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Introduction

The prevalence of obesity and metabolic syndrome is booming, contributing to a continuous increase in cardiovascular diseases (CVDs). Despite the use of cholesterol-lowering therapies to reduce atherosclerosis, CVDs are still the world's largest killers. Thus, understanding how Western diet-induced metabolic diseases impact CVDs is of utmost importance.

Whereas the majority of patients with obesity suffer from adverse metabolic complications and associated atherosclerosis, others remain 'metabolically healthy obese', although they still have a higher CVD risk than normal weight and metabolically healthy subjects [START_REF] Caleyachetty | Metabolically Healthy Obese and Incident Cardiovascular Disease Events Among 3.5 Million Men and Women[END_REF] . The variability in individual susceptibility to cardiometabolic diseases is still an issue that is currently not sufficiently addressed. This susceptibility is mainly associated with environmental factors such as diet. More recently, the gut microbiota has become the subject of extensive research to determine its role in health and disease. Gut microbiota is involved in the metabolism of food and the production of a myriad of essential compounds, including short-chain fatty acids (SCFAs) and secondary bile acids. It plays a major role in direct and host-mediated defense against pathogens [START_REF] Sonnenburg | Diet-microbiota interactions as moderators of human metabolism[END_REF][START_REF] Round | The gut microbiota shapes intestinal immune responses during health and disease[END_REF] .

Diet is known to cause CVDs via direct effects on the host and/or indirect effects through shaping gut microbiota [START_REF] Carmody | Diet dominates host genotype in shaping the murine gut microbiota[END_REF] . Consistently, subjects suffering from gut microbiota dysbiosisassociated diseases, such as inflammatory bowel disease (IBD), exhibit an increased risk of atherothrombotic complications [START_REF] Cainzos-Achirica | Inflammatory Bowel Disease and Atherosclerotic Cardiovascular Disease: JACC Review Topic of the Week[END_REF] .

The discovery of the role of Trimethylamine N-oxide (TMAO) in promoting atherosclerosis has highlighted the interplay between dietary composition and gut microbiota-derived metabolites [START_REF] Brown | Microbial modulation of cardiovascular disease[END_REF] , even though this has been since challenged [START_REF] Lindskog Jonsson | Impact of Gut Microbiota and Diet on the Development of Atherosclerosis in Apoe(-/-) Mice[END_REF] . Moreover, alterations of gut microbiota have been proposed as a key mechanism contributing to the obesogenic high-fat diet (HFD)-induced metabolic dysfunction. However, the role of HFD-driven gut microbiota alterations in atherosclerosis remains poorly understood. Here, we investigated the mechanisms whereby gut microbiota shaped by HFD influences atherosclerosis.

Results

High-fat and high-cholesterol diets differentially impact gut microbiota homeostasis

Low-density lipoprotein receptor knockout (ldlr -/-) mice display a human-like lipoprotein profile and have been widely used as an experimental model for diet-induced atherosclerosis. ldlr -/-mice develop hypercholesterolemia and atherosclerotic plaques after feeding them a highcholesterol (HC) diet. To study the impact of the diet on gut microbiota, we first submitted for 16 weeks, ldlr -/-mice to either chow diet (CD), HC, HFD and the combination of both HFD+HC (Figure S1A), which is more representative of a Western-type diet. As expected, mice fed HFD or HFD+HC exhibited increased weight gain, as well as hyperglycemia and insulin resistance, as assessed by oral glucose tolerance test (OGTT) and insulin sensitivity test (ITT), and a higher insulin resistance index (HOMA-IR), as compared with groups fed CD or HC diet (Figures S1B-S1E). We further examined in the four groups liver steatosis, recognized as an emerging independent risk factor of CVD [START_REF] Targher | Obesity: Metabolically healthy obesity and NAFLD[END_REF] . As shown in Figure S1F, liver weight, and triglyceride content were significantly increased in HFD-and HC-fed ldlr -/-mice, and even much more in HFD+HC-fed ldlr -/-mice, compared with mice fed CD, indicating that HFD and HC diet had additive effects in inducing liver steatosis. Increased plasma lipopolysaccharide (LPS) levels, likely due to augmented intestinal permeability, have been reported in obesity [START_REF] Cani | Metabolic endotoxemia initiates obesity and insulin resistance[END_REF] . We observed increased plasma LPS concentrations in HFD-and HC-fed mice, with the highest levels in HFD+HC-fed ldlr -/-mice (Figure S1G), suggesting that HFD+HC Western-type diet promoted major intestinal barrier disruption.

The host-microbe interaction is critical in health and disease conditions. We then analyzed the bacterial fecal composition of the microbiota in the four groups by use of 16S rDNA sequencing. Beta-diversity analysis revealed major differences between ldlr -/-mice fed CD, HC, HFD, and HFD+HC diet (Figure 1A). Interestingly, the mean distance between the groups of mice fed HFD (with or without HC) was much smaller than the distances between the other groups (p=0.036), indicating a dominant effect of HFD on the microbiota profile (Figure 1A).

Remarkably, HFD, but not HC diet, had major effects on the reduction of bacterial biodiversity, as assessed by observed and Shannon index (Figure 1B). As shown in Figure 1C, at the phylum level, bacterial profiles were similar in groups of mice fed HFD (with or without HC), highlighting further the dominant effect of HFD over HC diet in shaping the gut microbiota.

Among proteobacteria that were more abundant in HFD+HC-compared to HC-fed mice, the Desulfovibrio, previously shown to be involved in HFD-induced intestinal immune response alteration [START_REF] Petersen | T cell-mediated regulation of the microbiota protects against obesity[END_REF] was increased (Figure S2A).

SCFAs, such as acetate and butyrate, are the end products of the fermentation of dietary fibers by the anaerobic intestinal microbiota, and have been shown to exert multiple beneficial effects on health [START_REF] Schroeder | Signals from the gut microbiota to distant organs in physiology and disease[END_REF] . Ldlr -/-mice fed HFD (with or without HC), but not mice fed HC diet, showed a significant decrease in acetate and butyrate levels in feces, as compared to mice fed CD (Figure 1D), indicating that HFD, but not HC, reduced SCFA levels.

Interleukin (IL) 22 has emerged as a key regulator of mucosal homeostasis and mediator of host defense in the intestine, particularly through the induction of genes coding for antimicrobial peptides [START_REF] Sonnenberg | Border patrol: regulation of immunity, inflammation and tissue homeostasis at barrier surfaces by IL-22[END_REF] , including regenerating islet-derived (Reg)3β and Reg3γ. As shown in Figure 1E, a significant decrease in IL-22 protein in Peyer's Patches (PP) was observed in ldlr -/-mice fed HFD or HFD+HC diet compared to mice fed CD or HC diet. Consistently, we also found decreased mRNA expression of the IL-22-target genes, Reg3β and Reg3γ, in the intestines of HFD or HFD+HC fed ldlr -/-mice, compared to CD or HC fed ldlr -/-mice (Figure 1F). In agreement with these results, intestinal immune gene expression, and particularly those belonging to defense response (Gene Ontology category) were decreased under conditions of HFD (HFD and HFD+HC) compared to CD (Figures S2B andS2C). This indicates that HFD down-regulated intestinal immune defenses, and particularly the IL-22-dependent ones.

Bile acid conversion is another important metabolic feature of the gut microbiota with a major impact on host metabolism [START_REF] Wahlstrom | Intestinal Crosstalk between Bile Acids and Microbiota and Its Impact on Host Metabolism[END_REF] . Bile acids are cholesterol-derived compounds synthesized in the liver and stored in the gallbladder and then discharged into the intestine in the form of primary bile acids (BAs), where it is converted into secondary BAs by the microbiota. As shown in Figure S3A, an increase in primary/secondary BA ratio was observed under the condition of HFD, and much more in HFD+HC-fed ldlr -/-mice, further suggesting altered gut microbiota functions induced by HFD, which may prevent the conversion of primary BAs into secondary BAs. As shown in Figure S3B, significant correlations were observed between BA levels and bacteria. Particularly, we observed negative correlations between primary bile acids (such as MCA-b) and several members of the Clostridia, including Christensenellaceae R-7 group,

[Eubacterium] ventriosum group, Family XIII UCG-001, Clostridia vadinBB60 group.

