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SUMMARY
Howintestinalmicrobes regulatemetabolicsyndromeis incompletelyunderstood.Weshowthat intestinalmicro-
biota protects against development of obesity, metabolic syndrome, and pre-diabetic phenotypes by inducing
commensal-specific Th17 cells. High-fat, high-sugar diet promoted metabolic disease by depleting Th17-
inducing microbes, and recovery of commensal Th17 cells restored protection. Microbiota-induced Th17 cells
afforded protection by regulating lipid absorption across intestinal epithelium in an IL-17-dependent manner.
Diet-induced loss of protective Th17 cells was mediated by the presence of sugar. Eliminating sugar from
high-fat diets protectedmice fromobesity andmetabolic syndrome in amanner dependent on commensal-spe-
cificTh17 cells. Sugar and ILC3promotedoutgrowthofFaecalibaculum rodentium that displacedTh17-inducing
microbiota. These results define dietary and microbiota factors posing risk for metabolic syndrome. They also
defineamicrobiota-dependentmechanism for immuno-pathogenicity of dietary sugar andhighlight anelaborate
interaction between diet, microbiota, and intestinal immunity in regulation of metabolic disorders.
INTRODUCTION

Obesity and metabolic syndrome are complex physiological

conditions that lead tomany pathologies, including cardiovascu-

lar disease, stroke, and type 2 diabetes (T2D) (Global et al.,

2016). Dietary changes are a major factor for the increase in inci-

dence of obesity and metabolic syndrome (GBD 2015, 2017;

Ward et al., 2019). In both humans and mice, Western-style

high-fat diet (HFD) initiates a cascade of events that ultimately

result in obesity and obesity-associated metabolic complica-

tions, such as metabolic syndrome and T2D. Although much is

known about later-stage pathophysiology of these conditions,

the initiating events are incompletely understood. In addition,

the role of non-fat dietary components is not well established.

For example, whether sugar content in diets is a significant

contributor to metabolic syndrome is debatable, and the mech-
anisms by which sugar may drive metabolic disorders are un-

clear (Macdonald, 2016; Stanhope, 2016). The intestine is the

largest immune organ and interfaces dietary antigens with the

host. The intestinal immune system has emerged as an impor-

tant regulator of metabolic homeostasis (Khan et al., 2021; Winer

et al., 2016). HFD has been implicated in increasing intestinal

inflammation, which can contribute to endotoxemia and adipose

tissue inflammation (Kawano et al., 2016; Luck et al., 2015). The

mechanisms by which HFD increases intestinal inflammation, as

well as the dietary components mediating these changes, have

not been defined. Moreover, how mucosal immune cells affect

diet-induced obesity (DIO) and metabolic syndrome is unclear.

CD4 T cells play a central role inmaintaining tissue homeostasis

and direct the nature of immune responses in the gut and other tis-

sues. However, the contribution of individual T helper subsets to

metabolic syndrome is lessclear.Thelper (Th)17cellscanpromote
Cell 185, 1–19, September 15, 2022 ª 2022 Elsevier Inc. 1

mailto:ii2137@cumc.columbia.edu
https://doi.org/10.1016/j.cell.2022.08.005


A B C D

E F G H

I J K

L M

N O

(legend on next page)

ll

2 Cell 185, 1–19, September 15, 2022

Please cite this article in press as: Kawano et al., Microbiota imbalance induced by dietary sugar disrupts immune-mediated protection from
metabolic syndrome, Cell (2022), https://doi.org/10.1016/j.cell.2022.08.005

Article



ll

Please cite this article in press as: Kawano et al., Microbiota imbalance induced by dietary sugar disrupts immune-mediated protection from
metabolic syndrome, Cell (2022), https://doi.org/10.1016/j.cell.2022.08.005

Article
metabolic syndrome-associated inflammatory phenotypes (Dal-

mas et al., 2014; Fabbrini et al., 2013), as well as protection from

obesity and metabolic syndrome (Garidou et al., 2015; Hong

et al., 2017). Similarly, type 3 innate lymphoid cells (ILC3) and

ILC3-derived IL-22 have been reported to exert both protective

and promoting effects in metabolic syndrome (Upadhyay et al.,

2012; Wang et al., 2014, 2017; Zou et al., 2018). Therefore, the

role of type 3 immune cells seems complex and possibly context

dependent; however, thenatureof theenvironmental,orother, sig-

nals controlling this heterogeneity of function is not known.

Microbiota are important modulators of intestinal immunity,

includingTcell and ILC3responses (HondaandLittman,2016; Iva-

nov et al., 2022). HFD induces changes inmicrobiota composition

that play crucial role in obesity phenotypes (Ley et al., 2006; Tilg

et al., 2020; Turnbaugh et al., 2008). HFDmicrobiota can promote

metabolic syndrome by increasing energy harvest, including cal-

ory extraction and intestinal lipid absorption (Petersen et al.,

2019; Turnbaugh et al., 2006;Wang et al., 2017), or by inducing in-

testinal epithelial barrier disruption and endotoxemia, leading to

adipose tissue inflammation (Cani et al., 2008). HFD-associated

microbiota can also affect metabolic syndrome bymodulating im-

mune responses (Tilg et al., 2020). The dietary and microbiota en-

tities that regulate host immunity in the context of metabolic syn-

drome, as well as the cellular and molecular mechanisms

involved, are not known.

Here, we examined the role of microbiota-controlled intestinal

immunity, and in particular type 3 immunity, in early induction of

DIO and metabolic syndrome. We found that microbiota-induced

Th17 cells are protective against DIO and metabolic syndrome.

We identified dietary and microbiota components involved, how

these components modify Th17 cell-inducing microbiota, and

the mechanisms by which they control metabolic syndrome in a

context-dependent manner. We also propose an alternative

explanation for the pathogenic role of sugar in metabolic disease

through suppression of immuno-protective microbiota.

RESULTS

HFD disrupts intestinal immune homeostasis by
eliminating Th17-inducing microbiota
To identify initiating events in metabolic syndrome, we examined

the effects of HFD on intestinal immune homeostasis at 4 weeks,

prior to development of inflammatory changes in adipose tissue
Figure 1. HFD disrupts intestinal immune homeostasis by eliminating

(A–F) Flow cytometry for T cell transcription factors (A–D) and cytokines (E and F) in

TCRb+CD4+ cells. Treg, Foxp3+RORgtneg; Th17, IL-17+IFNgneg. Data from two o

(G) Quantitative RT-PCR of Il17a expression in terminal ileum of C57BL/6mice fed

n = 7–10 mice/group.

(H) Th1 cells (IFNg+IL-17neg) from experiments in (E).

(I and J) Time course of the proportion of Th17 cells (RORgt+Foxp3neg) in SI LP CD

from two out of multiple independent experiments n = 3–8 mice/group.

(K) qPCR for SFB 16S DNA in terminal ileum mucosa of C57BL/6 mice fed NCD

mice/group

(L) Experimental scheme for (M�O). CD45.2 C57BL/6 mice were colonized with S

specific 7B8/CD45.1/IL-17A-GFP TCR Tg CD4 T cells. Tg T cells were analyzed

(M–O) Representative FACS plots (M) and statistics (N and O) of expansion (N) an

Data combined from two independent experiments. n = 6 mice/group.

See also Figure S1.
(Cani et al., 2008; Kawano et al., 2016). Compared to normal

chow diet (NCD), WT mice fed HFD developed metabolic syn-

drome characteristics, including weight gain, insulin resistance,

and glucose intolerance (Figure S1A–S1C). In the small intestinal

lamina propria (SI LP), HFD led to a significant decrease in the

proportion and total numbers of RORgt+Foxp3neg Th17 cells

(Figures 1A, 1B, and S1D) but had no apparent effect on RORgt-
neg or RORgt+ Foxp3+ Tregs (Figures 1C and S1E). Moreover, re-

maining RORgt+ Th17 cells had decreased expression of RORgt

(Figure 1D), suggesting general loss of Th17 cell functionality.

Cytokine staining revealed a corresponding decrease in percent-

age and total numbers of IL-17+ Th17 cells (Figures 1E, 1F, and

S1F) and severely reduced tissue levels of Il17 transcripts in the

terminal ileum (Figure 1G) in HFD-fed animals. At the same time,

HFD did not affect the levels of other RORgt or IL-17-expressing

populations, such as RORgt+ gd T cells or total ILC3

(Figures S1G and S1H). However, HFD feeding was associated

with an increase in the proportion of SI LP Th1 cells (Figure 1H),

as well as a relative enrichment of CCR6+ ILC3 (Figures S1I–

S1L), a subset that produces high levels of IL-22 (Klose and Artis,

2016). As expected, at 4 weeks, major inflammatory immune cell

subsets in visceral adipose tissue were not significantly changed

(Figures S1M and S1N). Therefore, HFD leads to specific

decrease in intestinal Th17 cell immunity. The loss of SI LP

Th17 cells occurred by day 7 following transition to HFD (Fig-

ure 1I) and preceded the increase in inflammatory LP Th1 cells

(Figure S1O).

We previously showed that SI LP Th17 cells in specific-path-

ogen free (SPF) mice are induced by commensal microbiota,

particularly segmented filamentous bacteria (SFB) (Goto et al.,

2014; Ivanov et al., 2009). Therefore, we investigated whether

HFD affects SFB levels. Transition to HFD led to rapid loss of

SFB from both feces and ileal mucosa (Figures 1J and 1K).

Notably, SFB loss preceded the loss of Th17 cells (Figures 1I

and 1J) and occurred in Th17 cell-deficient animals (Figure S1P).

Thus, the decrease in SI LP Th17 cells following transition to HFD

is secondary to the loss of SFB. To confirm that HFD-induced

SFB loss eliminates the induction of SFB-specific Th17 cells,

we adoptively transferred congenic SFB-specific 7B8 TCR Tg

T cells (Yang et al., 2014) into SFB-positive mice fed NCD or

HFD (Figure 1L). 7B8 CD4 T cells expanded and differentiated

into Th17 cells in NCD controls (Figures 1M�1O). In contrast,

SFB-specific CD4 T cells did not expand or generate Th17 cells
Th17-inducing microbiota

SI LPCD4 T cells in C57BL/6mice fed NCD or HFD for 4 weeks. Plots gated on

ut of multiple independent experiments. n = 7 mice/group.

NCD or HFD for 5 weeks. Data combined from three independent experiments.

4 T cells (I) and SFB levels in feces (J) in C57BL/6 mice fed NCD or HFD. Data

or HFD for 7 days. Data combined from two independent experiments. n = 4

FB and 7 days later switched to HFD. A week later, the animals received SFB-

8 days after transfer.

d Th17 cell differentiation (O) of transferred Tg CD4 T cells in SI LP on day 15.
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in HFD-fed animals (Figures 1M�1O). These results demonstrate

that both SFB and SFB-derived T cell antigens are lost following

transition to HFD. Collectively, these data suggest that HFD in-

duces rapid loss of Th17 cell-inducing microbiota that leads to

loss of homeostatic commensal Th17 cells prior to development

of metabolic syndrome.

