy to illustrate the impact of anticancer drugs on the generation of resistance in bacteria. Our experiments resulted in 3 articles that are presented in this chapter.

First, we evaluated the impact of anticancer drugs on the bacterial mutation rate and the level of resistance to CAZavi.

Subsequently, we analyzed some CAZavi-resistant mutants on the genomic scale to further describe the underlying mutations associated with high levels of resistance to CAZavi in KPC gene.

Last, we studied the cross-resistance of these mutants to cefiderocol, a siderophore cephalosporin, also a last resort molecule targeting carbapenemase producing bacteria.

Antimicrobial activity of anticancer drugs evaluated by a KPC-type carbapenemase model

As a start, as few data were available on potential impact of anticancer drugs on bacteria, we began our experiments by a screening step of several molecules. Since our work, other studies bring new information on the antimicrobial activity of anticancer drugs (4, 5). For our experiments, we chose to work on 2 clinical isolates, a KPC-2 producing E. cloacae (RD26) and a KPC-3-producing E. coli (RD29), on which we tested 8 anticancer molecules, belonging to various classes of anticancer drugs (See description in the article below). Our objective was to search for an effect of these molecules on the mutation rate of bacteria, and to confront these variations in the mutation rate evaluating the levels of resistance to ceftazidime-avibactam.

Rifampicin being a classical molecule used to evaluate mutational rate of bacteria, was used as a control antibiotic.

We showed that some anticancer drugs can increase the mutation rate of bacteria, facilitating the selection of resistant mutant to CAZavi, which could impact the therapeutic management of patients. The frequency of emergence of CAZavi-resistant mutants from E. cloacae RD26 was of 10 -6 , 10 -7 and 10 -9 after incubation with azacitidine (0.5mg/L), dacarbazine (10mg/L), and no anticancer drug, respectively. The one of E. coli RD29 was of 10 -8 , 10 -5 , and 10 -10 for azacitidine, dacarbazine and no anticancer drug, respectively.

Further details of this work are presented here.

Introduction

Patients treated with anticancer chemotherapy drugs (ACD) are vulnerable to infectious diseases due to immunosuppression and to the direct impact of ACD on their intestinal microbiota 1,2 . Some anticancer drugs like mitomycin C are known to have a bacteriostatic or bactericidal effect 3-6 and can also be mutagenic on bacteria 3 . It is suggested that the dysbiosis can participate to intestinal mucositis 7 that enhances the risk of bacterial translocation to the blood, requiring an antibiotic therapy, which may in turn favor the emergence of antibiotic resistant bacteria. The growing carriage of Carbapenem-Resistant Enterobacteriaceae (CRE) increases the risk of invasive infections with these resistant bacteria responsible for a mortality rate over 30 % 8 . Klebsiella pneumoniae carbapenemase (KPC) was described for the first time in 1996 9 . It is now a common carbapenem resistance mechanism among Enterobacteriaceae in the USA, Israel, Asia, Latin America, and South Europe, reaching a prevalence rate of 66.5% among K. pneumoniae isolated in Greece 10,11 . Carbapenem-resistant K. pneumoniae bacteremia are responsible for 73% of 30-day mortality in cancer patients 12 . The recent combination ceftazidime-avibactam (CZA) has been approved in 2015 in the USA and in 2016 in Europe 13,14 . CZA demonstrates excellent in vitro activity against CRE of KPC-type and is associated with a decreased mortality rate in treated patient 8,15 . Its efficacy, broad antibacterial spectrum and safety, led to an increase in its use, notably for immunosuppressed patients treated with ACD 16 . Unfortunately, some mutations in blaKPC or in genes encoding porins lead to resistance to CZA, thus limiting the benefit of this last resort strategy 13,17,18 . Moreover, several ACD interfere with DNA replication and increase the mutation rate of eukaryotic cells. It has been showed in vitro that anticancer chemotherapy drugs could enhance the emergence of antibiotic-resistant pathogenic bacteria, mostly through activation of the SOS response 2,19 . The alkylating agent dacarbazine, the topoisomerase inhibitors epirubicin and daunorubicin, and the pyrimidine analogue azacitidine were shown to accelerate the bacterial evolution 19 . We thus hypothesized that ACD treatment could accelerate the modification of beta-lactamase spectrum and thus the emergence of CZA-resistant mutant in KPC-producing Enterobacteriaceae.

In this study, we investigated the impact of several ACD on beta-lactamase evolution. We chose to evaluate the emergence of CZA-resistant mutants in KPC-producing Enterobacteriaceae.

We subsequently evaluated an antimicrobial combination to limit the emergence of resistant mutants to this last resort antibiotic. Last, we sequenced and cloned the blaKPC genes of the CZA-resistant mutants to identify the mutations accounting for the enhance resistance to CZA.

Results

Mutation rate. The culture of Enterobacter cloacae KPC-3 (RD26) and E. coli KPC-2 (RD29)

with ACD modified the frequency of resistant mutants to CZA and rifampicin in a variable manner depending on the isolates and cytotoxic molecules. Resistance to rifampicin is a classical model used to evaluate mutation rates 20,21 . Control conditions without chemotherapy molecule showed that the strains have a normal mutational rate against rifampicin 20 . Compared to the control culture without ACD, the frequency of emergence of rifampicin-resistant mutants and of CZA-resistant mutants increased up to 10 4 and to 10 3 after exposure to some cytotoxic molecules (Figure 1 and Supplementary Table S1).

In details, the frequency of emergence of CZA-resistant mutants from E. cloacae RD26 significantly increased after incubation with azacitidine (p=0.0006), dacarbazine (p=0.003), and mitoxantrone (p=0.008). Azacitidine had the higher impact on mutation rates with an increase up to 10 3 -fold. Dacarbazine (p=0.002) and mitoxantrone (p=0.04) significantly increased the frequency of CZA-resistant mutants from E. coli KPC-2 (isolate RD29), up to 10 3 -fold increase for dacarbazine (Supplementary Table S2).

Dacarbazine increased the rate of rifampicin-resistant mutants (p=0.005), with a maximum of 10 4 -fold increase (Supplementary Table S1 andS2) for E. coli RD29. Azacitidine also had a significant impact for both strains (p=0.001 for E. cloacae RD26, and p=0.003 for E. coli RD29) (Supplementary Table S1 andS2) while mitoxantrone, cyclophosphamide, daunorubicin, mercaptopurine and cytarabine had no significant effect.

Concerning meropenem, whatever the ACD used with the RD26 isolate, no mutation rate could be determined since confluent growth was observed at the concentration used. However, no resistant mutant was observed on the medium with CZA combined with meropenem and therefore the mutation rate is < 10 -10 (Supplementary Table S1 andS2).

Confirmation of the ACD impact on the mutation rate with azacitidine as an example, on 5

other strains. In order to evaluate the capability of ACD, and especially azacitidine which is one of the most used molecules in pediatric hematologic malignancies, to increase mutation rate of different species or isolates, five non-related clinical isolates of different sequence types of K. pneumoniae (Supplementary Table S3 and S4) were tested against azacitidine 0.5 mg/L.

Similar results with increased frequencies of rifampicin-and CZA-resistant mutants were observed but no resistant mutant on the medium combining meropenem and CZA.

Confirmation of the ACD impact on the MIC increase by comparing parental isolates with

transformants. The MICs of CZA on nine CZA-resistant mutants derivatives of RD26 selected randomly were 4-to 16-times higher than that of their parental isolate. This resulted in some MICs incompatible with therapeutic use. In contrast, the meropenem MIC decreased subsequently, from 16 mg/L with the parental isolate to 0.094-2 mg/L in the CZA-resistant mutants. The MIC of meropenem combined with CZA stayed very low (≤ 0.064 mg/L). MICs of CZA, meropenem, and meropenem/CZA performed on E. coli Top 10 carrying the blaKPC genes borne in the plasmid pBR322 gave similar results. A similar level of blaKPC mRNA transcription was observed for the recombinant mutants compared to their recombinant parental strain (Supplementary table 5) suggesting similar KPC expression. Resistance to CZA was therefore very likely to be due to blaKPC gene alteration (Table 1). To explore the blaKPC gene mutation, we sequenced it in these nine RD26 CZA-resistant mutants as well as in seven transformants of E. coli. These revealed eithers point mutations, deletions, or insertions in the region of the omega-loop of the KPC (Table 1). Indeed, two mutants carried the mutation R164P, two mutants were mutated in position 179 (D179H and D179Y), and one mutant carried the mutation T243M. We also observed mutations leading to the insertion of 5 amino acids (SAIPG) between G175 and D176, of three amino acids (DDK) between K273 and Y274 and to the deletions of three amino acids (ARD) between D176 and T180 and of two amino acids (GV) between C238 and Y241 (Table 1).

Discussion

We showed here that certain ACD can stimulate the bacterial mutagenesis and can lead to mutations in KPC. Some of these mutations were previously shown to increase the catalytic efficiency of KPC towards ceftazidime resulting in the failure of ceftazidime-avibactam 22,23 .

Anticancer drugs can have genotoxic effects 24 and thus stress the bacteria, through their impact on DNA and cell division. Stress activates the SOS response that increases the mutation rates of bacteria 19,21,25 . CZA may offer a significant advance over antimicrobials agents which may keep in vitro activity against CRE, such as colistin, fosfomycin, and tigecycline but which are limited by concerns over efficiency and/or toxicity 16 . Although CZA is considered as one of the last resort treatment in case of infection with KPC-producing strains 8 its use may lead to the selection of resistant mutants in patients 15,17 . Reports on the emergence of CZA-resistant CRE soon after its launch led to the publication of a worrying report on rapid risk assessment in June 2018 by the European Centre for Disease prevention and Control 26 .

In this study, we observed that when bacteria are incubated with certain ACD such as azacitidine or dacarbazine, the increase frequency of resistant mutants (up to 10 -6 ) and their high MIC to CZA are particularly worrying as it could lead to the treatment's failure in case of severe infection.

As E. cloacae RD26 was not susceptible to meropenem, CZA would have been an option for the treatment in case of infection. Hence, we observed confluent growth on the medium containing meropenem at therapeutic concentration. A valuable result to point out is the absence of selection of cross-resistant mutants to the association CZA-meropenem. Indeed, whatever the mutation rate after a culture with ACD and selection on antibiotic medium, we found no emergence of resistance to this association at threshold detection of 10 -10 . This is of importance as it widens the therapeutic possibilities to reduce the risk of selection of resistant mutants.

Avibactam protects meropenem from hydrolysis by the KPC ß-lactamase and restores the ceftazidime activity in the case of production of ESBL or AmpC ß-lactamases. Furthermore, a tradeoff between carbapenemase activity and resistance to CZA has already been described and was confirmed by our MIC results (Table 1) suggesting that the association meropenem with CZA is an optimal therapy to counteract the carbapenemase activity of the KPC ß-lactamase, and enables the meropenem and ceftazidime activity 15,22,23,27-29 . The association of meropenem and vaborbactam is promising but not yet available worldwide.

The sequencing of blaKPC of CZA-resistant mutants identified point mutations, insertions, or deletions. Some of these have already been described after in vivo or in vitro selection 13,27,30 .

These include mutations in position 164 and 179 which are located in the Ω-loop of this class A ß-lactamase. The Ω-loop (residues 164-179) is a hot spot for substitutions that extend the substrate spectrum of many class A enzymes. It contains Glu166 and Asn170, two essential residues required for priming a water molecule for deacylation of the ß-lactam. Mutations in the Ω-loop can modify salt bridge (between Arg164 and Asp179) and thus enhances the flexibility of the loop allowing a better binding and hydrolysis of ceftazidime. Similarly, insertions or deletions that occur in the Ω-loop modify its structure and steric bulk 22,23,29 and thus modify the access of ceftazidime. The effect of methionine for threonine substitution at position 243 is unclear 27 as well as deletions of 2 amino acids (GV) between C238 and Y241. Due to the proximity with β3-strand (positions 234 to 242), these mutations could increase flexibility of the β3 strand and allow the aminothiazole ring of ceftazidime to sink deeper into the active site upon binding. Finally, the effect of the insertion of 3 amino acid (DDK) between positions 273 and 274 is not known, but its spatial proximity to the active site is probably significant 31 .

Given the high mutation rates and potential clinical implications of therapeutic failure, it seems therefore reasonable to consider an association such as CZA with meropenem in the event of treatment of a severe infection by a KPC-producing Enterobacteriaceae in a patient treated with ACD and especially with dacarbazine, azacitidine, and mitoxantrone.

One of the biggest difficulties in carrying out this study was to choose the concentrations of chemotherapy molecules. Indeed, there are few data on therapeutic concentrations in pediatrics and to our knowledge none on concentrations obtained in stool. We therefore chose concentrations compatible with the blood concentrations 19,32,33 . We hypothesized that the diffusion of ACD in the intestinal compartment could increase the diversity of intestinal microbial population by modifying the basal mutation rate. Resistant mutants can then be selected after an antibiotic treatment, even not administered concomitantly with the ACD treatment. This remains to be evaluated in vivo.

We did not search for mutations in the other bla genes that were present, nor in PBP's (likely PBP3) that may also contribute to our results.

In conclusion, using two KPC-producing Enterobacteriaceae strains as a model, we found that in vitro incubation with certain ACD (i.e azacitidine, dacarbazine, mitoxantrone) enhance the bacterial mutagenesis and the subsequent emergence of antibiotic-resistant mutants. We confirmed the capability of azacitidine to generate high rates of mutants on five different sequence types of KPC-producing K. pneumoniae. Further studies including a larger number of bacterial isolates and cytotoxic molecules should be considered as well as in vivo assays.

Considering the rapid evolution of antibiotic resistance and the importance of beta-lactams in therapeutic arsenal, it seems essential to identify all factors that contribute to the evolution of antimicrobial resistance. Using KPC beta-lactamase, our study is an in vitro example that some ACD can increase mutational rate leading to CZA resistance. This observation challenges the therapeutic management of patients when dealing with KPC-type carbapenemase producing Enterobacteriaceae. In a second part, we studied five multiresistant KPC-producing K. pneumoniae clinical isolates: RD27 (blaKPC-3), DD34 (blaKPC-2), DD36 (blaKPC-2), DD37 (blaKPC-2), and DD38 (blaKPC-3)

Methods

Bacterial

whose MIC to meropenem were of >32, 6, 16, 6, and 1 mg/L and to CZA of 8, 4, 2, 1, and 4 mg/L respectively.

Genome sequencing and analysis. The DNA of all isolates was extracted using the MOBIO kit (Qiagen) after an overnight growth in Luria-Bertani (LB) broth. The Nextera XT kit (Illumina, San Diego, California, USA) was used to prepare libraries. Sequencing was performed on a MiniSeq 2x150 cycles (Illumina technology). The SPAdes assembler was used to construct assemblies. Contigs < 500 bp were removed. We performed multilocus sequence typing (MLST) 34 , identification of acquired resistance genes by using ResFinder 3.0 35 and SerotypeFinder 1.1 36 .

CZA 45 . The value at which the inhibition zone intersected the scale on the MEM E-test strip was considered as the MIC of MEM combined to CZA.

Identification of mutations involved in the resistance to CZA.

To identify the mutations leading to the resistance to CZA, blaKPC of nine randomly selected mutants was PCR amplified using a high-fidelity polymerase (Pfu DNA polymerase) and sequenced with the primers KPC-F (5' TCACTGTATCGCCGTCTAGTTCT-3') and KPC-R (5'-

ATCCCTCGAGCGCGAGTCTA-3').

Construction of plasmids expressing bla KPC-3 and derivatives. pBR322 plasmid was used as template for PCR amplification of the whole plasmid except blaTEM using specific primers that also contained overlapping regions of 5' and 3' regions of blaKPC (for subsequent Gibson Assembly) of RD26 isolate. blaKPC was PCR amplified from the DNA extracts of RD26 and some of its CZA-resistant derivatives (RD26-2, -3, -5, -6, -7, -8, and -9) with specific primers that also contained overlapping regions of 5' and 3' regions of pBR322 plasmid. PCR products were purified with a 1-h digestion with DpnI enzyme to remove the matrix DNA and by a gel purification (QIAquick Gel Extraction Kit, Qiagen). Resulting DNA was quantified using Qubit™ dsDNA HS Assay Kit (Thermofisher). Gibson reaction was carried out using a molar ratio of 1:1 backbone: insert in a total of 20 µl reaction mix and incubated at 50°C for 1 hour.

The total volume of Gibson reaction was dialysed against distilled water for 30 min. One µl was then electroporated in 15 µl of One Shot™ TOP10 Electrocomp™ E. coli (Invitrogen) and then incubated in 500 µl of LB broth for 1 hour at 37°C with shaking at 250 rpm. The transformants were plated on LB agar plates containing 10 mg/l tetracycline and further incubated overnight at 37°C. Transformants obtained were PCR amplified using a high-fidelity

Pfu DNA polymerase and sequenced with the primers pbr322-KPC-F GTCTGACAGTTACTGCCCGTTGA and pbr322-KPC-R AGGAAGAGTATGTCACTGTATCGCC.

Quantitative reverse transcription-PCR (RT-PCR)

RNA from a Mueller Hinton broth culture was extracted with the Direct-zol RNA kit followed by a DNAse treatment (zymoresearch, Irvine, USA) as specified by the manufacturer.

Transcriptome analysis was performed using 10 ng of total RNA on 3 genes: blaKPC, dinB a previously described housekeeping gene used for normalization 46 and tetA, a pBR322 plasmidic gene coding for tetracyclin resistance also used for normalization. We used the following primers : KPC (F-CGCGGAACCATTCGCTAAAC, R-AGCCCTTGAATGAGCTGCAC), dinB (F-GCGCGATATCCCTATTGCTA, R-AGGCTTCTTTGTAGGCGTCA) 47 and tetA (F-ATGCAGGAGTCGCATAAGGGAG, R-TCGCCGAAAATGACCCAGAG). The KAPA SYBR® FAST One-Step kit was used for PCR. Reverse transcription and amplification were performed with an LC480 Light Cycler (Roche®) in one step with the following cycling parameters: 30 min at 42°C for reverse transcription, 3 minutes at 95°C for reverse transcriptase inactivation and Taq activation followed by 45 cycles of 10 seconds at 95°C, 20 seconds at 64°C and 1 second at 72°C. Assays were performed in triplicates. The cycle threshold (Ct) was automatically determined by using the Second Derivative Maximum Method included in the LC480 software. For each isolate, a mean Ct was calculated using the 3 replicates. The fold change in gene expression comparing mutants and pBR322-RD26 was calculated by using the 2 -ΔΔCt method 48 .

