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Purpose of review:

The aim of this review is to summarize the current data available on the metabolic effects of fecal microbiota transplantation (FMT) including obesity and glucose metabolism in humans.

Recent findings:

Gut microbiota dysbiosis is a frequent characteristics observed in obesity and related-metabolic diseases. Pieces of evidences mostly generated in mouse models suggest that rescuing this dysbiosis associates with improved metabolism. In humans, dietary or bariatric surgery interventions are often accompanied by complete or partial restoration of this dysbiosis together with weight reduction and metabolic amelioration. Fecal microbiota transfer (FMT) is an interesting option to modify gut microbiota and has been associated with improved clinical outcomes, albeit only used in routine care for clostridium difficile infection.

However, there are only limited data on using FMT in the metabolic context. Summary: FMT from lean donors significantly improves insulin sensitivity in obese subjects with metabolic syndrome. However, there is a wide range of clinical responses. Interestingly in subjects with high microbial gene richness at baseline and when FMT donors that are metabolically compromised are used, no metabolic improvement is seen. Moreover, more studies evaluating the effect of FMT in overt type 2 diabetes patients are warranted. Furthermore, interventions (in the receiver prior to FMT) aiming to enhance FMT response also need evaluation.

Introduction

The intestinal microbiota is increasingly recognized to play major roles in human physiology and health. Indeed, amongst its numerous functions, it modulates and shapes host immunity, is able to digest some otherwise indigestible dietary derived nutrients [START_REF] Fouhy | Composition of the early intestinal microbiota: knowledge, knowledge gaps and the use of high-throughput sequencing to address these gaps[END_REF] leading to the production of important metabolites for the host (2), including short chain fatty acids (SCFA) and is involved in biliary acid dehydroxylation and synthesis of several vitamins [START_REF] Fouhy | Composition of the early intestinal microbiota: knowledge, knowledge gaps and the use of high-throughput sequencing to address these gaps[END_REF]. Flourishing literature shows that many chronic diseases are associated with gut microbiota dysbiosis which include drastic change in microbiota composition, function and bacterial derived metabolite production. This is particularly described for obesity and Type 2 diabetes (T2D) [START_REF] Karlsson | Gut metagenome in European women with normal, impaired and diabetic glucose control[END_REF][START_REF] Pedersen | Human gut microbes impact host serum metabolome and insulin sensitivity[END_REF][START_REF] Chatelier | Richness of human gut microbiome correlates with metabolic markers[END_REF][START_REF] Cotillard | Dietary intervention impact on gut microbial gene richness[END_REF].

