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Pharmacologic inhibition of glycolysis prevents

the development of lupus by altering
the gut microbiome in mice

Ahmed S. Elshikha,' 3 Yong Ge,?3* Josephine Brown,! Nathalie Kanda,” Mojgan Zadeh,” Georges Abboud,’
Seung-Chul Choi,” Gregg Silverman,® Timothy J. Garrett," William L. Clapp,’ Mansour Mohamadzadeh,??>

and Laurence Morel?5.6.*

SUMMARY

Gut dysbiosis has been associated with lupus pathogenesis, and fecal microbiota
transfers (FMT) from lupus-prone mice shown to induce autoimmune activation
into healthy mice. The immune cells of lupus patients exhibit an increased glucose
metabolism and treatments with 2-deoxy-D-glucose (2DG), a glycolysis inhibitor,
are therapeutic in lupus-prone mice. Here, we showed in two models of lupus with
different etiologies that 2DG altered the composition of the fecal microbiome
and associated metabolites. In both models, FMT from 2DG-treated mice pro-
tected lupus-prone mice of the same strain from the development of glomerulo-
nephritis, reduced autoantibody production as well as the activation of CD4*
T cells and myeloid cells as compared to FMT from control mice. Thus, we demon-
strated that the protective effect of glucose inhibition in lupus is transferable
through the gut microbiota, directly linking alterations in immunometabolism
to gut dysbiosis in the hosts.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disorder characterized by pathogenic auto-
antibodies, immune-complex formation and multi-organ damage.' The underlying pathogenesis of the
disease is still poorly understood; however, a combination of genetic and environmental factors has
been implicated. Accordingly, growing evidence suggests that gut dysbiosis may contribute to SLE path-
ogenesis, which has been reported in SLE patients” and multiple mouse models of the disease (reviewed
in®). Evidence for causality of intestinal dysbiosis was obtained in several mouse models of lupus. The trans-
location of Enterococcus gallinarum from the gut into host tissues induces an autoimmune response in the
TLR7-dependent (NZW x BXSB)F1 (WYaa) mice.” The relevance of this finding to lupus pathogenesis was
suggested by the presence of elevated titers of antibodies against E. gallinarium in SLE patients with an-
tibodies specific to subset of lupus autoantigens.® In another TLR7-dependent mouse model of lupus, the
translocation of Lactobacillus reuteriwas pathogenic, and it was reversed by dietary resistant starch and the
resulting production bacterial short chain fatty acids (SCFA).” Moreover, Ruminococcus gnavus blooms
have been reported in SLE patients with severe disease,” and R. gnavus isolated from these patients
induces the production of anti-dsDNA autoantibodies in gnotobiotic healthy mice.'® Finally, fecal micro-
biome transfers (FMT) from B6.Sle1.Sle2.Sle3 lupus-prone mice induced autoimmune activation and auto-
antibody production in gnotobiotic or antibiotic-treated healthy congenic Bé mice.""'? In this latter model,
the autoimmune activation was associated with changes in fecal metabolites, especially in the tryptophan
pathway, rather than bacterial translocation.'’

Cellular metabolism is altered in the lupus immune system, especially T cells, and evidence from mouse
models and clinical studies support that metabolic inhibitors can ameliorate disease outcomes.”*'* The
combination of 2-deoxyglucose (2DG), a non-metabolizable glucose analog that inhibits the first step of
glycolysis, and metformin, an inhibitor of complex 1 in the mitochondrial electron transport chain, reduced
the metabolism and the expansion of activated CD4" T cells, prevented the production of autoantibodies,
and reversed disease in multiple mouse models.'® Furthermore, we showed that the inhibition of glycolysis
by 2DG alone reversed the production of autoantibodies and expansion of follicular helper T (Tth) cells as
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well as germinal center (GC) B cells, without impairing the response to foreign antigens in lupus-prone
mice.'® Metformin by itself showed only modest effects on autoimmune pathogenesis,™'’ although it
reduced the response of human CD4" T cells to type | interferon,'® as well as the occurrence of flares in
SLE patients.'”

Metformin has been shown to drastically modify the gut microbiome of diet-induced obese mice, most
notably with a bloom of mucin-degrading Akkermansia populations.”” Oral administration of Akkermansia
to mice fed with a high fat diet largely reproduced the anti-diabetic therapeutic effect of metformin.*®
Metformin also alters the gut microbiome of patients with type 2 diabetes,”’ including an expansion of
SCFA-producing bacterial populations, which have been shown to reduce blood sugar levels by inducing
intestinal neoglucogenesis. These results have been interpreted as the therapeutic effect of metformin be-
ing at least in part mediated through changes in the microbiome. Based on this model, we postulated that
the therapeutic effects of 2DG in lupus could also be mediated through a modulation of the dysbiotic mi-
crobiome. To our knowledge, the effect of 2DG or glycolysis inhibition in general has not been investigated
on the gut microbiome. We tested this hypothesis in two models: the (NZB x NZW)F1 (BWF1) female mice, a
classical model of lupus that presents gut dysbiosis® as well as a beneficial response to 2DG,'>'¢ and WYaa
mice, a male model of lupus with a different etiology,”” as well as a translocation mediated involvement of
gut pathobionts.” After establishing that 2DG also has therapeutic effects in WYaa mice, we showed that
2DG profoundly altered the composition of the fecal microbiome and metabolome in both strains. Further-
more, we showed that these changes were functional since serial FMT from 2DG-treated mice prevented
disease development in the two models. Therefore, the protective effect of glycolysis inhibition in lupus is
mediated at least in part through changes in the intestinal microbiota.