Statistical analysis. The mutants frequencies were analyzed with the Fluctuation AnaLysis

CalculatOR (FALCOR) 49 program. We used the Ma-Sandri-Sarkar Maximum Likelihood

Estimator (MSS-MLE) method; validated in low replication models 50 ; followed by a Student's t-test to conduct the statistical analysis. The chosen significance threshold was 0.05 for all tests.

Accession numbers. Whole genome sequencing data were submitted to NCBI under SRA accession: PRJNA542787. blaKPC genes were submitted to GenBank under accession numbers: RD26-3 MN091856; RD26-6 MN091857; RD26-7 MN091858; RD26-9 MN091859. Ratio of means ± SD from four independent experiments. The p-value is indicated when differences compared to the control are significant (p<0.05). Statistical analysis was performed using an MSS-MLE method followed by a t-student test. (RD26), and a subset of CZA resistant mutants obtained after exposure to cytotoxic agents (Dacarbazine (Dc10), azacitidine (Az0.5), cyclophosphamide (Cyclo2.5), mitoxantrone (Mtx5), daunorubicin (Dn50) used at the concentrations of 10, 0.5, 2.5, 5 and 50 mg/L respectively),

and on E. coli TOP10 electroporated with pBR322 plasmid harboring the same blaKPC genes.

As a "take home message" from this article, some anticancer drugs are not only responsible for an increase in bacterial mutagenesis; probably through increased stress responses; but also for increased levels of resistance to CZA, a last resort antibiotic to treat KPC-type carbapenemase. Subsequently we investigated the genomic changes in the KPC-beta-lactamase, responsible for these antibiotic susceptibility changes.

KPC ß-lactamases, mutations, and resistance to ceftazidime-avibactam

As seen in the introduction part of this manuscript, the rapid evolution of Klebsiella pneumoniae carbapenemase, KPC, has been reported in the wild. Many new mutations have been described in KPC, including some insertions and deletions mutations 1 . Interestingly, the emergence of these mutations often correlates with a treatment with ceftazidime-avibactam.

At the time of writing our work (January 2022), 100 clinical alleles had been described ( 98different sequences). Based on our previous experiment in which we generated non-described mutants we wanted to investigate the molecular signature of these mutants.

Surprisingly we observed many indels. In proteins, an insertion, or a deletion of one or more amino acids is an evolutionary step often leading to large structural modifications as compared to single missense non-synonymous mutations. Observing an important frequency of these large impact mutations supports their contribution to rapid adaptation and their ability to open new adaptive paths for evolution.

The observed mutations mainly involve the omega loop and other loops close to the active site.

All the reported mutations are associated with diverse and specific hydrolytic profiles.

The high tolerance to insertions and deletions, which is unusual in beta-lactamases, allows the protein to rapidly adapt in response to antibiotic treatments such as CAZavi. This observation reflects the plasticity of the protein. Considering their great adaptability and their tolerance to mutations, the evolutionary potential of this protein remains unpredictable and should be further evaluated. The clinical consequences of this high evolutive capacity could challenge the therapeutic management of patients in the future.

Results are presented below.

1 : http://bldb.eu/ Mutations are the substrate of natural selection and allow microorganisms to face environmental changes. Among mutations, insertions and deletions (indels) in the DNA are important sources of variation in Nature.

The hydrolysis spectrum of antibiotics can be modified in case of indels in antibiotic resistance genes, such as beta-lactamases genes (1)(2)(3). Recently, Klebsiella pneumoniae carbapenemase (KPC), a class A beta-lactamase has emerged and is spreading worldwide, challenging the therapeutic management of infected patients. The core of the active site of KPC-beta-lactamase contains a Serine at position 70. This residue is surrounded by 4 loops (in Ambler numbering):

one between the α3 and the α4 helices (Leu102 to Ser106), the omega loop (Arg164 to Asp179), the loop between β3-and β4-strand (Cys238 to Thr243; Loop238-243), and the loop between the β5strand and the α11-helix (Ala267 to Ser275; Loop267-275) (4,5). KPC enzymes confer resistance to penicillins, cephalosporins, carbapenems, and most beta-lactamase inhibitors. Avibactam, a non-beta-lactam beta-lactamase inhibitor, can inactivate KPC-type carbapenemases, offering new therapeutic alternatives (6). However, in vivo and in vitro resistance (7)(8)(9)(10)(11)(12) to the ceftazidime-avibactam (CZA) combination have been reported worldwide and requires particular attention. The diversification of KPCs is very rapid, and at the time of writing 54 clinical alleles (July 2020) including some selected during a ceftazidime-avibactam treatment have been described (13). Although indels are rare in beta-lactamases, they are highly represented in KPC beta-lactamases clinical isolates (at least n=10/54, 18.5%, including 8 insertions and 2 deletions) (13)(14)(15)(16), and have also been described in vitro under ceftazidimeavibactam selective pressure (8,9,17).

Here, we further investigated the contribution and impact of indels in the evolution of KPC with ceftazidime-avibactam.

Anticancer chemotherapies have been shown to increase the global mutation rate of bacteria through the induction of the SOS system (18,19). We therefore used 2 molecules of anticancer chemotherapies (dacarbazine, an alkylating drug, and the antimetabolite azacytidine) to increase the mutation rate and facilitate the selection of in vitro ceftazidime-avibactam resistant mutants from clinical isolates of Enterobacteriaceae (an Enterobacter cloacae harboring blaKPC-KPC genes with indels were cloned in pBR322 plasmid (Gibson assembly) and expressed in E. coli TOP10 (18). Antibiotic MICs were determined in duplicate according to the supplier's recommendations either with the E-test method (for CZA and ertapenem) (bioMérieux, France)

or by broth microdilution using the Sensititre ESB1F sensor plates for the other antibiotics (Thermo Scientific), and interpreted using EUCAST breakpoints (20). The reference strains E. coli ATCC25922, ATCC35218 and K. pneumoniae ATCC700603 have been used as control (21).

The frequency of emergence of CZA-resistant mutants from E. cloacae RD26 was of 10 -6 , 10 - 7 and 10 -9 after incubation with azacitidine (0.5mg/L), dacarbazine (10mg/L), and no anticancer drug, respectively. The one of E. coli RD29 was of 10 -8 , 10 -5 , and 10 -10 for azacitidine, dacarbazine and no anticancer drug, respectively. Ninety-six CZA-resistant mutants, selected randomly from culture with or without anticancer drugs (16 colonies from each culture condition), were screened by PCR amplification and sequencing. We isolated 19 mutants with 17 unique indels, listed in Table 1 representing almost 20% of CZA-resistant mutants selected in vitro. Eight were found in KPC-2 and 9 in KPC-3. Overall, eight mutants had insertions and nine had deletions. Five indels were also associated with non-synonymous mutations. Indels were found on all culture conditions with no difference of frequencies depending on conditions.

Insertions:

The eight insertions were tandem repeat (TR) mutations. The size of the repeat units of the TR mutations ranged from 6 bps to 45 bps (Table 1). The longest insertion occurred in the Loop267-275. Some mutants have been previously described in clinical isolates (KPC-25, KPC-29 and KPC-44 ( 13)). Of note, 2 mutants were found twice in our experiments and these are the same mutants already described in clinical alleles (KPC-29 and KPC-44). This suggests that these mutants may be more likely to emerge in vivo. Figure 1 represents alleles found in our study, and those identified in clinical isolates.

The resistance profile of the insertion mutants was highly heterogeneous for beta-lactams. In the omega-loop, we observed a decrease in MIC between cefotaxime, and cefotaxime associated with clavulanate, suggesting an extended-spectrum beta-lactamase (ESBL)-like phenotypic profile. This phenotype was also evaluated by carrying out susceptibility tests by disk diffusion method with evidence of a synergy between clavulanic acid, and cefotaxime, cefepime or aztreonam (22).

Insertions at the positions 261 and 269 (previously described in the clinical alleles KPC-29 and KPC-44, respectively) showed high CZA MICs and tazobactam MICs ≥ 64 mg/L. Although their resistance to ertapenem and meropenem decreased, they retained a detectable activity on imipenem revealing a polyvalent resistance of these mutants towards beta-lactams.

Deletions:

The nine deletions ranged from 6 bps to 33 bps. The longest deletion occurred in the omega-loop. No mutant observed in our study had yet been described in clinical isolates (10). Compared to the parent strains, all the mutants with deletion mutations were more susceptible to carbapenems. We observed a consistent phenotype for mutants with deletions between the positions 165-175 with a significant decrease in their resistance to all beta-lactams, including penicillins, except ceftazidime and CZA (Table 1). Thus, the mutated enzyme became highly specialized on ceftazidime. Mutants with deletions in the Loop238-243 showed resistance to most penicillins and cephalosporins. They were strongly inhibited by clavulanic acid and tazobactam, showing an ESBL-like phenotype, with a decrease in MIC when clavulanate was combined with cefotaxime, compared to cefotaxime alone. A phenotypic synergy between clavulanic acid, and cefotaxime, cefepime or aztreonam, was also observed on antibiotic susceptibility testing by disk diffusion method (22). Their carbapenemase activity was no longer detectable.

The tolerance to indel mutations depends on the region in which they occur in the protein. The 3 main loops surrounding the active site are affected either by insertions or deletions reinforcing the idea that loops are more tolerant to indels, especially the omega-loop. Mutations in the omega-loop can modify salt bridges (specifically between Arg164 and Asp179) and consequently enhance the flexibility of the loop, widening the substrate spectrum (23,24).

Altogether, the mutants with indels showed decreased susceptibility to ceftazidime-avibactam and a higher susceptibility towards some natural substrates of KPC such as penicillins, cephalosporins (cefotaxime, cefepime), aztreonam or carbapenems. The trade-off observed here in the KPC mutants is reported in other class A beta-lactamases (25). Within the class A beta-lactamases, a trade-off is described as an increased activity against cephalosporins (such as ceftazidime) generally resulting from both a loss of thermodynamic stability, and a kinetic activity against their ancestral targets (25).

The variants with indels exhibited various resistance profiles (Table 1) with 3 different phenotypes highlighted:

ESBL-like phenotype as encountered with some insertions in the omega loop and deletions in the Loop238-243 (Table 1). This resistance phenotype was defined by a resistance to ampicillin with MIC > 16 mg/L, a piperacillin-tazobactam MIC ≤ 16 mg/L and a > 4 fold decrease in MIC between cefotaxime, and cefotaxime combined with clavulanate. Evidence of a synergy between clavulanic acid, and cefotaxime, cefepime or aztreonam, was also observed on antibiotic susceptibility testing made by disk diffusion method (22). In this work we confirmed the plasticity of the KPC-type carbapenemase and its high tolerance to mutations. Two conclusions can be drawn, first the relevance of this KPCtype model to study mutagenesis in culture conditions, and second the diversity of the drug-induced mutations.

Cross-resistance to cefiderocol and ceftazidimeavibactam in KPC ß-lactamase mutants and the inoculum effect

Cefiderocol is a siderophore cephalosporin recently commercialized, with an excellent in vitro activity on most gram-negative bacilli, including on KPC carbapenemase-producing

Enterobacteriaceae. It is a siderophore cephalosporin sharing side chains like those of both cefepime and ceftazidime. It also has a chlorocatechol group which confers a siderophore-like structure acting as a decoy for the bacteria. The cefiderocol structure allows rapid penetration into bacteria and resistance to hydrolysis by most ß-lactamases regardless of their class (54), placing this molecule as a last resort molecule in the treatment of highly resistant bacteria.

Worried by the number of mutational possibilities to become resistant to CAZavi in our studies, we wanted to evaluate the efficacy of the cefiderocol on our mutants. Considering its structural similarities with ceftazidime-avibactam (they share a similar sidechain), we investigated the possibility of becoming resistant to both molecules simultaneously.

For this purpose, we used in vitro selected mutants of KPC, resistant to CAZavi, cloned them in the pBR322 plasmid, expressed in the same genetic background (E. coli Top10) and evaluated their activity on cefiderocol through the determination of the MIC. We also evaluated the MBC and the impact of the inoculum on the cefiderocol MIC.

Compared to the wild-type alleles, a 2-fold-to 32-fold-increase in the cefiderocol's MIC was observed for almost 90% of studied mutants (n=33/37). We found the highest increase in both D179Y mutants and D179Y associated with H274Y mutations. Only the latter was categorized as resistant to cefiderocol (MIC of 4 mg/L according to EUCAST breakpoints, 2020).

After a 24-hour culture, MBCs and MICs of cefiderocol were similar and so for all tested isolates suggesting a good bactericidal activity. Lastly, when compared to usual inocula (10 5 CFU/ml), we observed a high increase of cefiderocol MICs when performed with a high inocula (10 7 CFU/ml) suggesting important inoculum effect. This in vitro data suggests that cautions should be exercised when treating potential high inoculum infections.

Results of this study are presented in this article.

Introduction

Antimicrobial resistance in Gram-negative bacteria is a major public health concern with predictions of catastrophic developments in the coming years (1). Ceftazidime-avibactam (CZA) and cefiderocol are 2 of the most recently commercialized beta-lactam molecules.

They are active against highly drug-resistant bacteria, including carbapenem-resistant

Enterobacteriaceae. Avibactam inhibits Ambler class A, class C and some class D betalactamases. Cefiderocol is a siderophore cephalosporin sharing similar side chains with both cefepime and ceftazidime. It also has a chlorocatechol group conferring a siderophore-like structure acting as a decoy for the bacteria. The cefiderocol structure allows rapid penetration in bacteria and resistance to hydrolysis by most beta-lactamases regardless of their classes (2).

Rapidly after the commercialization of the CZA in 2015, resistant mutants were described, both in vitro and in vivo, and notably in Klebsiella pneumoniae carbapenemase (KPC) (3,4).

KPC beta-lactamase's diffusion is worldwide, challenging the therapeutic management of infected patients. Cefiderocol shows an excellent in vitro activity against most of Gramnegative bacteria, notably those producing KPC, and promising results are also observed in vivo (5). However, although rare, some resistant mutants have yet been described and the mechanisms underlying this resistance remain poorly understood. Mutations in iron transporter (cirA and fiu of E. coli) and the implication of some beta-lactamases have been suggested (2).

Because of the cefiderocol and ceftazidime's structural similarities, we hypothesized that resistance to CZA in KPC-producing Enterobacterales could lead to cross-resistance to cefiderocol. We used in vitro KPC beta-lactamase CZA-resistant mutants and evaluated the impact of these mutations on cefiderocol MICs. We also evaluated Minimal Bactericidal Concentration (MBC) and the impact of the inoculum on cefiderocol MICs.

Method :

Isolates : We used the previously described CZA-resistant mutants containing insertions or deletions in the coding region of blaKPC as well as new mutants obtained from in vitro selection(3). Briefly, three isolates of KPC-producing Enterobacteriaceae were used for in vitro-selection of CZA-resistant mutant as previously described: an Enterobacter cloacae and a Klebsiella pneumoniae harboring both blaKPC-3 (RD26 and DD35), and an Escherichia coli harboring blaKPC-2 (RD29). blaKPC-3 and blaKPC-2 differ by one mutation, the H274Y substitution. Mutants of these isolates were selected by plating overnight cultures on Müeller-Hinton (MH) agar containing concentration of CZA (4:1 ratio) 4 times higher than the MIC.

Growing colonies were screened by PCR/sequencing of the blaKPC gene. blaKPC of the mutants with increased MICs to CZA were then cloned in pBR322 plasmid (Gibson assembly) and expressed in E. coli TOP10 (6).

Minimal inhibitory concentration (MIC): CZA, ertapenem, imipenem, meropenem and cefiderocol MICs were determined in triplicate on ancestral alleles and their mutants expressed in E. coli TOP10 either with the Etest method (bioMérieux, France) or by broth microdilution using the Sensititre plates and cation-adjusted Mueller-Hinton broth as specified by the manufacturer (Thermo Scientific). Results were interpreted using EUCAST breakpoints, 8 mg/L for CZA and 2 mg/L for cefidorocol (7). The reference strain E. coli ATCC25922 was used as a control.

To evaluate the impact of the bacterial inoculum, cefiderocol MICs were also performed by increasing the inoculum from 10 5 to 10 7 CFU/ml.

Minimal bactericidal concentration (MBC):

Cefiderocol MBCs were determined by plating the dilutions corresponding to the MIC, and two -four -eight-fold MIC, on Mueller-Hinton agar. After 18 hours of growth, we enumerated the number of viable CFU/ml. The MBC was defined as the lowest concentration that demonstrates a pre-determined reduction (such as 99.9%) in CFU/ml when compared with the MIC dilution.

Results:

A total of 37 mutants with increased CZA MIC were used for this study. Of these, seventeen containing insertions or deletions in KPC gene were previously described(3), including 3 in clinical isolates (KPC-25, KPC-29 and KPC-44). Twenty different non-synonymous mutations were also investigated including 3 previously described in clinical isolates KPC-31, KPC-33 and KPC-39, 6 in in vitro experiments and 11 that are, to our knowledge, new from this study(8-11) (Table 1).

MICs are summarized in Table 1. Cefiderocol MICs were of 0.25 and 0.12 µg/ml for E. coli TOP10-KPC-2 and KPC-3, respectively. Taking into account the expected variability in the MIC determination of log2 factor we only considered ≥4-fold increase in the cefiderocol's MIC, compared to the wild-type alleles. Such an increase (≥4-fold to 32-fold-increase) was observed in 75.6 % of the mutants (28/37). We found the highest increase in both D179Y and D179Y associated with H274Y mutants. Only the latter was categorized as resistant to cefiderocol MIC of 4 mg/L(7).