Conversely, positive correlations were found between Clostridia members and secondary bile acids (such as LCA and MCA-w).

Taken together, these results showed that HFD and HC diet differentially impacted gut microbiota homeostasis, as well as microbiota-derived metabolites.

Gut microbiota shaped by HFD increases atherosclerosis

A previous study showed that gut microbiota depletion using antibiotics (ATB) before weaning led to microbiota pathological changes and increased susceptibility to colitis, allergic inflammation, and cancer later in life [START_REF] Al Nabhani | A Weaning Reaction to Microbiota Is Required for Resistance to Immunopathologies in the Adult[END_REF] . We then sought to investigate whether dysbiotic microbiota (due to an early antibiotic exposure) promoted vascular inflammation and lipid accumulation under HFD+HC condition. To this end, we used ATB until weaning, at 3 weeks, and thereafter examined metabolic parameters and atherosclerosis in the adult mice submitted to HFD+HC Western-type diet for 20 weeks (Figure S4A). As shown in Figure S4B, mice preexposed to ATB experienced significantly less weight gain than non-treated mice, when fed HFD+HC diet at the adult stage. However, despite the reduced weight gain, no significant differences were observed in OGTT, ITT, HOMA-IR, and plasma cholesterol levels (Figures S4C-S4F). Beta diversity analysis after 20 weeks of HFD+HC diet showed major differences in gut microbiota between mice treated and non-treated with ATB prior to weaning (Figure S5A). Microbial richness assessed by the number of observed species tended to decrease in mice pre-exposed to ATB compared to controls, without changes in the Shannon diversity index between the groups (Figure S5B). Significant differences in microbial composition were observed between the 2 groups (Figure S5C). In mice pre-exposed to ATB, we found increased lipid area in atherosclerotic lesions in the aortic sinus, as assessed by Oil red O positive area, compared with unexposed mice (Figure S5D). Both innate (mainly monocyte/macrophages) and adaptive (mainly T lymphocytes) immunity play a critical role in atherosclerosis [START_REF] Taleb | Inflammation in atherosclerosis[END_REF] . The percentage of macrophages (MOMA-2 staining/plaque surface) in the aortic sinus plaques was significantly increased in mice pre-exposed to ATB, compared to untreated mice (Figure S5E). Also, T lymphocyte accumulation within the lesions (CD3 staining/plaque surface) significantly increased in mice pre-exposed to ATB, compared to untreated mice (Figure S5F).

These data indicate that pathological gut microbiota imprinting accelerated atherosclerosis at the adult stage in mice fed HFD+HC diet.

To address the causal effects of HFD-induced changes in the gut microbiome on atherosclerosis, we performed fecal microbiota transplantation (FMT) experiments. Fecal material obtained from ldlr -/-mice fed with either CD, HC, HFD, or HFD+HC was transplanted by oral gavage 3 times a week during 19 weeks to ldlr -/-recipient mice, which were fed the same HFD+HC diet during the last 6 weeks (Figure 2A). Microbiota shaped by HFD (with or without HC) did not significantly impact the body weight curve of ldlr -/-recipient mice fed HFD+HC during 6 weeks (Figure S6A). The weights of inguinal white adipose tissue (WAT) and epididymal WAT were slightly increased in ldlr -/-recipient mice receiving microbiota shaped by HFD (with or without HC), compared to CD or HC (Figure S6B). In addition, no significant changes in metabolic parameters such as OGTT and ITT were observed between the groups (Figure S6C). This is consistent with the short-time (6 weeks) HFD feeding of the recipient mice, which is known to be insufficient to induce metabolic alterations. Interestingly, as shown in Figures 2B-2C, mice that received microbiota shaped by HFD (with or without HC) in comparison to CD or HC, exhibited increased atherosclerosis in the aortic sinus without significant changes in plasma cholesterol. This indicates that gut microbiota shaped by HFD, but not HC diet, was responsible for the observed increased atherosclerosis.

We examined intestinal inflammation that may cause leaky gut syndrome and by consequence, fuel systemic inflammation. The expression profile of immune/inflammation-associated genes (differentially expressed between the groups) in the intestines of mice receiving microbiota shaped by either HFD or HC diet was similar, but different from that of CD (Figure S7A), which suggests that increased atherosclerosis in mice transplanted with HFD-shaped microbiota was unlikely due to the changes in intestinal immune/inflammatory responses. In agreement with this observation, no significant differences of plasma LPS were observed between the groups (Figure S7B). To determine whether immune cell accumulation within atherosclerotic plaques was affected by HFD-induced microbiota changes, we analyzed both macrophages and T lymphocytes in the aortic sinus plaques. Macrophage staining (MOMA-2 staining/plaque surface) showed no significant differences between the groups, whereas T lymphocyte staining (CD3 staining/plaque surface) was significantly increased in the groups of mice that received HFD and HFD+HC-shaped microbiota compared to CD-shaped microbiota (Figure S8).

We then sought to shorten the time of microbiota transfer by treating the recipient mice with ATB (to deplete their microbiota) prior to proceeding with FMT. We therefore used the FMT protocol, where we put ldlr -/-recipient mice on ATB one week prior to FMT (Figure S9A). No significant differences were observed in body weight and WAT weights between the groups after 7 weeks of HFD+HC diet (data not shown). As shown in Figures S9B andS9C, lesion size in the aortic sinus was significantly increased in ldlr -/-mice receiving microbiota shaped by HFD compared to those receiving microbiota shaped by HC diet, without significant changes in plasma cholesterol levels. HFD-induced increased atherosclerosis was associated with significantly increased T lymphocytes (CD3 staining/plaque surface) in the aortic sinus plaques of mice receiving microbiota shaped by HFD, as compared to CD, whereas no significant changes in macrophage staining (MOMA2 staining/plaque surface) were observed between the two groups (Figures S9D andS9E). Taken together, these results indicate that HFD-shaped microbiota had a major effect on atherosclerosis size and plaque T cell accumulation.

A previous study showed that the deleterious effects on microbiota driven by HFD result from its low-fiber (LF) content rather than high fat [START_REF] Morrison | It's the fiber, not the fat: significant effects of dietary challenge on the gut microbiome[END_REF] . To investigate whether LF contributed to our findings, ldlr -/-mice were fed either CD, HFD or HFD supplemented with fructooligosaccharide (FOS), a soluble dietary fiber and a substrate for SCFA-producing bacteria. As expected, mice fed HFD exhibited low amounts of fecal SCFAs, as shown by marked decreases in acetate, butyrate and proprionate levels, as compared to CD-fed mice (Figure S10A). Notably, FOS supplementation to HFD led to a significant increase in butyrate and propionate levels, as compared to non-supplemented HFD, achieving levels similar to those observed in CD-fed mice (Figure S10A). To study the specific impact of microbiota shaped by HFD supplemented or not with FOS on atherosclerosis, we performed FMT from mice fed with either CD, HFD or HFD+FOS to ldlr -/-recipient mice (Figure S10B). As shown in Figure 2D, mice receiving microbiota shaped by HFD+FOS abolished HFD-mediated increase in lipid area in the thoracic aorta, without any changes in plasma cholesterol levels between the groups (Figure S10C).

Moreover, the increase in T cell accumulation within atherosclerotic lesions induced by HFDshaped microbiota was abolished by FOS supplementation (Figure 2E), indicating the major role of low-fiber content in shaping microbiota and promoting atherosclerosis under HFD conditions.