Among reported features, in both mice [START_REF] Turnbaugh | Diet-induced obesity is linked to marked but reversible alterations in the mouse distal gut microbiome[END_REF] and humans [START_REF] Yatsunenko | Human gut microbiome viewed across age and geography[END_REF], obesity is characterized by a decrease in bacterial diversity and low microbial gene richness (MGR: gene count number) in some [START_REF] Chatelier | Richness of human gut microbiome correlates with metabolic markers[END_REF][START_REF] Cotillard | Dietary intervention impact on gut microbial gene richness[END_REF]. In overweight to severe obesity low MGR is associated with increased body mass index (BMI) as well as metabolic derangements including low grade inflammation and insulin resistance [START_REF] Chatelier | Richness of human gut microbiome correlates with metabolic markers[END_REF][START_REF] Cotillard | Dietary intervention impact on gut microbial gene richness[END_REF]. The proportion of low MGR concerns 23 to 40% of individuals with overweight or moderate obesity [START_REF] Chatelier | Richness of human gut microbiome correlates with metabolic markers[END_REF][START_REF] Cotillard | Dietary intervention impact on gut microbial gene richness[END_REF] and increases up to 75% in severe obesity [START_REF] Prifti | Major microbiota dysbiosis in severe obesity: fate after bariatric surgery[END_REF]. Furthermore, low MGR-associated gut microbiota profile shows a switch towards increased bacterial strains with pro-inflammatory properties as well as a decrease in those with anti-inflammatory roles [START_REF] Chatelier | Richness of human gut microbiome correlates with metabolic markers[END_REF][START_REF] Cotillard | Dietary intervention impact on gut microbial gene richness[END_REF]. Likewise, both mice and human studies demonstrated that T2D was also characterized by a modification of gut microbiota composition and function, when compared to healthy controls [START_REF] Qin | A metagenome-wide association study of gut microbiota in type 2 diabetes[END_REF] or to individuals with impaired glucose tolerance [START_REF] Karlsson | Gut metagenome in European women with normal, impaired and diabetic glucose control[END_REF][START_REF] Allin | Aberrant intestinal microbiota in individuals with prediabetes[END_REF]. Nevertheless, causality or consequence of altered gut microbiota in metabolic diseases remains a source of discussion [START_REF] Aydin | The Gut Microbiome as a Target for the Treatment of Type 2 Diabetes[END_REF] Several types of interventions are able to induce both beneficial metabolic outcomes and partial or complete correction of gut microbiota dysbiosis. For example, a moderately restrictive, fiber-enriched diet proposed to overweight or moderately obese individuals induced a significant increase of MGR especially in patients with baseline low MGR and, associations were found between changes in some bacterial groups and weight loss-improved metabolism [START_REF] Cotillard | Dietary intervention impact on gut microbial gene richness[END_REF]. Likewise, bariatric surgery reserved for the most severe forms of obesity enables to significantly increase MGR and modify some bacterial species concomitantly with improvement in metabolic alteration and major weight loss [START_REF] Prifti | Major microbiota dysbiosis in severe obesity: fate after bariatric surgery[END_REF]. Although being based on associations, these studies suggest that the modulation of gut microbiota per se could at least be partly involved in those metabolic improvements. The role of gut microbiota modulation after bariatric surgery in the improvement of T2D has recently been reviewed in [START_REF] Debédat | Impact of bariatric surgery on type 2 diabetes: contribution of inflammation and gut microbiome?[END_REF]. Ingestion of dietary prebiotics have also demonstrated potential to induce weight loss and improvement of insulin resistance and overall metabolic health in rodent models [START_REF] Cani | Changes in gut microbiota control inflammation in obese mice through a mechanism involving GLP-2-driven improvement of gut permeability[END_REF]. Nevertheless, when translating these interventions in humans, while prebiotics were indeed able to modify gut microbiota composition, their effects on metabolic health and weight was either very moderate with merely a slight decrease in post-prandial glycemia and no effect on weight loss [START_REF] Dewulf | Insight into the prebiotic concept: lessons from an exploratory, double blind intervention study with inulin-type fructans in obese women[END_REF] or completely absent [START_REF] Canfora | Supplementation of Diet With Galacto-oligosaccharides Increases Bifidobacteria, but Not Insulin Sensitivity, in Obese Prediabetic Individuals[END_REF]. Similar observations can be made regarding the use of probiotics [START_REF] Koutnikova | Impact of bacterial probiotics on obesity, diabetes and non-alcoholic fatty liver disease related variables: a systematic review and meta-analysis of randomised controlled trials[END_REF]. Overall these studies suggest that interventions modifying gut microbiota could be considered for therapeutic innovation in the field of T2D and obesity, especially when taking baseline microbiota composition and diversity into account. This concept is further reinforced by fecal transfer experiments in rodents, highlighting the contribution of gut microbiota in weight reduction at least in mice.

For example, transferring feces from mice [START_REF] Liou | Conserved shifts in the gut microbiota due to gastric bypass reduce host weight and adiposity[END_REF] or humans [START_REF] Tremaroli | Rouxen-Y Gastric Bypass and Vertical Banded Gastroplasty Induce Long-Term Changes on the Human Gut Microbiome Contributing to Fat Mass Regulation[END_REF] who have undergone a bariatric procedure, into germ-free recipients, induces per se a weight reduction in the receivers. While the importance of weight loss is much lower than that induced by bariatric surgery, these studies highlight the important role of gut microbiota in weight reduction at least in mice, through fecal microbiota transfer (FMT). However whereas fecal microbiota transfer (FMT) is now a recommended procedure in the treatment of Clostridium difficile infection, as described below, it remains to be demonstrated whether FMT could also be considered in the standard care of common disorders including metabolic diseases or obesity.

In this review, we will first review how FMT is being more broadly used due to its clinical successes and its technological innovation. We will then focus on whether using gut microbiota modulation via FMT has demonstrated any beneficial therapeutic effects on obesity and/or T2D. Finally, we will discuss potential factors impacting and modulating FMT success.

