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Summary 

Although high-fat diet (HFD)-induced gut microbiota dysbiosis is known to affect 

atherosclerosis, the underlying mechanisms remain to be fully explored. Here, we show that the 

progression of atherosclerosis depends on gut microbiota shaped by HFD but not high-

cholesterol (HC) diet, and more particularly due to a low-fiber (LF) intake. Mechanistically, 

gut lymphoid cells impacted by HFD or LF-induced microbiota dysbiosis, highly proliferate in 

mesenteric lymph nodes (MLN) and migrate from MLN to the periphery, which fuels T cell 

accumulation within atherosclerotic plaques. This is associated with the induction of mucosal 

addressin cell adhesion molecule (MAdCAM)-1 within plaques, and the presence of enterotropic 

lymphocytes expressing β7 integrin. MLN resection or lymphocyte deficiency abrogates the 

pro-atherogenic effects of microbiota shaped by LF. Our study shows a pathological link 

between diet-shaped microbiota, gut immune cells and atherosclerosis, suggesting that a diet-

modulated microbiome might be a suitable therapeutic target to prevent atherosclerosis. 
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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 1. 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 2,3.  

Diet is known to cause CVDs via direct effects on the host and/or indirect effects through 

shaping gut microbiota4. Consistently, subjects suffering from gut microbiota dysbiosis-

associated diseases, such as inflammatory bowel disease (IBD), exhibit an increased risk of 

atherothrombotic complications 5. 

The discovery of the role of Trimethylamine N-oxide (TMAO) in promoting atherosclerosis 

has highlighted the interplay between dietary composition and gut microbiota-derived 

metabolites6, even though this has been since challenged7. 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. 
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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 high-

cholesterol (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 8. 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 9. 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 
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Desulfovibrio, previously shown to be involved in HFD-induced intestinal immune response 

alteration10 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 11. 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 12, 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 and S2C). 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 13. 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. 
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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 14. 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 pre-

exposed 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 15. 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 
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(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 and S9C, 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 and S9E). Taken together, these results indicate that HFD-shaped 

microbiota had a major effect on atherosclerosis size and plaque T cell accumulation.  
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A previous study showed that the deleterious effects on microbiota driven by HFD result from 

its low-fiber (LF) content rather than high fat 16. 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 HFD-

shaped 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 HFD- 

or LF-fed mice to ldlr-/- recipient mice (Figures S10D and S10E). 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 alpha-

diversity 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 and S10F). 

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 
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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 CD-

shaped microbiota, without significant changes in plasma cholesterol levels (data not shown), 

emphasizing the importance of lymphocytes in the proatherogenic effects of HFD- or LF-

shaped 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 and 4A-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 
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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 and S12B). 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 17, was up-

regulated 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 LF-

shaped 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 LF-

shaped 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.   
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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 CD-

shaped 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 CD-

shaped 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. 
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Discussion 

Hypercholesterolemia is a well-known risk factor for atherosclerosis through notably 

promoting inflammatory responses 18. 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 19. Consistently, previous experimental studies showed the dominant role that diet 

plays in shaping gut microbiome over host genetic variations 4.  

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 20. 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 pro-

atherogenic 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 21. 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 22 along with decreased protective bacteria-produced metabolites, such as 

SCFAs 11. 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 23. 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) 24. Taken together, our present findings 

suggest that the observed effects of HFD-shaped microbiota on atherosclerosis were unlikely 

dependent on HFD-induced metabolic impairment. 
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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 25. Dietary fibers are preferentially fermented 

by microbiota to generate SCFAs such as acetate, butyrate, and propionate, which are endowed 

with multiple beneficial activities 11. Consistently, it has been shown that the lack of dietary 

fibers, but not fat, has a major impact on the gut microbiome 16. Moreover, some of SCFAs, 

such as butyrate 26 and proprionate 27, 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 non-

obesogenic LF diet, which mimics the low content of fibers in HFD16, reduced microbiota-

generated 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 pro-

atherogenic effects of microbiota-dependent HFD-driven effects, indicating the microbiota-

dependent 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 28. HFD has been shown to profoundly affect the gut microbiome 

and adversely impact host immunity29. In agreement with previous studies 24,30, 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 HFD-

shaped 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.  
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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 gut-

associated lymphoid tissues (GALT) 17. 