RESULTS
2DG altered the gut microbiota and metabolome of BWF1 mice

In lupus-prone mice, treatment with 2DG combined with metformin reversed disease,'® and 2DG alone
reversed the expansion of Tfh and GC B cells, as well as the production of anti-dsDNA 1gG."®
whether inhibiting glycolysis with 2DG alters the gut microbiota, we treated BWF1 mice with 2DG starting
at age 20 weeks, an early stage of disease onset whereby these mice produce autoantibodies but have not
yet developed renal pathology. The treatment lasted for 4 weeks, then was reinitiated at age 36 weeks
when the production of anti-dsDNA IgG was detected again. 2DG treatment continued until mice were
euthanized at age 46 weeks. Age-matched untreated mice were also euthanized when they presented
heavy proteinuria. As expected, 2DG prevented early death as well as the development of renal pathology
as assessed by proteinuria, and glomerulonephritis (GN) score (Figures STA-S1C). 2DG reduced comple-
ment C3, IgG2a immune complex deposition, infiltration of F4/80" macrophages, and CD3" T cells in the
kidneys when compared to controls (Figures STD-S1H). 2DG also reduced the production of anti-nuclear
antibodies (ANA) and anti-dsDNA IgG (Figures STl and S1J).

To elucidate

Next, we analyzed the fecal microbial composition of BWF1 mice before (age 20 weeks), and after 2DG
treatment (age 46 weeks). While there was no difference in alpha-diversity (Figure 1A), the 2DG treatment
significantly shaped the gut microbiota composition, resulting in distinct bacterial community clusters (Fig-
ure 1B). The microbiota of control mice shifted over time likely because of disease progression; however,
this shift was restricted by 2DG, as shown by reduced unweighted UniFrac distances (Figure 1C). Compo-
sitional analysis demonstrated that 2DG treatment did not skew the Firmicutes to Bacteroidetes ratio (Fig-
ure 1D), although it was found to be one of the most consistent features of lupus fecal microbiome.”® How-
ever, a bacterial class, Mollicutes, as well as several genera, Anaeroplasma, Lactobacillus, RF39 and
Sutterella, all of which have been reported to be less abundant in SLE patients compared to healthy con-
trols,”*?> were sustained in BWF1 mice treated with 2DG, compared to controls (Figures 1E and 1F). In
addition, the level of Parabacteroides distasonis, possessing the ability to mitigate intestinal inflamma-
tion,”® was also enriched in 2DG-treated mice (Figure 1F). In contrast, the abundance of Desulfovibrio,
AF12, Bacteroides acidifaciens, and Bacteroidales, which were elevated in the TLR7-dependent SLE mouse
model9, as well as Turicibacter, that was enriched in B6.Sle1.5le2.Sle3 lupus-prone mice compared to B6
mice,'" were all decreased in BWF1 mice after 2DG treatment (Figure 1F). Overall, these results indicate
that 2DG treatment modifies the gut microbiota during disease development in BWF1 mice.

Analyzing fecal microbiota-associated metabolites of 2DG-treated mice compared to controls at age
46 weeks demonstrated distinct profiles by both positive and negative ionizations and greatly reduced
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Figure 1. 2DG treatment impacted gut microbiota composition in BWF1 mice

16S rRNA sequencing of the feces collected from BWF1 mice before (age 20 weeks) and after 2DG treatment (age

46 weeks).

(A) Shannon index measuring bacterial diversity.

(B) Unweighted Unifrac principal coordinate analysis (PCoA) plot showing the bacterial community structure. The
PERMANOVA q values are indicated for the two time-points.

(C) Unweighted UniFrac distances between 20 and 46 weeks showing an increased similarity in BWF1 mice by 2DG.

(D) Firmicutes/Bacteroidetes ratio at age 46 weeks.

(E) Bacterial class abundance at age 46 weeks. Each bar represents a mouse.

(F) Linear discriminant analysis effect size (LEfSe) plot showing differentiating taxa (species level) between 2DG-treated
mice and controls at the age of 46 weeks (n = 4-5 per group); ***p < 0.001; Mann-Whitney U test (C). See also Figure S1.