After a 24-hour culture, MBCs and MICs of cefiderocol were similar and so for all tested isolates suggesting a bactericidal activity.

Compared to usual inocula (10 5 CFU/ml), we observed an increase of cefiderocol MICs when performed with a high inocula (10 7 CFU/ml) with all tested isolates categorized as resistant according to EUCAST breakpoints (Table 1) (7).

Discussion:

Cefiderocol shows a good in vitro activity on Gram-negative bacteria and especially on Enterobacterales (2,12). Resistant strains are rare and the underlying mechanisms are little explored.

KPC beta-lactamases are a common carbapenem-resistance mechanism among Enterobacterales (14). Cefiderocol shows a good activity on KPC producing Enterobacterales, and to our knowledge, no resistant KPC-producing isolates have been described to date (13). Here, we show that most widely spread alleles of KPC (ie KPC-2 and KPC-3) are associated to low cefiderocol MIC, close to the ECOFF of 0.25 mg/l for E. coli (https://www.eucast.org/mic_distributions_and_ecoffs/). However, 75.6 % of the KPC mutants (28/37) studied here see their cefiderocol MIC increased (4 to 32-times) compared to their ancestral allele reaching MIC higher than the clinical breakpoint defined as ≤2mg/L in EUCAST (7). As all KPC mutants were cloned in pBR322 and expressed in the same genetic background (E. coli Top10), we can assume the mutation in KPC-beta-lactamases is the only factor responsible for the increased cefiderocol MIC. Although we conducted an in vitro study, 16.2 % (n=6/37) of the reported mutants have yet been described in clinical isolates and notably D179Y (KPC-33) and D179Y-H274Y (KPC-31) (15). Here, we emphasize that some mutations can also extend the KPC beta-lactamase spectrum to cefiderocol, and may confer cross-resistance to both of the latest generation antibiotic commercialized.

A better understanding of the underlying resistance mechanisms and a precise epidemiological follow-up of selected in vivo mutants will be of paramount importance to avoid the emergence of resistance to this new molecule.

For all tested KPC mutants, after a 24-hour culture, MBC and MIC to cefiderocol were similar suggesting a strong bactericidal effect of this drug. Last, we noticed a high impact of the inoculum on the cefiderocol MIC. By increasing the inoculum from 10 5 to 10 7 CFU/ml, we observed a high increase of MIC for all tested isolates (up to > 32 mg/l). This in vitro data suggests that cautions should be exercised when treating potential high inoculum infections. 1 : KPC beta-lactamase mutants and impact on MIC to cefiderocol and ceftazidime-avibactam Chapter 5: MBRA system as a model to study drugmicrobiota interactions Not surprisingly, if anticancer treatments can target bacteria, they could also impact the microbial communities hosted in the gut. In recent years, anticancer-induced dysbiosis has been largely studied. The induced dysbiosis is responsible for modifications in the dominant clone among the GM bacterial communities, for mucositis and for mutagenic events in bacteria.

In vitro human gut models enable a rapid screening of the impact of drugs on the gut microbiota composition (antibiotics, anticancer drugs, pre-probiotics). Considering the current challenges in human health, the evaluation of a drugs impact on the selection of resistant clones and the pressure exerted on the fecal microbiota is of paramount importance (6,10,31,(55)(56)(57)(58).

The impact of new antimicrobial agents on the GM is often evaluated in vivo on healthy patients.

However in many studies, the number of included patients is often low with no reliable control group across time (9,14,59). Furthermore, many bias exist such as the impact of dietary regimens (34,60) during the study period or the environmental pollutants (61). These environmental biases do not interfere in the MBRA model as the experimental conditions are controlled all through the study period. The absence of epithelial cells, mucus, or immune cells is a limitation, but it is also an advantage as it enables us to focus specifically on the antimicrobial effect of the drugs on the gut bacterial community.

During my PhD, I chose to work with the MBRA system, and therefore, one of my PhD challenge was to implement it in the lab'. In this fifth chapter, we detail our work performed with the MBRA system, to evaluate the impact of drugs on the GM, on 2 healthy donors.

A microbiota-dependent response to antibiotic treatment in an in vitro human gut model

Cancer patient are not only treated with anti-cancer chemotherapies, but, because of their immune status they are subject to antibiotics treatment as soon as any infection is suspected. In addition, antibiotics are known to have a strong effect on bacteria, and they are therefore a good proof of concept stage to evaluate our ability to study gut microbiota/drug interactions in the MBRA. Indeed, antibiotic exposure is responsible for decreased diversity in the fecal bacterial communities, and modifications in the global composition, resulting in dysbiosis. One interesting hypothesis is that GM itself could modulate the impact of antibiotic treatment.

Testing the potential role of microbiota composition on the impact of a treatment is complicated as hosts have not only different microbiota but also different environmental living conditions and physiology that could also contribute to the variable impact. Here, combining the MBRA (MiniBioReactor Array) in vitro gut model with the 16s rRNA profiling method, we studied the impact of ceftriaxone, a third-generation cephalosporin on human GM.

Introduction

Antibiotic resistance is preoccupying as it is associated with treatment failure in infected patients, and increased morbidity 1,2 . The link between antibiotic consumption and antimicrobial resistance is largely admitted 3 . Indeed, the effects of antibiotics goes beyond the infected site, they can destabilize the microorganisms hosted in the gut 1,4-6 , increase the expression of resistance genes in gut bacteria through environmental pressure 7 .

The gut microbiota is an organ in itself, specific to each individual 8-10 , implicated in metabolic activities, immune response regulations, barrier functions, colonization resistance, directly affecting the host's health 1,6,11-14 . Gut bacteria degrade and produce carbohydrates, short chain fatty acids (SCFAs), vitamins, amino acids 15 , all with specific roles to maintain homeostasis in the host 11,16-18 .

Over the last decade, alert has been given on the link between the impact of antibiotic consumption on the gut bacteria and Human diseases 19,20 . Disturbances in the gut microbiota composition (i.e dysbiosis 21 ) are suspected to have a causative or aggravating role in many human diseases 1,14,20,22 , including oncology 23-25 . The role of the gut microbiota is also important in therapeutics, as the host response to different therapies is influenced by the gut microbiota composition 9,11 , even in cancer treatments 26-34 .

Antibiotic exposure is responsible for decreased diversity in the fecal bacterial communities, and modifications in the global composition resulting in dysbiosis 5,6,14,20,35-37 . Antibiotic treatment can be associated with a selection of resistant clones and a modification in the expression of resistance genes 2,20,38 , a shift in the dominant clone 7,39 , modifications in colonization resistance 36,40 , stressinduced phenomena such as horizontal gene transfer, and increased mutagenesis 41 , both responsible for increased antibiotic resistance 7,42,43 . However, it is worth noting that the impact of antibiotic treatment on the gut microbiota interactions is variable upon host 6,36,37 , and highly related to the molecule, its dose, route of administration and pharmacokinetics/dynamics 2,5,37 . One interesting hypothesis is that gut microbiota itself could modulate the impact of antibiotic treatment and contribute largely to the inter-individual variability observed between treated individuals. Indeed, some microbes are more resistant than others to the antibiotics used, and some resistant microbes may even degrade the antibiotic to some extent, modifying its effective concentration in the gut. However, testing the potential role of microbiota composition on the impact of a treatment is complicated as hosts have not only different microbiota but also different physiology that could also contribute to the variable impact 20 . Host factors such as the gut microbiota, is highly suspected to mediate this interaction between antibiotic and bacteria. Indeed, the observed variability in the dynamics of diffusion of a same antibiotic resistant strain between individuals suggests that the tryptic "antibiotic-bacteriahost" interactions are implicated in the resistance dynamics 44 .

Human clinical trials suffer from limited sampling and replication due to cost, ethical reasons and gut composition variability through time 5,37,45,46 . One individual cannot be in the treated group and the control group at the same time. Moreover, in all these in vivo models, it is hard to disentangle the contribution of host to that of its microbiota.

Recently, several in vitro models have been proposed to use and expend a system that allows the maintenance of a complex ecosystem similar to the human gut 47,48 . These models offer the advantage of numerous simultaneous replicates, in controlled environment, controlled duration of experiments, unlimited screening conditions, enabling high-throughput experiments and limited ethical constraints 47-51 . In vitro models lack the complexity of the host physiology can be used to test the direct interactions between microbiota and treatment without any other confounding factors 52-57 .

One patient can be its own control throughout the experiment, and many conditions can be evaluated simultaneously on the same fecal sample. and the conditions for their detection 56 , but also to experiment human pathology and therapeutics 58,59 . In vitro human gut models allow studying the specific relation between drugs and the fecal microbiota, as, in these systems, all the other interfering parameters 51,60-65 are ignored.

The MiniBioReactor Arrays (MBRAs) is a low cost, high-throughput and reproducible system that has been developed recently 66,67 . This system has been validated for culture of human fecal bacterial communities up to 3 weeks 66 , and is used as a Clostridioides infection model 67,68 . More recently, the impact of dietary emulsifiers on gut inflammation and perturbation using this system has been evaluated 62 . We chose therefore to evaluate the impact of ceftriaxone, a third-generation cephalosporin with biliary excretion on human gut microbiota combining the MBRA system with the 16s rRNA profiling method. lysis reagent on T3-cultured microbiota. Lysates were diluted (1/10 times) in potassium phosphate buffer pH 7 containing BSA (Bovine Serum Albumin) and nitrocefin (50 µg/mL), to evaluate penicillinase activity. Initial velocity was measured spectrophotometrically at 486 nm using a Tecan infinite 96-well plate reader at 37°C. From the optic density measurement each 30 seconds, we calculated the relation between the slope of the response curve and the enzyme activity and performed a t-Student Test. Analysis were conducted with R (Version 1.2.5033).

Result:

Global view. Equilibrium state was reached at day 3, where, for each donor, differences between the chambers (in taxonomy and diversity) were neglectable, and all 12 chambers/donor could be considered comparable. Throughout the experiment the MBRA system preserved each donor's specificity, that remained easily distinguishable (Figure 1). Indeed, principal coordinate analysis (PCoA) of the Jaccard matrix from all time points, all conditions, and all donors, showed the 2 donors could well be distinguished throughout the experiment (Figure 1). Color coding based on concentration, revealed the controls of donor A remained grouped while treatment was associated with a shift, dependent on the concentration (Figure 1). In donor B, points were spread along PC1 and PC2, with no evident correlation in the time nor the concentration of the treatment. This illustrates a heterogenous impact of ceftriaxone, depending on the fecal sample. Although all chambers evolved independently, consistent results were obtained for the two donors. Indeed, all C100 chambers in donor A shifted in the same manner during experiment.

Number of OTUs.

As previously reported, number of OTU decreased by 2-fold from T0 to T3 corresponding to the stabilization time 62,66 . After this first period, number of OTU remained stable through time for all control chambers (data not shown).

Impact of the treatment on fecal bacterial communities. Ceftriaxone treatment was associated with a decrease in the alpha diversity metrics, and an increase in beta-diversity distances, in both donors, but especially in donor A, in a concentration-dependent manner.

Alpha diversity. The treatment-related disturbance in alpha diversity (Shannon Index and Evenness) started for the majority 24h after the first dose and reached its maximum after 72h of treatment (T7). In the control groups, the alpha diversity (Shannon index) remained stable in A Decreased distances to the controls were observed after treatment (T11) in both donors, illustrating the gut microbiota resilience after treatment (Figure 4). Taxonomic changes. At baseline (T3), in the controls, Firmicutes were dominant (54% of rarefied counts in donor A and 57% rarefied counts in donor B) with Bacteroidetes (38% rarefied counts in donor A and 33% rarefied counts in donor B), and Proteobacteria being less abundant (6% rarefied counts in donor A and 8% rarefied counts in donor B) (Figure 4).

We compared the taxonomic variations at the phylum level, between T3 (stabilization) and T9 (after 5 days of treatment), in the control group and C100 group (Table1). In donor A, between the control and the treated group, Firmicutes decreased and increased respectively, Bacteroidetes remained stable in the control group, and significantly decreased in C100 after treatment. In donor B, Firmicutes decreased while Bacteroidetes increased in the 2 groups. To notice, Firmicutes and Bacteroidetes behave inversely between the 2 donors during the treatment, while Proteobacteria increased in both groups whatever the donor. Drug-associated dysbiosis is more evident in donor A for which the F/B ratio increases with the treatment (Fisher-test p=0.0361 in donor A compared to p=0.897 in donor B) (Table 1, Figure 5).

To explain these donor-differences in the impact of the treatment, we measured the beta-lactamase activity in our samples. Beta-lactamase activity measured at T3 was significantly different between donor A and B (t-student test, p= 0.035). Mean and standard deviation of enzymatic activity (assessed as the slope of initial velocity of enzymatic reaction) were of (6.25e-06 +/ -2.55 e-06) and (9.59e-06 +/-6.610e-06) in donor A and B, respectively. Donor B had higher beta-lactamase activity than the donor A (Figure 6).

Discussion

In this study, we most importantly confirmed the relevance of the MBRA as a tool to study drugmicrobiota relations, but we most importantly suggested a microbiological hypothesis to the hostdependent impact of antibiotics on gut microbiota.

For each donor, all chambers were comparable in taxonomic composition at inoculation, and stabilization occurred in the same manner in the 2 groups. Donors were highly distinguishable during all the experiment in terms of diversity or microbial composition. The model maintained the host's specificities, and each culture evolved independently. Intra-host and inter-host's specificities were conserved, which is a major characteristic required to conduct fecal culture experiments 66 .

Herein, we add data reinforcing the relevance of the MBRA in culturing human fecal bacterial communities, with the advantage of culturing simultaneously many samples. This high-throughput characteristic gives a non-neglectable advantage compared to in vivo studies.

To test the impact of an antibiotic treatment in the MBRA, we chose to study ceftriaxone, a thirdgeneration cephalosporin with a long-half life 76 . Like most beta-lactams it is time-dependent killer. It is widely used for its broad spectrum of activity and is administrated once daily, explaining our experimental design here. Ceftriaxone is mainly eliminated in the urines 46 , and in the bile (11-65% of the dose infused 77,78 ). Due to saturable tubular reabsorption, and saturable protein binding (albumin), concentration of free drugs and biliary concentrations of ceftriaxone 77-79 are heterogenous between individuals (Up to three-fold difference), explaining variations in excretion 46,76-79 . Indeed, the biliary excretion of ceftriaxone is directly linked to the impact of the molecule on fecal microbiota, adding evidence in the link between biliary clearance parameters and the importance of drug-associated disturbance in the fecal microbiota 46,79 . Finding data on the concentration of ceftriaxone in the feces is therefore challenging. Indeed, the concentration of ceftriaxone ranged from indetectable to over 1000mg/kg of feces in healthy humans, after 5 days of treatment with 1g daily 80 . To circumvent these concentration variations between hosts, we chose to study 3 different concentrations of ceftriaxone, that also allowed us to search for a dose dependent effect of this molecule on fecal samples. The maximum tested concentration in our study, corresponded to the plasmatic peak in healthy individuals after 1g of ceftriaxone 79,81 .

Similar to literature, and to mimic a common treatment course, we evaluated a 5-day course treatment 80 , and found a slow return to baseline from 72h after the last dose.

After a treatment with ceftriaxone, in healthy patients, in vivo studies report a decrease in Enterobacteriaceae, E coli, Staphylococci, Streptococci, Lactobacilli, Bifidobacterium, an increase in Enterococci 5,35,77,80 , and an overgrowth of yeast 46,80,82 . On a larger scale, a reduction in Bacteroidetes along with an increase in Firmicutes has been described after broad-spectrum antibiotic treatments 13 , such as third-generation cephalosporins. When comparing our results to a similar study performed in vivo 81 , we also observed an important disturbance in the overall diversity of the fecal microbiota (decrease in the Shannon index, an increase in beta-diversity metrics with the same kinetics), associated with changes in the composition of the feces. These results confirm the reliability of our experiment, in which we observed the same tendencies in taxonomic changes.

As an early and easy screening tool for dysbiosis, the Firmicutes to Bacteroidetes ratio has been mentioned in literature 33,83,84 . An increase in the F/B ratio seems to be associated with an unhealthy state 83 . Our experiment allowed us to measure this ratio, confirming its disturbance was related to the treatment period, and shift occurs first among the other monitored parameters (diversity and taxonomy). Mild variation was observed in the control groups but neglectable compared to the important fluctuation in the treated groups. This ratio is easy to measure and should be further evaluated as an early dysbiosis diagnostic tool.

The dose dependent signal we observed in our experiment well illustrates the sensitivity of the MBRA to this pharmacokinetic parameter, widening the experimental options in the future. In addition, this model preserves host-specificity, offering the advantage of personalized studies. Indeed, donor A seemed more permeable to treatment-induced modifications, compared to the donor B, in terms of alpha diversity. The marked difference in treatment effects between the two donors, suggest that microbiota can influence the consequences of antibiotic treatment, and that may be an important factor for the spread of antibiotic resistance. Here, though limited to only two donors balanced by a robust number of replicates, our study suggest that the microbiota may contribute to this variability of response.

To investigate the potential cause of this difference, we quantified the beta-lacatamase activity of the microbiota. A stronger beta lactamase activity in donor B could directly explain the reduced impact of the ceftriaxone on the fecal microbiota, compared to donor A. Indeed, numerous anaerobic bacteria produce cefuroximases or cephalosporinases enzymes whose spectrum affects ceftriaxone. Among these bacteria, many belong to the Bacteroidetes phylum, increasing in the donor B during treatment, while decreasing during the same period in the donor A. A stronger beta-lactamase activity suggests the capacity of this microbiota to hydrolyze beta-lactams and thus protect the bacterial community from the impact of ceftriaxone 85 . The heterogenous impact of this molecule on the gut microbiota 85 well illustrates the "host-specific" response to a changing environment, reinforcing the importance of ex-vivo models to conduct more personalized studies.