Fecal microbiota transfer in humans

A success story in Clostridium difficile infection

The main routine care indication for FMT lays in the treatment of Clostridium difficile (CD) infection, reserved for cases resistant to antibiotherapy [START_REF] Brandt | Long-term follow-up of colonoscopic fecal microbiota transplant for recurrent Clostridium difficile infection[END_REF][START_REF] Hamilton | Standardized frozen preparation for transplantation of fecal microbiota for recurrent Clostridium difficile infection[END_REF][START_REF] Kelly | Fecal microbiota transplantation for relapsing Clostridium difficile infection in 26 patients: methodology and results[END_REF][START_REF] Mattila | Fecal transplantation, through colonoscopy, is effective therapy for recurrent Clostridium difficile infection[END_REF]. This disease originates from the major gut microbiota dysbiosis induced by the use of several lines of antibiotic regimens. FMT enables to improve gut microbiota diversity resulting in an improved clinical response or even the cure of this disease in 80 to 90% of the cases [START_REF] Gough | Systematic review of intestinal microbiota transplantation (fecal bacteriotherapy) for recurrent Clostridium difficile infection[END_REF] with 60% of complete remission one month after FMT [START_REF] Cui | Fecal microbiota transplantation through mid-gut for refractory Crohn's disease: safety, feasibility, and efficacy trial results[END_REF].

One of the first randomized clinical trial performed by our group was stopped prematurely since it showed, before the end of the trial, that FMT was efficient and safe compared to antibiotics [START_REF] Van Nood | Duodenal infusion of donor feces for recurrent Clostridium difficile[END_REF], and these results have now been confirmed in several other randomized control trials [START_REF] Kelly | Fecal microbiota transplantation for relapsing Clostridium difficile infection in 26 patients: methodology and results[END_REF][START_REF] Youngster | Fecal microbiota transplant for relapsing Clostridium difficile infection using a frozen inoculum from unrelated donors: a randomized, open-label, controlled pilot study[END_REF](28)[START_REF] Lee | Frozen vs Fresh Fecal Microbiota Transplantation and Clinical Resolution of Diarrhea in Patients With Recurrent Clostridium difficile Infection: A Randomized Clinical Trial[END_REF] as well as in a recent metaanalysis [START_REF] Quraishi | Systematic review with meta-analysis: the efficacy of faecal microbiota transplantation for the treatment of recurrent and refractory Clostridium difficile infection[END_REF]. Also, FMT has now been included in guidelines that recommend FMT in the context of recurrent CD infection to be used in standard of care [START_REF] Surawicz | Guidelines for diagnosis, treatment, and prevention of Clostridium difficile infections[END_REF][START_REF] Debast | and Infectious Diseases: update of the treatment guidance document for Clostridium difficile infection[END_REF][START_REF] Mcdonald | Clinical Practice Guidelines for Clostridium difficile Infection in Adults and Children: 2017 Update by the Infectious Diseases Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA)[END_REF]. Most importantly, a consensus expert panel defined key recommendations for FMT use in CD infections [START_REF] König | Consensus report: faecal microbiota transfer -clinical applications and procedures[END_REF] as well as the guidelines of technicality, regulatory, administrative and laboratory requirements for optimal FMT usage [START_REF] Cammarota | European consensus conference on faecal microbiota transplantation in clinical practice[END_REF]. FMT is now being tested in clinical trials in other diseases such as IBD [START_REF] Borody | Fecal microbiota transplantation: indications, methods, evidence, and future directions[END_REF][START_REF] Anderson | Systematic review: faecal microbiota transplantation in the management of inflammatory bowel disease[END_REF]) and Crohn's disease [START_REF] Zhang | Fecal microbiota transplantation for severe enterocolonic fistulizing Crohn's disease[END_REF], which are also associated with a marked dysbiosis.