interindividual variability (Figure 2A). Metabolic pathways related to vitamins, carbohydrates (e.g., the
pentose phosphate pathway, sialic acid, and N-glycan), lysine and purine metabolisms were influenced
by 2DG treatment (Figure 2B). Accordingly, 2DG-treated mice exhibited enriched cofactors, including
vitamin Bé (pyridoxine, pyridoxine 5'-phosphate, pyridoxal), and vitamin C (ascorbic acid), amino acids
(e.g., lysine, aspartate, asparagine), nucleobases (e.g., adenine, cytosine, guanine), and carbohydrates
(e.g., galactose, UDP-galactose, 3-ketolactose, deoxyribose, glucosamine), potentially supporting gut mi-
crobial growth (Figure 2C). Notably, a panel of compounds with antioxidant properties, including lipoa-
mide, putrescine, salicyluric acid, gluconolactone, mevalonolactone and isopentenyl diphosphate, were
also significantly enriched by the 2DG treatment, while the oxidative stress markers such as ethylmalonic
acid, allantoin, as well as associated metabolites allantoate and alloxan were decreased (Figure 2C).
Consistent with increased abundance of Lactobacillus (Figure 1F), lactate was correspondingly enhanced
in the fecal samples of 2DG-treated mice (Figure 2C). In addition, metabolites potentially modulating in-
testinal epithelial mitochondrial function, including acetylcholine, carnitine, and acetylcarnitine, were
also observed at significantly higher levels in 2DG-treated mice compared to controls (Figure 2C). Finally,
we have previously shown that an altered tryptophan metabolism was associated with autoimmune path-
ogenesis in B6.Sle1.5le2.5le3 mice,"" which is largely caused by an enhanced fecal tryptophan catabo-
lism.?” Here, 2DG increased the abundance of both fecal tryptophan and kynurenic acid, potentially
rescuing this imbalance. Together, these results suggest a critical role of 2DG in functionally modulating
gut microbiota composition and metabolite output in BWF1 mice.
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(A) Principal component analysis (PCA) plots of metabolite features identified by positive and negative ionization in feces collected from 2DG-treated versus

untreated BWF1 mice (n = 5 per group).

(B) Metabolic pathway analysis of metabolites with significantly differing counts between 2DG-treated and control mice. The overlapped size indicates the
number of significant metabolic features mapped to corresponding pathways.

(C) Heatmap showing differentially enriched metabolites. See also Figure S1.

Fecal microbiota transfers from 2DG-treated mice protected BWF1 mice from autoimmune

pathology

The protective potential of the gut microbiota from 2DG-treated mice was assessed by fecal microbiota
transfers (FMT) into pre-autoimmune 8-week-old BWF1 mice whose microbiota had been previously
depleted by a 2-week treatment with an antibiotic cocktail. FMT from untreated mice (Ctrl-FMT) as well
as PBS gavages in antibiotic-pretreated 8-week-old recipients were used as controls (Figure S2A). FMT
from 2DG-treated mice (2DG-FMT) reduced renal pathology in recipients as assessed by proteinuria
and GN score compared to the recipients of Ctrl-FMT and PBS (Figures 3A-3C). The glomeruli of all
PBS-treated and Ctrl-FMT mice showed prominent mesangial and endocapillary hyperplasia with classical
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Figure 3. FMT from 2DG-treated mice reduced renal pathology and autoantibody production in BWF1 mice
Antibiotic-pretreated 8-week-old BWF1 mice received 2DG-FMT, Ctrl-FMT or PBS for 20 weeks.
(A) Terminal proteinuria.
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Figure 3. Continued

(B) Representative PAS-stained kidney sections at medium (top, scale bar 50 pM) and high (bottom, scale bar 20 M) magnifications as indicated. The *
symbols indicate endocapillary hypercellularity, the star symbol shows a cast, dashed arrows show protein droplets in dilated proximal tubules and plain
arrows show “wire-loop” peripheral hyaline deposits.

C) GN scores.

D) Representative images of C3, IgG2a immune complex deposition, F4/80" macrophages and CD3" T cells in glomeruli. Nuclei were stained with DAPI
20x, scale bars: 100 uM).

E-H) Quantification of C3 and IgG2a deposition, and F4/80* and CD3™ cells (MFI: mean fluorescence intensity).

|) Representative images of terminal serum ANA (20x, scale bar 100 puM) and ANA intensity quantification.

J) Time course analysis (two-way ANOVA) and terminal values of serum anti-dsDNA IgG. Each symbol represents a mouse, bars show means + SEM. n = 4-
10 mice per group. One-way ANOVA with Dunnett’s multiple comparison tests unless indicated, *p < 0.05, **p < 0.01 and ***p < 0.001. See also Figure S2.
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"wire-loop” lesions, and some of these mice also presented mesangial hyaline deposits. In addition, some
kidneys showed casts, proximal tubule dilatation, and protein resorption droplets, indicating a severe renal
injury. In contrast, all 2DG-FMT mice showed a normal renal cortex with very few hypercellular glomeruli,
and no hyaline deposits. Kidneys of 2DG-FMT mice also showed reduced amounts of C3 and IgG2a depo-
sition, as well as reduced F4/80" macrophage and CD3" T cell infiltration (Figures 3D-3H). 2DG-FMT mice
produced less ANA and anti-dsDNA IgG as compared to PBS-treated controls, and there was a similar
trend for Ctrl-FMT mice (Figures 31-3J). Together, these results show that FMT from 2DG treated mice
reduced the development of renal pathology and the production of autoantibodies.