To go further, this host-dependent effect is a major parameter to consider when studying the dynamics of antibiotic resistance 44 . Gut microbiota resistance to treatment-induced dysbiosis is well illustrated here in the donor B. Furthermore, we suppose here the adaptability of the gut microbiota to environmental pressure with an increase in the bacterial phylum implicated in the production of the enzyme hydrolyzing the treatment, therefore increasing the protection against dysbiosis.

Conclusion

Ceftriaxone impacts the richness of the microbiota, the alpha and beta diversity, and the reported taxonomic changes observed are consistent with those described in vivo. Disparities between donors could be explained by a different microbial composition and different beta-lactamase activity which could participate, by its altruistic effect, to protect the bacterial community. The MBRA model enabled us to mimic in vitro the impact of ceftriaxone on human fecal bacterial communities, in a rapid and reliable manner. The capacity of this system to preserve the specificities of each culture chamber and to distinguish easily different donors is of major interest to study host-dependent variations in antibiotic resistance dynamics, or more largely to study the interaction between drugs and gut microbiota, in a personalized approach. control group in that case. In donor B, mitoxantrone, fludarabine and daunorubicin seemed to exert the most impact on beta diversity.

At the phylum level (Figure 3), after a first decrease in the Firmicutes in all groups, mitoxantrone and fludarabine seemed to have the most persistent impact throughout the experiment. Concerning Bacteroidetes, increase was observed with daunorubicin and mitoxantrone in donor A while a decrease was observed with daunorubicin and hydroxycarbamide in donor B. Results in Proteobacteria variations were highly heterogenous and not easily interpretable.

Searching for treatment associated dysbiosis we calculated the F/B ratio (Firmicutes on Bacteroidetes) (Figure 4). Fludarabine, hydroxycarbamide and daunorubicin seemed to be associated with an early shift in the ratio in donor B, and late signal was observed with 5FU. Altogether, we see heterogenous results between the diversity indexes for one molecule, and amongst the controls which made our analysis tricky and conclusions less reliable. This experiment showed us the complexity of this model when studying many conditions at the same time, with, therefore, fewer replicates per conditions.

To increase the robustness of our experiments, we subsequently focused our attention on 2 molecules, daunorubicin and hydroxycarbamide, both used in hematologic malignancies, that showed interesting results in this preliminary experiment. In this way, we could increase to 6 the number of replicates per conditions. For each donor, 2 conditions were tested: treatment and control.

induced-modification in the gut microbiota composition may have major consequences, as besides its implication in human pathology 2-5 .

Anticancer drugs have been developed to target cancer cells; however they are non-specific and some even have well-known antimicrobial properties 6-8 . For the majority, these drugs are antimetabolites 9 , induce DNA-damage 10 , or interfere with the replication cycle 11,12 . Importantly, if bacteria are targeted, their ecosystem, such as the gut, is also threatened 13 . Indeed, anticancer treatments alter the gut microbial diversity and richness 14,15 .

Evidence is growing on the importance of the gut microbiota composition in the host's response to anticancer treatment 16-19 . The gut microbiota could even be used to monitor the cancer progression 20 , as a predicator of the response to anti-cancer therapies 17,18 or of infectious anticancer-treatment related side effects 21-23 . Modulation of the gut microbiota to influence the host's response to anticancer drugs is therefore one of the main therapeutic issues 19,23-28 and, personalized medicine appears as an opportunity to optimize a patients treatment, while limiting the side effects 21,25 .

All these interactions and their potential dramatic effects on patient' health are calling for a deeper characterization and particularly a clarification of the impact of chemotherapy on gut microbiota composition. Indeed, most of the studies evaluating the impact of anticancer drugs are designed in vivo, in patients receiving concomitant treatments such as anticancer drug combinations, or the frequent treatment with antimicrobials.

While the intestinal microbiota appears to play a role in drug efficacy and therapeutic response, the exact mechanism remains unknown. In particular, in clinical and pre-clinical approach, it is difficult to separate direct responses due to microbiota-drug interactions from the tripartite ones including host response: host-drug-microbiota. In that respect, using an in vitro microbiota model allows the exclusion of the confounding factors associated with the gut microbiota disturbances, inherent to the host or its environment 29,30 , and allow to narrow down the focus on only gut microbiota and anticancer drugs treatments. Furthermore, these models offer the advantages of low ethical constraints, unlimited number of replicates, high reproducibility, and thus allow to test many different conditions.

Along those lines, we evaluated the relevance of the MBRA (Mini BioReactors Arrays) in vitro human microbiota model which allows dynamic stable culture of human-derived microbiota under anaerobic conditions 31,32 , to study specifically anticancer drug-microbiota interactions.

Facing many anticancer drugs to test, we decided to evaluate the impact of two anticancer drugs used in leukemia, and other hematologic malignancies, hydroxycarbamide and daunorubicin. To evaluate the direct impact of these two drugs on the human gut microbiota composition, we simulated an anticancer treatment using the MBRA model which was inoculated with fecal samples of two health donors followed over 5 days of treatment.

Results:

Donor and time impact microbiota composition in the MBRA system.

Using the 16S microbiome profiling and the MBRA in vitro human gut system, we quantified the in vitro impact of hydroxycarbamide and of daunorubicin on gut microbiota composition. During the stabilization phase (S) differences between the chambers (in taxonomy and diversity) were neglectable, and all 12 chambers/donor could be considered comparable.

Principal coordinate analysis (PCoA) of the Jaccard matrix from all time points, all conditions, and all donors, showed that the two donors could be well distinguished throughout the experiment (Figure 2). No specific pattern associated with the treatment, or the time could be evidenced on this analysis.

Impact of treatment on alpha and beta diversity

The treatment-related disturbance in alpha diversity (Shannon Index) was particularly noticeable with the Daunorubicin, in donor B, however significant in the 2 donors (p=0.00547 in donor A and, p= 2.79e-06 in donor B, two-way ANOVA test) (Figure 3). The increase in alpha-diversity in the donor B was also noticeable in the Hydroxycarbamide group (p= 0.0256, two-way ANOVA test) whereas it was not for donor A (Table 1).

For diversity representations (Figures 3 and4) we normalized all chambers so that the control one's average to 1 to highlight variation in the treated chambers. In this way, we normalized the inter-individual variability observed between donors for the untreated chambers. We calculated the distance to S (stabilization period before treatment) for each condition, meaning each chamber is its own control, and all time points are compared to S, allowing to study variations within each culture chamber (Figure 4). Hydroxycarbamide did not show any significant effect on either donor Relying on recent advances in oncology, and the tight relation between the gut microbiota and human pathologies 23,25,33 reversible DNA replication inhibitor (especially the S-phase), widely used in the treatment of hematologic pathologies such as chronic myeloproliferative disorders, and in sickle cell disease 34 .

Its toxicity in bacteria was demonstrated in vitro on E. coli 12 , Chlamydiae trachomatis 35 

and on

Bacillus subtilis 11 . This toxicity was mainly explained by high levels of oxidative stress induced by the drug 34 . The mutagenic activity and the genotoxicity of this drug was confirmed in a Salmonella/Microsome assay 36 .

Daunorubicin is an anthracycline aminoglycoside, used in the treatment of nonlymphocytic leukemia and acute lymphocytic leukemia in adults and children 37 . It acts at various levels on cell replication, first through DNA damages (base pairs intercalating), second by inhibiting the polymerase's activity, therefore disturbing the regulation of gene expression. Its mutagenic/cytotoxic activity was evaluated on bacterial tests, hence a non-surprising impact on bacteria 10 . Although its intravenous route of administration, its main elimination route is hepatobiliary (40%), suggesting a potential impact on the fecal microorganisms. Based on the current poor literature concerning these two drugs, there is, no evidence confirming their implication in gut microbiota alteration and intestinal dysbiosis.

Using in vitro gut models to experiment the anticancer treatments is of great interest, but the equipment is often costly, and experiments are long. The MBRA system is performant, less costly compared to other existing in vitro models 38 . One major advantage of this in vitro gut system is that no systemic immune response can interfere and modify our observations. Excluding this parameter is of major importance, especially to evaluate whether in absence of immune response, the drug's impact remains identical.

(ref de qpcr ?) and enables rapid screening for dysbiosis in a high-throughput manner. Ultimately, with a personalized medicine objective, analyzing the changes in the gut microbiota composition could help targeting patients at risk of poor therapeutic response to adapt the anticancer treatment specifically 17,21,25,44 .

In this work we add evidence concerning the ability of the MBRA system to bring light into interindividual variations regarding anticancer drugs. To increase data on this topic, follow-up studies are needed on larger cohort. Moreover, an effort will have to be made to better understand the relationship between the results obtained in vitro and the clinical response which will make it possible to arrive at a personalized medicine allowing to facilitate/improve the treatment of the patients.

To conclude, daunorubicin was shown to alter the diversity of the human gut microbiota at a higher level compared to hydroxycarbamide, and in a donor-dependent manner. Whatever the donor, hydroxycarbamide did not show any significant impact on gut microbiota composition. Until now, no equivalent studies have been conducted, enabling this focus only on the gut microbiota and the anticancer drug. Our work enabled us to objectify the donor dependent effect of a molecule, and a molecule dependent effect, excluding the main confounding bias inherent to the host and its environment. These disparities between donors should be further explored to understand the underlying mechanisms to this drug associated-dysbiosis. These host-dependent variations have yet been shown in antibiotic resistance dynamics, in antibiotic-microbiota studies, and now in anticancer-drugs-microbiota. All these elements confirm the importance of personalized medicine in the future, for which the MBRA model seems particularly valuable.

Materials and methods

Experimental design (Figure 1)

We conducted an in-vitro experiment, using the MBRA system, hosted in an anaerobic chamber at 37°C, as described previously by Auchtung et al 31 and Naimi et al. 32 . The MBRA system consists of 24 independent chambers, enabling a 15mL culture volume, maintained throughout the experiment by two peristaltic pumps. The whole system is stationed on a magnetic stirring plate to mimic intestinal peristalsis. All the components of the system are stored in the anaerobic chambers at least 48h prior to the experiment, including the culture media, the BioReactor Medium (BRM) 31 , placed 72 hours before the experiment in the chamber.

Preparation of fecal samples

Human fecal samples were collected from two healthy donors, belonging to the same age class (30 +/-5 years old). None had consumed antibiotics, nor any medical issue within the previous 6 months. In agreement with the INSERM ethics regulation, and with the declaration of Helsinki, all received clear information and consented. Fecal samples were directly collected in a sterile container and placed in anaerobic condition. Within the 24 hours after emission, the samples were subsequently subdivided into sterile vials (under anaerobic conditions), then stored at -80°C until use.

Inoculation and samples collection

Fecal samples were processed as previously described 31,32 (Submitted work for publication) After a 16-18h resting period, the flow rate was of 1.875 mL/hour, corresponding to an 8-hour retention time. Experiment was divided in three experimental phases : A pre-treatment phase for microbiota stabilization (from resting period (I-initiation) to stabilization (S)), a treatment phase (1 daily dose, for 5 consecutive days, samples "T"), a post treatment phase (starting 24h after the last dose (T5)

until the end of the experiment, 96 hours after the last treatment dose, "PT") 32 .

Anticancer treatments (Figure 1)

To study the effect of anticancer molecules on gut microbiota composition, we selected among most used molecules, an anthracycline aminoglycoside (daunorubicin 25mg/L, dauno25 45 ), and an alkylating agent (hydroxycarbamide 30mg/L, hydroxy30 46 ). Tested concentrations were based on the literature, which correspond to plasmatic or fecal concentrations. Treatment was administered directly in each chamber, daily, for 5 consecutive days. Six replicates were performed per condition, on 2 different fecal samples from healthy donors. The evolution of the 48 microcosms (treatment versus control * 2 drugs * 2 donors * 6 replicates per condition) was followed through the characterization of the 16S rRNA diversity over 8 time points resulting in the analysis of 384 samples.

Sample processing and sequencing

constructed with fasttree-2 53 (via q2-phylogeny). Alpha diversity (diversity within each chamber) was analyzed with the Shannon and Evenness indexes, beta diversity (diversity between each chamber) was represented by Jaccard and Bray-curtis analysis (using q2-diversity). Diversity analysis required the samples to be prior rarefied to 10,000 and 7500 sequences per sample in the hydroxycarbamide and daunorubicin experiments, respectively. We assigned taxonomy to all amplicon sequence variants, using Naive Bayes classifier trained on the Greengenes reference database 13_8 (using q2-feature-classifier) 54 . Rarefied data were used for counts. Last, we estimated the Firmicutes to Bacteroidetes ratio (F/B), including the times during and after treatment. All generated data visualizations were performed using Python3. R software was used to perform the statistical tests. (Average and 68%CI). All time points are normalized so that control chambers average at 1. 

Part 3: Discussion

Anticancer drugs, among others, alter the gut microbiota, and trigger mutagenic phenomena in bacteria. Therefore, during my PhD, we studied their impact on bacteria as well as on the gut microbiota. In this discussion part, we will resume our conclusions, and perspectives in line with our results and experiences.

Resistance antimicrobials

Our experiments revealed the importance of screening anticancer molecules, and other drugs, for antimicrobial resistance. Indeed, resistance to antibiotics is not specific to antibiotics, however, their impact is.

Using the extension of KPC resistance profile as a model, we went from a modification of the antibiotic resistance pattern at the phenotypic levels, to a description of the underlying genotypic changes. This work led us to the construction of in vitro resistant mutants to widen the perspectives and allowed us to prove that resistance to antimicrobials was due to the KPC mutations.

Interestingly, using the KPC-model, the underlying genotypic modifications we described were single nucleotide mutations, as well as insertions and deletions. The presence of these large destabilizing indels reflects the advantage of this KPC model. KPC is a beta-lactamase protein that can tolerate these changes due to its high stability. In other models such as TEM-1, it seems highly probable that these indels, which are destabilizing mutations, lead to a loss of function of the protein. Hence KPC appears to be an excellent model to reveal the mutagenic impact of anticancer drugs.

Our results are worrying as some in vitro mutants have increased levels of resistance to CZA. Some have already been described in clinical variants. For the others, we are not able to predict if they could eventually emerge in vivo or if some mutations have not been described in vivo because of other evolutionary constraints that our in vitro approach lacks. Testing the fitness costs of these mutants could be an interesting venue to move forward. Such a work is being performed in the laboratory in collaboration with Gautier Pierrat Master 2 under the supervision of Hervé Jacquier.

At the health care level, it seems important to inform clinicians of the risk of antimicrobial resistance in cancer patients treated with chemotherapy, and to search for these resistant mutants to test if our results are relevant in patients. Indeed, we also saw cancer patients are vulnerable to infection and especially to bacterial translocation from the gut. Monitoring bacterial resistance in these patients is therefore of high importance in case of infection, to optimize the antibiotic treatment with no delay.

Besides resistance to antibiotics, anticancer drugs alter the GM. However, literature led us to understand the narrow and complex relationships between the host, its disease, its treatment, and its microbes. Multiple works have placed the GM as a crucial link in the chain between treatment initiation and response to treatment. Notably, the GM composition guides the response to treatments, their degree of toxicity and possible infectious side effects. Merging the will to study the drug-GM interactions with the poor data we could find on anticancer drugs, taken separately, we decided to start experiments focusing on the relationship between GM and treatments encountered by cancer patients. For that I implemented in the laboratory the MBRA system.

The MBRA experience in the lab

During my PhD, not only have I experienced working with the MBRA system, but I also built the hole system, starting from scratch. Indeed, before I arrived, the lab was not equipped with an anaerobic chamber nor with a continuous flow culture system. As a start, I read data from the literature, to search for the in vitro gut system I wanted to work on. Thanks to Benoit Chassaing's advice, and discussions with my PhD directors, I chose the MBRA system. Then, I had to search for the equipment.

Searching for and ordering equipment during the COVID-19 pandemic was not an easy task.

Borders were closed with the United States and China, among others, and unfortunately most of our products come from these destinations. We had to conduct market research to find the right material for our work, and we had to adapt ourselves to equipment shortage. Eventually, we managed to order, reception, and install the anaerobic chamber in September 2020, just after the first lock down and before the second one. Same for the gas installation, it could be done during summer 2020, before the third wave of COVID-19. Air conditioning could be installed by the University, thanks to Erick Denamur (Lab director) and Francoise Chau's (research assistant) help. For the rest, we had to order from many different companies to ensure that all components could be received on time. Eventually, the MBRA system was ready for use within 9 months after I started my PhD, after a large amount of effort.

A few changes were made compared to the initial system (Auchtung et al ( 86)). Instead of 3D printed blocks of 6 chambers, we worked with independent glass vials to facilitate decontamination. We had to draw and make manufacture a customized vials rack to position the glass vials on the magnetic stirring plate. We chose to work with Ismatec ® pumps instead of the Watson Marlow pumps, because of the increased number of options they offer, and their lower price. We adapted a chemical-filter-free on the air outlet system to prevent contamination of the working environment with anticancer drugs. Drugs could not be administered in the BRM media stock as no reliable information exist on the stability of anticancer drugs at 37°C.

All drugs were therefore administered daily and directly in the chamber (See picture below).

Concerning the model design, for further experiments, I felt more confident working on over 3 replicates per condition. Indeed, the more replicates per condition and the more robust the results are and easy the analysis are.

Antibiotics and anticancer drugs on the gut microbiota

In the first experiment with the MBRA, the microbiota dependent response to antibiotics was, for us, a first step to explain the high heterogeneity in the response to anticancer drugs, and the induced side effects. Indeed, our underlying idea was that each human does not metabolize drugs in the same manner, and this step could probably be dependent on the gut microbiota.

We showed in vitro that, the impact of antibiotics on the GM was not only linked to the host's background, its environment or immunity, but also to the baseline GM composition (63).