Novelty in administration route of FMT

FMT was, and is still in most research studies, performed either using nasojejunal tube, colonoscopy or enema, sometimes requiring several administrations to be efficient in some diseases [START_REF] Anderson | Systematic review: faecal microbiota transplantation in the management of inflammatory bowel disease[END_REF]. Most studies have observed good treatment tolerance both at the short and longer-term and very rarely adverse events are seen, which mostly seem to be originating from the initial disease severity rather than FMT itself [START_REF] Rossen | Fecal microbiota transplantation as novel therapy in gastroenterology: A systematic review[END_REF][START_REF] Lin | Fecal microbiota transplantation for recurrent Clostridium difficile infection in patients with solid organ transplants: an institutional experience and review of the literature[END_REF]. Importantly, careful selection of the FMT donors [START_REF] König | Consensus report: faecal microbiota transfer -clinical applications and procedures[END_REF] ensures part of this treatment safety [START_REF] Anderson | Systematic review: faecal microbiota transplantation in the management of inflammatory bowel disease[END_REF][START_REF] Rossen | Fecal microbiota transplantation as novel therapy in gastroenterology: A systematic review[END_REF][START_REF] Kassam | Fecal microbiota transplantation for Clostridium difficile infection: systematic review and meta-analysis[END_REF]. Nevertheless, the risks originate mainly from the administration route. If no adverse event was deplored using enema, studies using nasogastric tube administration have reported few cases of intestinal bleeding and peritonitis [START_REF] Kassam | Fecal microbiota transplantation for Clostridium difficile infection: systematic review and meta-analysis[END_REF]. In a large meta-analysis including over 1000 patients, colonoscopy administration was also associated with adverse events leading to hospitalization in 0.97% of patients receiving FMT. One death directly due to FMT was reported and the patient died from aspiration during sedation, while undergoing FMT through colonoscopy administration for a chronic CD infection [START_REF] Rossen | Fecal microbiota transplantation as novel therapy in gastroenterology: A systematic review[END_REF]. Another death was reported due to pneumonia potentially caused by regurgitation during FMT using a nasoduodenal tube [START_REF] Van Beurden | Complications, effectiveness, and long term follow-up of fecal microbiota transfer by nasoduodenal tube for treatment of recurrent Clostridium difficile infection[END_REF]. Although the most frequent adverse events are not serious and gathers intestinal symptoms such as bloating, flatulence, belching and abdominal cramps, abdominal discomfort, irregularity of bowel movements and vomiting [START_REF] Smits | Therapeutic potential of fecal microbiota transplantation[END_REF][START_REF] Drekonja | Fecal Microbiota Transplantation for Clostridium difficile Infection: A Systematic Review[END_REF], FMT procedure appears overall safe and a national FMT registry has been initiated to study potential long term side effects [START_REF] Kelly | Update on Fecal Microbiota Transplantation 2015: Indications, Methodologies, Mechanisms, and Outlook[END_REF].

Based on the efficacy and (short term) safety of FMT in CD infection, technologic development have been made to enhance and facilitate FMT in routine clinical care and decrease adverse events linked to administration route by developing oral capsulized frozen FMT [START_REF] Youngster | Oral, capsulized, frozen fecal microbiota transplantation for relapsing Clostridium difficile infection[END_REF] and using frozen FMT stooling treated with glycerol as a cryoprotective procedure [START_REF] Bircher | Cryopreservation of artificial gut microbiota produced with in vitro fermentation technology[END_REF]. Concerning the efficacy of encapsulated FMT, a recent randomized control trial demonstrated that oral administration was as efficient as classic administration routes to obtain beneficial health outcomes mainly in CD infection [START_REF] Kao | Effect of Oral Capsule-vs Colonoscopy-Delivered Fecal Microbiota Transplantation on Recurrent Clostridium difficile Infection: A Randomized Clinical Trial[END_REF]. Most importantly, no adverse event was observed post-FMT using this oral capsulized technique. Similar results have recently been reproduced in a study with 15 patients that were treated by 30 frozen capsules taken within two days (around 20g of feces) enabled 86.6% remission rate after one FMT and 100% remission rate after the second administration with excellent tolerance to this new administration route [START_REF] Cheminet | Faecal microbiota transplantation with frozen capsules for relapsing Clostridium difficile infections: the first experience from 15 consecutive patients in France[END_REF]. The only adverse events observed were linked to the severity of the initial disease [START_REF] Cheminet | Faecal microbiota transplantation with frozen capsules for relapsing Clostridium difficile infections: the first experience from 15 consecutive patients in France[END_REF]. Overall encapsulated FMT or "poop pills" as they are termed, seem to be a relevant and safe alternative to more invasive FMT administration route and will probably increase the feasibility and acceptability of this treatment.

Fecal microbiota transfer in metabolic diseases and obesity

Improved metabolic health in humans?