An earlier study showed the trafficking of immune cells from the gut to the spleen at a steady 

state and after induction of autoimmune arthritis31. 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 32, myocarditis 33 and stroke 34. 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 35.  

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 atherosclerosis-

associated 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 atherosclerosis15. 

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 gut-

derived 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 



16 

 

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 LF-

shaped 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 36. 

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 32, 

and myocarditis 33. Our results are also in agreement with a previous study suggesting that gut 

β7 integrin+ intraepithelial T lymphocytes (IEL) may promote atherosclerosis 37. 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 HFD-

mediated 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.  
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Figure legends  

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 (y-

axis).  

(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: 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 high-

cholesterol (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).  
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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. 

 

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).  

(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. 
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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 106 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: 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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(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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STAR★Methods 

Key resources table 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit anti-CD3 Polyclonal Antibody Agilent Dako Cat#A0452;RRID:AB_2
335677 

Rabbit anti MAdCAM-1 Polyclonal Antibody  Bioss Antibodies Cat#bs-
11179R;RRID:AB_3065
216 

Rabbit anti-Integrin beta-7 (ITGB7) polyclonal antibody BiCell Scientific Cat#10027 

Rabbit anti-Ki67 antibody (clone SP6)  Invitrogen Cat#MA5-14520; 
RRID:AB_10979488 

Rat anti-Macrophages/Monocytes Antibody (clone MOMA-2) Chemicon Cat#MAB1852;RRID:AB
_94372 

Rat anti-mouse CD3 antibody (clone 17A2) eBioscience Cat#14-0032-86;RRID 
AB_467053 

APC-eFluor 780 Rat anti-Mouse CD45 (30-F11) eBioscience Cat#47-0451-82; 
RRID:AB_1548781 

FITC Rat anti-Mouse CD4 (RM4-5) eBioscience Cat#11-0042-
85;RRID:AB_464897 

PerCP-eFluor 710 Rat anti-Mouse ROR gamma (t) (B2D) eBioscience Cat#46-6981-
80;RRID:AB_10717534 

PE-Cyanine7 Rat anti-Mouse FOXP3 (FJK-16s) eBioscience Cat#25-5773-
80;RRID:AB_891554 

Alexa Fluor 700 Rat anti-Mouse CD8 (53-6.7) BD Pharmingen Cat#557959;RRID:AB_
396959 

APC Rat anti-Mouse CD19 (1D3) BD Pharmingen Cat#550992;RRID:AB_
398483 

Alexa Fluor 700 Rat anti-Mouse CD5 (53-7.3) BioLegend Cat#100636;RRID:AB_
2687002 

PerCP/Cyanine5.5 Rat anti-Mouse CD43 (S11) BioLegend Cat#143220;RRID:AB_
2800667 

PE Mouse anti-Mouse T-bet (4B10) BioLegend Cat#644810;RRID:AB_
2200542 

Cy5 AffiniPure Donkey anti-Rabbit IgG (H+L) Jackson 
ImmunoResearch 

Cat#711-175-
152;RRID:AB_2340607 

Cy3 AffiniPure Donkey anti-rat IgG (H+L) Jackson 
ImmunoResearch 

Cat#712-165-
153;RRID:AB_2340667 

Chemicals, peptides, and recombinant proteins 

Fructooligosaccharides (FOS) Sigma-Aldrich Cat#F8052 

D-(+)-Glucose Sigma-Aldrich Cat#G7021 

Sucralose Sigma-Aldrich Cat#69293 

Oil Red O Sigma-Aldrich Cat#O0625 

TWEEN 20 Sigma-Aldrich Cat#P7949 

Triton X-100 Sigma-Aldrich Cat#T8532 

Neomycine 50% Virbac  

Metronidazole Savetis  

Amoxicilline PANPHARMA  

Vancomycine Mylan  

Insulin Lantus SoloStar   Sanofi Cat#MAT511722 

Cell Tracer CFSE Cell Proliferation kit Invitrogen Cat#C34570 



23 

 