Our main conclusion was therefore that the impact of a drug cannot be generalized to all individuals(64).

This specificity of response suggests that to optimize treatment a personalized medicine approach, though complex, is promising. With that perspective, it is important to better evaluate the impact of a drug on different GMs, or inversely the impact of many drugs on one GM.

Indeed, presently, no one can predict the response of the GM to a single drug. Without an in vitro gut system, excluding the host's immunity and environment, it is difficult to study the drug-GM interaction, but the MBRA offers an interesting perspective.

Thanks to these encouraging results using antibiotic treatments, we decided to test the drug-GM interaction using anticancer chemotherapies. Indeed, pharmacokinetics and pharmacodynamics of anticancer drugs are complex, and many biases exist in the current literature, such as in the in vivo designs, in which the impact of the environment or the host are rarely studied.

Surprisingly, the impact of anticancer drugs measured in vitro in the MBRA was less important than described in vivo in patients. However, it is important to keep in mind that in in vivo studies cocktails of drugs (antibiotics and often combinations of anticancer drugs) are administered simultaneously, patients evolve in an environment also impacting the GM, and the role of each of these parameters cannot be evaluated precisely.

To us, studying drugs individually allows to better characterize each molecule and its' impact on the host. Here, we saw that some anticancer drugs can alter the GM to a minor degree, suggesting the host, the co-administration of drugs and/or the environment could play a more important role in the major dysbiosis described in vivo.

The donor-dependent response observed here brought us the information that we could not conclude to one response for one drug. Furthermore, the molecule-dependent response showed us we could not conclude either to one response for one microbiota. These results illustrate the beauty and complexity of biology.

Personalized medicine, and perspectives

As a physician, it was important for me to anchor my work in a therapeutic perspective.

Research is complementary to clinical research, in fact, research helps us better understand the underlying mechanisms to resistance and evolution in bacteria, leading to therapeutic options or recommendations. Our research illustrates the collaborative work between hospital and research, and the importance of building research projects on clinical observation, to better respond to health care needs.

For me, personalized medicine is future, and in vitro research, and particularly in vitro gut models, is the prerequisite to better understand GM-drugs interactions at the individual level.

The benefits of that approach are multiple and have been illustrated throughout this manuscript.

The system has also limits, but it offers an interesting middle ground between one species in a test tube experiments and an animal model.

The MBRA system enabled us to mimic in vitro the impact of drugs on human fecal bacterial communities, in a rapid and reliable manner. The capacity of this system to preserve the specificities of each culture chamber and to distinguish easily different donors is of major interest to study host-dependent variations in antibiotic resistance dynamics, or more largely to study the interaction between drugs and GM. From a medical point of view, this system could be an important step towards a personalized medicine approach of treatment. For at risk patients, for which the medical investment is high as cancer patient, impact of treatment can be simulated as we have seen here, colonization assays could be performed for probiotic….

Many projects are ongoing and other in perspective.

Among them, the QEM Team from the IAME lab, in collaboration with Team Robustness and combining diet informed population cohort and quantitative in vitro gut studies). This project responds to the "Antibiorésistance: comprendre, innover, agir" program financed by the ANR.

The gut microbiota can be altered during and after an antibiotic course and is therefore an important actor in the emergence and spread of antibiotic resistance. Surprisingly, the response to a treatment in terms of selection of resistance genes is highly variable from one individual to another. The hypothesis that the microbiota itself could modulate the impact of treatment and explain this diversity of response remains very little explored (26,60,63). The DREAM project, composed of a multidisciplinary consortium, aims to analyze the dynamics of emergence and selection of antibiotic resistance in an in vitro gut microbiota model (MBRA) combined with the study of a well characterized cohort in terms of diet, Nutrinet-Santé.

To conduct this study, we plan on collected numerous fecal samples from "nutrinautes" to analyze the link between gut microbiota, diet, and dynamics of antibiotic resistance.

Focusing on antibiotic resistance and antibiotics, experiments will soon start in the lab, to test the impact of antibiotic switch on the GM. In infected patients, a probabilistic broad-spectrum antibiotic is often prescribed before the treatment can be specifically adapted to the infecting pathogen. We questioned ourselves on the impact of this switch on the GM. Many believe it is important to switch for antimicrobial reasons (limit the selection of resistance) but also for environmental reasons (limit the impact on the GM). However, to our knowledge, the benefit of this prescription change on the GM has not been objectified clearly.

To explore further the impact of antibiotics and anticancer drugs, our idea is also to test more drugs, and drug-combinations. Cancer patients often received many drugs simultaneously or undergo courses of anticancer drugs over a few weeks period. Ideally, we would like to approach this design of experiment in vitro.

Among the therapeutic perspectives in oncology, using the MBRA model, we can easily test different strategies simultaneously: probiotics, FMT, change in the nutrient composition of the media.

Heterologous FMT seems more logical when considering the baseline microbiota can also favor tumor development. However, heterologous transplant requires a certain compatibility between donor and receiver. Therefore, it seems of major importance to test whether the age or the sexe play a role in the FMT outcome.

Clinical trials are currently ongoing to test the efficacy of FMT in oncology, and in vitro gut systems could bring interesting support in screening the therapeutic strategies before testing them on patients.

As personalized medicine requires a rapid screening tool, we wish to further explore technologies that could allow rapid results, such as the nanopore technology. Indeed, the quicker the results the better for the patient.

Conclusion

The key points of my PhD work are that the impact of anticancer drugs goes beyond tumor cells and their impact on bacteria is non-neglectable.

Some anticancer drugs could enhance the bacterial mutagenesis and the trigger the emergence of antibiotic-resistant mutants in carbapenemase producing Enterobacteriaceae. Using a KPCbeta lactamase model, we further explored the tolerance to mutations allowing the protein to adapt in response to antibiotic treatments such as ceftazidime-avibactam.

The impact of anticancer drugs on bacteria also means an impact on the gut microbiota. The composition and functions of this ecosystem is known to be tightly linked to the response to anticancer drugs treatment. To explore the drug-gut microbiota interactions, we studied the impact of an antibiotic drug (ceftriaxone) and of anticancer drugs, using the MBRA in vitro human gut system. We observed the effects of drugs on the gut microbiota were not only dependent on the donor but also on the concentration of the molecule and on the molecule itself.

Our conclusions lead us to support research in a personalized medicine perspective, to better consider the individuality of each patient to optimize health care management.

The HSRC system: Hydrogen Sulfide Removal Column Product Release. This system enables the protection of all electronical equipment in the chamber. La ceftriaxone est associée à une diminution de la diversité alpha et à une augmentation de l'indice de diversité bêta, de façon concentration-dépendante. L'impact était minoré sur le microbiote du donneur ayant une activité bêta-lactamase marquée au sein du microbiote intestinal. L'activité bêta-lactamase endogène du microbiote semblait donc protéger le microbiote lui-même de la dysbiose induite par la ceftriaxone. La réponse du microbiote intestinal à la ceftriaxone dépend donc du donneur et de la concentration de l'antibiotique.

Les médicaments anticancéreux entraînaient des effets mineurs sur le microbiote intestinal.

Néanmoins, la daunorubicine a été associée à un changement significatif dans la diversité et dans le ratio Firmicutes sur Bacteroidetes; un biomarqueur de la dysbiose; d'une manière donneur-dépendante. Comparativement, l'impact de l'hydroxycarbamide était négligeable.

L'impact observé ici étant modéré, il est raisonnable de penser que l''impact in vivo des médicaments anticancéreux sur le microbiote intestinal serait la résultante de facteurs Hôte, de la combinaison de molécules cytotoxiques et/ d'autres thérapeutiques. 

  drugs. Impact on the bacteria can be directly linked to the mechanisms of action of the drugs. Here are a few examples of the direct action of anticancer drugs on bacteria. Interestingly these molecules often show antagonistic or synergistic effects with antibiotics.

( 4 )

 4 . Gut microbial biomarkers (especially a low abundance in the Barnesiellaceae (Bacteroidetes phylum), Coriobacteriaceae (Actinobacteria phylum), Desulfovibrio (Proteobacteria phylum), Christensenella, Dehalobacterium, Faecalibacterium and, Sutterella taxa (Firmicutes phylum)) have been found to predict the risk of bloodstream infection after anticancer chemotherapy in the context of allogeneic hematopoietic stem cell transplantation (HSCT).

  graft-versus host (aGVH) disease is a major challenge. Oral administration (during and after BMT) of the Lactobacillus rhamnosus GG probiotic strain in a mice model (169), reduced aGVH and improved survival. To enhance the antitumor effect of cyclophosphamide (154), through the down regulation of T cells activity, administration of Enterococcus hirae enabled the cyclophosphamide's activity in mice priorly treated with antibiotics. The administration of a strain of Bifidobacterium breve prior and during chemotherapy (170) limited the impact of chemotherapy in terms of infectious side effects, prevented the increase of Enterobacteriaceae, and maintained a normal fecal pH, in pediatric malignancies. Using an in vitro gut model (SHIME, Simulator of Human Intestinal Microbial Ecosystem (171)) a combination of 9

  ), the stimulation with B. fragilis (gavage, immunization with bacterial polysaccharides) enabled a response to CTLA-4 blockade immunotherapy in germ free or antibiotic treated mice; in which a response was initially absent. More generally, in anti-PDL1 (death protein 1, PD1; ligand 1, PD-L1) based immunotherapy used in cutaneous melanoma, Bifidobacterium spp.(21)(Actinobacteria phylum), Barnesiella intestinihominis (Bacteroidetes phylum), Alistipes shahii, Enterococcus hirae, Lactobacillus acidophilus, Lactobacillus johnsonii.(151), Akkermansia muciniphila (174) have been associated with anti-tumor effects (133). However, the homeostasis and immune responses induced by Akkermansia muciniphila depend on its intestinal location (175). Commensal Bifidobacterium(21), were found to be implicated in the antitumor immunity and increased the anti-tumor response induced by anti-PD-1/PD-L1 monoclonal antibodies (mAbs). For that, the authors compared the gut microbiota composition in 2 mice models (differing by their gut microbiota composition) before and after the anti-PD-1/PD-L1 mAbs. They conducted a fecal transplantation by oral gavage of the gut microbiota of one model to another, and finally, tested their results using a commercialized Bifidobacterium cocktail before treatment.

Figure 1 :

 1 Figure 1: Pro and anti-oncogenic effects of bacterial and impact on tumorigenesis Legend Figure 1: Tumor promoter and anti-tumor effects of the gut microbiota. Pro-oncogenic mechanisms include all the inflammatory responses to bacteria, leading to DNA damage, cell transformation and mutagenesis. Bacteria can also produce pro-oncogenic metabolites such as E. coli producing colibactin. Inversely, bacterial anti-oncogenic strategies rely on the production of protective metabolites (SCFAs, vitamins, amino acids), and anti-inflammatory signals, limiting inflammation and cell transformation.

Figure 2 :

 2 Figure 2: Direct and indirect impacts of anticancer treatments on the host and the gut flora Legend Figure 2: Anticancer drugs act at several levels on the human's gut and fecal flora. Drugs can lead to direct toxicity on the epithelial cells, responsible for increased permeability, decreased barrier function of the intestine and increase risk of bacterial translocation and infectious complications.At the gut microbiota level, anticancer drugs also lead to dysbiosis, that can be responsible for decreased response to anticancer drugs. At the bacterial level, cytotoxic and genotoxic anticancer drugs are responsible for increased mutagenesis in bacteria, and lead to increased resistant clones to antimicrobials. Altogether, merging the risk of highly resistant bacteria with a permeable intestine increases the risk of bacterial translocation with resistant clones, therefore challenging the therapeutic management of cancer patients in case of infection.

From a therapeutic

  point of view, Davar and Zarour et al (2) demonstrated the efficacy of gut microbiota modulation in optimizing response to immunotherapy, in resistant to anti-PD1 melanoma. Focusing on anti-PD1 immunotherapy in melanoma, they showed fecal microbiota transplantation (FMT) combined with anti-PD1 blockade allowed a change in the tumor's environment responsible for an increased response in initially non responder patients. The main phyla associated with good clinical response after FMT were Actinobacteria (Coriobacteriaceae and Bifidobacteriaceae) and Firmicutes (Lachnospiraceae, Ruminonoccaceae, Erysipelotrichaceae). Through this review of literature, we highlight the importance of acknowledging the tight connections between the gut microbiota and the host, but also how the therapeutic drugs interfere in this relation, leading to synergic or antagonist effects on human pathologies.

  enzyme covalent intermediate close to the O atomγ of an invariant serine residue which plays the role of nucleophile (serine 70). Then, an activated water molecule attacks the covalent complex, resulting in subsequent hydrolysis of the bond between β-lactam carbonyl and serine oxygen. This leads to the regeneration of the active enzyme and the release of the inactive antibiotic β-lactam(41).

  Levitt et al.(56) built 19 mutants with a single substitution mutation at Ambler position R164, and showed 58% of resistance to ceftazidime in these mutants. They showed slow hydrolysis compared to acylation (and therefore increased accumulation of acyl-enzyme), resulting in a form of ceftazidime "covalent trapping" by R164S(56). Winkler et al. studied the MIC of R164A, R164H, R164P mutants and showed that avibactam was equally efficient on wild type KPC-2, on Arg164Ala and Asp179Asn variants. Hence, the CAZavi resistance could result from an increased and rapid binding of ceftazidime while avibactam cannot reach the active site(57). The consequences of these structural modifications is a widening of the active site increasing resistance to large beta-lactams such as ceftazidime(55). Interestingly, mutations at that position also confers a broadening of the spectrum towards ceftazidime in TEM-1, SHV-1 and CTX-M type enzymes(55,58), underlining the important role of this mutation in the function of class A beta-lactamases towards ceftazidime. Four KPC clinical alleles have insertion at positions 165-166 either alone or in combination with H274 and T234S (KPC-25, -40, -53 and -69) (59). The same type of insertions (165-YYG-167) have been found in TEM-1 and studied by Petrosino et al. (in TEM ß-lactamase(

Mehta

  et al. reported a 10-fold increase in the MIC for ceftazidime associated with the V240A/H274Y combination of mutations. Substitutions in the positions 104 and 240 widen the substrate spectrum to ceftazidime.In Mehta et al. study, the V240G substitution strongly contributed to the hydrolysis of ceftazidime. Interestingly, KPC-8 (V240G-H274Y) showed resistance to almost all betalactam including ceftazidime and carbapenems(81). The combination of P104R:V240G mutations in KPC-4 has been shown to induce a 40-fold increase of Kcat/Km compared with KPC-2. High-resolution crystal structures and simulations indicated that after ceftazidime is bound, these mutations could lead to a reduction in flexibility or an increase in the stability of the Ω-loop constraining E166 in an orientation compatible with effective deacylation. This is not observed with KPC-2(46).

However,

  Gottig et al. showed Y241N-mutated isolate was resistant to CAZavi, suggesting a possible important role of this position, recently described in a clinical mutant (KPC-96) (47). Position 242. Deletions in positions 242-GT-243 found in KPC-14 and KPC-28 were well studied by Oueslati et al. Their molecular models showed that deletion did not alter the overall structure of the protein, but resulted in a shorter 237-243 loop, shifting A244 slightly. The new A244 position led to a clash between the A244 side chains and the residue in position 274. This can expand the active site and allow better access to the substrate and deeper positioning of the aminothiazole cycle of ceftazidime in the active site (82). Position 243: Mutations at position 243 are often found associated with mutations or indels in the Ω-loop as in KPC-32 (T243M), KPC-40 (T243S), KPC-47 (T243A) and KPC-64 (T243A).The respective role of each mutation in resistance to CAZavi is not clearly defined. For Shields et al., and Haidar et al., the T243M mutation appears to potentiate resistance to CAZavi when associated with the D179Y mutation(18,71). Livermoore et al. show that T243P, found in the KPC-84 allele, increases the MIC of the CAZavi, which does not seem to be the case for the T243A mutation(18,71,76).

  with 19 clinical isolates have mutations associated with resistance to CAZavi. 1 have insertion mutations that significantly alter the structure of the loop. All insertions within this zone result in a CAZavi resistance phenotype. Insertions: 4 alleles have been well described in the literature. The duplication of 15 amino acids in position 261 (Ins261_AVYTRAPNKDDKHSE) in KPC-44 (83) and of 3 amino acids in position 267 (Ins267_PNK) (KPC-41 and KPC-80), 269 (Ins269_KDD) (KPC-29) and 275(Ins275_EAV) (KPC-50) were associated with an increased affinity of ceftazidime but a reduced hydrolysis, along with a reduced sensitivity to avibactam. This illustrates a phenomenon relatively like that caused by mutations in position D179 responsible for a "trapping" of ceftazidime with diminished hydrolytic capacities. The location of duplications within this loop does not appear to have an impact on the hydrolysis spectrum of beta-lactamase, the phenotype being the same if the duplication concerns the position 261, 267, 269 or 275(76,(83)(84)(85).
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 12 Figure 1: Representative view of the overall KPC-2 fold (PDB 5UL8), showing positions of key active-site residues and loops (labeled) (from Tooke et al. (46)), and the ceftazidime molecule in the active site

Figure 3 :

 3 Figure 3 : Antibiotic susceptibility tests of 16 antibiotics tested representing KPC-3, and the three different phenotypes resulting from insertion and deletion mutations in the 3 loops involved in CZA resistance

  Ecosystem (SHIME®) a five step multi-chamber reactor developed by Molly et al(44), and later the development of the M-SHIME model by Van den Abbeele(19) mimicking the entire gastrointestinal tract (from stomach to colon). The differences between the 2 models are the targeted organs; the stomach to the colon, and the stomach to the proximal colon in the SHIME and the M-SHIME model respectively; and the presence of mucus in the M-SHIME model(17, 45) (mucin microspheres).In 2015 Barroso et al(46) developed the SIMGI (SIMulator of the GastroIntestinal tract), an in vitro gut model representing different regions of the human's digestive tract, from the stomach to the colon, suggesting it as an interesting tool for the study of the variations induced in the gut microbiota composition and metabolic activity(47) . The model is fully automatized and monitored through the SIMGI computer software allowing a perfect control of the environment.