Low-fiber content impacts microbiota-mediated effects on atherosclerosis

We investigated the mechanisms underlying the pro-atherogenic effects of HFD-shaped microbiota. We then wanted to compare the effects of a LF diet with those of HFD on the microbiota-mediated increase in atherosclerosis. As expected, mice fed LF diet exhibited a marked decrease in fecal SCFAs (acetate, butyrate, and propionate) compared to CD-fed mice (Figure S10A). We then performed FMT by transferring microbiota from either CD-or HFDor LF-fed mice to ldlr -/-recipient mice (Figures S10D andS10E). Beta-diversity analysis of microbiota in the ldlr -/-mice which received microbiota shaped by CD and LF showed major differences between the 2 groups (Figure 3A). Moreover, a significant decrease in alphadiversity as assessed by the observed but not the Shannon index was observed in the recipient mice transferred with LF-shaped microbiota (Figure 3B), along with changes in microbiota composition (Figure 3C andS10F).

Microbiota shaped by the LF diet did not significantly affect atherosclerosis in the aortic sinus (data not shown). However, as found in the HFD-shaped microbiota condition, LF-shaped microbiota significantly increased atherosclerosis in the thoracic aorta (Figure 3D), without significant changes in plasma cholesterol levels (Figure S10G). As shown in Figure 3E, we observed an increase in inflammation-associated genes (differentially expressed between the groups) in the aorta, mostly lymphocyte-related genes (Figure 3F and S10H), as well as higher CD3+ T cell accumulation in the aortic sinus plaques of ldlr -/-mice transferred with LF-shaped microbiota, as compared to CD-shaped microbiota (Figure 3G).

To assess whether lymphocytes were involved in the observed increased atherosclerosis in mice receiving HFD-or LF-shaped microbiota, we transferred microbiota from mice fed either CD, HFD or LF to lymphocyte-deficient mice Rag1 -/-ldlr -/-mice. As shown in Figure 3H, there was no increase and even a trend toward lower lipid area in the thoracic aorta in Rag1 -/-ldlr -/-mice transferred with either HFD or LF-shaped microbiota, compared to mice transferred with CDshaped microbiota, without significant changes in plasma cholesterol levels (data not shown), emphasizing the importance of lymphocytes in the proatherogenic effects of HFD-or LFshaped microbiota.

Altogether, the data aforementioned indicate that low content of fiber in HFD had a detrimental impact on microbiota-induced atherosclerosis.

The low-fiber content impacts microbiota-mediated effects on gut lymphoid cell trafficking to the periphery

We then investigated the mechanisms accounting for increased atherosclerosis induced by HFD and LF-shaped microbiota. We wondered whether gut immune cells impacted by these microbiota might migrate from the intestine to the periphery, particularly to para-aortic lymph nodes (PALNs) that are relevant with respect to atherosclerosis.

Mesenteric lymph nodes (MLNs) are a site of immune cell activation for the gastrointestinal tract and they represent an important site for T/B immune cell exit towards peripheral draining lymph nodes. We performed FMT by transferring microbiota from either CD, HFD, or LF-fed mice to ldlr -/-recipient mice, which were then fed HFD+HC for 7 weeks. To track immune cell migration from the gastrointestinal tract toward the periphery, we injected carboxyfluorescein diacetate succinimidyl ester (CFSE) in MLNs 24 hours before the sacrifice and then followed them in MLN, blood, spleen and PALNs.

As shown in Figures S11A-S11D and4A-B, in vivo cell tracking of lymphoid cells showed that both HFD and LF diet increased the percentage of CFSE+ cells, and among them T (CD4+, CD8+) and B (CD19+) cells, in MLNs, blood, and PALNs, compared to CD-shaped microbiota.

The highest increase in CFSE+ cells in the periphery (i.e. migration efficiency, as assessed as CFSE+ cell number among the same total cell number and among the different compartments) was observed in PALNs under the condition of LF-shaped microbiota compared to CD-shaped microbiota (Figure 4C). The increase in the percentage of CFSE+ cells was also associated with an increase in absolute cell numbers in MLNs and PALNs (Figures S12A andS12B). The possibility that this was due to differences in CFSE injection between the groups can be ruled out since no significant differences in the percentage of CFSE+ cells in MLNs were observed between mice transferred with microbiota shaped by LF or by CD, 5 min after CFSE injection (Figure S12C). Moreover, the increase in CFSE+ cells in the periphery was restricted to cell proliferation in MLN, since after 24h of CFSE injection in non-gut-draining LN (inguinal LNs), no significant differences were observed either in inguinal LNs, blood, or PALN, between mice transferred with microbiota shaped by LF or by CD (Figure S12D).

We then analyzed T helper (Th) and B subsets (B1 and B2) in CD-and LF-shaped microbiota conditions. The increase in CD4+CFSE+ cells in MLNs of mice transferred with LF-shaped microbiota (compared to CD-shaped microbiota) were RAR-related orphan receptor gamma (ROR)-γt+ cells, a lineage-specific marker of Th17 cells (Figure S13). No significant differences of CFSE+ T-box expressed in T cells (T-bet)+, a lineage-specific of Th1 and forkhead box P3 (FOXP3)+, a lineage-specific of T regulatory (Treg) subset were observed between the 2 groups (Figure S13). Moreover, analysis of B cell subsets showed an increase in CFSE+ B2 cells in MLNs and PALNs in the condition of LF-shaped microbiota compared to CD-shaped microbiota (Figure S14).

Then, we assessed whether the observed increase in CFSE+ cells in MLNs of mice transferred by HFD-or LF-shaped microbiota was due to an increase in lymphocyte proliferation.

Interestingly, as shown in Figure 4D, CD3+ lymphocytes in MLNs from mice transferred with either HFD or LF microbiota exhibited a marked higher proliferation rate (as assessed by Ki67 staining) compared to those transferred with microbiota shaped by CD. Interestingly, the mucosal addressin cell adhesion molecule (MAdCAM-1), known to interact with its receptor α4β7 integrin expressed on lymphocytes and to be induced by inflammation [START_REF] Berlin | Alpha 4 beta 7 integrin mediates lymphocyte binding to the mucosal vascular addressin MAdCAM-1[END_REF] , was upregulated within the atherosclerotic lesions of the aortic sinus in mice transferred with HFD-or LF-shaped microbiota, compared to CD-shaped microbiota (Figure 4E). No significant differences of intestinal MAdCAM-1 gene expression were observed between HFD-or LFshaped compared to CD-shaped microbiota-transferred mice (Figure S15A). Of note, a few enterotropic β7 integrin+ CD3+ lymphocytes were detected within the plaques of HFD-or LFshaped microbiota-transferred mice, whereas those cells were barely found in CD-shaped microbiota-transferred mice (Figure 4F). These data indicate that microbiota shaped by LF or HFD induces a preferential attraction of enterotropic lymphocytes to atherosclerotic plaques.

Taken together, these results indicate the presence of a higher level of gut-derived immune cells in the periphery in mice transferred with HFD-or LF-shaped microbiota compared to CDshaped microbiota, likely due to a higher proliferation rate of lymphocytes within the MLNs.

We then wanted to know whether this enhanced gut immune cell trafficking from MLN to the periphery could account for the effects of HFD and LF diet-shaped microbiota on atherosclerosis. The partial surgical removal of MLNs and CFSE injection into the remaining MLNs led to a significant decrease in the percentage of CFSE+ cells in PALNs, but not in MLNs of operated compared to sham-operated mice, after 24 hr of injection (Figure S15B). This indicates that MLN-derived cells contribute to immune cell trafficking to PALN. Then, we studied whether the complete surgical removal of MLN affected atherosclerosis under HFD+HC diet feeding. As shown in Figures 5A-5C and S15C-S15E, MLN, but not inguinal LNs, excision in ldlr -/-mice fed HFD+HC diet led to a decrease in atherosclerosis in the thoracic aorta as well as lesional T cell accumulation, without significant changes in plasma cholesterol levels, indicating the importance of MLNs in atherosclerosis under HFD+HC feeding conditions.

To directly investigate whether MLNs are involved in the observed proatherogenic effects of microbiota shaped by LF, we performed FMT in mice that were previously subjected to MLN resection. As shown in Figures 5D-5F, MLN ablation abrogated the increase in plaque size and lesional T cell accumulation in mice transferred with LF-shaped microbiota compared to CDshaped microbiota.

Altogether, our data indicate that the low content of soluble fibers in HFD is a major driver of gut microbiota alterations with a significant impact on gut immune cell trafficking and systemic development of atherosclerosis.