We also investigated the abundance of previously reported

human Th17 cell-inducing bacteria in a published microbiota da-

taset from non-diabetic adults with or without increased body

mass index and metabolic syndrome (Pedersen et al., 2016). A

significantly higher proportion of adults withmetabolic syndrome

showed depletion of community of 20 human Th17-inducing

bacteria (Atarashi et al., 2015) (Figure S1Q). Metabolic syndrome

adults also had decreased relative abundance of Bifidobacte-

rium adolescentis (Tan et al., 2016) but not Eggerthella lenta

(Alexander et al., 2022) (Figures S1R and S1S). Therefore, meta-

bolic syndrome may also negatively affect Th17-inducing micro-

biota in humans.

Microbiota-induced Th17 cells protect from metabolic
syndrome
Both Th17 cells and ILC3 have been implicated in protection from

metabolic syndrome (Garidou et al., 2015; Wang et al., 2014) and

are regulated by SFB (Ivanov et al., 2009; Sano et al., 2015).

Therefore, we examined the differential role of Th17 cells and

ILC3 in metabolic syndrome. Traditionally, this has been difficult

to ascertain because all currently available ILC3-depletion

models also have perturbed T cell development and/or Th17 dif-

ferentiation (Klose andArtis, 2016, TaitWojno andArtis, 2016; Viv-

ier et al., 2018). We generated a genetic model in which ILC3

development is selectively impaired while preserving the T cell

compartment (Figure S2). We first generated RORg-STOP-flox

(STOP) mice that lack both ILC3 and Th17 cells (Figure S2A).

These animals phenocopy RORg-knockout (KO) animals

(Figures S2B–S2G; data not shown). They have perturbed T cell

development in the thymus and do not generate Th17 cells

(including SI LP Th17 cells) or ILC3 (Figures S2B–S2G). We

crossed STOPmice to T cell-specific CD4-Cre animals to recover

RORg expression in double-positive thymocytes (hence in all

T cells). The resulting STOP/CD4-Cre (STOP/CD4) mice recover
Figure 2. Microbiota-induced Th17 cells protect from metabolic syndr
(A) qPCR for SFB 16S DNA in feces from WT, STOP, and STOP/CD4 mice fed N

periments. n = 3–5 mice/group.

(B) ILC3 in SI LP of WT, STOP, and STOP/CD4 mice fed NCD or HFD for 5 weeks

(C and D) SI LP Th17 cells (IL-17A+IFNgneg) in SFB-positive (C) and SFB-negative

two (D) independent experiments out of multiple experiments. n = 6–7 mice/grou

(E–J) Metabolic analysis of SFB-negative (E–G) and SFB-positive (H–J) mice of th

colonized with SFB by oral gavage 2 weeks prior to diet transition. (E and H) Chan

area over the curve. Data from two (E–G) or three (H–J) independent experiment

(K and L) qPCR for total bacterial 16S DNA (K) and quantitative RT-PCR for Tnfa t

combined from two independent experiments. n = 4–6 mice/group.

(M and N) Body weight change (M) and insulin tolerance test at day 28 (N) of SFB-

body and fed HFD for 5 weeks. Data combined from two independent experime

(O and P) Body weight change (O) and insulin tolerance test at day 28 (P) of HFD

RORg-STOP/CD4-Cre). Data combined from two independent experiments. n =

(Q and R) Body weight change (Q) and insulin tolerance test at day 28 (R) of HFD-

Data combined from two independent experiments. n = 5 mice/group.

See also Figures S2 and S3.
most ab T cell development and recover SI LP Th17 cell differen-

tiation but maintain other immune deficiencies present in STOP

mice, including the lack of ILC3 (Figures S2B–S2G).

SFB-negative STOP, STOP/CD4, and WT littermate controls

were colonized with SFB and fed HFD. After transition to HFD,

WT animals quickly lost SFB as before. In contrast, HFD did

not lead to loss of SFB in ILC3-deficient mice (STOP or STOP/

CD4) (Figures 2A and 2B), suggesting that ILC3 are required

for the HFD-mediated loss of SFB. Irrespective of SFB, HFD-

fed STOP mice did not generate Th17 cells and had decreased

levels of Il17a transcripts in the terminal ileum (Figures 2C, 2D,

and S3A). In contrast, STOP/CD4mice colonizedwith SFBmain-

tained high levels of SI LP Th17 cells even under HFD (Figures 2C

and S3A). As expected, SFB-negative STOP/CD4mice lacked SI

LP Th17 cells (Figure 2D).

Next, wecompared thedevelopment ofDIOandmetabolic syn-

drome in ILC3/Th17-deficient STOP mice and ILC3-deficient/

Th17-sufficient STOP/CD4 mice. In the absence of SFB-induced

Th17 cells (Figure 2D), both strains of ILC3-deficient mice demon-

strated weight gain (Figure 2E) and metabolic syndrome pheno-

types, i.e., increased insulin resistance and glucose intolerance

(Figures 2F, 2G and S3B). Moreover, weight gain and metabolic

syndrome phenotypes in ILC3-deficient STOP and SFB-negative

STOP/CD4 mice were slightly, but significantly, increased

compared to WT controls (Figures 2E–2J, S3B, and S3C). In the

presence of SFB Th17 cells (Figure 2C), STOP/CD4 mice resem-

bledNCD-fedWTcontrolsandwereprotected fromDIO, including

weight gain (Figure 2H) and increased adiposity (Figures S3D and

S3E), as well as from pre-diabetic phenotypes associated with

metabolic syndrome (Figures 2I,2J, and S3C). Protection was

not mediated by changes in brown fat adiposity or food intake

(Figures S3F and S3G). In addition tomaintaining SI LP Th17 cells

(Figure 2C), HFD-fed SFB-positive STOP/CD4 mice had signifi-

cantly decreased levels of transcripts for the Th1 cytokine IFNg

in the SI LP compared to HFD-fedWT or STOPmice (Figure S3H).

They also demonstrated decreased liver pathology, including

decreased bacterial translocation and expression of Tnfa tran-

scripts (Figures 2K and 2L). The protection from metabolic syn-

drome in SFB-positive STOP/CD4 mice was also evident at

8 weeks (Figures S3I and S3J). Therefore, protection from DIO
ome
CD or HFD for indicated times. Data from two out of several independent ex-

. Data from two out of multiple independent experiments. n = 5–6 mice/group.

(D) STOP and STOP/CD4 mice on day 40 of HFD feeding. Data from three (C) or

p.

e indicated genotypes fed NCD or HFD for 4–5 weeks. SFB-positive mice were

ges in body weight. (F, G, I, and J) Insulin tolerance test on day 28 of HFD. AOC,

s out of several experiments. n = 6–11 mice/group.

ranscripts in the liver of STOP and STOP/CD4 mice fed HFD for 5 weeks. Data

positive STOP/CD4 mice treated with IgG control or anti-CD4 neutralizing anti-

nts. n = 5 mice/group.

-fed SFB-positive STOP/CD4 and T cell-deficient STOP/CD4 mice (TCRb�/�/
7 mice/group.

fed SFB positive STOP mice with and without transfer of total WT CD4 T cells.
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and metabolic syndrome in STOP/CD4 mice correlates with the

presence of SFB-induced Th17 cells.

To confirm that protection is mediated by CD4 T cells, we

depleted CD4 T cells in SFB/Th17-positive STOP/CD4 mice us-

ing anti-CD4 antibody (Figure S3K) and administered a HFD.

Depletion of CD4 T cells did not affect SFB levels in HFD-fed

STOP/CD4 mice (Figure S3L). However, protection from DIO

and metabolic syndrome was lost in CD4 T cell-depleted

STOP/CD4 mice (Figures 2M, 2N, and S3M). We also crossed

STOP/CD4 mice to TCRb-KO animals to genetically delete ab

T cells. TCRbKO-STOP/CD4 animals became susceptible to

DIO and metabolic syndrome (Figures 2O, 2P, and S3N), despite

maintenance of SFB (Figure S3O). Together, these experiments

demonstrate that commensal Th17 cells are required for

microbiota-mediated protection against DIO and metabolic

syndrome.

To investigate whether Th17 cells are sufficient to bestow pro-

tection, we transferredWTCD4 T cells into SFB-colonizedmeta-

bolic syndrome-susceptible STOPmice (Figure S3P). Transfer of

CD4 T cells did not affect SFB levels (Figure S3Q). Transferred

WT CD4 T cells differentiated into Th17 cells locally in the SI

LP (Figure S3R; Goto et al., 2014; Sano et al., 2015). STOP

mice adoptively transferred with CD4 T cells were significantly

protected from DIO and metabolic syndrome compared to un-

treated animals (Figures 2Q and 2R). The foregoing studies sug-

gest that gut microbiota can mediate protection from metabolic

syndrome through induction of intestinal Th17 cells. Microbiota-

induced Th17 cells appear to be both necessary and sufficient to

provide protection and prevent or suppress development of

obesity and pre-diabetic phenotypes.

Probiotic Th17 cell-inducing bacteria ameliorate
metabolic syndrome
Our results demonstrated that one of the pathogenic effects of

HFD is the depletion of homeostatic commensal intestinal

Th17 cells through elimination of Th17 cell-inducing microbiota.

We hypothesized that recovery of intestinal Th17 cells by main-

taining Th17 cell-inducing microbiota under HFD can improve

DIO and metabolic disease. Therefore, we treated SFB-positive

HFD-fed WT mice with SFB or control bacteria by oral gavage

every other day for 4 weeks (Figure 3A). HFD-fed animals gav-

aged with control bacteria lost SFB (Figure 3B), which led to a

decrease of intestinal Il17a transcripts (Figure 3C), due to a

decrease of SI LP Th17 cells (Figures 3D and 3E). The animals

also developed obesity and metabolic disease (Figures 3G–

3L). SFB administration led to partial, but significant, recovery

of SFB levels in fecal contents (Figure 3B). Importantly, SFB-

treated animals had significant recovery of SI LP Th17 cells
Figure 3. Probiotic Th17 cell-inducing bacteria ameliorate metabolic s

(A) Experimental scheme of probiotic treatment.

(B) qPCR for SFB 16S DNA in feces on day 28 of HFD. n = 6–8 mice/group.

(C) Quantitative RT-PCR of Il17a transcripts in terminal ileum at 5 weeks on HFD

(D–F) Flow cytometry of cytokines in SI LP CD4 T cells at 5 weeks on HFD. n = 3

(G–L) Metabolic analysis, including body weight change (G and H), insulin toleran

mice/group.

Data combined from two independent experiments with similar results. AOC, are

See also Figure S4.
(Figures 3D and 3E) and IL-17 expression in terminal ileum (Fig-

ure 3C). Compared to controls, SFB-treated animals had signif-

icantly reduced weight gain under HFD (Figures 3G and 3H) and

were protected from development of pre-diabetic phenotypes,

including insulin resistance (Figures 3I and 3J) and glucose intol-

erance (Figures 3K and 3L). SFB-treated animals also showed

amelioration of HFD-induced intestinal inflammation, including

a decrease in inflammatory Th1 cells (Figure 3F), transcripts for

inflammatory T cell cytokines, e.g., IFN-g and TNF-a

(Figures S4A and S4B), and transcripts for markers of tissue

inflammation (Figures S4C and S4D). We conclude that a probi-

otic regimen of Th17 cell-inducing microbiota can significantly

ameliorate DIO and metabolic syndrome by recalibrating intesti-

nal T cell homeostasis.