Figure 1 :

 1 Figure 1: Continuous flow in vitro human gut models and the targeted digestive region

3 (

 3 isolates. In a first part, we studied two multiresistant Enterobacteriaceae producing KPC-type carbapenemases: a clinical isolate of Enterobacter cloacae harboring blaKPC-RD26) and of Escherichia coli harboring blaKPC-2 (RD29). MICs determined by the E-test® method (bioMérieux, France) on Mueller Hinton agar (MHA) were of 16, and 0.25 mg/L for meropenem, and 4 and 0.5 mg/L for CZA for RD26 and RD29, respectively.
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Figure 1 :

 1 Figure 1: Representation of the protein with the insertion (A) and deletion (B) mutations and the fold increase in MIC to ceftazidime-avibactam (CZA) compared to KPC-2.

  Abbreviations:MBRA: MiniBioReactor Array SCFAs: short chain fatty acids PCoA: principal coordinate analysis

Figure 1 :

 1 Figure 1 : Principal coordinate analysis (PCoA) of the Jaccard matrix, with all donors, all conditions and all time points. Dots represent donor A and, triangles donor B. Size dots/triangles are proportional to the time of the experiment, the bigger the later in the experiment.
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 23456 Figure 2: Change from baseline of the Shannon diversity index in donor A and B, in all conditions. T3 is considered the baseline. Solid lines represent donor A, and dotted lines donor B. Light blue represents the controls, yellow C1, orange C10 and dark red C100. Grey square represents the treatment period. (Average and 68%CI)
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 1234 Figure 1: Change from baseline (S) of the Shannon diversity index in donor A and B, in all conditions. Solid lines represent donor A, and dotted lines donor B. Colors represent the treatment conditions. Orange square represents the treatment period. (Average and 68%CI)

Figure 1 .

 1 Figure 1. MBRA model and experimental design. Fig 1.A represents the MBRA model, the input and output pumps, the 24 culture chambers placed on a magnetic stirring plate. Fig 1.B illustrates the treatment administration, simultaneously, directly in the culture chambers. Fig 1.C represents the experimental design and the 6 conditions evaluated in this work.

Figure 2 .

 2 Figure 2. Principal coordinate analysis (PCoA) of the Jaccard matrix, with all donors, all conditions, and all time points. Dots represent donor A and, triangles donor B. Size dots/triangles are proportional to the time of the experiment, the bigger the later in the experiment.

Figure 3 .

 3 Figure 3. Change from baseline of the Shannon diversity index in donor A and B, in all conditions. S is considered the baseline. Solid lines represent donor A, and dotted lines donor B. Light blue represents the controls, and red the treated groups. Orange square represents the treatment period.

Figure 4 .

 4 Figure 4. Beta diversity Bray-curtis (4A-4C) and Jaccard metrics (4B-4D) representation. Each condition is compared to the control at the same time point, and S is baseline. Light blue represents the controls, and red the treated groups. Orange square represents the treatment period. (Average and 68%CI). All time points are normalized so that control chambers average at 1.
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 56 Figure 5. Impact of the treatments on the main 3 phyla of interest: Firmicutes (Panel A), Bacteroidetes (Panel B), Proteobacteria (Panel C). Counts were estimated from rarefied tables. Fecal bacterial composition was analyzed after 16s rRNA gene sequencing. Solid lines represent donor A, and dotted lines donor B. Light blue represents the controls, and red the treated groups. Orange square represents the treatment period. (Average and 68%CI)
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  Evolvability of life U1001, INSERM, CNRS, Institut Cochin (Ivan Matic, Arnaud GuTIERREZ), INSERM U1016, team "Mucosal microbiota in chronic inflammatory diseases", CNRS UMR 8104 Institut Cochin (Benoît Chassaing), and the Genomic Metabolic team from UMR 8030, CEA (Madeleine Bouzon,Volker Doring) have won an ANR grant for the DREAM project (Dynamics of REsistance to Antibiotics within the human gut Microbiota:

Annexe 2 :

 2 The MBRA model, based on, and inspired by Briton et al.'s model. Illustration of treatment administration in each culture vial, with a long 22G needle connected to a 1mL syringe.KPC carbapénemase comme un modèle d'évolution, en raison de la plasticité de cette protéine et de sa stabilité, malgré les mutations engendrées en contexte de stress.Cette deuxième revue de la littérature est donc une description des variants de KPC, notamment des variants resistants à la combinaison antibiotique ceftazidime-avibactam.Dans ce second travail de revue, nous abordons l'épidémiologie des entérobactéries productrices de KPC, l'émergence des variants KPC résistants à ceftazidime avibactam. En se focalisant que la resistance à la ceftazidime-avibactam nous avons évalué l'impact des mutations sur la structure de la protéine, sa stabilité et le spectre de résistance engendré. Nous avons synthétisé l'ensemble des variants KPC connus à ce jour résistant à la ceftazidimeavibactam, en déclinant un catalogue des mutations décrites, position par position. Nous avons clos cette revue par une discussion et des perspectives. Dans le troisième chapitre de l'introduction de ma thèse, nous abordons les différents modèles d'études du microbiote digestif in vitro. De nombreux modèles existent, et diffèrent par leur structure, leur volume de culture, et la présence ou non de mucus, de cellules épithéliales, etc. Chaque modèle est spécifique d'une région du tube disgestif et certains représente l'intégralité de l'organe disgestif, de l'oesophage au rectum. Les applications différent selon les systèmes utilisés. Nous avons choisi de travailler avec le système MBRA (MiniBio Reactors Arrays), un système de culture en flux continu, constitué de 24 chambres de cultures indépendantes, permettant un volume de culture fécale de 15mL. L'ensemble du système est hébergé dans une hotte anaérobie, chauffée à 37°C, et placé sur une plaque d'agitation magnétique, mimant le péristaltisme intestinal. Chaque chambre est reliée à une pompe péristaltique en amont et une pompe péristaltique en aval, permettant une irrigation en milieu de culture frais en continu tout en maintenant un volume de culture stable. Le temps de renouvellement du milieu dans chaque chambre est de 8 heures, compatible avec un temps de transit physiologique. Ce système nous permet d'étudier un seul maillon de la chaine entre le microbiote digestif et son hôte. En effet, ce modèle permet de s'affranchir de l'hôte, de son système immunitaire et cellulaire, ainsi que de son environnement, pour ne travailler uniquement l'interaction antimicrobiens/microbiote digestif. La deuxième partie du manuscrit concerne le travail expérimental. Le premier chapitre expérimental concerne les molécules de chimiothérapies, les bactéries et la résistance aux antibiotiques (Article publié en 1ere auteur). Nous avons conduit différentes expériences, en commencant par un travail centré sur l'impact des molécules de chimiothérapies anticancéreuses sur les Enterobactéries productrices de KPC (Klebsiella penumoniae carbapénémases), notamment E. coli. L'utilisation de chimiothérapie anticancéreuse est en constante augmentation. Ces molécules thérapeutiques ont souvent des cibles aspécifiques, et peuvent donc agir sur les microorganismes de la flore intestinale. Au laboratoire nous nous sommes interessés en particulier à l'évolution de Escherichia coli, qui est un commensal du tube digestif mais peut aussi être responsable d'infections extra-intestinales sévères. Sa résistance croissante aux antibiotiques est devenue un problème majeur pour la prise en charge des populations affaiblies que l'on trouve à l'hôpital. Cette émergence de résistance est une menace infectieuse supplémentaire pour ces patients, atteints de cancer, et souvent immunodéprimés. Nous avons donc mené des expériementations in vitro, nous permettant d'étudier la mutagénèse des bactéries ainsi que leur spectre de résistance à la ceftazidime avibactam. En effet, cette association de molécules antibiotiques a été commercialisé en 2015, et depuis sa commercialisation de nombreuses mutations de résistances ont été décrites (cf revue dans la partie Introduction). Nous avons montré in vitro que certaines molécules de chimiothérapie anti-cancéreuse (8 molécules testées) avaient un impact direct sur les bactéries du tube digestif. Certaines molécules de chimiothérapie ont un effet direct sur le taux de mutation de E. coli producteur de KPC-carbapenemase, et facilite ainsi l'émergence de novo de résistance aux antibiotiques. Cet impact peut notamment se matérialiser par une augmentation du niveau de la résistance à la ceftazidime-avibactam, pouvant à termes compliquer la prise en charge en cas d'infections bactériennes sévères. En détails, la fréquence d'émergence de mutants résistants à la ceftazidime-avibactam était augmentée jusqu'à un facteur 10 3 . Nous avons montré que la modification du phénotype de résistance associée à augmentation de la CMI de 4 à 16 fois, était dû à des mutations ponctuelles, des délétions ou des insertions dans la protéine KPC. Pour rebondir sur ce premier travail expérimental, dans un second temps, nous avons centré nos recherches sur les mécanismes génomiques sous jascent à cette résistance (Article publié en 1ere auteur). Afin d'identifier les mécanismes moléculaires à l'origine de cette résistance, nous avons caractérisé les allèles de KPC associés aux mutants sélectionnés et avons objectivé des mutations au sein de la carbapénémase de type KPC. Afin d'évaluer le paysage adaptatif mutationnel de la beta-lactamase KPC nous avons étendu l'analyse allélique des mutants résistants à la ceftazidime-avibactam. Sur 96 mutants criblés, 19 indels (impliquant de 2-15 acides aminés) ont été retrouvé tous situés dans les boucles entourant le site actif. Trois phénotypes de sensibilité aux antibiotiques se dégagent : un phénotype de type Bêta-lactamase à spectre étendu, une activité hautement spécialisée limitée à la ceftazidime et un phénotype de type KPC avec une moindre activité carbapénèmase. La grande tolérance aux indels de la protéine KPC reflète son grand potentiel évolutif. Troisièmement dans ce premier chapitre expériemental, nous avons étudié la résistance croisée de ces mutants KPC résistants à la ceftazidime-avibactam, avec une autre molécule antibiotique nouvellement commercialisée, le cefiderocol (Article publié en 1ere auteur). Nous avons étudié 37 mutants KPC présentant une CMI élevée à la ceftazidime-avibactam. Dans 75,6% des mutants testés, nous avons observé une augmentation des CMI du céfidérocol. Nous avons aussi étudié l'impact de l'inoculum sur cette resistance, et nous avons conclu à une augmentation de la résistance au cefiderocol en cas d'inoculum élévé. Dans le second chapitre de cette partie expérimentale, l'objectif était d'aller plus loin dans la caractérisation de l'impact des anticancéreux sur le microbiote, en se plaçant dans des conditions plus proches de celle observées in vivo tout en gardant un contrôle expérimental élevé. Les observations ci-dessus ont été réalisées in vitro dans un modèle simple avec une seule espèce bactérienne. Pour aller plus loin, nous souhaitions étudier l'impact des chimiothérapies anticancéreuses sur la flore, en étudiant E. coli dans des conditions plus complexes simulant le tube digestif avec une flore complexe.Grâce au système de colon in vitro, le MBRA, nous avons évalué l'impact d'un antibiotique, une céphalosporine de troisième génération (ceftriaxone), puis l'impact de médicaments anticancéreux sur le microbiote intestinal de 2 donneurs sains. Une analyse microbiome 16S nous a permis d'évaluer la diversité microbienne et les changements taxonomiques entrainés par ces traitements. Le MBRA préserve les spécificités de chaque donneur, qui, fait notable, sont maintenues tout au long de l'expérience.
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Table 1 :

 1 Examples of gut microbial factors and oral microbial administration associated with a good response to treatment. Cammarota G, Ianiro G, Tilg H, Rajilić-Stojanović M, Kump P, Satokari R, et al.Since the writing of this review, more data is available on the epithelial impact of cancer on the digestive tissue, and on microbiota modulation. Recently, Yonekura et al., in 2021, confirmed histologically that cancer induces ileopathy with a reduction of the villus/crypt height ratio and a profound dysbiosis(1).

	Anticancer drug	Drugs	Cancer type	Factors associated with good response	Oral bacteria administration of specific	References
		CpG oligodeoxynucleotid es immunotherapy	Sub cutaneous tumors	Abundant Alistipes genus	Alistipes shahii (77)
		Anti (impilimumab) CTLA4	Sarcoma	Abundant Faecalibacteriu m genus	Bacteroides cepacia fragilis Burkholderia and	(16,156)
	Immunotherapy			Abundant Akkermansia	
				and	Alistipes	
		Anti-PD1	Melanoma	(Routy 2018) Abundant Faecalibacteriu	Bifidobacteriu m species	(21)
				m	specie	
				(Gopalakrishnan	
				2018)		
	Chemotherapy	Cyclophosphamide	Hematologic malignancies , solid tumors	E. hirae and Barnesiella intestinihominis	Enterococcus hirae	(22,154)

134. Leite JB, Vilela EG, da Gama Torres HO, de Lourdes de Abreu Ferrari M, da Cunha AS. Intestinal permeability in leukemic patients prior to chemotherapy. Rev. Bras. Hematol. E Hemoter. 2014;36:409-13. doi: 10.1016/j.bjhh.2014.07.007 135. De Pietri S, Frandsen TL, Christensen M, Grell K, Rathe M, Müller K. Citrulline as a biomarker of bacteraemia during induction treatment for childhood acute lymphoblastic leukaemia. Pediatr. Blood Cancer 2021;68:e28793. doi: 10.1002/pbc.28793 136. Bow EJ, Meddings JB. Intestinal mucosal dysfunction and infection during remissioninduction therapy for acute myeloid leukaemia. Leukemia 2006;20:2087-92. doi: 10.1038/sj.leu.2404440 137. Blijlevens NMA, van't Land B, Donnelly JP, M'Rabet L, de Pauw BE. Measuring mucosal damage induced by cytotoxic therapy. Support. Care Cancer Off. J. Multinatl. Assoc. Support. Care Cancer 2004;12:227-33. doi: 10.1007/s00520-003-0572-3 138. Sundström GM, Wahlin A, Nordin-Andersson I, Suhr OB. Intestinal permeability in patients with acute myeloid leukemia. Eur. J. Haematol. 1998;61:250-4. 139. van Vliet MJ, Tissing WJE, Rings EHHM, Koetse HA, Stellaard F, Kamps WA, et al. Citrulline as a marker for chemotherapy induced mucosal barrier injury in pediatric patients. Pediatr. Blood Cancer 2009 15;53:1188-94. doi: 10.1002/pbc.22210 140. Krndija D, Marjou FE, Guirao B, Richon S, Leroy O, Bellaiche Y, et al. Active cell migration is critical for steady-state epithelial turnover in the gut. Science 2019 16;365:705-10. doi: 10.1126/science.aau3429 141. Roy S, Trinchieri G. Microbiota: a key orchestrator of cancer therapy. Nat. Rev. Cancer 2017;17:271-85. doi: 10.1038/nrc.2017.13 142. Panebianco C, Andriulli A, Pazienza V. Pharmacomicrobiomics: exploiting the drugmicrobiota interactions in anticancer therapies. Microbiome (Internet) 2018 22 (cited 2020 14);6. doi: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5964925/doi: 10.1186/s40168-018-0483-7 143. Ghanem S, Kim CJ, Dutta D, Salifu M, Lim SH. Antimicrobial therapy during cancer treatment: Beyond antibacterial effects. J. Intern. Med. (Internet) (cited 2021 29);n/a. doi: https://onlinelibrary.wiley.com/doi/abs/10.1111/joim.13238doi: https://doi.org/10.1111/joim.13238 144. Tlaskalová-Hogenová H, Štěpánková R, Kozáková H, Hudcovic T, Vannucci L, Tučková L, et al. The role of gut microbiota (commensal bacteria) and the mucosal barrier in the pathogenesis of inflammatory and autoimmune diseases and cancer: contribution of germ-free and gnotobiotic animal models of human diseases. Cell. Mol. Immunol. 2011;8:110. doi: 10.1038/cmi.2010.67 145. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut microbes associated with obesity. Nature 2006 21;444:1022-3. doi: 10.1038/4441022a 146. Mariat D, Firmesse O, Levenez F, Guimarăes V, Sokol H, Doré J, et al. The Firmicutes/Bacteroidetes ratio of the human microbiota changes with age. BMC Microbiol. 2009 9;9:123. doi: 10.1186/1471-2180-9-123 147. Ley RE, Bäckhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. 2005 2;102:11070-5. doi: 10.1073/pnas.0504978102 148. Ling Z, Liu X, Jia X, Cheng Y, Luo Y, Yuan L, et al. Impacts of infection with different toxigenic Clostridium difficile strains on faecal microbiota in children. Sci. Rep. 2014 15;4:7485. doi: 10.1038/srep07485 149. Peterson DA, Frank DN, Pace NR, Gordon JI. Metagenomic Approaches for Defining the Pathogenesis of Inflammatory Bowel Diseases. Cell Host Microbe 2008 12;3:417-27. doi: 10.1016/j.chom.2008.05.001 150. Touchefeu Y, Montassier E, Nieman K, Gastinne T, Potel G, Bruley des Varannes S, et al. Systematic review: the role of the gut microbiota in chemotherapy-or radiation-induced gastrointestinal mucositis -current evidence and potential clinical applications. Aliment. Pharmacol. Ther. 2014;40:409-21. doi: 10.1111/apt.12878 151. Roy S, Trinchieri G. Microbiota: a key orchestrator of cancer therapy. Nat. Rev. Cancer 2017;17:271-85. doi: 10.1038/nrc.2017.13 152. Galloway-Peña JR, Smith DP, Sahasrabhojane P, Ajami NJ, Wadsworth WD, Daver NG, et al. The role of the gastrointestinal microbiome in infectious complications during induction chemotherapy for acute myeloid leukemia. Cancer 2016 15;122:2186-96. doi: 10.1002/cncr.30039 153. Viaud S, Daillère R, Yamazaki T, Lepage P, Boneca I, Goldszmid R, et al. Why should we need the gut microbiota to respond to cancer therapies? Oncoimmunology 2014 1;3:e27574. doi: 10.4161/onci.27574 154. Daillère R, Vétizou M, Waldschmitt N, Yamazaki T, Isnard C, Poirier-Colame V, et al. Enterococcus hirae and Barnesiella intestinihominis Facilitate Cyclophosphamide-Induced Therapeutic Immunomodulatory Effects. Immunity 2016 18;45:931-43. doi: 10.1016/j.immuni.2016.09.009 155. Couzin-Frankel J. Breakthrough of the year 2013. Cancer immunotherapy. Science 2013 20;342:1432-3. doi: 10.1126/science.342.6165.1432 156. Vétizou M, Pitt JM, Daillère R, Lepage P, Waldschmitt N, Flament C, et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science 2015 27;350:1079-84. doi: 10.1126/science.aad1329 157. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets TV, et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in melanoma patients. Science 2018 5;359:97-103. doi: 10.1126/science.aan4236 158. Lehouritis P, Cummins J, Stanton M, Murphy CT, McCarthy FO, Reid G, et al. Local bacteria affect the efficacy of chemotherapeutic drugs. Sci. Rep. 2015 29;5:14554. doi: 10.1038/srep14554 159. Vande Voorde J, Sabuncuoğlu S, Noppen S, Hofer A, Ranjbarian F, Fieuws S, et al. Nucleoside-catabolizing enzymes in mycoplasma-infected tumor cell cultures compromise the cytostatic activity of the anticancer drug gemcitabine. J. Biol. Chem. 2014 9;289:13054-65. doi: 10.1074/jbc.M114.558924 160. Gao Z, Guo B, Gao R, Zhu Q, Qin H. Microbiota disbiosis is associated with colorectal https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4313696/doi: 10.3389/fmicb.2015.00020 161. Galloway-Peña JR, Jenq RR, Shelburne SA. Can Consideration of the Microbiome Improve Antimicrobial Utilization and Treatment Outcomes in the Oncology Patient? Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2017 1;23:3263-8. doi: 10.1158/1078-0432.CCR-16-3173 162. Doré J, Multon M-C, Béhier J-M, participants of Giens XXXII, Round Table No. 2. The human gut microbiome as source of innovation for health: Which physiological and therapeutic outcomes could we expect? Therapie 2017;72:21-38. doi: 10.1016/j.therap.2016.12.007 163. Mirnezami R, Nicholson J, Darzi A. Preparing for Precision Medicine. N. Engl. J. Med. 2012 9;366:489-91. doi: 10.1056/NEJMp1114866 164. Morkūnas E, Skiecevičienė J, Kupčinskas J. The impact of modulating the gastrointestinal microbiota in cancer patients. Best Pract. Res. Clin. Gastroenterol. 2020 1;48-49:101700. doi: 10.1016/j.bpg.2020.101700 165. Wallace BD, Wang H, Lane KT, Scott JE, Orans J, Koo JS, et al. Alleviating Cancer Drug Toxicity by Inhibiting a Bacterial Enzyme. Science 2010 5;330:831-5. doi: 10.1126/science.1191175 179. Baruch EN, Youngster I, Ben-Betzalel G, Ortenberg R, Lahat A, Katz L, et al. Fecal microbiota transplant promotes response in immunotherapy-refractory melanoma patients. Science 2021 5;371:602-9. doi: 10.1126/science.abb5920 180. Olesen SW, Leier MM, Alm EJ, Kahn SA. Searching for superstool: maximizing the therapeutic potential of FMT. Nat. Rev. Gastroenterol. Hepatol. 2018;15:387-8. doi: 10.1038/s41575-018-0019-4 181. Kellermayer R. Fecal microbiota transplantation: great potential with many challenges. Transl. Gastroenterol. Hepatol. (Internet) 2019 25 (cited 2021 26);4. doi: https://tgh.amegroups.com/article/view/5081doi: 10.21037/tgh.2019.05.10 182. Malard F, Vekhoff A, Lapusan S, Isnard F, D'incan-Corda E, Rey J, et al. Gut microbiota diversity after autologous fecal microbiota transfer in acute myeloid leukemia patients. Nat. Commun. 2021 25;12:3084. doi: 10.1038/s41467-021-23376-6 183. Torres-Fuentes C, Schellekens H, Dinan TG, Cryan JF. The microbiota-gut-brain axis