FMT used as a treatment option in obesity and other metabolic diseases has recently emerged. The reasons why gut microbiota modulation could beneficially affect glucose control has been extensively discussed herein [START_REF] Gérard | Impact of Gut Microbiota on Host Glycemic Control[END_REF] and include its actions on short chain fatty acid (SCFA) production, altered bile acids composition and adipose tissue inflammation [START_REF] De Groot | Fecal microbiota transplantation in metabolic syndrome: History, present and future[END_REF]. Our first pilot FMT study in metabolic syndrome included nine overweight/moderately obese individuals submitted to donor FMT originating from lean healthy controls that displayed a significant improvement in peripheral insulin sensitivity assessed by the gold standard, which is a stable isotope based euglycemic-hyperinsulinemic clamp [START_REF] Vrieze | Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome[END_REF]. This beneficial effect was confirmed in a three times larger follow-up study which also observed a minor yet significant reduction in Hba1c at 6 weeks. Importantly, this study also showed that a reduced baseline microbial gene richness before lean donor FMT was associated with a better outcome [START_REF] Kootte | Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition[END_REF]. Despite the use of gastroduodenoscopy and nasoduodenal tube for donor FMT administration, no adverse events were reported. Importantly however, response to donor FMT showed a major inter-individual variability among receivers in both studies, with some patients displaying major improvements while others remained stable [START_REF] Vrieze | Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome[END_REF][START_REF] Kootte | Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition[END_REF]. Lean donor FMT induced differential microbiota modifications in good and poor responders [START_REF] Kootte | Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition[END_REF]. For example, after FMT, good responders displayed an increase in Akkermansia muciniphila which has been previously associated with metabolic health improvement in mice [START_REF] Everard | Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity[END_REF][START_REF] Plovier | A purified membrane protein from Akkermansia muciniphila or the pasteurized bacterium improves metabolism in obese and diabetic mice[END_REF] but also in humans [START_REF] Dao | Akkermansia muciniphila and improved metabolic health during a dietary intervention in obesity: relationship with gut microbiome richness and ecology[END_REF]. Another critical question is the long term effect in FMT. The metabolic syndrome intervention showed that at 18 weeks, there was no remaining effect on insulin sensitivity and gut microbiota composition switched back to baseline composition [START_REF] Kootte | Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition[END_REF]. This underscores the temporary nature of this FMT intervention.

Nevertheless, these pioneering studies in treatment naive pre-diabetes (metabolic syndrome) male subjects demonstrate that FMT could be of therapeutic use to improve insulin resistance and decrease Hba1c (Figure 1), yet with a transient effect suggesting that multiple cures of FMT would probably be necessary.

Moreover as T2D is a chronic disease where patients need to take multiple glucose-lowering drugs several times every day it remains to be studied if FMT has any effect patient with severe insulin resistance and eventually decreased insulin secretion. Nevertheless, as our study data have shown, metabolic syndrome subjects with the most severe insulin resistance do not show any beneficial effect from lean donor FMT on insulin sensitivity. In line with our previously mentioned studies in obesity [START_REF] Vrieze | Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome[END_REF][START_REF] Kootte | Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition[END_REF], it might thus be that gut microbiota play a role in the early stage of insulin resistance and T2D whereas its role could be less critical in glycemic control of patient with advanced stages of T2D. Nevertheless since FMT administrated by oral capsule appears safe, it provides an actionable tool to explore the relevance and differential effect of FMT in patients at different stages of glucose homeostasis alteration, paving the way to personalized approaches.

FMT and weight modulation

The rational to use FMT to induce weight loss originates from two reasons.

Firstly, gut microbiota from obese individuals was found to be able to increase energy harvest as compared to lean individuals upon the same caloric intake (57), even if these results have been questioned since. Secondly, since FMT from obese mice or human into germ-free recipients is able to partly transfer weight gain [START_REF] Bäckhed | The gut microbiota as an environmental factor that regulates fat storage[END_REF][START_REF] Ridaura | Gut microbiota from twins discordant for obesity modulate metabolism in mice[END_REF][START_REF] Clément | The gut microbiome, diet, and links to cardiometabolic and chronic disorders[END_REF], it is tempting to speculate that by contrast, using FMT from lean donors into overweight obese individuals could impact the receivers' corpulence, thus providing potential innovative approach in the control of weight. This unproven concept is currently debated. Indeed, a recent study observed that FMT from mice upon chow diet into mice submitted to a high-fat diet (HFD) induced significantly greater weight gain than that obtained by HFD only [START_REF] Kulecka | Prolonged transfer of feces from the lean mice modulates gut microbiota in obese mice[END_REF]. Turning to humans, some pieces of evidence accumulates suggesting that FMT could induce weight gain in specific cases. Indeed, FMT from a normal weight individual (BMI=25) to a patient suffering from anorexia nervosa led the receiver to increase (thus normalize) and stabilize her weight for 36 weeks post-FMT [START_REF] De Clercq | Weight Gain after Fecal Microbiota Transplantation in a Patient with Recurrent Underweight following Clinical Recovery from Anorexia Nervosa[END_REF]. Furthermore, a brief report observed that a patient suffering from Clostridium difficile infection gained weight and further became obese after receiving FMT from her overweight daughter (63), although she followed strict diet and physical activity. Noteworthy, weight gain in these cited examples could merely reflect that FMT in malnourished patients enables to restore a healthy situation with an eubiotic gut microbiota and induce energy storage in patients with previously chronic condition of under-nutrition, which thus might be more efficacious than in overweight subjects.