Isoflurane (Iso-VET) Piramal Critical care Cat#CIP1811180 

Phosphate Buffered Saline (PBS) Gibco Cat#10010-015 

Phosphate Buffer Saline Solution 10X (PBS 10X) Euromedex Cat#ET330 

Tris Buffered Saline Solution 10X (TBS 10X) Euromedex Cat#ET220 

Methanol VWR Chemical Cat#20847.295 

Buffer RLT Qiagen Cat#79216 

Paraformaldehyde solution 4% in PBS Santa Cruz 
Biotechnology 

Cat#sc-281692 

Tissue-Tek O.C.T. Compound Sakura Cat#4583 

Critical commercial assays 

Ultra Sensitive Mouse Insulin ELISA kit Crystal Chem Cat#90080 

Mouse IL22 ELISA Invitrogen Cat#88-7422-88 

Pierce LAL Chromogenic Endotoxin Quantitation Kit Thermo Scientific Cat#88282 

Cholesterol FS DiaSys  Cat#113009910023 

Triglycerides FS DiaSys Cat#157109910021 

RNA extraction  Qiagen Cat#4034 

Reverse Transcription kit Qiagen Cat#205313 

Deposited data 

Microbiota raw sequencing reads this paper 
 

SRA : PRJNA1024086 
 

Experimental models: Organisms/strains 

Mouse: ldlr-/-  (B6.129S7-Ldlrtm1Her/J) The Jackson Laboratory RRID:IMSR_JAX:00220
7 

Mouse: Rag1-/- (B6.129S7-Rag1tm1Mom/J) The Jackson Laboratory RRID:IMSR_JAX:00221
6 

Mouse: Rag1-/- ldlr-/-    Lab bred N/A 

Oligonucleotides 

Gapdh-R, 5’-CGTCCCGTAGACAAAATGGTGAA-3’ Eurofins Genomics  

Gapdh-L, 5’-GCCGTGAGTGGAGTCATACTGGAACA-3’ Eurofins Genomics  

Reg3g-R 5’-TTCCTGTCCTCCATGATCAAAA-3’ Eurofins Genomics  

Reg3g-L 5’-CATCCACCTCTGTTGGGTTCA-3’ Eurofins Genomics  

Reg3b-R 5’-ATGCTGCTCTCCTGCCTGATG-3’ Eurofins Genomics  

Reg3b-L 5’-CTAATGCGTGCGGAGGGTATATTC-3’ Eurofins Genomics  

MAdCAM-1-R 5’-GTTCCTGGC CAGGTGACCCCGAAT-3’ Eurofins Genomics  

MAdCAM-1-L 5’-CCACAGGCGGTAGGCAAGGAAGAC-3’ Eurofins Genomics  

16S (sense) 5’-TACGGRAGGCAGCAG-3’ GenoScreen  

16S (antisense) 5’-CTACCNGGGTATCTAAT-3’ GenoScreen  

Software and algorithms 

GraphPad Prism GraphPad Software  http://www.graphpad.
com/ 
RRID:SCR_002798 

ImageJ NIH https://imagej.net/ 
RRID:SCR_003070 

FlowJo BD Biosciences https://www.flowjo.co
m/  

Histolab Microvision Instruments https://www.microvisi
on.fr/applications/scie
nces-de-la-vie-
biologie/histologie/  

R software R Foundation https://www.R-
project.org/  

http://www.graphpad.com/
http://www.graphpad.com/
https://imagej.net/
https://www.flowjo.com/
https://www.flowjo.com/
https://www.microvision.fr/applications/sciences-de-la-vie-biologie/histologie/
https://www.microvision.fr/applications/sciences-de-la-vie-biologie/histologie/
https://www.microvision.fr/applications/sciences-de-la-vie-biologie/histologie/
https://www.microvision.fr/applications/sciences-de-la-vie-biologie/histologie/
https://www.r-project.org/
https://www.r-project.org/
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nsolver nanoString https://nanostring.com
/products/ncounter-
analysis-
system/ncounter-
analysis-
solutions/nsolver-data-
analysis-support/  

dada2 pipeline (v1.16.0)  Callahan et al. Ref 38  https://benjjneb.githu
b.io/dada2/index.html  

Silva database (v138.1) Quast et al. Ref 39 http://www.arb-
silva.de  

phyloseq package (v1.40.0) McMurdie et al. Ref 40 https://www.biocondu
ctor.org/packages/rele
ase/bioc/html/phylose
q.html  

PERMANOVA with the adonis function Oksanen et al. Ref 41 https://CRAN.R-
project.org/package=v
egan  

ggplot2 (v3.4.1) Wickman et al. Ref 42 ISBN:978-0-387-
98140-6  

ggpubr (v0.4.0) Kassambara et al. Ref 43 https://cran.r-
project.org/package=g
gpubr  

pheatmap package (v1.0.12) Callahan et al. Ref 44  https://github.com/be
njjneb/dada2  