Next, we evaluated the impact of 2DG-FMT on immune activation. After 20 weeks of transfer, 2DG-FMT
mice showed lower splenocyte numbers (Figure 4A) as well as reduced CD4" T cell activation represented
by the frequency of CD69* T cells (Figure 4B) compared to both Ctrl-FMT and PBS. In addition, the fre-
quency of IFN-y* CD4" T cells was diminished in 2DG-FMT compared to Ctrl-FMT mice (Figure 4C). The
frequencies of IL-17A", effector memory (Tem), follicular helper (Tth) CD4" T cells, and the Tth to follicular
regulatory (Tfr) T cell ratio were reduced compared to PBS controls (Figures 4D-4G). The values obtained
from Ctrl-FMT for these parameters were intermediate between the 2DG-FMT and PBS control groups
(Figures 4D-4G). Intriguingly, a similar reduction was obtained for Foxp3* regulatory CD4" T cells (Fig-
ure 4H). 2DG-FMT exerted no effect on the frequency of GC B cells, but it reduced the frequency of plasma
cells (PC) compared to PBS controls (Figures 4l and 4J). Furthermore, the frequency of CD11c* MHC-II"
conventional dendritic cells (cDC) was reduced in 2DG-FMT compared to both Ctrl-FMT and PBS mice (Fig-
ure 4K). Finally, as compared to control mice, 2DG-FMT decreased the frequency of inflammatory plasma-
cytoid DCs (ipDCs), a subset of B220" pDCs secreting high amounts of type | interferon (IFN), and thus play
a detrimental role in lupus manifestation® (Figure 4L). Similar effects were observed in the mLN where fre-
quencies of activated CD69" T cells, Tem cells, Tth cells, and the ratio of Tfh to Tfr cells were reduced in
2DG-FMT mice compared to both groups of control mice (Figures S3A-S3D). Consistent with observations
in the spleen (Figure 4), there was no difference in the frequency of GC B cells but the frequencies of PCs,
cDC, and ipDCs were reduced in 2DG-FMT mice (Figures S3E-S3H). These results indicate that the fecal
microbiota from 2DG-treated BWF1 mice decreased autoimmune activation of CD4" T cells and DCs as
well as plasma cell production in younger mice from the same strain compared to controls. The transfer
of microbiota from untreated BWF1 mice demonstrated by itself a mitigating effect with intermediate acti-
vation values between 2DG FMT and PBS controls.

To elucidate whether the immunological phenotypes of 2DG-FMT mice are associated with a protective
role of gut microbiome in recipient mice, the fecal microbiota of 2DG-FMT, Ctrl-FMT and PBS control
mice was analyzed at age 28 weeks (terminal collection) and compared to 2DG and control donors (Fig-
ure S2A). Albeit no difference in alpha-diversity was observed between 2DG-FMT and Ctrl-FMT mice (Fig-
ure 5A), these groups of mice displayed distinct bacterial community structures, as determined by permu-
tational multivariate analysis of variance (PERMANOVA) (Figure 5B). To assess the similarity between FMT
recipient mice and their respective donors or PBS recipient controls, we thus calculated unweighted
UniFrac distances demonstrating a unique hybrid microbiome of FMT mice that significantly differed
from both the donors and PBS recipient controls for either 2DC FMT or control FMT (Figure 5C). Impor-
tantly, Lactobacillus, as a top taxon enriched in 2DG-treated donors, was also significantly increased in
2DG-FMT mice, which also demonstrated elevated abundance of Parabacteroides and Coprobacillus (or-
der Erysipelotrichales) (Figures 1F and 5D). In contrast, levels of AF12 were found to be higher in both the
Ctrl donors and Ctrl-FMT mice, when compared to their 2DG counterparts (Figures 1F and 5D). In addition,
Bilophila (family Desulfovibrionaceae) was also enriched in Ctrl-FMT mice. Bacteroidales that were absent
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Figure 4. FMT from 2DG-treated mice reduced immune activation in BWF1 mice

Splenic cells from 2DG-FMT, Ctrl-FMT and PBS mice were analyzed after 20 weeks of FMT.

(A) Splenocyte numbers.

(B-L) Frequency of CD4" T cells expressing CD69, IFNy (C) or IL-17A (D) and presenting the CD62L"CD44"* Tem
phenotype (E). Frequency of Tfh cells (F) with the ratio of Tfh to Tfr cells (G). Frequency of Foxp3"CD4*T cells (H), GC B
cells (), CD138*B220'"° plasma cells (J), CD11c*MHC-II" ¢DCs (K), and CD11b"pDCA*B220 ipDCs (L). Each symbol
represents a mouse, bars show means + SEM. n = 4-10 per group. One-way ANOVA with Dunnett’s (A, B, D-J) or Kruskal-
Wallis (C, K and L) multiple comparison tests, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. See also Figure S3.

in 2DG donors (zero in 2DG versus 1.06% on average in Ctrl donors) (Figure 1F), gained colonization in
2DG-FMT mice (Figure 5D). Together, these results suggest that 2DG-dependent microbiome signature
is largely transferable through FMT.

2DG treatment ameliorated disease in the (NZW x BXSB)F1 mouse model of lupus

To investigate whether the protective effect of FMT from 2DG-treated mice may be model-dependent, we
used male (NZW x BXSB)F1 mice (WYaa), which develop an aggressive lupus-like syndrome driven by the
duplication of the TIr7 gene to the Y chromosome.”” First, we verified the effect of 2DG on disease progres-
sion in these mice. We studied the effect of a 4-week treatment starting at age 10-12 weeks, when WYaa
mice start producing autoantibodies. Consistent with observations in BWF1 mice (Figure S1), 2DG reduced
splenomegaly (Figure S4A), kidney pathology (Figures S4B and S4C), as well as C3 and IgG2a immune com-
plex deposition, and renal infiltration of T cells and F4/80" macrophages (Figures S4D and S4E).
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Figure 5. FMT from 2DG-treated mice results in a hybrid microbial signature in BWF1 mice

(A) Shannon index measuring bacterial alpha-diversity in 2DG-FMT (n = 9 per group), Ctrl-FMT (n = 8 per group), and PBS
controls (n = 4 per group). The 2DG and Ctrl donors (n = 4-5 per group) at age 46 weeks were also included. Significance:
*p < 0.05, One-way ANOVA with Dunnett’s multiple comparison tests.