Nevertheless, the effects of FMT from lean donors have also been tested in overweight/obese patients in terms of weight modulation and no effect on weight was seen upon lean donor FMT [START_REF] Vrieze | Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome[END_REF][START_REF] Kootte | Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition[END_REF]. Thus, there is to date no significant proof that FMT, even those originating from lean donors is sufficient to induce weight loss. Most importantly, these first sets of data obtained in humans merely stimulates the need to carefully choose the donors both to avoid the transmission of communicable diseases but also to prevent weight gain. In this regard and in line with a study that showed that FMT from both mice [START_REF] Liou | Conserved shifts in the gut microbiota due to gastric bypass reduce host weight and adiposity[END_REF] or humans [START_REF] Tremaroli | Rouxen-Y Gastric Bypass and Vertical Banded Gastroplasty Induce Long-Term Changes on the Human Gut Microbiome Contributing to Fat Mass Regulation[END_REF] 

Factors potentially modulating FMT response

Microbiota engraftment upon donor FMT

First, studies have demonstrated that donor FMT induced gut microbiota composition modification in the receiver as short as 1 week after intervention, switching the receiver's microbiota composition towards that of the healthy donor [START_REF] Angelberger | Temporal bacterial community dynamics vary among ulcerative colitis patients after fecal microbiota transplantation[END_REF]. Second, MGR increases post-FMT [START_REF] Vrieze | Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome[END_REF] and can even be restored [START_REF] Seekatz | Recovery of the gut microbiome following fecal microbiota transplantation[END_REF] suggesting that FMT may act via normalizing microbiota dysbiosis, although this observation has not always been reproduced [START_REF] Kootte | Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition[END_REF]. Third, with time gut microbiota composition continues to change after FMT. Using SNV analyses it was observed that whereas it still resembles that of the donor one month post-FMT, the dominant bacterial strains in the receiver were not always similar to those of the donor (65). This result was further confirmed three months post-FMT [START_REF] Hamilton | High-throughput DNA sequence analysis reveals stable engraftment of gut microbiota following transplantation of previously frozen fecal bacteria[END_REF]. Importantly, FMT studies have sometimes used antibiotic prior to FMT, potentially inducing confounding effects on the engraftment of the donor's microbiota into the receiver.

Interestingly, a recent study longitudinally analyzed the microbiota engraftment in different receivers without prior antibiotic use and showed a major inter-individual variability in FMT engraftment [START_REF] Li | Durable coexistence of donor and recipient strains after fecal microbiota transplantation[END_REF]. FMT as compared to placebo induced a significant modification of the receiver's microbiota that lasted at least 3 months, however, with time, the receiver's composition lost similarity with their donors. Furthermore, donor's specific species only moderately increased post-FMT in all receivers yet were specific to donor-receivers pairs and higher than those observed after placebo FMT [START_REF] Li | Durable coexistence of donor and recipient strains after fecal microbiota transplantation[END_REF]. Finally, FMT induced a durable coexistence of bacterial strains present in the receivers and those transferred from the donor as well as a major strain replacement in the receiver yet variable from one receiver to the other (67) which could partially explain FMT variable responses [START_REF] Vrieze | Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome[END_REF][START_REF] Kootte | Improvement of Insulin Sensitivity after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition[END_REF]. Overall, these results suggest that FMT induces the colonization of a new microbiota that can interact with that of the receiver and differs from that of the donor despite an observed beneficial clinical effect of FMT. Furthermore, it suggests that in the future, interventions aiming at improving FMT engraftment according to the receiver or the donor's microbiota should be undertaken in order to improve and maximize the clinical effect by increased donor bacterial engraftment (i.e. via dietary or antibiotic treatment before donor FMT).