Discussion

Hypercholesterolemia is a well-known risk factor for atherosclerosis through notably promoting inflammatory responses [START_REF] Libby | From Focal Lipid Storage to Systemic Inflammation: JACC Review Topic of the Week[END_REF] . Aside from this well-known pro-atherogenic role, other diet-related factors can affect atherosclerosis, particularly by impacting gut microbiota health. Indeed, diet composition has emerged as a driving factor in microbiota composition and function [START_REF] Getz | Diet and murine atherosclerosis[END_REF] . Consistently, previous experimental studies showed the dominant role that diet plays in shaping gut microbiome over host genetic variations [START_REF] Carmody | Diet dominates host genotype in shaping the murine gut microbiota[END_REF] .

Gut microbiota dysbiosis has been previously suggested to accelerate atherosclerosis, as shown by the transfer of pro-inflammatory fecal microbiota from Casp1 -/-mice to ldlr -/-mice [START_REF] Brandsma | A Proinflammatory Gut Microbiota Increases Systemic Inflammation and Accelerates Atherosclerosis[END_REF] . Here, we showed that the dysbiotic microbiota due to antibiotic exposure before weaning, promoted vascular inflammation and lipid accumulation within the aortic sinus of adult ldlr -/-mice fed HFD+HC Western-type diet, which indicates that microbiota dysbiosis can exert proatherogenic effects under the condition of HFD+HC feeding.

Associations between obesogenic HFD and gut microbiota dysbiosis along with metabolic disorders and CVD have been suggested [START_REF] Marzullo | From obesity through gut microbiota to cardiovascular diseases: a dangerous journey[END_REF] . However, the causal relationships between the HFD-altered gut microbiome and atherosclerosis remain unclear. Our results showed that HFD, but not HC diet, unfavorably impacted gut microbiota, as assessed by increased deleterious Proteobacteria [START_REF] Shin | Proteobacteria: microbial signature of dysbiosis in gut microbiota[END_REF] along with decreased protective bacteria-produced metabolites, such as SCFAs [START_REF] Schroeder | Signals from the gut microbiota to distant organs in physiology and disease[END_REF] . The causal role of HFD-shaped gut microbiota in atherosclerosis was evidenced by FMT experiments. Transfer of microbiota shaped by HFD, but not HC diet, increased atherosclerosis, as compared to CD-shaped microbiota, underlining the pro-atherogenic effect of HFD in a microbiota-dependent manner.

HFD consumption can induce both metabolic disruption, as well as gut microbiota dysbiosis, and may impair the gut barrier, which enhances systemic inflammation likely resulting in an increased risk of CVD [START_REF] Zhang | Diet-gut microbiota interactions on cardiovascular disease[END_REF] . However, the proper contribution of HFD-mediated microbiota dysbiosis (dependent or not on metabolic alterations) on CVD is unclear. Herein, we showed that mice transferred with HFD-shaped microbiota exhibited increased atherosclerosis, as compared to mice transferred with CD-shaped microbiota, without any significant changes in metabolic parameters assessed by OGTT and ITT tests. The 7-week HFD+HC feeding period in the recipient mice was too short to induce any alteration of metabolic parameters, as the latter requires a longer period of HFD feeding (20 weeks) [START_REF] Laurans | Genetic deficiency of indoleamine 2,3-dioxygenase promotes gut microbiota-mediated metabolic health[END_REF] . Taken together, our present findings suggest that the observed effects of HFD-shaped microbiota on atherosclerosis were unlikely dependent on HFD-induced metabolic impairment.

Studies investigating the deleterious effects of HFD often focus on the role of fat and overlook the other components of the diet that may influence disease outcomes. Particularly, the low content of fibers in HFD can greatly affect gut microbiota, insofar as fibers are known to exert positive effects on gut microbiota and host health [START_REF] Makki | The Impact of Dietary Fiber on Gut Microbiota in Host Health and Disease[END_REF] . Dietary fibers are preferentially fermented by microbiota to generate SCFAs such as acetate, butyrate, and propionate, which are endowed with multiple beneficial activities [START_REF] Schroeder | Signals from the gut microbiota to distant organs in physiology and disease[END_REF] . Consistently, it has been shown that the lack of dietary fibers, but not fat, has a major impact on the gut microbiome [START_REF] Morrison | It's the fiber, not the fat: significant effects of dietary challenge on the gut microbiome[END_REF] . Moreover, some of SCFAs, such as butyrate [START_REF] Kasahara | Interactions between Roseburia intestinalis and diet modulate atherogenesis in a murine model[END_REF] and proprionate [START_REF] Bartolomaeus | Short-Chain Fatty Acid Propionate Protects From Hypertensive Cardiovascular Damage[END_REF] , have previously been shown to exert a protective role against atherosclerosis. Our work further supports the protective effects of fibers on microbiota and atherosclerosis, through increasing SCFA production. Herein, we showed that the nonobesogenic LF diet, which mimics the low content of fibers in HFD [START_REF] Morrison | It's the fiber, not the fat: significant effects of dietary challenge on the gut microbiome[END_REF] , reduced microbiotagenerated SCFAs, and promoted vascular inflammation and atherosclerosis in the recipient mice after FMT. Moreover, supplementation of HFD-fed mice with soluble fibers (FOS) increased fecal SCFAs levels (mainly butyrate and proprionate), and prevented the proatherogenic effects of microbiota-dependent HFD-driven effects, indicating the microbiotadependent ability of fibers to protect against HFD-induced atherosclerosis. Taken together, these results suggest that the low content of fibers in HFD, and consequently decreased SCFA production, was likely responsible for microbiota-dependent pro-atherogenic effects of HFD.

The cross-talk between the microbiota and the immune system plays a fundamental role in the control of host physiology. The gut microbiota can influence the level and quality of the immune response. In turn, the immune system participates in shaping the composition of the gut microbiota. There is growing evidence that immune cells interact with the gut microbiota to determine disease outcomes [START_REF] Belkaid | Role of the microbiota in immunity and inflammation[END_REF] . HFD has been shown to profoundly affect the gut microbiome and adversely impact host immunity [START_REF] Christ | Western Diet and the Immune System: An Inflammatory Connection[END_REF] . In agreement with previous studies [START_REF] Laurans | Genetic deficiency of indoleamine 2,3-dioxygenase promotes gut microbiota-mediated metabolic health[END_REF][START_REF] Zou | Fiber-Mediated Nourishment of Gut Microbiota Protects against Diet-Induced Obesity by Restoring IL-22-Mediated Colonic Health[END_REF] , our present results showed that HFD-induced microbiota dysbiosis impaired the gut immune response, particularly that related to host defense, as evidenced by decreased intestinal expression of IL-22 and its targets antimicrobial peptides Reg3β and Reg3γ. However, FMT from HFD-fed mice or HC-fed mice induced similar intestinal immune-inflammatory profiles in the recipient mice, even though different from those in CD-fed mice. These findings suggest that the local intestinal inflammatory profile was unlikely responsible for increased atherosclerosis induced by HFDshaped microbiota, since atherosclerosis was unchanged in mice transferred with HC-shaped microbiota, as compared to CD-shaped microbiota, despite similar changes in intestinal immune/inflammatory profiles in HC-and HFD-shaped microbiota groups.

The gut is one of the largest reservoirs of immune cells that may traffic in a bidirectional way between the gut and other lymphoid organs. In particular, the receptor α4β7 integrin and its ligand, MAdCAM-1, were shown to play an important role in homing of lymphocytes to gutassociated lymphoid tissues (GALT) [START_REF] Berlin | Alpha 4 beta 7 integrin mediates lymphocyte binding to the mucosal vascular addressin MAdCAM-1[END_REF] .