(B) Unweighted Unifrac PCoA plot showing the bacterial community structure.

(C) Unweighted UniFrac distances depicting the dissimilarity between the FMT mice and their respective donors or PBS
recipients. Significance: **q < 0.001, PERMANOVA.

(D) LEfSe plot showing differentiating taxa (species level) between 2DG-FMT and Ctrl-FMT mice.

Furthermore, 2DG lowered the production of serum ANA and anti-dsDNA IgG (Figures S4F and S4G), as
well as the frequency of activated CD4" CD69™ T cells, Tem, Tth cells, GC B, and PC cells compared to con-
trol mice (Figures S4H-S4L).

The 2DG treatment impacted the composition and the associated metabolites of the fecal
microbiota in WYaa mice

16S rRNA sequencing of fecal samples collected from WYaa mice before and after 2DG treatment demon-
strated a significant increase in alpha-diversity by 2DG, as measured by Shannon index (Figure 6A). At bac-
terial phylum level, there was a trend toward decreased Bacteroidetes and increased Firmicutes after 2DG
treatment (Figure 6B). As observed in BWF1 mice, 2DG also increased the relative abundance of Lactoba-
cillus and Erysipelotrichaceae in WYaa mice (Figures 6C and S5A). Coprococcus, and Anaerofustis of the
class Clostridia producing butyrate were also enriched in 2DG-administrated mice, wherein the opportu-
nistic pathogen Staphylococcus was reduced (Figure 6C). Consistent with these differences in distribution,

8 iScience 26, 107122, July 21, 2023

iScience



iScience ¢? CellPress
OPEN ACCESS

A B 1004 Ctrl 100- 2DG
L 1Pre B Pos m Bacteroidetes
8 Q < irmi
* X go4 2 god = Firmicutes
Q Q Actinobacteria
é 6 o S e - icut
g 0 S 604 S 604 enericutes
£ oo S S == \/errucomicrobia
& 41 ® ® m Proteobacteria
c o 404 o 404
S o = =
& 2 3 s
& 20+ ¢ 20+
0 T T . e
ctr 2DG O e Post o
I Pre = Pos
C
Lactobacillus Coprococcus Anaerofustis Erysipelotrichaceae Staphylococcus
L 6- ** 1.5+ 0.8+ *
~ *% [e] (o]
§ A % 0.6
§ 4 1.04 o
é O o 0.4+
4 0.5
g2 02.
©
& o 0-
Ctrl 2DG Ctrl 2DG Ctrl 2DG
D E Ctrl 2DG
. A
Overlap size Serine 2 0 2
Butanoate metabolism - e 2 Arginine
Q4 Putrescine
Urea cycle/amino group metabolism - . 7 Urocanate
2-Deoxy-D-glucose
Methionine and cysteine metabolism - Alpha-aminoadipate
lonizat Succinate semialdehyde
onization N 2|
Glutamate metabolism . " 2-Aceto 2. hydroxybutanoate
Positive 6-Acetamido-2-oxohexanoate
Linoleate metabolism | Negative 3-Aminoisobutyric acid
Carnitine
. . (R)-Mevalonate
Squalene and cholesterol biosynthesis - Riboflavin
Proline
Vitamin B2 (riboflavin) metabolism | 3-Hydroxyanthranilate
Mevalolactone

0 1 2 3 4 3-Sulfino-I-alanine

-log,, (P-value)

Figure 6. 2DG modulated fecal microbiota composition and metabolites in WYaa mice

Fecal samples were collected from WYaa mice pre- and post 2DG treatment to analyze microbiota composition and associated metabolites (n = 5 per
group).

(A) Shannon index measuring bacterial diversity.

(B) Relative abundance of bacterial phyla pre- and post-treatment in the control and treated groups.

(C) Major differential taxa induced by 2DG treatment. Metabolic pathways (D) and metabolites (E) differentially enriched in the fecal samples collected from
2DG-treated WYaa mice versus untreated controls. Bar indicates mean and SD. *p < 0.05; **p < 0.01; two-tailed unpaired t test (A) and Mann-Whitney U test
(C). See also Figures S4 and S5.

butyrate (butanoate) metabolism was a major metabolic pathway enriched by the 2DG treatment (Fig-
ure 6D), as shown by enriched metabolites in this pathway, including succinate semialdehyde, 2-aceto-2-
hydroxybutanoate, and 3-aminoisobutyric acid (Figure 6E). In addition, serine, arginine, putrescine, and
carnitine were found at higher levels not only in BWF1 but also in WYaa mice treated with 2DG
(Figures 6E and S5B). A tryptophan metabolite, 3-hydroxyanthranilate, was reduced in WYaa mice treated
with 2DG (Figure 4E). These results, thus, indicate that the regulation of gut microbiota and associated
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metabolic activities by 2DG is mouse-model independent. Bacteria taxa and metabolites shared between
the two strains in response to 2DG may point to candidates that are responsible for the protective effect of
2DG FMT.