  the variants listed in the NCBI database, 58 are resistant to ceftazidime/avibactam, and are represented in Table1. Of these, 32 are KPC-2 variants and 26 are KPC-3 variants. It appears that 3 mutational hotspots are associated with resistance to CAZavi (Figure2and Table1): (i)the Ω-loop region (residues 166 to 179 bordering the lower part of the catalytic pocket), (ii) loop 237-243 (located between beta 3 and beta 4, close to the conserved KTG motif and delimiting the right side of the active site), and (iii) loop 266-275 (located at a distance from the active site between beta 5 and alpha 11 helix).

Altogether, 36, 12, and 19 variants resistant to CAZavi harbour mutations in the Ω-loop, in the loop 237-243 and in the loop 266-275 respectively. Of note, a significant proportion of KPC clinical variants resistant to CAZavi (35/58, 60.3%) harbour insertions and/or deletions (indels), associated or not with point mutations. The insertions correspond to sequence duplications. Twelve insertions and three deletions are present in the Ω-loop; four deletions in the loop 237-243, and nineteen insertions ranging in size from 1 to 15 amino acids in the loop 266-275.

  and D179V found respectively in KPC-31/32/33/52/76/95, KPC-51, KPC-78, KPC-86 and KPC-57 ; and an insertion Ins179TY found in KPC-65 and KPC-90), usually associated with other mutations. These same mutations have also been characterized byBarnes et al. in laboratory isolates, allowing to objectify their implication in CAZavi resistance

Table 1 :

 1 MICs of antibiotics and mutations in bla KPC observed in E. cloacae KPC-3 (RD26) of CZA-resistant mutants and transformants a , selected after exposure to Transformants were obtained by cloning bla KPC (wild-type and mutated) in pBR322 plasmids and electroporated in E. coli Top10 MICs (mg/L) of ceftazidime-avibactam (CZA), meropenem and meropenem in combination with CZA determined on E. cloacae KPC-3

	cytotoxic agents
	MIC (mg/L)

a

  , we aimed to use the MBRA model to evaluate the precise impact of 2 anticancer drugs on human fecal microbiota, from healthy donors, without any other therapeutics.

	Hydroxycarbamide is the first cytotoxic anticancer drug prescribed with an oral route of
	administration,	representing	over	50 000	prescriptions	in	2014	in	France
	(https://www.iledefrance.ars.sante.fr/media/6333/download). It is a non-alkylating antineoplastic

(RD26) and an Escherichia coli harboring blaKPC-2 (RD29). Mutants were selected by plating overnight cultures on Müeller-Hinton (MH) agar containing

times the MIC of CZA (4:1 ratio) and the frequency of emergence of antibiotic-resistant mutants was calculated by plating appropriate dilutions of overnight cultures on MH agar. Growing colonies with an indel in the coding region were screened by PCR amplification of the blaKPC gene and sequencing(18).

ESBL-like : Extended-spectrum beta-lactamase like phenotype defined by AMP MIC > 16 mg/L, TZP MIC ≤ 16 mg/L and a > 4 fold decrease in MIC between CTX and CTX-clavu.; KPC-like : KPC-like phenotype defined by a polyvalent resistance and TZP MIC ≥ 64 mg/L. ; CAZase : Highly specialized activity on ceftazidime defined by ampicillin MIC < 8 mg/L and resistance to CAZ and CZA.

AMP ampicillin, TZP piperacillin/tazobactam(1:4), CFZ cefazolin, CEF cephalothin, CRO ceftriaxone, CPD cefpodoxime, CAZ ceftazidime, CZA ceftazidime-avibactam, CAZ-clavu ceftazidime/clavulanate(1:4), CTX cefotaxime, CTX-clavu cefotaxime/clavulanate(1:4), FEP cefepime, FOX cefoxitin, ETP ertapenem, IPM imipenem, MEM meropenem Table 1: Insertions and deletions and impact on MIC to various beta-lactams
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Impact of anticancer chemotherapy on the extension of beta-lactamase spectrum: an example with KPC-type carbapenemase activity towards ceftazidime-avibactam
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Abstract

Through their action on DNA replication, anticancer chemotherapies could increase the basal mutation rate in bacteria and increase the risk of selecting antibiotic resistant mutants. We investigated the impact of several drugs on a beta-lactamase model using KPC-type carbapenemase-producing Enterobacteriaceae.

We studied the impact of anticancer chemotherapies used in pediatric hematologic malignancies on 7 clinical isolates of Enterobacteriaceae producing KPC-type carbapenemases. We compared the mutation rates from cultures with/without chemotherapy on ceftazidime-avibactam, rifampicin and ceftazidime-avibactam combined with meropenem media. Mechanisms of Ceftazidime-avibactam resistance were explored on a subset of mutants.

After exposure to some cytotoxic molecules, the bacterial mutation rates leading to ceftazidimeavibactam and to rifampicin resistance increased up to 10 4 -fold while we observed no emergence of resistant mutants (frequency of <10 -10 ) on a meropenem combined with ceftazidime-avibactam media. Compared to the parental strains, an increased susceptibility to meropenem was observed with the ceftazidime-avibactam resistant mutants. The blaKPC genes of ceftazidime-avibactam mutants harbored either mutations, deletions or insertions, especially in the region encoding the Ω-loop of the KPC-type carbapenemase.

Anticancer chemotherapy can increase the mutation rates of bacteria accelerating the extension of KPC-type carbapenemases towards ceftazidime-avibactam, one of the last resort antimicrobial chemotherapy.

The quality of the sequencing data was estimated using standard metrics. Mean N50 was of 266,195 and mean coverage was of 84. Quality sequencing data are summarized in Supplementary Table S4. Raw sequences of the 7 isolates were deposited in GenBank under BioProject number: PRJNA542787. Whole genome sequencing shows that E. coli was of ST131 and serotype O16 and had both blaKPC-2 and blaTEM-1, E. cloacae had the blaKPC-3, blaOXA-9 and blaTEM-1 and the 5 K. pneumoniae were respectively of ST-258, ST-11, ST-101, ST-307 and ST-512 and produced either blaKPC-2 or blaKPC-3 (Supplementary Table S4).

Determination of mutant frequencies.

Mid-log cultures of either E. coli RD29 or E. cloacae RD26 in MH broth was diluted to 10 -4 and cultured overnight with and without ACD. We evaluated seven ACD used in pediatric hematologic malignancies at concentrations close to the plasmatic concentrations 33 . The pyrimidine antagonist cytarabine was used at 0.5 mg/L 37 . The two antimetabolites azacitidine and mercaptopurine were used at 0.5 and 30 mg/L, respectively 38,39 . The two alkylating drugs cyclophosphamide and dacarbazine were used at 2.5 and 10 mg/L 40-42 . The topoisomerase inhibitor daunorubicin was used at 50 mg/L 37 . The anthracenedione mitoxantrone was used at 5 mg/L 43 .

We evaluated the basal mutation rate of the tested bacteria by plating appropriate dilutions of overnight cultures on MHA and MHA containing rifampicin (RMP) at 50 mg/L. The frequency of emergence of antibiotic-resistant mutants was calculated 20,21 by plating overnight cultures on MHA and MHA containing 4 MIC of CZA (4:1 ratio) or meropenem (20 mg/l). We also evaluated the frequency of emergence of E. cloacae resistant to the combination CZA (4 MIC) -meropenem (MEM) 20 mg/l. This concentration of meropenem is compatible with the serum concentration obtained by continuous infusion of meropenem and above the MIC of the isolates 44 . All tests were done four times independently. In order to confirm and extend our results, five KPC-producing clinical isolates of K. pneumoniae of different ST were submitted to azacitidine on five independent experiments. The frequency of resistant mutants was then calculated as the number of resistant colonies divided by the number of plated cells. The results are expressed as the ratios of the mutant frequency with ACD on mutant frequency without ACD. 
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Supplementary Table S1:

Rates, average and standard deviation (sd) of resistant mutants of 2 strains of KPC-producing Enterobacteriaceae (RD26 and RD29) selected on 4 different antibiotic media (Ceftazidime/avibactam (CZA), Rifampicin (RMP), Meropenem (Mero) and the association Ceftazidime/avibactam and Meropenem (CZA-Mero)) after a culture with or without chemotherapy.

Supplementary Table S2:

Fold increase of resistant mutants' rates, average and standard deviation (sd) of 2 strains of KPC-producing Enterobacteriaceae (RD26 and RD29) selected on 4 different antibiotic media (Ceftazidime/avibactam (CZA), Rifampicin (RMP), Meropenem (Mero) and the association Ceftazidime/avibactam and Meropenem (CZA-Mero)) after a culture with or without chemotherapy, compared to the control group.

Supplementary Table S3:

Rates, average and standard deviation (sd) of resistant mutants of 5 strains of KPC-producing Enterobacteriaceae selected on 2 different antibiotic media (Ceftazidime/avibactam (CZA), Rifampicin (RMP), after a culture with or without chemotherapy.

Supplementary Table S4:

Genome sequencing and analysis: Identification of the beta-lactamases genes and E. coli serotypes. Quality of the sequencing data illustrated by the mean N50, mean coverage and number of contigs.

123 Supplementary Table S5:

Relative quantification of blaKPC expression using transcription analysis by RT-qPCR of recombinant strains : E. coli Top10 with pBR322 harboring either wild-type allele (KPC-3) or alleles conferring ceftazidime-avibactam resistance. dinB a chromosomal housekeeping gene 46 and tetA a pBR322 plasmid gene (coding for tetracyclin resistance were used for normalization).

KPC beta-lactamases are permissive to insertions and deletions conferring substrate spectrum modifications and resistance to ceftazidime-avibactam

Antimicrob Agents Chemother. 2020 Nov 17;64 (12):e01175-20. doi: 10.1128/AAC.01175-20.
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Running title: Insertions and deletions in KPC beta-lactamases

Synopsis:

To explore the mutational possibilities of insertions and deletions (indel) in the KPC betalactamase, we selected for ceftazidime-avibactam resistant mutants. Of 96 screened mutants, we obtained 19 indels (2-15 amino acids) all located in the loops surrounding the active site.

Three antibiotic susceptibility phenotypes emerged: an ESBL-like phenotype, a highly specialized activity restricted to ceftazidime, and a KPC-like phenotype. Tolerance for indels reflects the evolvability of KPC beta-lactamase, which could challenge the therapeutic management of patients.

Highly specialized activity on ceftazidime. Deletions in the omega-loop section containing the alpha helix 7 show a consensus in the hydrolytic modifications of the protein. The mutants reported here are hyper-sensitive to most beta-lactams and notably ampicillin (MIC < 8 mg/L) except to ceftazidime and ceftazidime-avibactam (Table 1). This suggests that for these variants, by narrowing of the omega-loop, the deletion of the residues, not only impacts the conformation of the substrate binding sites but also the catalytic regions of KPC beta-lactamase (26). The first clinical mutant with a deletion in the omega loop was recently described (11).

KPC-like phenotype with polyvalent activity on beta-lactams. Even if phenotypical

resistance profiles are modified (mainly on carbapenems), these mutants conserved a polyvalent resistance on the same beta-lactams as their ancestor KPC-2 and KPC-3. In particular, piperacillin-tazobactam MICs were ≥ 64 mg/L.

In our study, we explored and gave a more comprehensive view of the KPC beta-lactamase's tolerance to indels that allows the protein to rapidly adapt in response to antibiotic treatments such as ceftazidime-avibactam. The ability of the enzyme to modify its structure and tolerate indels while maintaining its activity, reflects its plasticity. The thermodynamic stability of the KPC enzyme compared to other class A beta-lactamases ( 27) could explain their fascinating adaptability to the environment. Add in their high tolerance for mutations, their evolutionary potential remains therefore unpredictable, and to be further evaluated. The clinical consequence of this evolutive capacity could challenge the therapeutic management of patients in the future.

Abstract

Objectives: Ceftazidime-avibactam and cefiderocol are recently commercialized molecules active against highly drug-resistant bacteria, including carbapenem-resistant Enterobacteriaceae. Resistant mutants to ceftazidime-avibactam were described and notably in Klebsiella pneumoniae carbapenemase (KPC). Considering the structural similarities between ceftazidime and cefiderocol, we hypothesized that resistance to ceftazidime-avibactam in KPCproducing Enterobacterales may lead to cross-resistance to cefiderocol.

Methods: Ceftazidime-avibactam resistant mutants from 3 clinical isolates of Enterobacterales carrying either blaKPC-2 or blaKPC-3 were selected in vitro. Mutants with increased MIC to ceftazidime-avibactam compared to ancestral allele were cloned in pBR322 plasmid and expressed in E. coli TOP10. We evaluated the impact of these mutations on cefiderocol MICs, MBCs and assessed the impact of bacterial inoculum on cefiderocol MICs.

Results:

We used 37 KPC mutants with increased ceftazidime-avibactam MIC. Of these, 6 were previously described in clinical isolates. Compared to the wild-type alleles, 4 to 32-foldincrease in the cefiderocol's MICs were observed for 75.6% (28/37) of tested mutants, reaching MIC up to 4 mg/L in E. coli TOP10 for KPC-31 (D179Y-H274Y mutations). MBCs and MICs of cefiderocol were similar, confirming the bactericidal activity of this drug. Finally, when using higher inocula (10 7 CFU/ml), a high increase in cefiderocol MIC was observed and all isolates were categorized as resistant.

Conclusion:

We observed that most of the CZA resistant KPC variants have a possible impact on cefiderocol by increasing the cefiderocol MICs. In addition, cefiderocol is greatly impacted by inoculum effect, suggesting precautions should be taken when treating infections with a suspected high inoculum.