An earlier study showed the trafficking of immune cells from the gut to the spleen at a steady state and after induction of autoimmune arthritis [START_REF] Morton | Endoscopic photoconversion reveals unexpectedly broad leukocyte trafficking to and from the gut[END_REF] . We hypothesized that gut immune cell trafficking from the gut to the periphery might be involved in the observed increased atherosclerosis in mice transferred with HFD or LF-shaped microbiota. In agreement with this hypothesis, previous studies showed a detrimental role of gut-derived immune cells, which migrate into target organs, where they contribute to accelerating disease, including autoimmune kidney disease [START_REF] Krebs | Autoimmune Renal Disease Is Exacerbated by S1P-Receptor-1-Dependent Intestinal Th17 Cell Migration to the Kidney[END_REF] , myocarditis [START_REF] Gil-Cruz | Microbiotaderived peptide mimics drive lethal inflammatory cardiomyopathy[END_REF] and stroke [START_REF] Brea | Stroke affects intestinal immune cell trafficking to the central nervous system[END_REF] . The role of such trafficking of gut-derived immune cells in atherosclerosis is still unknown. Moreover, the mechanisms involved in the intestinal egress of immune cells into the periphery remain unclear. Among them, SCFAs might play a major role in regulating gut immune cell trafficking. Interestingly, propionate has been shown to reduce the migration of effector T cells from the gut to extra-intestinal tissues, including eye and spleen, in experimental autoimmune uveitis [START_REF] Nakamura | Short chain fatty acids ameliorate immune-mediated uveitis partially by altering migration of lymphocytes from the intestine[END_REF] .

To follow the trafficking of gut immune cells into the periphery, we injected CFSE tracker in the MLN of mice transferred with either CD, HFD, or LF-shaped microbiota. Transplant of microbiota shaped by HFD or LF diet-containing low levels of SCFAs increased gut-derived immune cells (mainly T and B lymphocytes) trafficking from the gut to atherosclerosisassociated sites, including PALN. This was likely due to increased lymphocyte proliferation in the MLN, as evidenced by an augmented percentage of CFSE+ cells and lymphocyte proliferation rate, as assessed by Ki67 staining, in the MLN of mice transferred with either HFD or LF-shaped microbiota, compared to CD-shaped microbiota. The increase in lymphocytes was mainly due to Th17 and B2 subsets, which have previously been shown to play a critical role in atherosclerosis [START_REF] Taleb | Inflammation in atherosclerosis[END_REF] .

Our findings suggest a functional relationship between microbiota-induced immune cell changes in the gut and immune-driven impact at the peripheral sites. The implication of gutderived immune cells in the peripheral trafficking was evidenced by our results obtained after the partial removal of MLN, which significantly reduced gut-derived immune cells in PALN.

The importance of gut-derived immune cell migration via lymphatics in atherosclerosis was also illustrated by our findings showing that the ablation of MLN, but not inguinal LN, decreased T cell accumulation within plaques and atherosclerosis in the thoracic aorta.

Moreover, the ablation of MLN in mice receiving LF-shaped or CD-shaped microbiota abrogated the differences in atherosclerotic lesion size, as well as in T cell accumulation within plaques, further underscoring the important role of MLN in the proatherogenic effect of LFshaped gut microbiota. This phenotype was highly dependent on lymphocytes, since lymphocyte-deficient mice transferred with microbiota shaped by either HFD or LF exhibited rather decreased and not increased atherosclerosis, compared to immune deficient mice receiving CD-shaped microbiota. Of note, we detected the presence of enterotropic lymphocytes expressing β7 integrin, as well an upregulation of its ligand, MAdCAM-1, within atherosclerotic lesions of mice transferred with HFD-or LF-shaped microbiota, suggesting a preferential recruitment of enterotropic lymphocytes into plaques. However, it is unlikely that this explains the whole observed phenotype since the majority of lymphocytes within the plaques did not express β7 integrin. Moreover, atherosclerosis is known to be a systemic disease in which lymphocyte trafficking between the LNs, and aortic wall through the blood is a major determinant [START_REF] Li | Lymphocyte migration into atherosclerotic plaque[END_REF] .

Our results are consistent with accumulating evidence of a role for gut-derived immune cell lymphatic migration in promoting multiple diseases, including autoimmune kidney disease [START_REF] Krebs | Autoimmune Renal Disease Is Exacerbated by S1P-Receptor-1-Dependent Intestinal Th17 Cell Migration to the Kidney[END_REF] , and myocarditis [START_REF] Gil-Cruz | Microbiotaderived peptide mimics drive lethal inflammatory cardiomyopathy[END_REF] . Our results are also in agreement with a previous study suggesting that gut β7 integrin+ intraepithelial T lymphocytes (IEL) may promote atherosclerosis [START_REF] He | Gut intraepithelial T cells calibrate metabolism and accelerate cardiovascular disease[END_REF] . The evidence that lymphocytes can migrate from the intestine to the periphery, including PALN and atherosclerotic plaques, and promote atherosclerosis adds a new dimension to our understanding of the connection between the intestine and atherosclerosis. Moreover, the identification of the pro-atherogenic effects of HFD and LF diet-shaped microbiota provides further evidence that fibers promote health.

In conclusion, our study provides novel insights into the mechanisms that underlie HFDmediated effects on microbiota and highlights unappreciated clues by which the low content of fibers promotes atherosclerosis by shaping the microbiota.

Limitations of the study

The gavage method used in the study may have some limitations as confounding effects can alleviate the phenotype. Particularly, the fact that all microbiota-recipient mice were fed with the same diet can overcome with time the effects of microbiota shaped by a specific diet from donor mice. The other limitation concerns the low number of lymphocytes within atheromatous plaques which makes it technically challenging to detect gut-derived lymphocytes using our CFSE+ staining method. Moreover, with the protocol of CFSE injection, we can monitor only 24 hours of immune cell accumulation. Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using one-way ANOVA test followed by Tukey's post hoc analysis. *P<0.05, **P<0.001, ns for none significant. See also Figure S6, S7, S8, and S9. (G) Representative photomicrographs and quantitative analysis of lesional T cells (CD3+ in red, shown with arrows) accumulation in the aortic sinus of ldlr -/-mice transferred with feces from either CD-or LF-fed ldlr -/-mice, 3 times per week for 9 weeks (n=9-10 per group). The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks.

(H) Representative photomicrographs and lipid quantification with en-face staining in the thoracic aorta of Rag1 -/-ldlr -/-mice transferred with feces 3 times per week for 9 weeks from either CD-or HFD-or LF-fed ldlr -/-mice. The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC for 7 weeks (n=9-10/per group).

Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using Mann-Whitney for (B, D, G and H) and Student's t test for (F),**P<0.05, **P<0.001, ns for none significant. See also Figure S10. (E-F) Representative photomicrographs and quantitative analysis of lipid area with en-face staining in the thoracic aorta and lesional T cells (CD3+ in red, shown with arrows) accumulation in the aortic sinus of ldlr -/-mice in which MLNs were removed and then the mice were transferred with feces from either CD-or LF-fed ldlr -/-mice, 3 times per week for 9 weeks (n=8/group). The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks.

Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using Mann-Whitney test. *P<0.05, **P<0.001. See also Figure S15. 
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RESOURCE AVAILABILITY

Lead contact Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Soraya Taleb (soraya.taleb@inserm.fr).

Materials availability

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice ldlr -/-, Rag1 -/-mice were bought from the Jackson Laboratory (Jax) and bred in our facility. Rag1 -/-mice were crossed with ldlr -/-mice to obtain Rag1 -/-ldlr -/-mice. To avoid that sex hormones impact experience outcomes, we only used male mice in the present study. Male mice were fed with either a normal chow diet (CD) (SAFE) or subjected to diet-induced obesity containing 60% FAT (ssniff Spezialdiäten GmbH) or a high-cholesterol (HC) diet containing 1.25 % cholesterol (ssniff Spezialdiäten GmbH) to induce atherosclerosis or a combination of both HFD+HC diet (ssniff Spezialdiäten GmbH), or a low-fiber (LF) diet (ssniff Spezialdiäten GmbH). All mice were provided with food and water ad libitum. A specific diet was started at 7 weeks of age and continued for 20 weeks or less with ad libitum access to water and food. In some experiments, FOS (Fructooligosaccharides), as a source of soluble dietary fibers was diluted in drinking water (7.5%). We also subjected some mice to antibiotic (ATB) treatment as described before [START_REF] Sonnenberg | Innate lymphoid cell interactions with microbiota: implications for intestinal health and disease[END_REF] . All mice used in these experiments were bred and housed in a specific pathogen-free barrier facility. 