Donor's microbiota composition and donor FMT success

Studies evaluating the donor's characteristic able to induce an optimal response are currently undergone. The notion of super-donor has emerged in inflammatory bowel diseases (IBD) field. Indeed, seven out nine patients who entered remission of their ulcerative colitis received their FMT from one single donor [START_REF] Moayyedi | Fecal Microbiota Transplantation Induces Remission in Patients With Active Ulcerative Colitis in a Randomized Controlled Trial[END_REF].

Likewise, an FMT study in IBD patients using pooled feces from multiple donors finally evidenced that patients who entered remission had beneficiated from FMT containing the feces of one single donor thus suggested to be a super-donor [START_REF] Paramsothy | Faecal Microbiota Transplantation for Inflammatory Bowel Disease: A Systematic Review and Metaanalysis[END_REF].

Importantly, all subjects who received the FMT were on TNFα blockers, which might have also affected FMT outcome. Whether the notion of a super donor is also valid in the metabolic field still warrants further investigations. The donor's microbiota high diversity has been associated with good response in IBD remission [START_REF] Vermeire | Donor Species Richness Determines Faecal Microbiota Transplantation Success in Inflammatory Bowel Disease[END_REF].

Nevertheless, whether a donor is considered a good donor for every disease type remains an open question. It might well be that to induce a good response in a specific disease, the donor's microbiota needs to be enriched in specific strains that are lowered or even absent in that specific disease. Further investigations are thus warranted.

Effects of concomitant drug use and donor FMT effect

Concomitant presence of drug and more specifically glucose-lowering drugs taken by the receiver is critical to be examined when using FMT to treat T2D.

Metformin, the first line of anti-diabetic treatment, induces a change in the composition of gut microbiota with an increase in both beneficial bacterial strains (Akkermansia muciniphila) and known pro-inflammatory strains like E. coli [START_REF] Shin | An increase in the Akkermansia spp. population induced by metformin treatment improves glucose homeostasis in dietinduced obese mice[END_REF][START_REF] Lee | Modulation of the gut microbiota by metformin improves metabolic profiles in aged obese mice[END_REF]. Forslund et al. observed a shift in microbiota composition in T2D patients with or without metformin with an increase in E. coli and a decrease in butyrate producing bacteria, while not impacting MGR [START_REF] Forslund | Disentangling type 2 diabetes and metformin treatment signatures in the human gut microbiota[END_REF]. Importantly, Bäckhed's group identified a strong metformin related microbiota signature that in itself reproduced some of the beneficial effects of the molecule after FMT experiments in germ-free mice [START_REF] Wu | Metformin alters the gut microbiome of individuals with treatment-naive type 2 diabetes, contributing to the therapeutic effects of the drug[END_REF].

These data suggest that evaluating the effect of FMT from healthy donors into T2D patients might be tricky since T2D patients receive one or associations of glucoselowering drugs which impact differently the gut microbiota composition as this might interfere with the colonization or engraftment of the donor's gut microbiota after donor FMT.

Effects of concomitant dietary intervention and donor FMT effect

Gut microbiota profile is severely impacted by both short [START_REF] David | Diet rapidly and reproducibly alters the human gut microbiome[END_REF] and longer-term food intake habits specifically for the later, at the level of both enterotypes [START_REF] Wu | Linking long-term dietary patterns with gut microbial enterotypes[END_REF], microbial composition and gene richness [START_REF] Kong | Dietary patterns differently associate with inflammation and gut microbiota in overweight and obese subjects[END_REF]. Nevertheless, acute modification of dietary intake also induces at least partial changes in gut microbiota composition [START_REF] David | Diet rapidly and reproducibly alters the human gut microbiome[END_REF][START_REF] Ley | Microbial ecology: human gut microbes associated with obesity[END_REF]. Dietary intake from receivers might most probably impact the clinical effects of FMT as discussed in [START_REF] Groen | An evaluation of the therapeutic potential of fecal microbiota transplantation to treat infectious and metabolic diseases[END_REF] and demonstrated in rodent FMT experiments. Indeed, FMT from obese or lean twins into germ-free mice induced differential metabolic and corpulence improvement according to the diet administrated to mouse receivers [START_REF] Ridaura | Gut microbiota from twins discordant for obesity modulate metabolism in mice[END_REF]. However, to date there is no standard recommendation regarding the optimal diet that would maximize the FMT beneficial therapeutic effect and bacterial strain engraftment. Moreover the donor's diet might also impact FMT clinical success. A recent study used FMT from vegan lean donors enabling a switch in gut microbiota composition in the receiver towards the vegan profile of the donor (80), but with some individual variability in receivers. Importantly, this switch was not accompanied by functional modification as seen with the measured production of trimethylamine.