Dietary sugar promotes metabolic syndrome through
elimination of commensal Th17 cells
Next, we investigated the nature of the dietary components that

lead to loss of protective commensal intestinal Th17 cells. We

used loss of SFB as a readout to identify dietary ingredients

that deplete intestinal Th17 cells. Two of the better-character-

ized deleterious nutritional components of HFD are excess fat

and low dietary fiber. However, neither removal of excess fat

from our HFD formulation by using control purified low-fat diet

(LFD) nor the addition of dietary fiber in the form of inulin

improved SFB maintenance (Figure 4A). In contrast to less

well-defined grain-based NCD, HFD is a purified diet that con-

tains defined ingredients. Therefore, numerous nutritional com-

ponents differ between the two formulations. We asked whether

the loss of SFB is due to presence of an inhibitory activity or lack

of a nutritional component in HFD, as compared to NCD. To

answer this question, we provided mice with both diets simulta-

neously. We reasoned that if HFD contains an excess of an inhib-

itory component, then it should still inhibit SFB even in the pres-

ence of NCD. Alternatively, a missing nutritional component will

be recovered by complementation with NCD. WT mice were

colonized with SFB and then fed NCD, HFD, or a 50:50 mix of

the two diets (Figure 4B). The addition of NCD nutritional compo-

nents as a 50:50 NCD:HFD mix did not prevent SFB decrease

(Figure 4B). This suggested that HFD contains an ‘‘inhibitory’’

component, prompting us to focus on the ingredients enriched

in the HFD formulation. In addition to dietary fat, another ingre-

dient highly represented in HFD is dietary sugar. Whereas NCD

formulations contain 3%–6% sugar, HFD formulations contain

25% dietary sugars, including 10% sucrose and 15%maltodex-

trin. Sucrose and maltodextrin (a common ingredient in pack-

aged foods, including candies and soft drinks) are thought to in-

crease risk of metabolic syndrome, although the mechanisms
yndrome

. n = 6 mice/group.

mice/group.

ce test (I and J), and oral glucose tolerance test (K and L) at 4 weeks. n = 8–11

a over the curve; AUC, area under the curve.
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remain controversial (Bravo et al., 2013; Johnson et al., 2013;

Macdonald, 2016; Malik et al., 2010). Sugar levels in diet formu-

lations inversely correlated with the diets’ effects on SFB levels

(Figure S5A). Sucrose, provided ad libitum into the drinking water

of NCD-fed WT animals, eliminated SFB in a dose-dependent

manner (Figure 4C). 10%w/v sucrose ormaltodextrin decreased

SFB levels in feces and ileal mucosa of NCD-fed mice with

similar kinetics to HFD-fed animals (Figures 4C, S5B, and

S5C). In contrast, 10% galactose did not significantly affect

SFB levels (Figure S5C). Next, we examined the effects of su-

crose on intestinal Th17 cells. Addition of sucrose to the water

of NCD-fed animals decreased both RORgt+ and IL-17+ Th17

cells in SI LP (Figures 4D and 4E), similarly to HFD (compare to

Figure 1). As observed with HFD, the remaining Th17 cells in su-

crose-fed animals had decreased levels of RORg, suggesting

perturbed functionality (Figures 4F and 4G). Other intestinal

CD4 T cell subsets were not significantly affected by sucrose

(Figure S5D–S5F). Examination of a published human personal-

ized diet-microbiome dataset (Johnson et al., 2019) revealed

that increased sugar consumption was associated with

decrease in the relative abundance of Th17 cell-inducing mi-

crobes in human volunteers (Figure S5G).

To investigate the role of dietary sugar on Th17 cell-mediated

protection, we generated sugar-free HFD (SF-HFD) by replacing

sucrose and maltodextrin in the HFD with starch. SF-HFD

induced obesity and metabolic syndrome similarly to control

HFD in SFB-negative animals (Figures 4H–4K and S5H). In

contrast, SFB-colonized SF-HFD-fed mice were protected

from weight gain (Figure 4L), insulin resistance (Figures 4M and

4N), and glucose intolerance (Figure S5H). In contrast to HFD-

fed mice, SFB-gavaged SF-HFD-fed animals maintained high

levels of protective intestinal Th17 cells (Figures 4O). SFB-gav-

aged SF-HFD-fed animals also lacked evidence of intestinal

and systemic inflammation and had low levels of inflammatory

Th1 cells in SI LP (Figure S5I) and decreased levels of bacterial

DNA and Tnfa transcripts in the liver (Figures S5J and S5K). Pro-

tection was also present at 9 weeks (Figures S5L and S5M).

To confirm that the positive effects of SF-HFD are due to

absence of sugar and to control for other potential diet effects,

we performed a separate set of experiments in which some

SF-HFD animals received 10% sucrose in the drinking water.
Figure 4. Dietary sugar promotes metabolic syndrome through elimina

(A) SFB 16S DNA in feces from C57BL/6 mice fed natural ingredients normal chow

HFD supplemented with inulin. Data combined from two independent experimen

(B) SFB 16S DNA in feces from C57BL/6 mice fed NCD, HFD, or a 50:50 mix NCD

(C) SFB 16S DNA in feces from C57BL/6 mice fed NCD plus various concentrat

dependent experiments. n = 3–7 mice/group.

(D–G) RORgt+ (D) Th17 cells, IL-17A+ (E) Th17 cells, and RORgt expression in Fox

SUC in the drinking water for 1 week. Data from two out of multiple independen

(H–O) Metabolic and immune cell phenotypes of SFB-negative (H–K) or SFB-g

4 weeks. SFB-gavaged mice were colonized with SFB by oral gavage 2weeks prio

tolerance test on day 28. (K and O) SI LP Th17 cells (IL-17A+IFNgneg) as proport

periments. n = 5–9 mice/group.

(P andQ) Bodyweight change (P) and insulin tolerance test on day 28 (Q), of SFB-c

10% sucrose (SUC) in the drinking water for 5 weeks. Data combined from two

(R and S) Bodyweight change (R) and insulin tolerance test on day 28 (S), of SFB-c

fed SF-HFD. Data combined from two independent experiments. n = 5 mice/gro

See also Figure S5.
As before, SFB-colonized SF-HFD-fed animals maintained in-

testinal Th17 cells and were protected from DIO and metabolic

syndrome (Figures 4P and 4Q). The protection afforded SF-

HFD-fedmice, however, was entirely lost when sugar was added

to their drinking water. The animals lost intestinal Th17 cells and

were as susceptible as HFD-fed animals to obesity and meta-

bolic syndrome (Figures 4P, 4Q, S5N, and S5O).

To confirm that the protective effects of SF-HFD are mediated

by Th17 cells, we examined RORgt-flox/CD4-Cre animals that

specifically lack Th17 cell differentiation (Choi et al., 2016).

RORgt-flox/CD4-Cre and control littermates were colonized

with SFB and fed SF-HFD. As expected, RORgt-flox/CD4-Cre

animals lacked intestinal Th17 cells (Figure S5P). At the same

time, protection from DIO and metabolic syndrome was lost in

these animals compared with control WT littermates

(Figures 4R and 4S). Compared toWT littermates, Th17 cell-defi-

cientmice onSF-HFD showed increasedweight gain (Figure 4R),

insulin resistance (Figure 4S), glucose intolerance (Figure S5Q),

and increased bacterial translocation and inflammatory markers

in the liver (Figure S5R and S5S). Collectively, the foregoing data

suggest that dietary sugar counteracts the protective effects of

intestinal commensal Th17 cells in the context of DIO and meta-

bolic syndrome by depleting these cells. They also show that

elimination of dietary sugar is not sufficient to provide therapeu-

tic benefit; protection also requires presence of commensal

Th17 cells. Therefore, dietary interventions may need to be com-

bined with immune therapies to achieve desired effects.

Dietary sugar displaces Th17microbiota by increasing a
member of Erysipelotrichiaceae
We next investigated the mechanism by which dietary sugar dis-

places SFB and metabolic syndrome-protective Th17 cells.

Similarly to HFD, sugar did not decrease SFB in ILC3-deficient

mice (Figure S6A), suggesting that sugar does not directly affect

these Th17-inducing bacteria. To account for host effects, we

treated SFB-monocolonized WT animals with 10% sucrose in

the drinking water. In contrast to SPF mice (Figure 4C), dietary

sugar did not affect SFB levels in monocolonized mice (Fig-

ure 5A). Therefore, displacement of SFB by sugar requires the

presence of commensal microbes. To identify commensal spe-

cies that mediate the effects of sugar, we compared microbiota
tion of commensal Th17 cells

diet (NCD) and various purified diets for 1 week. LFD, low-fat diet; HFD Inulin,

ts. n = 3–11 mice/group.

:HFD. Data combined from two independent experiments. n = 3–6 mice/group.

ions of sucrose (SUC) in the drinking water. Data from two out of multiple in-

p3negTCRb+CD4+ cells (F andG) in SI LP of mice fed NCDwith andwithout 10%

t experiments. n = 6–7 mice/group.

avaged (L–O) C57BL/6 mice fed NCD, HFD, or sugar-free HFD (SF-HFD) for

r to the change of diet. (H and L) changes in body weight. (I, J, M, and N) insulin

ion of TCRb+CD4+ cells on day 40. Data from two out of four independent ex-

olonizedC57BL/6mice fedNCD, HFD, SF-HFD, or SF-HFD supplementedwith

independent experiments. n = 5 mice/group.

olonized Th17 cell-deficient RORgtflox/flox/CD4-Cremice and control littermates

up.
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composition of animals fed NCD, HFD, or NCD + 10% sucrose in

the drinking water (Figures 5B–5F). HFD-fed and sugar-treated

animals had distinct microbiota composition from that of NCD-

fed animals but also significantly differed from each other (Fig-

ure 5B). This allowed us to narrow down microbiota differences

between Th17-depleting (HFD and sugar) and Th17-supporting

(NCD) diets. At the family level, Erysipelotrichaceae,Ruminococ-

caceae, and Lachnospiraceae were upregulated in both Th17-

depleting diets (Figure 5C). Erysipelotrichaceae was by far the

highest and most significantly enriched family in both HFD and

sugar over the NCD (Figure 5C). Erysipelotrichaceae expansion

has been reported in metabolic disorders, including DIO in

mice (Turnbaugh et al., 2008), as well as in obese humans (Zhang

et al., 2009). Erysipelotrichaceae expansion in our dataset con-

tained several operational taxonomic units (OTU). However,

one particular OTU, identified as Faecalibaculum rodentium

(Frod), was consistently overrepresented in both HFD and

sugar-treated animals (Figures 5D–5F). We confirmed expansion

of Frod in HFD and sugar-treated mice by qPCR (Figure 5G).

Comparison of SFB and Frod levels in individual animals identi-

fied strong inverse correlation between the twomicrobiotamem-

bers (Figure 5H). Sugar-mediated Frod expansion was dose-

dependent (Figure S6B) and was also present in other dietary

treatments that eliminated SFB (Figure S6C) but not in dietary

treatments that maintained SFB (Figure S6D). HFD-mediated

expansion of Frod did not require SFB (Figure S6E). Moreover,

it preceded the loss of SFB in SFB-positive animals (Figure S6F).