Method details

In vivo Studies.

For oral glucose tolerance test (OGTT), mice were fasted overnight prior to an oral administration of 1 g/kg glucose. Blood was sampled from the tail vein at 0, 5, 15, 30, 60, 90 and 120 min in order to assay glucose concentration (Roche Diabetes Care). At 0, 15, 30, 60 min tail vein blood was collected, plasma samples were stored at -20°C until they were analyzed for insulin concentration (Crystal Chem Inc.). Insulin tolerance test (ITT) was performed in mice food deprived for 5 h prior to an intraperitonial injection of 1 U/kg insulin. Blood was sampled from the tail vein at 0, 5, 15, 30, 60 and 90 min in order to assay glucose concentration. Experiments with fecal gavage were done with fresh stool samples from ldlr -/-mice fed a specific diet, as previously described [START_REF] Laurans | Genetic deficiency of indoleamine 2,3-dioxygenase promotes gut microbiota-mediated metabolic health[END_REF] ). Briefly, a minimum of twenty fresh fecal pellets were collected from each group of donor mice (n=5) placed in empty autoclaved cages. The fecal matter was homogenized and suspended in autoclaved filtered water and then ground through a 70 µm pore-sized filter using the plunger head of a syringe. These fecal suspensions were inoculated to ldlr -/-or Rag1 -/-ldlr -/-recipient mice via oral gavage with 450 µL of fecal suspension 3-times per week for 8 or 19 weeks. We prepared fecal materials from approximately 5 donors to transfer to 10 recipient mice.

To track gut immune cell trafficking into the periphery, carboxyfluorescein succinimidyl ester (CFSE) at 100µM was injected into the MLNs either 5 minutes or 24 hours before the sacrifice, as recently described [START_REF] Fidelle | A microbiota-modulated checkpoint directs immunosuppressive intestinal T cells into cancers[END_REF] . Briefly, mice were anesthetized and maintained on isoflurane during the procedure. Through a 1 to 2cm incision of the peritoneum, the cecum was taken out in order to visualize the MLNs. Subsequently, 10 μl of the CFSE solution was injected into the first MLN from the cecum. In another condition, CFSE was injected in inguinal LNs. Control mouse was injected with PBS. The mice were then stitched up, put under the heat lamp until they woke up, and monitored a few hours after the procedure. Then, after the sacrifice, cells from MLNs, inguinal LNs, blood, spleens and PALNs were harvested and the CFSE fluorescent staining was analyzed by flow cytometry. For mesenteric lymphadenectomy, ldlr -/-mice were anesthetized and maintained under isoflurane during surgery. The small intestine and cecum, together with MLNs, were exteriorized through a 1-cm-wide incision along the abdomen and kept humid with PBS. Mesenteric lymphadenectomy was performed by microdissection along the length of the superior mesenteric artery to the aortic root. After surgery, the small intestine and cecum were reintroduced into the abdomen, the lesion of the abdominal wall and the outer skin stitched with thread. Sham-operated mice underwent surgery without lymphadenectomy. In another condition, left inguinal LNs were removed.

Analysis of metabolic parameters.

Blood glucose level was measured using a glucometer (Roche Diabetes Care). Plasma insulin was determined by ELISA (Crystal Chem). HOMA-IR in mice was calculated using the equation ((fasting glucose concentration x fasting insulin concentration)/405) as previously described [START_REF] Berglund | Glucose metabolism in vivo in four commonly used inbred mouse strains[END_REF] . Areas under the curve (AUCs) for body weight, glucose and insulin were calculated using the trapezoid method [START_REF] Allison | When is it worth measuring a covariate in a randomized clinical trial[END_REF] . IL22 levels were measured in PP extracts using ELISA kit (Invitrogen). LPS in plasma was measured with a colorimetric diagnostic kit (Pierce). Measurement of short chain fatty acids (SCFA) in feces was performed as previously described [START_REF] Ferchaud-Roucher | Colonic fermentation from lactulose inhibits lipolysis in overweight subjects[END_REF][START_REF] Laurans | Genetic deficiency of indoleamine 2,3-dioxygenase promotes gut microbiota-mediated metabolic health[END_REF] .

Extent and plaque composition of atherosclerotic lesions

Mice were anesthetized with isoflurane before sacrifice. Plasma cholesterol and liver triglycerides were measured using respectively a commercial cholesterol assay kit (DiaSys) and triglyceride assay kit (DiaSys). The heart and aorta, including the brachiocephalic artery, were taken off, fixed in 4% paraformaldehyde for 2 hours. Lipids were detected using Oil red O coloration, as previously described [START_REF] Taleb | Loss of SOCS3 expression in T cells reveals a regulatory role for interleukin-17 in atherosclerosis[END_REF] . Lesion extent in the thoracic aorta represents the percentage of Oil red O staining. For immunostaining, we used antibodies raised against MOMA-2 (Chemicon) and CD3 (Agilent Dako) to detect macrophages and T cells respectively [START_REF] Mallat | Induction of a regulatory T cell type 1 response reduces the development of atherosclerosis in apolipoprotein E-knockout mice[END_REF] . Immune cell quantification within atherosclerotic lesions was performed in cross-sectional areas throughout the whole aortic sinus, which represents ~6-8 sections per mouse, and appropriate negative controls were used. MAdCAM-1 within atherosclerotic lesions was detected with a rabbit MAdCAM-1 primary antibody (Bioss Antibody) and revealed with an Cy5 AffiniPure Donkey Anti-Rabbit IgG (Jackson ImmunoResearch). After fixation in cold methanol and permeabilization (Triton 0.1%), β7 integrin+CD3+ cells within atherosclerotic plaques were detected with rabbit Integrin beta-7 (BiCell Scientific) and rat anti-mouse CD3 antibody (eBioscience) and revealed with anti-rabbit Cy5 and anti-rat Cy3 (Jackson ImmunoResearch) secondary antibodies, respectively. Approximately 6-8 sections per mouse were analyzed, and appropriate negative controls were used. We performed morphometric studies using Histolab software (Microvision), or ImageJ (NIH) software.

Immunostaining in MLNs

To assess the proliferation rate within the MLNs, after fixation and permeabilization, proliferative cells (Ki67+) and CD3+ cells were detected with rabbit anti-Ki67 antibody (Invitrogen) and rat anti-mouse CD3 antibody (eBioscience) and anti-rabbit Cy5 (Jackson ImmunoResearch) and anti-rat Cy3 (Jackson ImmunoResearch) secondary antibodies, respectively. Approximately 20 sections per mouse were analyzed, and appropriate negative controls were used. We performed morphometric studies using Histolab software (Microvision).

Quantitative Real time PCR.

Intestines and aorta were lysed in detergent buffer RLT and then subjected to RNA extraction and reverse transcription (Qiagen) or nanostring technology. Then, quantitative real-time PCR was performed on an ABI PRISM 7700 (Applied Biosystems) in triplicates. Cycle threshold for Gapdh (primers: Gapdh-R 5'-CGTCCCGTAGACAAAATGGTGAA-3'; Gapdh-L 5'-GCCGTGAGTGGAGTCATACTGGAACA-3') was used to normalize gene expression. Primers for Reg3g-R 5'-TTCCTGTCCTCCATGATCAAAA-3'and Reg3g-L 5'-CATCCACCTCTGTTGGGTTCA-3'; Reg3b-R 5'-ATGCTGCTCTCCTGCCTGATG-3' and Reg3b-L 5'-CTAATGCGTGCGGAGGGTATATTC-3'; MAdCAM-1-R 5'-GTTCCTGGC CAGGTGACCCCGAAT-3'; MAdCAM-1-L 5'-CCACAGGCGGTAGGCAAGGAAGAC-3'. PCR conditions were 10 min at 95°C; 35 cycles of 95°C for 15 s, 60°C for 20 s and 72°C for 20 s and a final extension at 72°C for 20 s.