FMT from 2DG-treated mice ameliorated disease in WYaa mice

To demonstrate whether the changes induced by 2DG in the WYaa microbiota may exert functional con-
sequences, we followed a similar FMT protocol used for the BWF1 mice. Here, 3-week-old WYaa mice were
treated with an antibiotic cocktail for 2 weeks, and then gavaged with feces from 2DG or untreated donor
mice 3 times a week for 9 weeks (Figure S2B). A group of mice, serving as controls, were gavaged with PBS.
As with BWF1 mice, 2DG-FMT reduced kidney pathology as compared to the Ctrl-FMT treatment in WYaa
mice (Figures 7A and 7B). The glomeruli of all PBS-treated and Ctrl-FMT mice exhibited severe mesangial,
and endocapillary hyperplasia with “wire-loop” lesions. In addition, glomeruli from all Ctrl-FMT mice pre-
sented extensive mesangial hyaline deposits. PBS-treated and Ctrl-FMT mice also showed acute tubular
injury with dilatation, epithelial attenuation, accumulation of protein resorption droplets, and casts. One
2DG-FMT mouse demonstrated an early disease that developed faster than in PBS-treated group and
Ctrl-FMT mice, and it had to be euthanized early. The other 2DG-FMT mice showed a normal renal cortex
with very few hypercellular glomeruli. One mouse exhibited heavy mesangial hyaline deposits, but with
patent, i.e. non-damaged, capillary loops. Although there were only small effects on C3 and IgG2aimmune
complex deposition, infiltration of CD3" T cells and F4/80" macrophages were also diminished in 2DG-
FMT compared to Ctrl-FMT mice (Figures 7C and 7D). Production of ANA was reduced with 2DG-FMT
treatment (Figure 7E), with a similar trend for anti-dsDNA IgG (Figure 7F).

Next, we examined the effect of 2DG-FMT on immune phenotypes. 2DG-FMT reduced splenomegaly (Fig-
ure 8A) as well as the frequencies of activated CD4" CD69™" T cells, and Tem cells as compared to Ctrl-FMT
(Figures 8B and 8C). Although it demonstrated no effect on the frequency of IFNy™ CD4"T cells (Figure 8D),
2DG-FMT reduced the frequency of IL-17A* CD4" T cells compared to Ctrl-FMT (Figure 8E). Moreover, the
frequency of Tth cells was reduced by 2DG-FMT compared to both control groups, and the ratio of Tth to
Tfr cells as well as the frequency of Foxp3™ regulatory CD4" T cells were reduced in 2DG-FMT compared to
the PBS group (Figures 8F-8H). The frequency of GC B cells or plasma cells was unaffected (Figures 8l and
8J); however, the frequencies of class-switched B cells, which depends on Tth cells, and age-related B cells
(ABCs), a subset of pathogenic type | IFN-driven B cells, were reduced by 2DG-FMT compared to Ctrl-FMT
(Figures 8K and 8L). Similar results were obtained from the mLN where 2DG-FMT mice showed smaller
mLNs with lower cell numbers compared to Ctrl-FMT mice (Figure S6A). 2DG-FMT reduced the frequency
of mLN Tem cells and Tfh cells as well as IFNy*, and IL-17A" CD4" T cells compared to Ctrl-FMT mice
(Figures S6B-S6E). Once again, the frequency of GC B cells was unaffected (Figure S6F), however, the fre-
quency of plasma cells, CS B cells, and ABCs was significantly reduced by 2DG-FMT (Figures S6G-S6I).

Finally, increased TLR7 signaling drives a myeloid expansion in Yaa-carrying mice.”” The 2DG-FMT treat-
ment reduced the frequency of splenic CD11b" cells as compared to both control groups (Figure 9A).
The frequency of Ly6C*CD11b™ monocytes, F4/80"CD11b™ macrophages, cDCs, and ipDCs was reduced
in 2DG-FMT compared to Ctrl-FMT mice (Figures 9B-9E). A similar effect was observed in mLN myeloid
cells (Figure S7). Together, these results indicate that the protective effect of FMT from 2DG-treated
lupus-prone mice is model-independent. However, contrary to BWF1 mice in which FMT from control
mice showed intermediate results between 2DG-FMT and PBS, FMT from control mice seemed to accel-
erate disease in WYaa mice. Overall, 2DG-FMT was protective, although in this latter model wherein the
disease develops very rapidly, it was not protective in all mice compared to BWF1 mice in which the disease
evolves at a slower pace.

DISCUSSION

Results obtained in mouse models suggest that the gut microbial dysbiosis observed in SLE patients con-
tributes to the disease process.’”*' There is also emerging evidence that the microbiota composition may
globally modulate the host response to therapies,* including in autoimmune diseases such as rheumatoid
arthritis, in which the gut microbiome can predict the response of patients to methotrexate.*> Here, we
tested the hypothesis that the gut microbiome plays a role in the therapeutic response of lupus-prone
mice to the inhibition of glycolysis, a metabolic pathway that is overactivated in lupus CD4" T cells'”
and B cells.*® This hypothesis was based on a model in which the metabolic inhibitor metformin exerts
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Figure 7. FMT from 2DG treated mice reduced renal pathology and autoantibody production in WYaa mice
Antibiotic-pretreated 5-week-old WYaa mice received 2DG-FMT, Ctrl-FMT or PBS for 9 weeks.