We therefore hypothesized that Frod expansion may be respon-

sible for the loss of SFB in SPF mice. In agreement with this hy-

pothesis, neither sugar nor HFD increased Frod in ILC3-deficient

mice, which maintain SFB (Figure S6G; data not shown). To

investigate whether this is because of inability of Frod to colonize

or expand in ILC3-deficient mice, we compared colonization ki-

netics following dietary intervention. For this, we first eliminated

endogenous Frod by pre-treating WT and ILC3-deficient STOP/

CD4 mice with ampicillin (Amp). We next introduced exogenous

Frod by oral gavage and followed colonization kinetics. To

examine Frod, expansion animals were also given 10% sucrose

in the drinking water (Figure 5I). Shortly after Frod gavage (day 2),

both WT and STOP/CD4 mice showed similarly high levels of

Frod in feces (Figures 5J and 5K), suggesting that Frod is

capable of colonizing ILC3-deficient animals. Sugar in the drink-

ing water led to a robust expansion of Frod in WTmice by day 10

(Figure 5J). In contrast, Frod was almost undetectable at day 10
Figure 5. Dietary sugar displaces Th17 microbiota by increasing Faeca

(A) SFB 16S DNA in feces of germ-free mice monocolonized with SFB and fed NC

two independent experiments. n= 5 mice/group.

(B) PCoA plot of 16S microbiota analysis in feces fromWTmice on NCD, 10 days

out of two independent experiments. n = 4 mice/group.

(C and D) Family level taxonomy and relative abundance (C) and OTU taxonomy

(E and F) Enrichment analysis of absolute abundance of microbiota OTUs comp

(G) qPCR data for Faecalibaculum rodentium (Frod) in feces from WT mice on NC

Data from one out of two independent experiments. n = 4 mice/group.

(H) Correlation of SFB and Frod levels in individual animals. Data from one out o

(I–K) Sugar-mediated Frod expansion requires ILC3. (I) Experimental scheme.WT

Frod by oral gavage and 10%sucrose in the drinkingwater. Frod levels in feces of

gavage. Data combined from two independent experiments. n = 6 mice/group.

See also Figure S6.
in sugar-treated STOP/CD4 mice (Figure 5K). The foregoing re-

sults demonstrate that sugar-mediated expansion of Frod re-

quires ILC3.

The above results strongly suggest that sugar or HFD-medi-

ated expansion of Frod is responsible for the loss of SFB. There-

fore, we used gnotobiotic animals to directly test whether Frod is

sufficient to outcompete or displace SFB. We first attempted to

colonize germ-free (GF) mice with SFB and Frod by gavaging

both bacteria at the same time (Figure 6A). SFB colonized GF an-

imals to high levels when provided alone (Figure 6B). In contrast,

SFB levels were 100-fold lower when SFB and Frod were gav-

aged together (Figures 6B and 6C). Addition of sugar to the

drinking water of SFB/Frod dually colonized animals led to

expansion of Frod and even further decrease in SFB levels

(Figures 6D–6F). We also asked whether Frod can displace

pre-existing SFB. GF animals were first colonized with SFB

and later colonized with Frod or control bacteria (Figures 6G

and S6H). All animals were similarly colonized with SFB prior to

the introduction of Frod (Figures 6H and S6I). However, SFB

quickly disappeared after introduction of Frod (Figures 6H and

6I) but not after introduction of control bacteria (Figure S6I–

S6K). In accordance with the loss of SFB, Frod colonization

was also accompanied by a decrease of SFB-induced intestinal

Th17 cells (Figures S6L–S6O). 24 h after Frod gavage, SFB and

Frodwere present together in gnotobiotic animals and occupied

the same geographical niche in themucus of terminal ileum close

to epithelial cells and also in close proximity to each other

(Figures 6J and 6K). These findings suggest that dietary sugar

expands members of the Erysipelotrichaceae family, and specif-

ically Frod, in an ILC3-dependent manner, which in turn can

displace SFB and decrease protective intestinal Th17 cells.

Commensal Th17 cells protect from metabolic
syndrome by regulating intestinal lipid absorption
We next investigated the mechanism by which commensal Th17

cells provide protection from metabolic syndrome. IL-17 has

strong effects on intestinal epithelial cells (IECs) and maintains

barrier integrity (Hueber et al., 2012; Lee et al., 2015; O’Connor

et al., 2009). In the gut, epithelial absorption of dietary lipids is

a known regulator of metabolic syndrome (Petersen et al.,

2019; Wang et al., 2017). We therefore examined the effects of

commensal Th17 cells on intestinal lipid absorption. We

compared lipid concentrations in various tissues in HFD-fed

Th17-deficient STOP mice that develop metabolic syndrome
libaculum rodentium

D or NCD plus 10% sucrose (SUC) in the drinking water. Data from one out of

on HFD, or 10 days on NCD plus 10% sucrose in drinking water. Data from one

and absolute abundance (D) in 16S analysis of microbiota in the groups in (B).

aring (E) HFD versus NCD and (F) NCD+10% sucrose versus NCD.

D, or10 days on HFD, or 10 days on NCD plus 10% sucrose in drinking water.

f two independent experiments. n = 3–5 mice/group.

and STOP/CD4mice were pre-treated with Ampicillin (Amp) before introducing

(J)WT or (K) ILC3-deficient STOP/CD4mice on day 2 (D2) and day 10 (D10) post
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Figure 6. Faecalibaculum rodentium is sufficient to displace SFB

(A–C) Germ-free C57BL/6mice were colonizedwith SFB, either alone or together with Frod. (A) Experimental scheme. (B) SFB and (C) Frod levels were followed in

feces for 2 weeks. Data from one out of two independent experiments. n = 5 mice/group.
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and Th17-sufficient STOP/CD4 mice in which Th17 cells protect

from metabolic syndrome. STOP/CD4 mice had significantly

decreased lipid content in IECs and liver (Figures 7A and 7B)

but increased lipid levels in feces (Figure 7C). This suggested

that lipid absorption in IEC is reduced in the presence of Th17

cells, with concomitant accumulation of lipid in the gut lumen.

Indeed, expression of several genes involved in lipid uptake

and transport were downregulated in IEC of STOP/CD4 mice

(Figures 7D and S7A–S7D), most notably Cd36, encoding a

transporter of dietary fatty acids into cells (Silverstein and Feb-

braio, 2009) (Figures 7D and S7E). Downregulation of CD36 in

STOP/CD4 IEC required T cells insofar as it was not observed

in IEC from HFD-fed ab T cell-deficient STOP/CD4 mice (Fig-

ure 7E). Moreover, CD36 downregulation was not mediated by

IL-22 because both strains lack ILC3, andwe did not detect a dif-

ference in IL-22 production from CD4 T cells (Figure S7F) or in

expression of IL-22 controlled genes in intestinal epithelium (Fig-

ure S7G; data not shown).

Epithelial CD36 has potent effects on dietary lipid absorption,

thereby regulating metabolic syndrome (Nauli et al., 2006; Pe-

tersen et al., 2019; Wang et al., 2017). CD36 is highly expressed

in the duodenum, where lipid breakdown occurs, as well as the

jejunum, where most lipid absorption occurs, and its expression

is lower in ileum at steady state (Chen et al., 2001) (Figure 7F–

7H). We found that SFB colonization specifically downregulates

CD36 gene expression in the distal SI (jejunum and ileum) but not

in the duodenum (Figure 7F–7H). CD36 downregulation was

dependent on Th17 cell-derived IL-17 because it was not

observed in Th17-deficient RORgt-flox/CD4-Cre mice

(Figures 7F–7H), IL-17A-deficient mice (Figures 7I and S7H–

S7J), or WT animals treated with neutralizing anti-IL-17A anti-

body (Figure 7J). Thus, commensal Th17 cells can decrease lipid

absorption in distal SI by decreasing lipid uptake through CD36

in an IL-17-dependentmanner. To investigate whether IL-17 acts

directly on the IEC, we examined the effects of IL-17 on CD36

expression in SI enteroids in data from two independent pub-

lished datasets. Analysis of bulk RNA sequencing (RNA-seq)

data from (Kumar et al., 2016) revealed significant decrease of

CD36 expression in terminal ileum enteroids treated with IL-17

in vitro (Figure 7K). Analysis of single-cell RNA-seq data from to-

tal SI enteroids fromBiton et al. (2018) showed a similar decrease

of CD36 in SI enterocytes treated with IL-17 in vitro (Figures S7K

and S7L), although the difference did not reach statistical signif-

icance. Together, these data suggest that Th17 cell-derived IL-

17 can directly suppress CD36 expression in SI enterocytes.

At steady state, lipid absorption predominantly occurs in the

jejunum; however, during DIO and in HFD-fed animals, excess

lipids carry over into the distal gut (Figure S7M) and are taken

up in the ileum (Buttet et al., 2016; de Wit et al., 2012). We found

that HFD specifically and potently upregulates CD36 expression
(D–F) Germ-free C57BL/6 mice were colonized with SFB and Frod for 17 days

scheme. (E) SFB and (F) Frod levels in feces 10 days after SUC introduction. n =

(G–I) Germ-free C57BL/6mice were colonized with SFB and 10 days later colonize

in feces for 17 days. Data from two out of four independent experiments. n = 7–

(J) SFB-monocolonized mice were gavaged with Frod and bacteria levels were f

(K) Transmission electron microscopy of terminal ileum at the 24-h timepoint of (

See also Figure S6.
in the terminal ileum (and to lesser extent in the jejunum) (Fig-

ure S7N). We hypothesized that sugar-sensitive commensal

Th17 cells can protect by counteracting the upregulation of

CD36. Indeed, both HFD and SF-HFD induced similar upregula-

tion of CD36 in the ileum and jejunum IEC in absence of SFB-

specific Th17 cells (Figure 7L). However, this upregulation was

significantly suppressed in the presence of commensal Th17

cells in SF-HFD-fed animals (Figures 7L and S7O).

To directly address whether the protective effects of Th17

cells require CD36, we fed SFB-negative and SFB-colonized

WT and CD36-deficient animals SF-HFD. As earlier, SFB-

induced Th17 cells provided protection from SF-HFD-induced

metabolic syndrome in WT animals (Figure 7M–7Q). CD36-

deficient animals developed significantly less metabolic syn-

drome compared to WT animals, as previously reported

(Figures 7M–7Q). However, in contrast to WT animals, SFB

Th17 cells did not provide additional protection in the absence

of CD36 (Figures 7M–7Q). The foregoing findings suggest that

commensal Th17 cell-derived IL-17 decreases lipid uptake and

absorption specifically in the distal SI during DIO by controlling

epithelial expression of the fatty acid transporter CD36.

DISCUSSION

Microbiota and intestinal immunity regulate obesity and meta-

bolic syndrome. Inflammatory changes in the intestine precede

liver and adipose tissue inflammation, which drive pathology in

metabolic diseases such as metabolic syndrome and T2D (Tilg

et al., 2020; Winer et al., 2016). Imbalance of intestinal immune

homeostasis is an important initial step in the pathogenesis of

these systemic conditions (Kawano et al., 2016; Luck et al.,

2015). Here we provide evidence that microbiota-regulated in-

testinal immunity can also provide protection and should there-

fore be considered critical therapeutic target in metabolic syn-

drome and T2D.