Other 

Normal chow diet (CD) Safe Cat#A03 

High-Fat Diet (HFD) – 60% FAT ssniff Spezialdiäten 
GmbH  

Cat#E15742-347 

High-Cholesterol Diet (HC) – 1.25% cholesterol ssniff Spezialdiäten 
GmbH 

Cat#E15106-3470 

HFD + HC ssniff Spezialdiäten 
GmbH 

Cat#S9299-E710 

Low-Fiber diet (LF) ssniff Spezialdiäten 
GmbH 

Cat#AIN76A 

Glucometer Accu-Chek GUIDE Roche Diabetes Care Cat#07400942016 

 
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. 

 

Data and code availability 

 All data reported in this paper will be shared by the lead contact upon request.  

 All original analysis code in this paper will be shared by the lead contact upon request  

 Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request. 

 

 

https://nanostring.com/products/ncounter-analysis-system/ncounter-analysis-solutions/nsolver-data-analysis-support/
https://nanostring.com/products/ncounter-analysis-system/ncounter-analysis-solutions/nsolver-data-analysis-support/
https://nanostring.com/products/ncounter-analysis-system/ncounter-analysis-solutions/nsolver-data-analysis-support/
https://nanostring.com/products/ncounter-analysis-system/ncounter-analysis-solutions/nsolver-data-analysis-support/
https://nanostring.com/products/ncounter-analysis-system/ncounter-analysis-solutions/nsolver-data-analysis-support/
https://nanostring.com/products/ncounter-analysis-system/ncounter-analysis-solutions/nsolver-data-analysis-support/
https://nanostring.com/products/ncounter-analysis-system/ncounter-analysis-solutions/nsolver-data-analysis-support/
https://benjjneb.github.io/dada2/index.html
https://benjjneb.github.io/dada2/index.html
http://www.arb-silva.de/
http://www.arb-silva.de/
https://www.bioconductor.org/packages/release/bioc/html/phyloseq.html
https://www.bioconductor.org/packages/release/bioc/html/phyloseq.html
https://www.bioconductor.org/packages/release/bioc/html/phyloseq.html
https://www.bioconductor.org/packages/release/bioc/html/phyloseq.html
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=ggpubr
https://cran.r-project.org/package=ggpubr
https://cran.r-project.org/package=ggpubr
https://github.com/benjjneb/dada2
https://github.com/benjjneb/dada2
mailto:soraya.taleb@inserm.fr


25 

 

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 before45. All mice used in these experiments were bred and housed in a 

specific pathogen-free barrier facility. 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. 

 

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 24). 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 described46. 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 
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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 

described47. Areas under the curve (AUCs) for body weight, glucose and insulin were calculated 

using the trapezoid method48. 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 

described49,24.  

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 50. 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 
51. 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). 
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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 before52. 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 described53. 

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 38, v1.16.0 in R version 

4.2.2. Taxonomic classification was performed using the Silva database (v138.1)39. 

Downstream analysis was performed in R (v 4.2.0), using the phyloseq package (v1.40.0)40. 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)41, 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 54. 

Plots were created using ggplot2 (v3.4.1)42 and ggpubr (v0.4.0)43. The pheatmap package 

(v1.0.12) was used44 to plot correlations which were performed using the Spearman correlation 

coefficient and the Hmisc package, plotting correlation coefficients with an absolute value > 
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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). 

 

 

  

https://github.com/ajlavelle
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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).  

Individual data are presented as aligned 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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Figure S2 High-Fat diet impacts microbiota species and alters immune response. A.) 

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.  
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Figure S3 High-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.  

Primary bile acids are: Beta-muricholic acid (MCA-b), Glycocholic acid (GCA), Cholic acid 

(CA), chenodeoxycholic acid (CDCA), Tauro-chenodeoxycholic acid (TCDCA), Tauro-

muricholic acid (TMCA). 