(A) Representative PAS-stained kidney sections at 200X (top, scale bar 50 pM) and 630X (bottom, scale bar 20 pM)
magnifications. The * symbols indicate endocapillary hypercellularity, the star symbol shows a cast, dashed arrows show
protein droplets in dilated proximal tubules and plain arrows show “wire-loop” peripheral hyaline deposits.

(B and C) GN scores (C) Representative images of IgG2a and F4/80" macrophages, and C3 and CD3" T cells in glomeruli
(20x, scale bars: 100 uM).

(D) Quantification of IgG2a, C3, F4/80 and CD3 (MFI).

(E) Representative images of terminal serum ANA (20x) and ANA intensity quantification (MFI).

(F) Time course of serum anti-dsDNA IgG and values at week 8. Each symbol represents a mouse, bars show means +
SEM. N = 3—4 mice per group. One-way ANOVA with Dunnett’s or Kruskal-Wallis (B) multiple comparison tests, *p < 0.05,
**5 < 0.01, and ***p < 0.001. See also Figure S2.

its therapeutic effects in type 2 diabetes at least in part by altering the composition of the gut

microbiome.”%?!

We selected the BWF1 and WYaa models of lupus that have different etiologies and in which microbial dys-
biosis has been documented.®’ We showed here that, as for other models of lupus, including BWF1,'>1°
2DG has a therapeutic effect in WYaa mice. We then demonstrated that the composition of the gut micro-
biota and the metabolites it produces were changed by 2DG in both models. The 2DG treatment reduced
the changes in microbiota composition associated with disease progression in untreated BWF1 mice, and it
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Figure 8. 2DG-FMT treatment reduced lymphocyte activation in WYaa mice

Splenic cells were analyzed after 9 weeks of FMT.

(A) Splenocyte numbers.

(B-L) Frequency of CD4™ T cells expressing CD69, presenting a Tem phenotype (C), expressing IFNy (D) or IL-17A (E).
Frequency of Tfh cells (F) with the ratio of Tth to Tfr cells (G). Frequency of Foxp3"CD4"T cells (H), GC B cells (I), PCs (J),
CD19*IgM~IgDclass-switched (CS) B cells (K) and TBET*CD11c" B cells (ABCs) (L). Each symbol represents a mouse, bars
show means + SEM. N = 3-4 per group. One-way ANOVA with Dunnett’s multiple comparison tests, *p < 0.05, **p < 0.01,
***5 < 0.001 and ****p < 0.0001. See also Figure S6.

increased alpha diversity and the Firmicutes to Bacteroides ratio in WYaa mice. A common effect of 2DG
was observed in the two strains, with a decreased abundance of bacterial taxonomic groups associated
with lupus and inflammation. In both strains, the distribution of fecal metabolites was also altered by the
treatment in both strains, most likely reflecting changes in the distribution of bacterial species. This
included changes in tryptophan metabolites, and alterations in tryptophan catabolism by the gut micro-
biome have been functionally validated in a mouse model of lupus.""*? Here, we found that 2DG increased
the abundance of fecal tryptophan and kynurenine in BWF1 mice, and the amount of
3-hydroxyanthranilate, a kynurenine metabolite that may be of either mammalian or bacterial origins,
was decreased in WYaa mice. Of interest, a high level of 3-hydroxyanthranilate was found in B6.Sle1.Sle2.-
Sle3 mice as compared to control Bé6 mice, and it was reduced by low dietary tryptophan, which decreased
autoimmune activation.”’ This may indicate that 2DG may exert a beneficial effect in part by decreasing
tryptophan bacterial catabolism, although the mechanism by which this may occur is unclear. However,
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Figure 9. 2DG-FMT treatment reduced myeloid cell expansion in WYaa mice

(A-E) Splenic myeloid cells were analyzed after 9 weeks of FMT transfer. Frequency of CD11b" cells (A), Ly6C* monocytes
(B) and F4/80* macrophages (C). Frequency of cDCs (D) and ipDCs (E). Each symbol represents a mouse, bars show
means + SEM. N = 3-4 per group. One-way ANOVA with Dunnett’s multiple comparison tests, *p < 0.05, **p < 0.01. See
also Figure S7.

the mechanism(s) by which specific metabolites may modulate the host immunity should be interpreted
with caution. The increased production of butyrate derivatives observed in fecal samples of 2DG-treated
WYaa mice did not correspond to an expected expansion of Treg cells in either 2DG-treated mice them-
selves,'® or in the recipients of these fecal contents (this report). It is thus possible that SCFA modulate
other components of the immune system directly, or indirectly through intestinal stromal cells.