Potentially, the absence of functional effects might originate from inter-individual variability in microbiota composition within the receivers but also by the diet consumed by the receiver, which remained similar before and after FMT [START_REF]Effect of Vegan Fecal Microbiota Transplantation on Carnitine-and Choline-Derived Trimethylamine-N-Oxide Production and Vascular Inflammation in P[END_REF]. It is tempting to investigate in the future whether modifying the diet after FMT could enhance FMT response yet.

Conclusion & Perspectives

The current literature suggests that FMT could improve metabolic state in particular insulin sensitivity yet the impact of FMT on weight loss in obese subjects needs further demonstration. Moreover, to make relevant progress in metabolic disorders, several steps must be completed such as i) investigating FMT impact in patients with various degree of insulin-resistance toward overt T2D since evidences to date have been gathered in male subjects with metabolic syndrome, ii) evaluating gender effect, iii) deciphering the optimal mode of donor selection based on clinical information, administration procedure, cost issues and identify those able to induce a good response, and then iv) deciphering which patient profile might benefit the most from FMT. Nevertheless, while donor FMT has undergone technological innovation to simplify and improve its feasibility, it remains a complex and costly procedure, due to the donor's selection which includes a broad infectious analysis as well as complex preparation and administration technics. Furthermore, while FMT has demonstrated it cost-effectiveness in different severe diseases including clostridium difficile infection [START_REF] Arbel | Cost-Effectiveness of Fecal Microbiota Transplantation in the Treatment of Recurrent Clostridium Difficile Infection: A Literature Review[END_REF] and IBD [START_REF] Zhang | Cost-effectiveness analysis of fecal microbiota transplantation for inflammatory bowel disease[END_REF], it remains to be proven whether this approach can be extended toT2D and particularly the most severe patients for whom glucose control remains above the target despite intensive medical therapy. A survey on a small study group of obese individuals recently demonstrated that a large number of them would be willing to undergo FMT if the donor was carefully selected [START_REF] Gundling | Patient perception and approval of faecal microbiota transplantation (FMT) as an alternative treatment option for obesity[END_REF], thus suggesting that this treatment could be proposed in standard of care for other indications than clostridium infection. If FMT successfully improve or treat T2D, this could lead to better physiopathology understanding and also pave the way towards other microbiota-related therapy developments. Indeed, the development of third generation probiotics based on newly identified beneficial bacterial strains associated with improved metabolism in humans is also and an emerging field that calls for future intensive research. Obesity which represents a low-grade inflammatory disease with increased intestinal inflammation, and Type 2 Diabetes (T2D) are associated with gut microbiota dysbiosis. Literature has shown that fecal microbiota transfer from lean donors enables the engraftment of bacterial strains from the donor and thus induces improvement in insulin resistance, for a short period of time. In the future, oral capsulized FMT will have to be tested in T2D patients to evaluate whether it also improve intestinal inflammation, gut microbota dysbiosis and glycemic control.
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  that underwent a bariatric procedure into germ-free recipients resulted in weight loss, De groot et al recently studied the effects of post-bariatric donor FMT compared to allogenic metabolic syndrome donor FMT in obese insulin resistant males (De groot et al: gutjnl-2019-318320.R2 epub ahead of print). Despite the fact that post-bariatric donor FMT affects intestinal transit time in obese humans, in line with previous animal study (13), we did not observe any effect of post-bariatric surgery donor FMT on either insulin sensitivity or weight modification. Yet and surprisingly, allogenic metabolic syndrome donor FMT worsened insulin sensitivity in all FMT-treated subjects (De groot et al: gutjnl-2019-318320.R2 epub ahead of print). More insight is now needed to link the correct FMT donor to the recipient in order to gain maximum therapeutic efficacy.
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 1 Figure 1: Effects of FMT in obese patients with metabolic alterations.
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