Secondary bile acids are: Lithocholic acid (LCA), w-Muricholic acid (w-MCA), 

tauroursodeoxycholic acid (TUDCA), ursodeoxycholic acid (UDCA), Hyodeoxycholic acid 

(HDCA), deoxycholic acid (DCA), Tauro-hyodeoxycholic acid (THDCA), Taurolithocholic 

acid (TLCA). 
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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 Mann-Whitney test, *P<0.05. 
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Figure S5 Microbiota dysbiosis impacts atherosclerosis in HFD-fed mice. A.) PCoA plot 

based on bacterial 16S rDNA gene relative abundance using Bray-Curtis dissimilarity from 

fecal content of 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=5 per group). 

Axes correspond to principal components 1 (x-axis) and 2 (y-axis). B.) Bacterial diversity based 

on the Observed and Shannon index in the fecal samples. C.) Cladogram output from LEfSe 

shows the microbial species with significant differences in ldlr-/- mice pre-treated with 

antibiotics (ATB) in red or untreated controls (ctr) in green (n=5/per group). D.) Representative 

photomicrographs and quantification of Oil-red O+ area in the aortic sinus. E-F.) 

Representative photomicrographs and quantitative analysis of lesional macrophages (MOMA-

2+ in red) and T cells (CD3+ in red, shown with arrows) accumulation in ldlr-/- pre-treated or 

not with ATB and then fed with HFD+HC at the adult stage for 20 weeks (n=9-10/group).  

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. 
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Figure S6. Microbiota-shaped by high-fat diet has a minor impact on metabolic 

parameters. A.) Weight curves. B.) Inguinal (ing) white adipose tissue (WAT) and epididymal 

(epi) WAT weights. C.) OGTT and ITT in ldlr-/- mice transferred with feces from either chow 

diet (CD)- or high-fat diet (HFD)- or high-cholesterol (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 diet for the last 6 weeks (n=5-8/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. 
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Figure S7 HFD- and HC-shaped microbiota have comparable effects on intestinal 

homeostasis. A.) The heatmap generated using the hierarchical clustering shows expression of 

genes differentially expressed in the intestines of ldlr-/- mice transferred with feces from either 

CD- or HFD- or HC-fed ldlr-/- mice, 3 times per week for 19 weeks (n=4/per group). B.) Plasma 

LPS in ldlr-/- mice transferred with feces from either CD- or HFD- or HC-fed ldlr-/- mice, 3 

times per week for 19 weeks (n=5-8/per group). The recipient mice were initially fed CD for 

13 weeks, then put on HFD+HC diet for the last 6 weeks.  

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. 
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Figure S8 HFD-shaped microbiota increases lymphocytes within plaques. A-B.) 

Representative photomicrographs and quantitative analysis of macrophages (MOMA-2+ in red) 

and 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+HC- or HFD-fed ldlr-/- mice, 3 times per 

week for 19 weeks (n=7-8 per group). The recipient mice were initially fed CD for 13 weeks, 

then put on HFD+HC diet for the last 6 weeks.  

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.  
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Figure S9 HFD-shaped microbiota increases atherosclerosis and lymphocytes within the 

plaques. 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-cholesterol (HC)- or high-fat diet (HFD)-fed 

ldlr-/- mice, 3 times per week for 9 weeks (n=7-9/per group). D-E.) Representative 

photomicrographs and quantitative analysis of lesional T cells (CD3+ in red, shown with 

arrows) and macrophages (MOMA-2+ in red) in the aortic sinus of ldlr-/- mice transferred with 

feces from either CD- or HFD-fed ldlr-/- mice, 3 times per week for 9 weeks (n=7-9/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 one-

way ANOVA test followed by Tukey’s post hoc analysis for (B and C) and Mann-Whitney for 

(D and E), *P<0.05, **P<0.001, ***P<0.0001.  
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Figure S10 HFD and LF diet decrease SCFA production. A.) SCFA contents in the fecal 

microbiota from ldlr-/- mice fed either CD or HFD or HFD supplemented with 

fructooligosaccharide (FOS), or low-fiber (LF) for 15 weeks (n=5/group). B.) Experimental 

design. C.) Plasma cholesterol in ldlr-/- mice transferred with feces 3 times per week for 9 weeks 

from either CD- or HFD- or HFD-fed ldlr-/- mice supplemented with 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. 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 one-way ANOVA test followed by Tukey’s post hoc 

analysis, *P<0.05, **P<0.001, ***P<0.0001. 