The role of type 3 immunity in DIO and metabolic syndrome is

complex. Pro-inflammatory Th17 cells are enriched in liver and

adipose tissue of obese patients (Dalmas et al., 2014; Fabbrini

et al., 2013). At the same time, intestinal Th17 cells have been

proposed to provide protection (Garidou et al., 2015; Hong

et al., 2017; Perez et al., 2019). Similarly, ILC3 and ILC3-derived

IL-22 are considered guardians of the epithelial barrier and bene-

ficial in metabolic syndrome (Wang et al., 2014; Zou et al., 2018).

However, ILC3-derived IL-22 can also contribute to metabolic

disease (Sasaki et al., 2019; Upadhyay et al., 2012; Wang

et al., 2017). Our results help reconcile these seemingly contra-

dicting reports and suggest that the role of ILC3 is context

dependent. Using an ILC3-deficient model that allows for differ-

entiation of Th17 cells, we find that ILC3 provide protection from

metabolic disease in the absence of SFB and SFB Th17 cells.
before addition of 10% sucrose (SUC) in the drinking water. (D) Experimental

4 mice/group.

dwith Frod. (G) Experimental scheme. (H) SFB and (I) Frod levels were followed

8 mice/group.

ollowed in feces. n = 6–8 mice/group.

J). SFB and Frod in the mucus (left) and lumen (right).
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This protection was relatively mild at the 4-week timepoint we

examined but could be more significant long-term. We also

show that maintenance of commensal Th17 cells in ILC3-defi-

cient mice confers lasting protection. Moreover, ILC3 function,

likely through IL-22 production, was required for sugar-mediated

expansion of Frod and consequent loss of SFB and protective

Th17 cells. Therefore, ILC3 can counteract the protective role

of Th17 cells and, in such context, contribute to the pathogenic

effects of HFD. Thus, the effects of ILC3, and by extension IL-22,

on complex phenotypes, such as metabolic syndrome, are

dependent on microbiota composition and the presence of

Th17 cells, and this should be taken into consideration when in-

terpreting experimental results or designing cytokine-based

therapies.

We demonstrate that commensal microbiota can protect from

metabolic syndrome through modulation of intestinal T cell ho-

meostasis. Our results are consistent with previous studies sug-

gesting intestinal Th17 cells protect from metabolic syndrome

(Garidou et al., 2015; Hong et al., 2017). Here we demonstrate

that protective Th17 cells are commensal-specific and are

depleted during DIO by diet-induced depletion of Th17-inducing

microbiota.We also identify sucrose as a dietary component that

is sufficient to deplete Th17-inducing bacteria and Th17 cells. Di-

etary sugar is considered detrimental for metabolic disease;

however, the underlying mechanisms are not well understood

(Macdonald, 2016; Stanhope, 2016). Here we propose a

conceptually distinct mechanism in which sucrose does not

directly drivemetabolic syndrome but counteracts the protective

function of intestinal immune cells by modulating intestinal mi-

crobiota. Sucrose and fructose intake have been associated

with increase in intestinal inflammation and inflammatory bowel

disease (Laffin et al., 2019; Racine et al., 2016). Our results sug-

gest that dietary sugar can increase the inflammatory tone of the

intestine indirectly by depleting intestinal microbes that maintain

tissue homeostasis. Elimination of sugar from HFD protected

mice from disease by preserving commensal Th17 cells. Impor-

tantly, SF-HFD exerted protection only in the presence of Th17

cell-inducing microbiota and provided no benefit in the absence

of commensal Th17 cells. Therefore, dietary interventions may
Figure 7. Commensal Th17 cells prevent metabolic syndrome by regu

(A–C) Total lipid contents in IEC (A), liver (B), and feces (C) of STOP and STOP C

mice/group.

(D) Cd36 transcripts in ileum IEC from STOP and STOP/CD4 mice fed HFD for 4

(E) Cd36 transcripts in ileum IEC from STOP/CD4 mice and TCRb-KO STOP/CD4

3–5 mice/group.

(F–H)Cd36 transcripts in IEC from the duodenum (F), jejunum(G), and ileum (H) ofW

two independent experiments. n = 4 mice/group.

(I) Cd36 transcripts in ileum IEC of IL-17A-deficient mice and corresponding WT

(J) Cd36 transcripts in ileum IEC of WT mice treated with anti-IL-17A neutralizin

mice/group.

(K) Cd36 transcripts in terminal ileum enteroids treated with rIL-17A in vitro (anal

(L) Cd36 transcripts in ileum IEC from SFB-negative and SFB-gavaged WT mice f

experiments. n = 3–5 mice/group.

(M–P) Body weight change (L and M) and insulin tolerance test on day 28 (N and

independent experiments. n = 4 mice/group.

(Q) IL-17+ Th17 cells in the SI LP of WT and Cd36�/� mice fed SF-HFD for 5 w

experiments. n = 4 mice/group.

See also Figure S7.
only provide benefit if appropriate microbiota-regulated immune

mechanisms are also in place. It is expected that individual var-

iations in such mechanisms will affect the success of diet-based

therapies and should be taken into consideration.

We find that dietary sugar depletes SFB indirectly by expand-

ing other gut bacteria. We identify Faecalibaculum rodentium as

one such microbe and show that it is sufficient to displace SFB

and decrease SFB-induced Th17 cells. Frod colonizes the

mucosal surface of ileum and colon (Zagato et al., 2020) and

as we report here can be found in close proximity to SFB in

gnotobiotic animals, suggesting that displacement could be

mediated by direct interactions between the two species. This

is also supported by the fact that in our colony, Frod is present

in low abundance in NCD-fed SPF mice without displacing

SFB. SFB displacement required expansion of Frod by sugar

or relatively large amounts of Frod in gnotobiotic animals, which

suggests that an abundance threshold is required for Frod to

displace SFB. The mechanisms by which Frod inhibits SFB will

be important to investigate in the future. An equally important

question is whether other microbes have similar effects. We

consider it likely that other commensals can also negatively

affect Th17 cell-inducing microbiota. Our results demonstrate

that dietary effects on immunoregulatory microbes can be medi-

ated by microbe-microbe interactions.

Dietary lipids are major drivers of the inflammatory effects of

HFD, including barrier leakage, endotoxemia, and type 1 inflam-

mation (Basson et al., 2020; Khan et al., 2021; Zmora et al.,

2017). However, the detailed mechanisms involved and the rela-

tive contribution of these mechanisms to metabolic disease are

not currently known. We find that commensal Th17 cells can

decrease lipid absorption, and this will likely affect inflammatory

phenotypes in the intestine and adipose tissue. Indeed, in most

of our experiments, the presence of commensal Th17 cells was

accompanied by decrease in Th1 intestinal responses and bac-

terial translocation. Decrease in Th1 inflammation, including in-

testinal Th1 inflammation, improves obesity related metabolic

phenotypes (Luck et al., 2015; Wong et al., 2011) and can

contribute to the protective function of commensal Th17 cells.

At the same time, commensal Th17 cells may also influence
lating intestinal lipid absorption

D4 mice fed HFD for 5 weeks. Data from two independent experiments. n = 4

weeks. Data from two independent experiments. n = 3–5 mice/group.

mice (DKO) fed HFD for 5 weeks. Data from two independent experiments. n =

Tmice and Th17 cell-deficient RORgtflox/CD4-Cremice under NCD.Data from

littermates. Data from two independent experiments. n = 5–8 mice/group.

g or control IgG antibody. Data from two independent experiments. n = 4–6

ysis of RNA-seq data from Kumar et al., 2016).

ed NCD, HFD, and SF-HFD for 10 days. Data combined from two independent

O) of WT and Cd36�/� mice fed SF-HFD for 4 weeks. Data from one out of two

eeks. Proportion of TCRb+CD4+ cells. Data from one out of two independent
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low-grade inflammation independently of lipid absorption, for

example by controlling local intestinal inflammation. Indeed,

SFB-induced Th17 cells differ significantly from pathogen-

induced inflammatory Th17 cells and may participate in mainte-

nance of intestinal immune homeostasis (Khan et al., 2021; Ome-

netti et al., 2019; Wu et al., 2020). Therefore, commensal Th17

cells may possess additional mechanisms of protection from

metabolic disease.

CD36 is a critical regulator of lipid absorption and fat meta-

bolism and CD36 deficiency is associated with resistance to

obesity and metabolic syndrome (Cai et al., 2012; Febbraio

et al., 1999; Hajri et al., 2007; Kennedy and Kashyap, 2011;

Yang et al., 2018). Microbiota can promote host lipid absorption

by enhancing epithelial CD36 (Wang et al., 2017). Microbiota can

also restrain lipid absorption and prevent obesity by decreasing

intestinal epithelial CD36 (Petersen et al., 2019). We find that

commensal Th17 cells protect from DIO and metabolic syn-

drome by decreasing IEC expression of CD36 and intestinal lipid

absorption in an IL-17-dependent manner. CD36 is expressed

on multiple cell types and has pleiotropic roles in metabolic dis-

ease (Chen et al., 2022; Pepino et al., 2014). Whether Th17 cell

mediated regulation of CD36 can protect through additional

mechanisms requires further study.

Our work describes an intricate network of interactions be-

tween dietary components, microbiota, and intestinal immune

cells that regulates metabolic conditions such as DIO, metabolic

syndrome, and T2D. Our findings also suggest that the effects of

dietary and immune interventions on metabolic conditions are

not universal. Future precisionmedicine therapeutic approaches

should take into account individual variations of immunomodula-

tory microbiota.

Limitations of the study
Our study was limited to early stages of DIO and changes in in-

testinal environment. Adipose tissue inflammation was not

evident at the early time points we examined; however, the pro-

tective effects of commensal Th17 cells were further re-enforced

at 9 weeks and are, therefore, long-lasting. Nevertheless, the

long-term effects andmechanisms of Th17 cell protection in sys-

temic disease will be important to examine in the future. Also,

although we demonstrate clear role for sugar and Faecalibacilum

rodentium in opposing commensal Th17 cells, other dietary and

microbiota components may have similar effects. Finally, our

study was limited to animal models. We find that reported

Th17-inducing microbes are also negatively affected by meta-

bolic disease and sugar consumption in adult humans. Whether

these, or other, microbes can induce intestinal Th17 cells with

protective functions in metabolic disease in human patients will

be important to investigate.
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(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