NanoString.

NanoString analysis was performed and analyzed according to the manufacturer's recommendations. The data were processed, including background correction, normalization, and quality control using R package for analysis of Nanostring data.

Flow cytometry

Flow cytometry analysis was performed on single cell suspensions of blood, spleen and LNs, as mentioned before [START_REF] Wang | TGF-beta activity protects against inflammatory aortic aneurysm progression and complications in angiotensin IIinfused mice[END_REF] . Cell surface staining antibodies are the following: CD45 (APC-eFluor 780, eBioscience), CD8 (Alexa fluor 700, BD Pharmingen), CD4 (FITC, eBioscience), CD19 (APC, BD Pharmingen), CD5 (Alexa Fluor 700, Biolegend), and CD43 (PerCP/Cyanine5.5, Biolegend). For intranuclear staining antibodies are ROR-γt (PerCP-eFluor 710, eBioscience), FOXP3 (PE/Cyanine7, eBioscience), and T-bet (PE, Biolegend). Samples were acquired using a flow cytometer (LSRFortessa, Becton Dickinson) and data was analyzed using FlowJo software (BD Bioscience). Cell doublets were excluded using forward (FSC) and side (SSC) light scattering area (A) vs. width (W).

16s rDNA gene sequencing and analysis 16S rDNA gene sequencing of fecal DNA samples was performed as previously described [START_REF] Lamas | CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands[END_REF] .

Briefly, the V3-V4 region (16S (sense) 5′-TACGGRAGGCAGCAG-3′ and (antisense) 5′-CTACCNGGGTATCTAAT-3′) was amplified and sequencing was done using an Illumina MiSeq platform (GenoScreen). Raw paired-end reads were subjected to the following process:

(1) quality-filtering using the PRINSEQ-lite PERL script38 by truncating the bases from the 3′ end that did not exhibit a quality <30 based on the Phred algorithm; (2) searching and removing both forward and reverse primer sequences using CutAdapt, with no mismatches allowed in the primer sequences. Sequences for which perfect forward and reverse primers were not found were eliminated. Analysis was performed using the dada2 pipeline [START_REF] Callahan | Reproducible Research Workflow in R for the Analysis of Personalized Human Microbiome Data[END_REF] , v1.16.0 in R version 4.2.2. Taxonomic classification was performed using the Silva database (v138.1) [START_REF] Quast | The SILVA ribosomal RNA gene database project: improved data processing and web-based tools[END_REF] . Downstream analysis was performed in R (v 4.2.0), using the phyloseq package (v1.40.0) [START_REF] Mcmurdie | phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data[END_REF] . α diversity was computed using the Observed ASVs and Shannon index. β diversity was calculated on relative proportions using the Bray-Curtis dissimilarity measure and presented as principle coordinate axis plots. Influence of experimental variables on β diversity was assessed using PERMANOVA with the adonis function in the R package vegan (v2.6.2) [START_REF] Oksanen | vegan: Community Ecology Package[END_REF] , using 999 permutations. Differential abundance between experimental groups was assessed using the LDA effect size algorithm, with groups compared in pairwise fashion using default settings [START_REF] Segata | Metagenomic biomarker discovery and explanation[END_REF] . Plots were created using ggplot2 (v3.4.1) [START_REF] Wickham | ggplot2: Elegant Graphics for Data Analysis[END_REF] and ggpubr (v0.4.0) [START_REF] Kassambara | ggpubr: "ggplot2[END_REF] . The pheatmap package (v1.0.12) was used [START_REF] Callahan | DADA2: High-resolution sample inference from Illumina amplicon data[END_REF] to plot correlations which were performed using the Spearman correlation coefficient and the Hmisc package, plotting correlation coefficients with an absolute value > 0.5 that were nominally significant. Raw sequencing reads are available from the Sequence Read Archive (SRA). Analysis scripts are available from github (https://github.com/ajlavelle).

Quantification and Statistical Analysis.

Values are expressed as means ± s.e.m. The differences between groups were assessed as indicated in figure legends. Values were considered significant at P<0.05. Statistical analysis was performed with GraphPad Prism (GraphPad Software). Cladogram output from LEfSe shows the microbial species with significant differences in ldlr - /-mice fed HC (red) vs. HFD+HC (green) (n=5/per group). B.) The heatmap generated using the hierarchical clustering shows the expression of genes differentially expressed in the intestines of CD-, HFD-, and HFD+HC-fed ldlr -/-mice (n=4/per group). *Genes belong to defense response pathway. C.) Scores related to defense response (Gene Ontology category) of genes differentially expressed in intestines of CD-, HFD-, and HFD+HC-fed ldlr -/-mice (n=4/per group).

Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using one-way ANOVA test followed by Tukey's post hoc analysis ***P<0.0001. The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks. D.) Diet composition. E.) Experimental design. F.) Cladogram output from LEfSe shows the microbial taxa with significant differences in ldlr -/-mice which received CD-shaped microbiota (red) vs. LF-shaped microbiota (green) (n=5/per group). G.) Plasma cholesterol in ldlr -/-mice transferred with feces 3 times per week for 9 weeks from either CD-or HFD-or LF-fed ldlr -/-mice (n=10-14/per group). H.) Heatmap generated using the hierarchical clustering shows the expression of lymphocyte-associated genes in the aorta of mice transferred with feces from either CD-or LF-fed ldlr -/-mice (n=4/per group). The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks. Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using Student's t test,*P<0.05.

Figure 1 :

 1 Figure 1: HFD but not HC diet has a detrimental role on intestinal homeostasis. (A) PCoA plot based on bacterial 16S rDNA gene relative abundance using the Bray-Curtis dissimilarity in fecal contents of ldlr -/-mice fed with either CD or HFD or HC or HFD+HC diet (n=5 per group) for 16 weeks. Axes correspond to principal coordinate axis 1 (x-axis) and 2 (yaxis). (B) Bacterial diversity based on the observed ASVs and Shannon index in the fecal samples. (C) Bacterial-taxon-based analysis at the phylum level in the fecal samples. (D) SCFA contents in the fecal microbiota from ldlr -/-mice fed either CD (n=5) or HFD (n=9) or HC (n=10) or HFD+HC (n=10). (E) IL22 levels in Peyer Patches (PPs) (n=5 per group). (F) Reg3b and 3g mRNA in the small intestines of CD-or HFD-or HC-or HFD+HC-fed ldlr - /-mice (n=5 per group). Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using one-way ANOVA test followed by Tukey's post hoc analysis. *P<0.05, **P<0.001, ***P<0.0001. See also Figure S1, S2 and S3.

Figure 2 :

 2 Figure 2: Microbiota shaped by HFD increases atherosclerosis. (A) Experimental design. (B) Plasma cholesterol. (C) Representative photomicrographs and plaque size quantification in the aortic sinus of ldlr - /-mice transferred with feces from either chow diet (CD)-or high-fat diet (HFD)-or highcholesterol (HC)-or HFD+HC-fed ldlr -/-mice, 3 times per week for 19 weeks. The recipient mice were initially fed CD for 13 weeks, then put on HFD+HC for the last 6 weeks (n=5-8/per group). The results represent a pool of 2 independent experiments. (D) Representative photomicrographs and lipid quantification with en-face staining in the thoracic aorta of ldlr -/-mice transferred with feces 3 times per week for 9 weeks from either CD-or HFD-or HFD-fed ldlr -/-mice supplemented with soluble fibers, fructooligosaccharide (FOS) (n=6-11/per group). The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks. The results represent a pool of 2 independent experiments. (E) Representative photomicrographs and quantitative analysis of lesional T cells (CD3+ in red, shown with arrows) accumulation in the aortic sinus of ldlr -/-mice transferred with feces from either CD-or HFD-or HFD+FOS-fed ldlr -/-mice (n=6-8 per group).