 



A

C

CD
microbiota

HFD
microbiota

LF
microbiota

0

2

4

6

8

10

CFSE+ in Spleen

%
o

f
C

D
45

+

CD4 CD8 CD19
0

1

2

3

4

CFSE+ in Spleen

%
o

f
C

D
45

+

CD microbiota
HFD microbiota
LF microbiota

✱✱

✱

CD
microbiota

HFD
microbiota

LF
microbiota

0.0

0.2

0.4

0.6

0.8

CFSE+ in Blood
%

o
f

C
D

45
+

✱✱✱

✱✱

B

D

PBS injection

C
D

45

CFSE

0.31 %

CD microbiota HFD microbiota LF microbiota

CFSE

C
D

45

CFSE

C
D

4
C

D
8

C
D

19

CFSE

C
D

45

CFSE

C
D

4
C

D
8

C
D

19

CFSE

C
D

45

CFSE

C
D

4
C

D
8

C
D

19

6.12 %

4.84 %

4.74 %

10.6 %

8.11 %

7.70 %

9.38 %

6.93 %

6.70 %

6.40 % 9.80 % 9.77 %

CFSE

C
D

45

CFSE

C
D

4
C

D
8

C
D

19

CFSE

C
D

45

CFSE

C
D

4
C

D
8

C
D

19

CFSE

C
D

45

CFSE

C
D

4
C

D
8

C
D

19

CD microbiota HFD microbiota LF microbiota

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. 

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+). 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. 
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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 

106 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).  

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. 
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Figure S13 HFD and LF-shaped microbiota effects on gut Th subsets. A.) Representative 

gating strategy examples of CD4+ CFSE+ staining in PBS or CFSE injected mice. B-C.) 

Representative gating strategy, examples and quantifications of flow cytometry of CFSE+ cells 

in T-box expressed in T cells (T-bet)+ CD4+ cells in MLNs of ldlr-/- mice transferred with feces 

3 times per week for 9 weeks from either CD- or LF-fed ldlr-/- mice. Mice were either injected 

with PBS (B) or CFSE (C). D-E.) Representative gating strategy, examples and quantifications 

of flow cytometry of CFSE+ cells in RAR-related orphan receptor gamma (ROR)-γt+ CD4+ 

cells in MLNs of ldlr-/- mice transferred with feces 3 times per week for 9 weeks from either 

CD- or LF-fed ldlr-/- mice. Mice were either injected with PBS (D) or CFSE (E). F-G.) 

Representative gating strategy, examples and quantifications of flow cytometry of CFSE+ cells 

in forkhead box P3 (FOXP3) CD4+ cells in MLNs of ldlr-/- mice transferred with feces 3 times 

per week for 9 weeks from either CD- or LF-fed ldlr-/- mice. Mice were either injected with 

PBS (F) or CFSE (G). 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 or PBS was injected into the MLNs of the microbiota-recipient mice 

(n=6 per group). 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<0.001.  
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Figure S14 HFD and LF-shaped microbiota effects on gut B cell subsets A.) Representative 

gating strategy, examples and quantifications of B (CD19+) cell subsets; B2 (CD43-CD5-) and 

B1 (CD43+CD5+) CFSE+ staining in MLNs. B.) Representative gating strategy, examples and 

quantifications of B (CD19+) cell subsets B2 (CD43-CD5-) and B1 (CD43+CD5+) CFSE+ 

staining in PALNs of 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, CFSE tracker was injected into the MLNs of the microbiota-recipient 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 Student’s t test, *P<0.05, ***P<0.0001. 
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Figure S15 Ablation of inguinal lymph nodes has no effects on atherosclerosis. A.) 

MAdCAM-1 mRNA in small intestines of 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 (n=6-8 per group). B.) Analysis of flow cytometry of CFSE+ cells 

in mesenteric lymph nodes (MLNs) and para-aortic lymph nodes (PALNs) of sham-operated 

control mice (Ctr) or mice that underwent a partial MLN removal (“low” MLN). The CFSE 

tracker was injected into the remaining MLNs (n=4/group). C.) Plasma cholesterol. D.) 

Representative photomicrographs and lipid quantification with en-face staining in the thoracic 

aorta. E.) Representative photomicrographs and quantitative analysis of lesional T cells (CD3+ 

in red, shown with arrows) accumulation in the aortic sinus of ldlr-/- mice in which left inguinal 

lymph nodes (LNs) were removed before putting them on HFD+HC diet 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 Student’s t test,*P<0.05. 
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