C57BL/6J, Room RB15 The Jackson Laboratory #000664

Ptprc (CD45.1) The Jackson Laboratory #002014

Cd4-Cre The Jackson Laboratory #022071

7B8 TCR Tg The Jackson Laboratory #027230

RORg-flox The Jackson Laboratory #008771

IL-17A-GFP The Jackson Laboratory #018472

Il17a�/� The Jackson Laboratory #016879

Cd36�/�. The Jackson Laboratory #019006

Tcrb�/� The Jackson Laboratory #002118

RORg-STOP mice This Study N/A

Oligonucleotides

Cd36 F 5-ATGGGCTGTGATCGGAACTG-30 This Study N/A

Cd36 R-5-GTCTTCCCAATAAGCATGTCTCC-30 This Study N/A

Scd1 F 5-GAGTACCGCTGGCACATCAA-30 This Study N/A

Scd1 R-5-AAGCCCAAAGCTCAGCTACTC-30 This Study N/A

Npc1l1 F 5-CGGAACTCACAGGACTTTACAG-30 This Study N/A

Npc1l1 R-5-TGCTGGTAGAACACATTGGAG-30 This Study N/A

Fabp1 F 5-TCTCCGGCAAGTACCAATTG-30 This Study N/A

Fabp1 R-5-TTGATGTCCTTCCCTTTCTGG-30 This Study N/A

Fabp2 F 5-AGCTCGGTGTAAACTTTCCC-30 This Study N/A

Fabp 2R-5-TTCATTACCAGAAACCTCTCG G-30 This Study N/A

Reg3g F 5-CCTGATGCTCCTTTCTCAGG-30 (Ladinsky et al., 2019) N/A

Reg3g R-5-ATGTCCTGAGGGCCTCTTTT-30 (Ladinsky et al., 2019) N/A

Il17a F 5-GGACTCTCCACCGCAATGA-30 (Atarashi et al., 2008) N/A

Il17a R-5-GGCACTGAGCTTCCCAGATC-30 (Atarashi et al., 2008) N/A

Ifng F 5-CACGGCACAGTCATTGAAAG-30 This Study N/A

Ifng R-5-GCTGATGGCCTGATTGTCTT-30 This Study N/A

Tnfa F 5-GATCGGTCCCCAAAGGGATG-30 This Study N/A

Tnfa R-5-GTGGTTTGCTACGACGTGGG-30 This Study N/A

Lcn2 F 5-ATGTCACCTCCATCCTGGTCAG-30 This Study N/A

Lcn 2R-5-GCCACTTGCACATTGTAGCTCTG-30 This Study N/A

Cxcl1 F 5-TCCAGAGCTTGAAGGTGTTGCC-30 This Study N/A

Cxcl1 R-5-AACCAAGGGAGCTTCAGGGTCA-30 This Study N/A

SFB F 5-GACGCTGAGGCATGAGAGCAT-30 (Barman et al., 2008) N/A

SFB R-5-GACGGCACGGATTGTTATTCA-30 (Barman et al., 2008) N/A

UNI F 5-ACTCCTACGGGAGGCAGCAGT-30 (Barman et al., 2008) N/A

UNI R-5-ATTACCGCGGCTGCTGGC-30 (Barman et al., 2008) N/A

Frod F 5-CCGGGAATACGCTCTGGAAA-30 (Zagato et al., 2020) N/A

Frod R-5-GCCAACCAACTAATGCACCG-30 (Zagato et al., 2020) N/A

Bpl F 5-GCAAGTCTCCAATGTTGAGG-30 (Lugli et al., 2019) N/A

Bpl R-5-CTGTGCGGACGAGACGTAG-30 (Lugli et al., 2019) N/A

Gapdh F 5-CCTCGTCCCGTAGACAAAATG-30 (Atarashi et al., 2008) N/A

Gapdh R-5-TCTCCACTTTGCCACTGCAA-30 (Atarashi et al., 2008) N/A

Software and algorithms

Flow jo_v10.6.2 BD N/A

Cutadapt v2.1 N/A N/A

Bowtie2 v2.3.4 N/A N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

10X Genomics Cellranger toolkit v1.0.1 N/A N/A

USEARCH v11.0.667 N/A N/A

RDP classifier trained with 16S rRNA training set 18 N/A N/A

Other

BD LSR Fortessa Flow Cytometer BD N/A

Irradiated Normal Chow Diet, Lab diet 5061 (NCD,

Pico-Vac Rodent Diet 20)

Lab Diet #5061

Irradiated High Fat Diet (HFD) Research Diets #D12492i

Irradiated Sugar Free Starch Add High Fat Diet

(SF-HFD)

Research Diets #D19122401i

Irradiated Inulin supplemented High Fat Diet

(HFD + Inulin)

Research Diets #D13081106i

Irradiated Low Fat Diet (LFD) Research Diets #D12450Ji

Zirconia/Silica Beads 0.1mm Fisher Scientific #11079101z

Miltenyi Biotec, Inc. LS Columns 25/PK Miltenyil Biotec #130-042-401

LightCycler� 480 System Roche N/A

Fisherbrand Razor Blades Fisher Schientific #12640

Insulin Syringes with Permanently Attached Needles BD #329420

Cell Strainer, Individual Package, 40 um, blue VWR #76327-098

HPM-010 high-pressure freezing machine Leica Microsystems, Vienna Austria N/A

20% PhiX spike-in (Illumina FC-110-3001) Illumina FC-110-3001

Bead beater Biospec #1001

Beads cleanup Beckman-Coulter # A63881

AFS-2 freeze-substitution machine Leica Microsystems N/A

UC6 ultramicrotome Leica Microsystems N/A

Tecnai TF30ST-FEG transmission electron

microscope (300 keV) equipped with a

2k x 2k CCD camera (XP1000).

Gatan Inc., Pleasanton CA N/A
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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, Ivaylo

Ivanov (ii2137@cumc.columbia.edu).

Materials availability
RORgt-STOP mice are available upon request from the lead contact under an institutional MTA. All other reagents generated in this

study and detailed protocols used in this study are available upon request from the lead contact.

Data and code availability
d 16S-V4 rRNA sequencing data have been deposited at NCBI BioProject database (http://www.ncbi.nlm.nih.gov/bioproject/)

and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.

d This paper does not report original code. References to all code used are available in the Method details section.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Mice were purchased from the Jackson Laboratories and bred (except for Cd36�/� mice) at Columbia University. Animals were pur-

chased only from SFB-negative maximum barrier rooms at Jackson. All animals were tested for SFB upon arrival and maintained in
Cell 185, 1–19.e1–e7, September 15, 2022 e4

mailto:ii2137@cumc.columbia.edu
http://www.ncbi.nlm.nih.gov/bioproject/


ll

Please cite this article in press as: Kawano et al., Microbiota imbalance induced by dietary sugar disrupts immune-mediated protection from
metabolic syndrome, Cell (2022), https://doi.org/10.1016/j.cell.2022.08.005

Article
an SFB-negative high barrier room at Columbia University. 7B8 mice were bred to CD45.1 and IL-17-GFP mice at Columbia Univer-

sity to generate 7B8.CD45.1.IL-17-GFP animals. RORg�STOP mice were generated by homologous recombination in C57BL/6 ES

cells. The targeting vector generated an inversion of the Rorc genomic sequence containing Exons 3–6 surrounded by two pairs of

LoxP and LoxP2272 sequences in opposite orientation in intron 2 and intron 6 (Figure S2). To generate ILC3-deficient mice that can

generate CD4 T cells and Th17 cells, RORg�STOPmice were crossed to Cd4-Cremice. All mice were bred and housed under high-

barrier specific pathogen-free conditions at Columbia University Irving Medical Center. Except for Cd36�/�, all other lines were bred

to heterozygocity and experiments were performed with littermate controls. Whenever possible all genotypes were housed in the

same cage to control for microbiota and cage effects. Cd36�/� animals were ordered from the Jackson Laboratories with age

and sex-matched C57BL/6J controls from the same room at Jackson and co-housed for two weeks prior to the start of the exper-

iment and for the duration of the experiment to control for microbiota differences. Germ-free C57BL/6 mice were generated at the

gnotobiotic facilities at Rockefeller University, Weill Cornell or Keio University and following defined flora colonization were housed in

Techniplast isocages at the same institution. Metabolic experiments used 5-week-old males.

METHOD DETAILS

Diets
All diets were irradiated for sterility. Diets were provided in pellet form ad libitum and fresh diet provided twice a week. For 50:50

NCD:HFD mix, pellets from individual diets were mechanically disrupted into fine powder. 30 mg powder from each diet were mixed

manually with 5–10mL of autoclaved water to form a palatable pellet. The pellets were dried for 30 min and provided ad libitum to the

animals on a clean plastic plate inside the cage. Fresh mixed diet pellets were provided twice weekly. Individual diet formulations are

listed in Table S1.

Metabolic measurements
5-week-old males were colonized with SFB on Day�14 and kept on NCD. SFB colonization was confirmed on Day�10 and Day�1.

On Day 0 the animals were switched to corresponding diets. Body weight was followed every 3–4 days throughout the experiment.

Insulin tolerance test was performed on Day 28. Oral glucose tolerance test was performed on Day 32. Tissue and cell isolation for

flow cytometry or quantitative RT-PCR was performed on Day 35. For insulin tolerance test, animals were subjected to a 6-h fast

(8AM-2PM), followed by intraperitoneal insulin injection (0.75 U/kg, human insulin). Blood samples were obtained at 0, 20, 40, 60

and 120 min. For glucose tolerance test, animals were subjected to an overnight fast (6PM-6AM) followed by oral glucose gavage

(1.2 g/kg of 12% dextrose solution). 2mL blood samples were obtained at 0, 15, 30, 60 and 120 min.

T cell and cytokine depletion in vivo

To deplete CD4 T cells in vivo, animals were injected intraperitoneally with an anti-CD4 antibody or isotype control twice weekly start-

ing on Day 0. To neutralize IL-17A, 300 ug/mouse of an IL-17A neutralizing antibody or IgG1 isotype control were injected intraper-

itoneally every other day.

Adoptive T cell transfers
For adoptive transfer experiments, 0.5 million CD4 T cells (95%–98% purity) were MACS-purified from spleens and lymph nodes of

SFB-negative 7B8/CD45.1/IL-17A-GFP reporter mice, labeled with Cell Trace Violet proliferation dye (Life Technologies) and trans-

ferred intravenously into congenic CD45.2 WT mice fed with corresponding diets. Priming and IL-17A induction in SI LP were inves-

tigated 7 days after transfer. For CD4 T cell reconstitution experiments, 5–10millionMACS purified CD4 T cells from spleens and LNs

of SFB-negative WT/CD45.1/IL-17A-GFP reporter mice were transferred into recipient congenic STOP/CD45.2 mice.

Isolation of tissue for RNA preparation and quantitative RT-PCR
RNA was isolated from tissues after homogenization in Trizol using manufacturer’s protocol. After cDNA synthesis, Q-PCR was per-

formed on LightCycler 480 (Roche) using SYBR Green. Individual parts of the intestine were prepared as follows. Duodenum was

dissected macroscopically. The remaining small intestine was divided into four equal parts and the parts were defined as proximal

jejunum, distal jejunum, proximal ileum and distal ileum. For RNA isolation 0.5 cm tissue was collected from the center of the pieces

definedasduodenum (Duo), distal jejunum (Jej) and distal ileum (Ile). Intestinal epithelial cells (IECs)were collected from the correspond-

ingpartof thesmall intestineby thoroughwashingofmucuswithPBS followedbygentlescrapingof the luminal surfacewithaglass slide.

Lamina propria lymphocyte isolation
LP lymphocytes isolation and intracellular cytokine and transcription factor staining were performed as described previously (Goto

et al., 2014).

Adipose tissue immune cell isolation
Both flaps of epididymal fat were dissected and cut into small pieces. The samplewas digested for 45min at 37 �Cwith 2mg/mL typeI

collagenase and 1.5% FCS in RPMI.
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Neutral lipid measurement
Neutral lipids were extracted using published protocol (Kraus et al., 2015) and measured with a commercial lipid quantification kit

(see Key Resources Table).