Figure 3 :

 3 Figure 3: Low dietary impacts microbiota-mediated effects on atherosclerosis. (A) PCoA plot based on bacterial 16S rDNA gene relative abundance using the Bray-Curtis dissimilarity in fecal contents of ldlr -/-recipient mice (n=5 per group) which received feces from either CD-or low fiber (LF)-fed mice. Axes correspond to principal coordinates 1 (x-axis) and 2 (y-axis). (B) Bacterial diversity based on the observed ASVs and Shannon index in the fecal samples. (C) Barplots at the phylum level in the fecal samples. Analysis of feces in the recipient mice was performed after 8 days of fecal gavage. (D) Representative photomicrographs and lipid quantification with en-face staining in the thoracic aorta of ldlr -/-mice transferred with feces 3 times per week for 9 weeks from either CD-or HFD-or LF-fed ldlr -/-mice (n=10-14/per group). The results show the pool of 3 independent experiments. (E) Heatmap generated using the hierarchical clustering shows expression of genes differentially expressed in the aorta of mice transferred with feces from either CD-or LF-fed ldlr -/-mice. (F) Lymphocyte score in aorta shows median gene expression of genes associated to lymphocytes (n=4 per group).

Figure 4 :

 4 Figure 4: Low content of fibers impacts microbiota-mediated effects on the gut immune cell trafficking. (A-B) Quantitative analysis of flow cytometry of CFSE+ staining gated on T lymphocytes (CD4+ and CD8+) and B lymphocytes (CD19+). The staining was performed on mesenteric lymph node (MLN) and para-aortic lymph node (PALN) cells from ldlr -/-mice transferred with feces 3 times per week for 9 weeks from either CD-or HFD-or LF-fed ldlr -/-mice. The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks. 24 hr before the sacrifice, CFSE tracker was injected in the MLNs of the microbiota-recipient mice (n=3-4 per group). The results were confirmed in two independent experiments. (C) CFSE+ cell numbers (among 10 6 cells) in blood, spleen, and PALN. (D) Lymphocyte proliferation was assessed by Ki67+ cell numbers (in red) in CD3+ cell numbers (in green) in the MLNs of the microbiota-recipient mice (n=6 per group). (E) Mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) staining in plaques in the aortic sinus of Ldlr -/-mice. The results show the % of MAdCAM-1+ area/plaque area.(F) Staining of β 7 integrin+ (in red) and CD3+ (in green) cells in plaques of the aortic sinus of Ldlr -/-mice (n=9-10/group). The results show the total number of β7 integrin+ CD3+ cells in plaques in the whole aortic sinus (~7-8 sections). Ldlr -/-mice transferred with feces from either CD-or HFD-or LF-fed ldlr -/-mice, 3 times per week for 9 weeks. The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks.Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using Student's t test for (A, B, C, E, and F) and one-way ANOVA test followed by Tukey's post hoc analysis for (D) *P<0.05, **P<0.001, ***P<0.0001. See also Figure S11, S12, S13 and S14.

Figure 5 :

 5 Figure 5: Gut-derived cells impacted by a low content of fibers modulates atherosclerosis. (A) Plasma cholesterol. (B-C) Representative photomicrographs and quantitative analysis of lipid area with en-face staining in the thoracic aorta and lesional T cells (CD3+ in red, shown with arrows) accumulation in the aortic sinus of ldlr -/-mice in which MLNs were removed (no MLN) or not, sham-operated controls (ctr) before putting them on HFD+HC diet for 7 weeks (n=8-9/per group). (D) Plasma cholesterol.
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  Figure S1 High-Fat diet alters metabolic parameters. A.) Diet composition. B.) Weight curves and AUC. C.) OGTT and AUC. D.) ITT and AUC (n=10-18/per group). E.) HOMA-IR. F.) Liver weight and triglyceride content. G.) Plasma LPS in ldlr -/-mice fed with either CD or HFD or HC or HFD+HC for 16 weeks (n=5-10/per group).
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  Figure S3High-Fat diet alters bile acid production. A.) Fecal bile acid (BA) ratio (primary BA/secondary BA). B.) Spearman correlation matrix between BA levels and bacteria in ldlr -/- mice fed with either CD or HFD or HC or HFD+HC for 16 weeks (n=5/per group). Only correlation coefficients with an absolute value > 0.5 and a nominally significant p-value are included.Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using one-way ANOVA test followed by Tukey's post hoc analysis for (A), **P<0.001, ***P<0.0001.
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 S4S5S6 Figure S4 Microbiota dysbiosis impacts mouse weight in HFD-fed mice. A.) Experimental design. B.) Weight curves. C.) OGTT and AUC. D.) ITT and AUC. E.) HOMA-IR. F.) Plasma cholesterol in ldlr -/-mice pre-treated with antibiotics (ATB) or untreated controls (ctr) before the weaning and then fed with HFD+HC diet for 20 weeks, at the adult stage (n=8/group).

  Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using one-way ANOVA test followed by Tukey's post hoc analysis, *P<0.05, **P<0.001, ***P<0.0001.
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 S15 Figure S12 HFD or LF-shaped microbiota increases gut lymphocytes in MLN and the periphery. A-B.)Quantitative analysis of flow cytometry of number of CFSE+ cells (among 10 6 cells) gated on CD45+ and T lymphocytes (CD4+ and CD8+) and B lymphocytes (CD19+), in respectively, MLNs and PALNs. The staining was performed on cells from ldlr -/-mice transferred with feces 3 times per week for 9 weeks from either CD-or HFD-or LF-fed ldlr -/- mice. The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks. 24 hr before the sacrifice, the CFSE tracker was injected into the MLNs of the microbiota-recipient mice (n=4 per group). The results were confirmed in two independent experiments. C.) Quantitative analysis of flow cytometry of the percentage of CFSE+ cells in MLNs. The staining was performed on MLN cells from ldlr -/-mice transferred with feces 3 times per week for 9 weeks from either CD-or LF-fed ldlr -/-mice. The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks. 5 minutes before the sacrifice, the CFSE tracker was injected into the MLNs of the microbiota-recipient mice (n=4-5 per group). D.) Quantitative analysis of flow cytometry of the percentage of CFSE+ cells in inguinal LNs, blood and PALNs. The staining was performed on cells from ldlr -/-mice transferred with feces 3 times per week for 9 weeks from either CD-or LF-fed ldlr -/-mice. The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks. 24 hr before the sacrifice, the CFSE tracker was injected into the inguinal LNs of the microbiota-recipient mice (n=4 per group).

  

  

  The number of animals used in each experiment is indicated in the figure legend. Animal experiments were performed according to the European directive (2010/63/UE) and to the institutional guidelines approved by the local ethics committee of the French authorities, the 'Comité d'Ethique en Experimentation Animale' (CEEA) under the following number 18-112.

1.83 % 2 % 0.95 % 1.62 % 2.67 % 1.84 % 2.79 % 2.40 % 2.21 % 3.12 % 2.94 % 2.13 % Figure S11 HFD or LF diet-shaped microbiota increases gut lymphocytes in the periphery. A.)

  Quantitative analysis of flow cytometry of CFSE+ cells gated on CD45 in blood. The staining was performed on cells from ldlr -/-mice transferred with feces 3 times per week for 9 weeks from either CD-or HFD-or LF-fed ldlr -/-mice. The recipient mice were initially treated with ATB for 1 week to deplete microbiota and fed CD for 2 weeks, then put on HFD+HC diet for 7 weeks. 24 hr before the sacrifice, CFSE tracker was injected into the MLNs of the microbiota-recipient mice (n=4 per group). Mouse with PBS injection in MLNs was shown as a negative control.Individual data are presented as scattered dot plots, with the mean and s.e.m. Statistical significance was performed using Student's t test*P<0.05, **P<0.001, ***P<0.0001.

	B.) Quantitative analysis of flow cytometry of CFSE+ staining gated on CD45+ and T
	lymphocytes (CD4+ and CD8+) and B lymphocytes (CD19+) in spleens. C-D.) Representative
	examples of flow cytometry, in respectively, mesenteric lymph nodes (MLNs) and para-aortic
	lymph nodes (PALNs) of CFSE+ staining gated on T lymphocytes (CD4+ and CD8+) and B
	lymphocytes (CD19+).
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