However, this study was only performed in vitro, and further studies should include in vivo experiments to measure the impact of KPC beta-lactamase mutants and the inoculum effect on resistance to cefiderocol.

Altogether, we show that cefiderocol MIC can increase in KPC-beta-lactamase mutants. In our study, the clinical allele KPC-31 showed cross resistance to both ceftazidime-avibactam and cefiderocol (7). Considering the high inoculum effect on cefiderocol MICs, this molecule should be used precautiously in case of infections with suspected high inoculum.
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Abstract:

Background: Antimicrobial drugs are mostly studied for their impact on emergence of bacterial antibiotic resistance, but their impact on the gut microbiota is also of tremendous interest. In vitro gut models are important tools to study such complex drug-microbiota interactions in human.

Material and methods:

The MBRA (MiniBioReactor Array) in vitro microbiota system; a single stage continuous flow culture model, hosted in an anaerobic chamber; was used to evaluate the impact of 3 concentrations of a third-generation cephalosporin (ceftriaxone) on fecal microbiota from two healthy donors (treatment versus control: 3 replicates per condition). We conducted 16S microbiome profiling and analyzed microbial richness, diversity, and taxonomic changes. Betalactamase activities were evaluated and correlated with the effects observed in the MBRA in vitro system.

Results:

The MBRA preserved each donors' specificities, and differences between the donors were maintained through time. Before treatment, all fecal cultures belonging to the same donor were comparable in composition, richness, and diversity. Treatment with ceftriaxone was associated with a decrease in alpha-diversity, and an increase in beta-diversity index, in a concentration dependent manner. The maximum effect on diversity was observed after 72h of treatment. Importantly, one donor had a stronger microbiota beta-lactamase activity that was associated with a reduced impact of the ceftriaxone on microbiota composition.

Conclusion.

To conclude, the impact of the treatment was donor-and concentration-dependent.

The endogenous microbiota beta-lactamase activity seemed to protect the fecal microbiota from ceftriaxone-induced dysbiosis. Our results support the relevance and promise of the MBRA system to study drug-microbiota interactions.

Materials and methods

Study design. We used the MBRA (MiniBioReactor Assays) system, placed in an anaerobic chamber (CoyLab®) at 37°C to perform a study-impact of ceftriaxone on gut microbiota.

Fecal sampling and storage. Human fecal samples from two healthy adult donors (i.e nonsymptomatic state), belonging to the same age range were used. In agreement with the INSERM ethics regulation, and with the declaration of Helsinki, all received clear information and consented. At emission, the feces were directly collected in a sterile anaerobic container, and subsequently stored at -80°C.

Impact of ceftriaxone on gut microbiota: Three concentrations of ceftriaxone (1mg/L, "C1" -10mg/L, "C10" -and 100mg/L, "C100") and a negative control (no treatment, "control") were evaluated in triplicates. The dose of treatment was injected once daily, and consecutively for 5 days.

Experimental design. The MBRAs consists of 24 independent chambers, containing a 15mL culture volume, maintained by two peristaltic pumps, adapted for low flow rates. We used the BRM media that mimics composition of colonic gut as previously described 62,66 .

We followed Auchtung et al's 66 protocol for sample preparation, and fecal inoculation. The same fecal sample was used to inoculate 12 chambers for each donor. After a resting time of 16-hours, the flow rate was of 1.9mL/hour (equivalent to a 8-hour turnover, mimicking the physiological intestinal peristalsis). Daily samplings were performed in the 24 chambers. The evolution of the 24 microcosms (treatment versus control * 1 drugs * 2 donors * 3 replicates per condition) was followed through the characterization of the 16S rRNA diversity. In total, we collected samples at different time points, and 5 key time points are represented : the equilibrium state obtained in the chambers on day 3 (T3), 24h after the first dose of treatment (T5), after 3 doses of treatment (T7), 24 hours after the last dose (T9) and 72 hours after the last dose of treatment (T11)) 62 .

Sample processing and 16S rRNA gene sequencing

DNA extraction. We used the QIAamp 96 PowerFecal QIAcube HT Kit ® (Qiagen) following the manufacturer's instructions, and subsequently performed DNA extraction with the Qiacube® High-Throughput 96 samples robot.

16S rRNA gene sequencing. 16S rRNA gene sequencing was used to analyze the bacterial communities in our samples, targeting specifically the V4 hypervariable region 69 . Libraries were prepared as specified by the manufacturer. Briefly, the , "PCR 1", enables the amplification of the 16S region, using 515 forward primer, and 806 reverse primer 70 . The "PCR 2", corresponding to the multiplexing step of the samples on the 16S amplified regions, using the Nextera® Index Kit and, Nextera ® XT Index kit V2 Set D. The DNA was quantified with the Qubit HS®, and normalized to 4nM for pooling and sequencing.

Sequencing. We used the Illumina MiSeq technology (paired end reads 2x 250bp) for 16S rRNA gene sequencing.

Data analysis.

The microbiome bioinformatics analysis were performed with the QIIME2-2020.8 software 71 . We denoised samples with the DADA2 (via q2-dada2) pipeline 72 .We subsequently aligned reads with Mafft 73 (via q2-alignement) and constructed phylogenetic with fasttree-2 74 (via q2-phylogeny). Alpha diversity (diversity within each chamber) was analyzed with the Shannon and Evenness indexes, beta diversity (diversity between each chamber) was represented by Jaccard and Weighted Unifrac analysis (using q2-diversity). For diversity analysis, samples were prior rarefied to 7900 sequences per sample, therefore excluding 2 samples from our dataset. We assigned taxonomy to all amplicon sequence variants with a 99% threshold of pairwise identity, using Naive Bayes classifier trained on the Greengenes reference database 13_8 (using q2-featureclassifier) 75 . Counts are obtained from rarefied data. Last, we calculated the Firmicutes to Bacteroidetes ratio (F/B), including all time during and after treatment. All generated data visualizations were performed using Python3. We used R, Version 1.2.5033, to analyze the data.

The "change from baseline" analysis were conducted considering T3, the stabilization time, as the baseline point.

Measure of beta-lactamase activity. Beta-lactamase activity was evaluated on samples at T3 corresponding to the time just before the treatment (8 samples per donor in 2 replicates, n=16 samples per donor). Briefly, a crude cell extract was obtained using beta-LACTA TM (Bio-Rad) (T3 to T11) and decreased in B between T5 and T7 (Figure 2). A higher reduction in the Shannon index was observed in donor A (0.005, 0.097, 0.122, 0.215 for control, C1, C10 and C100, respectively), compared with donor B (0.044, 0.045, 0.065 and 0.081 for control, C1, C10 and C100, respectively). This dose-dependent signal was particularly noticeable in donor A, while it was milder in donor B. For instance, the lower concentration C1, was almost identical to the controls in the 2 donors. Interestingly, for both donors, Shannon index were comparable to that of the controls 72h after the last treatment injection, suggesting a fast resilience of the microbiota after the treatment course in vitro in the MBRA.

Considering the change from baseline of the distances to T3 for each condition in alpha-diversity (Shannon index), differences were significant in donor A (p= 8.25e-05, two-way ANOVA test), and not for donor B.

Beta diversity. To evaluate beta diversity, we calculated the distance to T3 (stabilization period before treatment) for each condition and the distance to the control chamber between the treated and the control chambers (Figure 3). In this first design, each chamber is its own control, and all time points are compared to the T3. In the second design, each chamber is compared to the control chambers (same donor, with the "No treatment" C0 condition), at the same time points.

Altogether, the first design enabled us to focus on the evolution within each chamber, and the second design enabled us to control for the spontaneous evolution of cultures without treatment in the analysis.

The bigger the distance, the bigger the change in beta-diversity, ie the more distinct is the microbiota composition compared to before treatment. At T3, in each donor, all conditions were comparable with a similar distance to the controls. Across time, distance between control and treated groups were correlated to the concentration, for all conditions in donor A, and particularly for C10 and C100 for donor B. In both donors, C1 was responsible for a little increase in beta diversity distance compared to the control group. In the treated groups, maximum effect was observed at T7 (donor A and B), 72 hours after the treatment started. With all beta-diversity metrics performed here, the effect observed increase in a concentration-dependent manner, C1 being the less impacting concentration, compared to the controls. Considering the change from baseline of the distances to T3 for each condition in beta-diversity (Jaccard index), differences were significant in the 2 donors A and B, p= 0.0128 and p=0.007, respectively (two-way ANOVA test).

Ethics approval

In agreement with the INSERM ethics regulation, and with the declaration of Helsinki, all volunteer and anonymous donors received clear information and consented. We showed ceftriaxone impacts the richness of the microbiota, the alpha and beta diversity, and the reported taxonomic changes observed are consistent with those described in vivo. Disparities between donors were observed and could be related to different beta-lactamase activity of the gut microbiota, participating in the protection of the bacterial community in the presence of the drug.

This first study allowed us to validate the model in our lab with our experimental conditions.

These donor-dependent and concentration-dependent effects associated with ceftriaxone conforted our idea of testing more drugs, and especially anticancer drugs. After showing the MBRA was relevant to study microbiota/drug interactions, we then turned back to anticancer drugs. Scarce information exists on the anticancer drug-microbiota interaction, studied independently from the host. In vivo studies give us the information anticancer drugs alter the gut microbiota composition and diversity (62), and in vitro studies on bacteria confirm the antimicrobial activity of some drugs (5).

Considering this gap of knowledge, we decided to test the impact of some anticancer drugs in our experimental system.

We first started a screening experiments using multiple anticancer drugs. Among the conditions, we tested 7 anticancer drugs (azacitidine, dacarbazine, daunorubicine, 5 fluoro uracil, hydroxycarbamide, mitoxantrone, methotrexate) and a control condition. The same two donors from the previous experiments were studied sequentially.

For each donor, one condition was tested in triplicates, and 8 conditions were tested simultaneously. Each experiment was composed of a 3-day stabilization period, a 5-day treatment course, and 3-day post treatment period. Eight time points were chosen for 16s rRNA profiling and analyzed subsequently (Figures just below the text).

Like with antibiotics, we observed anticancer drugs did not alter the gut microbiota in the same manner depending on the molecule and the donor.

Alpha diversity analysis (Shannon index, Figure 1) showed mitoxantrone and daunorubicin in donor A were associated with greater decrease in alpha diversity after the start of the treatment.

In donor B, mitoxantrone and fludarabine seemed to decrease the most the alpha diversity.

Beta analysis using the Jaccard metric (Figure 2) showed an important difference between the evolution of the controls in donor A and B. Compared to the control A, all molecules were associated with a lower increase in beta diversity. One can therefore question the reliability of the Running title: In vitro study of anticancer drug-microbiota relations using the MBRA system Abstract: Background: Anticancer drug efficacy is linked to gut microbiota's composition, and there is a dire need to better understand these interactions for personalized medicine. In vitro microbiota models are promising tools for studies requiring controlled and repeatable conditions. We evaluated the impact of two anticancer drugs on human feces in the MiniBioReactor Array (MBRA) in vitro microbiota system.

Methods:

The MBRA is a single stage continuous flow culture model, hosted in an anaerobic chamber. We evaluated the effect of a 5-day treatment with hydroxycarbamide or daunorubicine on fecal bacterial communities of two healthy donors. 16S microbiome profiling allowed analysis of microbial richness, diversity, and taxonomic changes.

Results:

In this host-free setting, anticancer drugs diversly affect gut microbiota composition.

Daunorubicin was associated with significant change in alpha-and beta-diversity as well as in the ratio Firmicutes/Bacteroidetes in a donor-dependent manner. The impact of hydroxycarbamide on microbiota composition was not significant.

Conclusion:

We demonstrated, for the first time, the impact of anticancer drugs on human microbiota composition, in a donor-and molecule-dependent manner in an in vitro human microbiota model. We confirm the importance of personalized studies to better predict drugassociated-dysbiosis in vivo, linked to the host response to treatment.

Introduction

Cancer incidence increases yearly with 18 million new diagnostics worldwide in 2018, and over 19 million in 2020 1 . Accordingly, the prescription of anticancer drugs, which are associated with highly heterogenous efficacy and toxicity among cancer patients, is also increasing around the globe.

The frequent digestive symptoms reported after these treatments (diarrhea, mucositis), support a significant alteration of the human gut microbiota, leading to drug-associated-dysbiosis, however no studies monitored the drug concentration in the feces. Yet, though neglected for decades, this (two-way ANOVA, p-value= 0.744 and 0.523 in donor A and B, respectively), whatever the metric. The effect of daunorubicin was significant in the 2 donors (two-way ANOVA, p-value= 0.00198 and 0.00173 in donor A and B, respectively, Table 1) in Jaccard and Bray-curtis metrics, with an increased distance at equivalent time point, between the treated and control groups (Figure 3).

Impact of treatment on bacterial communities

Taxonomic analysis at the phylum level enabled to observe a donor-dependent effect in addition to the previously described molecule-dependent effect (Figure 5). In the hydroxycarbamide treated group, at baseline (S), in the controls, Firmicutes were dominant 50.3% of rarefied counts in donor A and 52.1% rarefied counts in donor B) with Bacteroidetes (27.9% rarefied counts in donor A and 36.7% rarefied counts in donor B), and Proteobacteria being less abundant (19.5 %rarefied counts in donor A and 9.8% rarefied counts in donor B). In hydroxycarbamide, the variation in the 3 phyla during the experiment were comparable in the treated and control groups, as well as between the 2 donors (Figure 5).

In the daunorubicin group, at baseline (S), in the controls, Firmicutes were dominant (55.7% of rarefied counts in donor A and 48.4 % rarefied counts in donor B) with Bacteroidetes (25.0% rarefied counts in donor A and 31.5% rarefied counts in donor B), and Proteobacteria being less abundant (16.4% rarefied counts in donor A and 16.9% rarefied counts in donor B).

Proteobacteria evolved comparably between the experiments, and followed a constant increase through time, in both donors and both molecules.

In the daunorubicin group, compared to baseline (S) we observed a decrease in the Bacteroidetes phylum from T1 in donor A. In donor B, Bacteroidetes evolved similarly throughout the experiment. A decrease in Firmicutes was observed in donor B compared to the variations in the control group (Figure 5).

We also calculated the change in the Firmicutes/Bacteroidetes (F/B) ratio, admitted as an early dysbiosis biomarker. Hydroxycarbamide did not show any significant changes in the F/B ratio.

Daunorubicin well-illustrated the donor-dependent impact of an anticancer drug on the gut microbiota, with a significant change in the F/B ratio for donor A (Fisher test, p-value= 0.0133), and a non-significant change in donor B (Figure 6, Table 1).

Discussion

Here, we show the impact of an anticancer drug, evaluated on gut microbiota, independently from its host, varies in a donor-dependent and molecule-dependent manner. Effects of anticancer drugs on the gut microbiota, compared to that of antibiotics in the same model (Submitted work for publication), seem far more moderate. With this system, minor effects can still be objectified. Indeed, we could show hydroxycarbamide, at 30mg/L, did not show any major impact on the gut microbiota, and minor effects of daunorubicine at 25mg/L could however be observed. Compared to the in vivo results on anticancer drugs-associated dysbiosis, we observe less dysbiotic signals 13,39 . Our experiments suggest that the impact observed in vivo is the result of several factors and not only the anti-cancer molecule. This places the host as a possible crucial actor in the observed gut microbiota disturbances in vivo, in the context of anticancer drugs. Thus, before concluding to an impact of a drug on the gut microbiota; with all the subsequent consequences; one must answer several questions beforehand. When an effect is observed in vivo, no information is given on the major chain link responsible for this effect: disturbance could occur at the bacteria level, at the gut microbiota level, or at the host level. The strength of our study relies on the capacity of MBRA system to analyze specifically the direct impact of a drug on the gut microbiota composition. Many studies have shown the impact of chemotherapy on intestinal dysbiosis, on the tumoral response, or on toxicity. However, these conclusions seem hasty, as no data exist concerning the intermediate actors in this drug-microbiota link. Furthermore, many included patients in these studies received anticancer drugs and many other drugs concomitantly, including antibiotics, known as dysbiosis-inducing factors 40 (Submitted work for publication) Here, we studied specifically the relation drug-gut microbiota composition, excluding all the confounding factors from the host 41 , concomitant antibiotic treatments 40 , or the environment 29,32 .

We demonstrated the effect of anticancer drugs on the GM, depends on the donor; hence the host; and on the molecule.

Among the many perspectives in oncology, the MBRA system could be an interesting tool to evaluate the impact of more drugs, and combinations of drugs on the gut microbiota. Here, relying on previous works 15,42,43 , we measured the Firmicutes/Bacteroidetes ratio biomarker allowing us to confirm the dysbiosis evidenced with the diversity metrics. This biomarker is easy to measure

DNA extraction

We used the DNeasy Power Soil Pro 250 kit® (Qiagen) for total DNA extraction, following the manufacturer's protocol. 100uL of frozen MBRA-fecal samples from 8 time points (I-S-T1-T2-T3-T4-T5-PT) were used for gut microbiota composition analysis. We subsequently used the Qiacube® High-Throughput 96 samples robot for DNA extraction.

16S rRNA gene sequencing

Intestinal gut microbiota composition in collected samples was analyzed using 16S rRNA gene sequencing 13,47 , targeting the V4 hypervariable region 48 . The manufacturer's instructions for the library preparation were followed, using KAPA HiFi HotStart ReadyMix (Roche Laboratories).

Briefly, the amplification of the 16S region ("PCR 1") was performed with the 515 forward primer By this work, we add information on the fact drug-microbiota interactions are dependent on the baseline GM composition. Furthermore, the expected impact of anticancer drugs on the gut microbiota, described in vivo was not so evident in our in vitro work. This leads us to believe that other factors, excluded in the MBRA system, such as the host or its environment, probably play a major role in some effects of drugs. Articles publiés:

1. The interplay between anti-cancer challenges and the microbial communities from the gut. Claire Amaris Hobson, Stéphane Bonacorsi, André Baruchel, Olivier Tenaillon, André Birgy