Public RNA-seq data analysis
To examine if IL-17A acts on epithelial cells, previously reported RNA sequencing (RNA-seq) of mouse ileum enteroids (Kumar et al.,

2016) and single-cell RNA sequencing (scRNA-seq) of total small intestine organoids (Biton et al., 2018) treated in vitrowith rIL-17A or

control were downloaded from NCBI Sequence Read Archive (SRA). For bulk RNA-seq, single-ended raw reads were processed by

Cutadapt v2.1 (reference) with following parameters ‘‘–minimum-length 24 -u 10 –trim-n -q 15’’ to remove low-quality bases and Il-

lumina adapters. Reads passing quality filtering were then aligned against mouse cDNA reference GRCm38 by Bowtie2 v2.3.4 (Lang-

mead and Salzberg, 2012) in –very-sensitive mode and reads counts per gene were then normalized by gene length and sequencing

depth, i.e., reads per kilobase per million mapped reads (RPKM), for expression level quantification. For scRNAseq, raw reads were

processed by 10X Genomics Cellranger toolkit v1.0.1 according to the original paper. Next, cells with fewer than 500 detected genes

were excluded, and remaining cells were subjected to UMAP ordination and clustering following standard Seurat pipeline (Hao et al.,

2021). Cell types were manually identified by top cluster markers and gene expression level was calculated by function ‘‘AverageEx-

pression’’ implemented in Seurat package.

Bacterial strains
SFB were obtained from feces of SFB-monocolonized mice housed at Keio University. Faecalibaculum rodentium (Frod) (PB1) and

Bifidobacterium pseudolongum (Bpl) (1B11) were isolated in the Kenya Honda laboratory (RIKEN IMS) as previously described (Atar-

ashi et al., 2015; Zagato et al., 2020).B. pseudolongumwas chosen as a control strain for Frod gnotobiotic experiments, because it is

a relatively high abundance species in our mouse colony that further increased after treatment with sucrose, but not with HFD. Frod

and Bpl cultures were grown in pre-reduced Eggerth-Gagnon (EG) medium (Frod) or Reinforced Clostridial Medium (Fisher DF1808-

17-3) (Bpl) in an anaerobic chamber (5% H2, 10% CO2, 85% N2) at 37C for 48 h. For Frod colonization, mice were gavaged with

200 mL of overnight culture resuspended in pre-reduced PBS (optical density (OD) 600 y 0.6; corresponding to about 5 3 107

cfu/mL. For colonization of SPF mice, WT or STOP/CD4 recipient animals were pre-treated with 1 g/L ampicillin in the drinking water

for four days. For Bpl colonization, animals received 1 3 108 cfu/mL of 1B11 in 200 mL pre-reduced PBS by oral gavage.

SFB colonization and relative SFB quantification
Unless otherwise noted, SFB colonization was performed 2weeks prior to diet change by single oral gavage of fecal suspension from

SFB-enrichedmice as previously described (Farkas et al., 2015). For SFB probiotic treatment, animals were gavaged every other day.

Control animals were gavaged with fecal suspensions from SFB-negative littermate controls. To control for variability in SFB levels in

feces used for gavage, all gavages were performed with frozen stocks from a single batch of SFB-enriched feces. To generate SFB-

enriched feces a single cohort of 10 adult SFB-negative maximum barrier NSG mice from The Jackson Laboratory were colonized

with feces from SFB-monocolonized mice. Fecal samples were obtained in the period of 8 weeks, tested for SFB by quantitative RT-

PCR and frozen as batch aliquots at�80C. Control SFB-negative feceswere collected from a separate cohort of littermate NSGmice

housed in a similar manner. SFB colonization levels were confirmed by qPCR and normalized to levels of total bacteria (UNI) as pre-

viously described (Farkas et al., 2015).

Absolute quantification of bacterial species in feces
Absolute levels of SFB, Faecalibaculum rodentium (Frod) and B. pseudolongum (Bpl) were measured by quantitative

RT-PCR and quantified as mg of DNA per gram feces using standard curves from mono-colonized mice (SFB) or in vitro culture

(Frod, Bpl).

Fecal bacterial DNA extraction and 16S rRNA amplicon sequencing
Genomic DNA from feceswas extracted using a silica bead beating-based protocol as previously described (Farkas et al., 2015). 16S

sequencing of the V4 region was performed utilizing a custom dual-indexing protocol, detailed fully in (Ji et al., 2019).

OTU clustering and absolute abundance calculation
Raw sequencing reads of 16S-V4 amplicons were analyzed by USEARCH v11.0.667 (Edgar, 2010). Specifically, paired-end reads

were merged using ‘‘-fastq_mergepairs’’ mode with default setting. Merged reads were then subjected to quality filtering using ‘‘--

fastq_filter’’ mode with the option ‘‘-fastq_maxee 1.0 -fastq_minlen 240’’. Remaining reads were deduplicated (-fastx_uniques) and

clustered into OTUs (-unoise3) at 100% identity, andmerged readswere then searched against OTU sequences (-otutab) to generate

OTU count table. Taxonomy of OTUs were assigned using RDP classifier trained with 16S rRNA training set 18 (Wang et al., 2007).

Sample total bacterial loads were calculated based on reads ratio of spike-in strain and sample weight, and relative abundance pro-

files of other taxa were then scaled by bacterial load to obtain absolute OTU abundances in arbitrary units, detailed fully in (Ji

et al., 2019).
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Public human feces shotgun metagenome data analysis
To examine if Th17-inducing gut microbiota were altered under different conditions, two previously reported metagenome datasets

from feces (metabolic syndrome versus healthy controls (Pedersen et al., 2016) and healthy individuals with recorded diet (Johnson

et al., 2019)) were downloaded from NCBI Sequence Read Archive (SRA). Reference genomes of 20 Th17-inducing gut strains (Atar-

ashi et al., 2015) were accessed according to the original paper and reference genomes of B. adolescentis and E. lenta were down-

loaded from NCBI Genome under accession NZ_CP028341.1 and NZ_CP089331.1. Reads of each sample were processed by Cu-

tadapt v2.1 (Martin, 2011) with following parameters ‘‘–minimum-length 24:24 -u 5 -U 5 -q 20 –pair-filter = any’’ to remove low-quality

bases and Nextera adapters. Reads passing quality filtering were then aligned against reference genomes by Bowtie2 v2.3.4 (Lang-

mead and Salzberg, 2012) in –very-sensitive mode and relative abundances of each strain were calculated as # of reads mapped to

the strain normalized by total reads count. For the dataset ofmetabolic syndrome versus healthy control, 295 non-diabetic individuals

were classified into ‘‘withmetabolic syndrome’’ and ‘‘without metabolic syndrome’’ according to individual annotations in the original

paper (Pedersen et al., 2016). For the community of 20 Th17-inducing strains, high depletion was defined as more than 12 strains

showing less than 25th percentile relative abundance across all individuals. For the dataset of recorded diet, index of ‘‘L2: sugar

and sweets’’ in dietary records were extracted from the original paper (Johnson et al., 2019) and 509 samples from 34 individuals

with accessible shotgun metagenome data were classified into high and low ‘‘Sugar and sweets consumption’’ using threshold of

25 for ‘‘L2: sugar and sweets’’ index.

Electron microscopy
SFB-monocolonized mice were inoculated with Frod and samples from the terminal ileum were extracted after 24 h and processed

for electron microscopy as previously described (Ladinsky et al., 2019). Semi-thin (170 nm) sections were cut with a UC6 ultramicro-

tome (Leica Microsystems, Vienna), stained with uranyl acetate and lead citrate, and imaged on a Tecnai T12 transmission electron

microscope (Thermo-Fisher Scientific) at 120k eV.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise noted, statistical significance was determined by one-way ANOVA for panels where more than three groups are

being compared, and unpaired t test with Welch’s correction for panels where two groups are compared. p values are represented

on figures as follows: ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, *****p < 0.0005. On time course panels,

p values with a bracket line connecting two curves refer to the whole curves and p values on top of individual datapoints refer

only to those individual datapoints. Error bars on all figures represent standard deviation of the mean. Statistical analysis was per-

formed using GraphPad Prism version 9.0 for Windows (GraphPad Software).
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Figure S1. HFD disrupts intestinal immune homeostasis by eliminating Th17-inducing microbiota, related to Figure 1

(A–C) Metabolic analyses at 5 weeks on high-fat diet (HFD) vs normal chow (NCD). Data from two out of multiple independent experiments.

(D–G) Flow cytometry of SI LP CD4 T cells in WT C57BL/6 mice fed with NCD or HFD for 4 weeks. Plots gated on TCRb+CD4+ lymphocytes. Data from two out of

multiple independent experiments, n = 7 mice/group.

(H–L) Flow cytometry analysis of ILC3 (LinnegRORgt+) and ILC3 subsets in SI LP of WT C57BL/6 mice fed NCD or HFD for 5 weeks. Data from two out of multiple

independent experiments, n = 5–11 mice/group.

(M and N) Flow cytometry analysis of (M) macrophage (Mf) and (N) T cell subsets in visceral adipose tissue (AT) of WT C57BL/6 mice fed NCD or HFD for 4 weeks.

Plots gated on CD45+ hematopoietic cells. Data from one experiment, n = 7 mice/group.

(O) Time course of the proportion of Th1 cells within SI LP CD4 T cells in WT C57BL/6 mice fed HFD. Data combined from two independent experiments, n = 4–8

mice/group.

(P) SFB levels in feces of RORgt-flox/CD4-Cre (Th17 cKO) mice before (D0) and 7 days after (D7) transition to HFD. Data from one out of two independent

experiments, n = 3–4 mice/group.

(Q) Proportion of individuals showing high depletion in 20 Th17-inducing gut strains (Atarashi et al., 2015) in metabolic syndrome (N = 163) versus control group

(N = 132) (metagenomic data from Pedersen et al., 2016).

(R and S) Relative abundance of previously reported Th17-inducing gut strains, (R) Bifidobacterium adolescentis and (S) Eggerthella lenta in metabolic syndrome

(N = 163) versus control group (N = 132) (metagenomic data from Pedersen et al., 2016).
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Figure S2. Generation of ILC3-deficient, Th17 cell-sufficient mice, related to Figure 2

(A) Scheme of genetic modifications for generation of RORg-STOP mice.

(B and C) Recovery of thymocyte development in RORg-STOP/CD4-Cre (STOP/CD4) mice. (C) double-positive (DP) thymocytes. Data from one out of multiple

independent experiments, n = 5 mice/group.

(D and E) Recovery of small intestinal RORg+ Th17 cells (E) and RORg+Foxp3+ Tregs in STOP/CD4 mice. Plots gated on TCRb+CD4+ cells. Data from two out of

multiple independent experiments, n = 5–7 mice/group.

(F and G) Lack of small intestinal ILC3 in STOP/CD4 mice. Plots in (F) gated on Linneg cells (TCRbnegCD3negB220neg). Data from two out of multiple independent

experiments, n = 5–7 mice/group.
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Figure S3. Microbiota-induced Th17 cells protect from metabolic syndrome, related to Figure 2
(A) Quantitative RT-PCR for Il17a transcripts in terminal ileum tissue samples fromWT, STOP and STOP/CD4 mice fed NCD or HFD for 5 weeks. Data combined

from two independent experiments, n = 6–8 mice/group.

(B and C) Glucose tolerance test of (B) SFB-negative and (C) SFB-positive WT, STOP and STOP/CD4 mice after 5 weeks on NCD or HFD. Data from two (B) and

three (C) out of multiple independent experiments, n = 5–10 mice/group.

(legend continued on next page)
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(D–F) Adiposity in (D) epididymal fat, (E) mesenteric fat and (F) brown adipose tissue of WT mice on NCD, of HFD-fed WT, STOP, or STOP/CD4 mice. Data from

one out of two independent experiments, n = 3 mice/group.

(G) Daily food intake in HFD-fed WT, STOP, and STOP/CD4 mice. Data from one out of two independent experiments, n = 4 mice/group.

(H) Quantitative RT-PCR for Ifng transcripts in terminal ileum samples from WT, STOP and STOP/CD4 mice fed HFD for 5 weeks. Data combined from two in-

dependent experiments, n = 3–4 mice/group.

(I and J) Metabolic analyses at 8 weeks of SFB-positive HFD-fed STOP and STOP/CD4 mice. One experiment, n = 5 mice/group.

(K–M) CD4 T cells in SI LP (K), SFB levels in feces (L) and glucose tolerance test (M) of STOP/CD4mice treatedwith anti-CD4mAb to deplete CD4 T cells or isotype

control (IgG) and fed HFD for 5 weeks. Data combined from two independent experiments, n = 3–5 mice/group.

(N and O) Glucose tolerance test (N) and SFB levels in feces (O) of STOP/CD4 and STOP/CD4 TCRb-deficient double knock-out (DKO) mice fed HFD for 5 weeks.

Data from two independent experiments, n = 7 mice/group.

(P–R) Transfer of WT CD4 T cells in ILC3/Th17-deficient STOP mice. (P) Experimental design, (Q) SFB levels in feces and (R) transferred Th17 cells in SI LP five

weeks after transfer. Data from one out of two independent experiments, n = 5 mice/group.

AUC, area under curve.
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Figure S4. Probiotic Th17 cell-inducing bacteria ameliorate metabolic syndrome, related to Figure 3

(A–D) Quantitative RT-PCR of (A) Ifng, (B) Tnfa, (C) Lipocalin (Lcn2), and (D) Cxcl1 transcripts in terminal ileum at 4 weeks. Data from two independent experi-

ments, n = 6 mice/group.
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Figure S5. Dietary sugar promotes metabolic syndrome through elimination of commensal Th17 cells, related to Figure 4

(A) Correlation between sucrose content in various diets and fecal SFB levels in WT C57BL/6 mice after 1 week on the corresponding diet.

(B) qPCR of SFB levels in terminal ileum mucosa of WT C57BL/6 mice fed natural gradient normal chow diet (NCD) or NCD +10% sucrose in the drinking water

(SUC) for 1 week. Data from one out of two independent experiments, n = 3 mice/group.

(C) qPCR of SFB in feces of WT C57BL/6 mice fed NCD or NCD plus various sugars for one week. SUC, sucrose; MDX, maltodextrin; GAL, galactose. All sugars

were provided at 10% w/v in the drinking water. Data from two independent experiments, n = 3–7 mice/group.

(D–F) RORgt+ (D) andRORgtneg (E) Foxp3+ Tregs and IFNg+ Th1 cells (F) in SI LP of mice fed NCDor NCDplus 10%sucrose in the drinking water (SUC) for 1 week.

Data from two out of multiple independent experiments, n = 6–7 mice/group.

(G) Relative abundance of previously reported Th17-inducing gut strains, Bifidobacterium adolescentis and Eggerthella lenta in shotgun metagenomic

sequencing data (Johnson et al., 2019) from healthy volunteers with low or high sugar consumption (details in STAR Methods).

(H) Oral glucose tolerance test (OGTT) on Day 35 in SFB-negative (top) or SFB-colonized (bottom)WT C57BL/6 mice fed NCD, HFD, or sugar-free HFD (SF-HFD).

Data from two independent experiments, n = 5–7 mice/group

(I) Th1 cells in SI LP of SFB-gavaged WT C57BL/6 mice fed NCD, HFD, or sugar-free HFD (SF-HFD). Data represented as proportion of TCRb+CD4+ cells on Day

40. Data from two out of multiple independent experiments, n = 5–9 mice/group.

(J and K) qPCR for total bacterial 16SDNA (L) and quantitative RT-PCR for Tnfa transcripts in liver of SFB-gavagedWTC57BL/6mice fedNCD,HFD, or sugar-free

HFD (SF-HFD) for 5 weeks. Data from two independent experiments, n = 4–6 mice/group.

(L and M) Metabolic phenotypes of SFB-negative or SFB-colonized C57BL/6 mice fed indicated diets for 9 weeks. Data from one experiment, n = 5 mice/group.

(N) Th17 cells in SI LP of SFB-colonized WT C57BL/6 mice fed NCD, HFD, SF-HFD, or SF-HFD supplemented with 10% sucrose (+SUC) in the drinking water for

5 weeks. Data from two independent experiments, n = 3–5 mice/group.

(O) Oral glucose tolerance test (OGTT) of SFB-colonized WT C57BL/6 mice fed NCD, HFD, SF-HFD, or SF-HFD supplemented with 10% sucrose (+SUC) in the

drinking water for 5 weeks. Data from two independent experiments, n = 3–5 mice/group.

(P and Q) Th17 cells (RORgt+ CD4 T cells) (P) and oral glucose tolerance test (Q) of SFB-colonized Th17 cell-deficient RORgtflox/flox,CD4-Cre mice and control

littermates fed SF-HFD for 5 weeks. Data from one out of two independent experiments, n = 3–5 mice/group.

(R and S) qPCR for total bacterial 16S DNA (R) and quantitative RT-PCR for Tnfa transcripts (S) in liver of SFB-colonized Th17 cell-deficient RORgtflox/flox,CD4-Cre

mice and control littermates fed SF-HFD for 5 weeks. Data from two independent experiments, n = 5 mice/group.
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Figure S6. Dietary sugar displaces Th17 microbiota by increasing Faecalibaculum rodentium, related to Figures 5 and 6
(A) qPCR of SFB in feces of WT and ILC3-deficient/Th17-sufficient STOP/CD4 mice before and 7 days after treatment with 10% sucrose (SUC) in the drinking

water. Data from two independent experiments, n = 6 mice/group

(B) qPCR of Frod in feces of WTmice on NCD or NCD plus various concentration of sucrose (SUC) in drinking water. Data plotted as relative fold change (FC) over

NCD group. Data from one experiment, n = 3 mice/group.

(C) qPCR of Frod in feces ofWTmice fed NCD, HFD, LFD andHFD+ Inulin for 1 week. Data plotted as relative fold change (FC) over NCD group. Data from one out

of two independent experiments, n = 3 mice/group.

(D) qPCR data of Frod in feces of WT mice on NCD or NCD plus various types of sugars for one week. SUC, sucrose; MDX, maltodextrin; GAL, galactose. All

sugars were provided at 10%w/v in the drinking water. Data plotted as relative fold change (FC) over NCD group. Data from two independent experiments, n = 3–

7 mice/group.

(E) qPCR of Frod in feces of SFB-negative WT mice fed indicated diets for 1 week. Data from one out of two independent experiments, n = 4 mice/group.

(F) Kinetics of SFB and Frod in feces of WT mice on NCD following addition of 10% sucrose in the drinking water. Data plotted as relative fold change (FC) over

NCD group. Data from one experiment, n = 3 mice/group.

(G) qPCR of Frod in feces of SFB-positive WT and ILC3-deficient/Th17-sufficient STOP/CD4 mice before and 7 days after treatment with 10% sucrose (SUC) in

the drinking water. Data plotted as relative fold change (FC) over WT No sucrose group. Data from two independent experiments, n = 6 mice/group.

(H–K) Frod is sufficient to displace SFB. (H) Experiment scheme. Germ-free C57BL/6 mice were colonized by oral gavage with SFB and a week later with either

Frod or Bifidobacterium pseudolongum (Bpl).

(I–K) Levels of the three microbes were followed in feces by qPCR for two weeks. Data from one experiment, n = 3 mice/group.

(L and M) RORgt+Foxp3neg (L) and IL-17+ (M) Th17 cells in the SI LP of GF animals colonized first with SFB and then with or without Frod as per the experimental

scheme on Figure 6G. Mice were analyzed 7 days post Frod gavage. Data presented as proportion of TCRb+CD4+ cells. Data from one out of two independent

experiments, n = 2–3 mice/group.

(N and O) RORgt+Foxp3neg (N) and IL-17+ (O) Th17 cells in the SI LP of gnotobiotic mice colonized with SFB and other bacteria. All animals were first colonized

with SFB, followed by gavage with Frod or Bifidobacterium pseudolongum (Bpl) a week later as per the scheme on Figure S6H. Mice were analyzed 7 days post

Frod/Bpl gavage. Data presented as proportion of TCRb+CD4+ cells. Data from one experiment, n = 3 mice/group.
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Figure S7. Commensal Th17 cells prevent metabolic syndrome by regulating intestinal lipid absorption, related to Figure 7

(A–D) Quantitative RT-PCR for transcripts of lipid transporters in ileum IECs fromSFB-positive Th17-deficient STOP and Th17-sufficient STOP/CD4mice fedHFD

for 5 weeks. Data from two independent experiments, n = 3–5 mice/group.

(E) Quantitative RT-PCR for Cd36 transcripts in jejunum IECs from SFB-positive STOP and STOP/CD4 mice fed HFD for 5 weeks. Data from two independent

experiments, n = 3–5 mice/group.

(F) IL-22+ CD4 T cells in the SI LP of STOP and STOP/CD4 mice fed HFD for 5 weeks. Data from two independent experiments, n = 3–4 mice/group.

(G) Quantitative RT-PCR of transcripts for the IL-22-induced IEC gene Reg3g in total ileum from STOP and STOP/CD4 mice fed HFD for 5 weeks. Data from two

independent experiments, n = 4 mice/group.

(H) Quantitative RT-PCR for Cd36 transcripts in jejunum IECs from WT and IL-17A-deficient mice. Data from two independent experiments, n = 5 mice/group.

(I and J) IL-17A+ (I) and RORgt+ (J) Th17 cells in SI LP of SFB-positive IL-17A-deficient mice. Data from two independent experiments, n = 4–5 mice/group.

(K and L) Small intestinal enteroids were treated with rIL-17A in vitro (analysis of scRNA-Seq data from Biton et al., 2018). (K) Ordination of profiled single cells by

UMAP. (L) Expression level of Cd36 in the enterocyte cluster under different conditions. Statistics (L), Mann-Whitney U test.

(M) Total neutral lipid contents in feces of SFB-negative WT C57BL/6 mice fed NCD or HFD for 4 weeks. Data from one experiment, n = 3 mice/group.

(N) Quantitative RT-PCR for Cd36 transcripts in IECs from duodenum (Duo), jejunum (Jej) and ileum (Ile) of SFB-negative WT C57BL/6 mice fed NCD or HFD for

5 weeks. Data from two independent experiments, n = 4 mice/group.

(O) Quantitative RT-PCR for Cd36 transcripts in IECs from jejunum (Jej) of SFB-gavaged WT C57BL/6 mice fed with indicated diets for five weeks. Data from one

experiment, n = 4 mice/group
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