To test whether the changes in microbiota induced by 2DG had functional consequences, we assessed
whether FMT transfer from 2DG-treated mice could prevent disease in young mice of the same strain. In
BWF1 mice, 2DG-FMT decreased the production of autoantibodies and prevented the development of
glomerulonephritis, including immune complex deposition and immune cell infiltration. Similar results
were observed in WYaa mice, although the effect was more modest, which could be because of a faster
disease development in this model, or to a lower protection of the 2DG-altered microbiota relative to
the strong TLR7-driven inflammation. In both strains, the 2DG-FMT reduced the activation of CD4"
T cells, and their differentiation in Tem and Tfh subsets, as well as the activation of myeloid cells. The pro-
tective effect on B cells was limited to class-switching, which can be imparted to the reduced numbers of
Tth cells, and in plasma cells, which could also be indirect targets. FMT transfer from control mice resulted
in intermediate autoantibody production and expression of some activation markers between 2DG-FMT
and PBS control mice in the BWF1 strain. In WYaa mice however, recipients of FMT from control mice
showed worsening of disease development compared to PBS as compared to PBS treated mice. The mech-
anism responsible for this difference is unclear, and could be of either bacterial or host origins, or both.
Transfers across these two strains will be necessary to start addressing this issue.

We showed that 2DG functionally changed the gut microbiota of lupus-prone mice, but whether it was a
direct effect on bacterial populations or an indirect effect through the modification of the immune system
that in turn altered the microbiota is unknown. A treatment was developed with a combination of metfor-
min and 2DG that ameliorated gastric cancer induced by Heliobacter pilori in a murine model.*® This was
accomplished without affecting the bacterial burden, but by decreasing host cells glycolysis and mTOR
activation in infected cells. Citrobacter rodentium-induced intestinal injury was equally reduced by a treat-
ment with 2DG or antibiotics, implying that 2DG mitigated the microbiome with beneficial effects,®
although it was not directly demonstrated as we did with lupus-prone mice. A causal effect of the host
cellular metabolism on the gut microbiome has been shown where mitochondrial (mt) ROS production
linked to a mtDNA polymorphism in the NZB mouse, one of the parental strains in the BWF1 model, altered
the gut microbiome, including a reduction of bacterial diversity and of the Firmicutes/Bacteroides ratio.”’
Treatment of these NZB mice with N-acetylcysteine (NAC), a ROS scavenger with a therapeutic effect in SLE
patients,38 reversed the changes in the microbiome. However, NZB mice develop minimal autoimmune
pathogenesis, and this study did not address the link between the normalization of the gut microbiome
by NAC and autoimmune phenotypes. Direct causal links between changes induced by a drug or an envi-
ronmental modification on the microbiome and phenotypic/disease changes in the host requires either
FMT, as we did in this study, or bacterial colonization.

Finally, dietary sugar has been shown to alter the gut microbiome by promoting the expansion of a path-
obiont that outcompeted segmented filamentous commensal bacteria (SFB).>” SFB promoted the
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differentiation of intestinal Th17 and ILC3 cells, which were essential to maintain gut homeostasis as well as
to limit the absorption of dietary lipids. Therefore, in this model, sugar directly modified the microbiome,
which in turn shaped the immune system with systemic outcomes. Although it has not been formally tested,
itis likely that 2DG inhibits bacterial glycolysis, since the obligate phosphorylation of glucose is conserved
across organisms. It is thus possible that 2DG acts directly on bacteria by promoting the growth of taxa that
are less dependent on glucose metabolism.

Thus, we have shown that the protective effect of 2DG in lupus-prone mice and the pathogenic effect of the
dysbiotic gut microbiota on autoimmune pathogenesis in these mice are linked. 2DG changed the micro-
biota, which can largely transfer the protective effect of the treatment itself. These results are similar to
those obtained with metformin in type 2 diabetes. This suggests that the microbiome should be consid-
ered as an integral part of the immunometabolic activation that has been documented in immune medi-
ated diseases, and in their treatment with metabolic inhibitors.

Limitations of the study

This study demonstrated that the enhanced glucose metabolism that is required for lupus pathogenesis is
functionally linked to gut microbial dysbiosis. There are two main limitations to the study. First, although we
have shown that the inhibition of glucose metabolism greatly modified the composition of the gut micro-
biota of lupus-prone mice and the metabolites it produced, we have not yet identified the bacteria or me-
tabolites that are responsible for the protective effect it has on lupus development. The second limitation is
that although both enhanced glucose metabolism and gut dysbiosis have been documented in SLE pa-
tients, it is unknown yet if the functional link that we report in mice exists in humans.
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BD Biosciences

eBioscience

RRID:AB_10049577
RRID:AB_11042699
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I-tyrosine ring-13c6 Cambridge Radioisotope Lab CLM15420.25
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L-tyrosine Ring-"3C® Cambridge Radioisotope Lab CLM71030.01
L-leucine-"3C® Cambridge Radioisotope Lab CDNLM68080.25
L-phenylalanine "3Cy4 Cambridge Radioisotope Lab CLM20610.1
N-BOC-L-tert-leucine Fisher Scientific AC368010010
N-BOC-L-aspartic acid Fisher Scientific AAH62590MD
succinic acid Fisher Scientific AC459631000
salicylic acid Dg Cambridge Radioisotope Lab DLM36240.25
caffeine-D3 Fisher Scientific NC1800731
Critical commercial assays

leukocyte activation cocktail BD Biosciences 550583
Fixation/Permeabilization kit eBioscience 00-5123-43
ProLong Gold Antifade Reagent with DAPI Cell Signaling 8961
Experimental models: Organisms/strains

BW1 female mice Jackson laboratories #100008
NZW/J female mice Jackson laboratories #001058
BXSB/MpJ male mice Jackson laboratories #000740

WYaa male mice

In house breeding

Software and algorithms

FlowJo V10 Tree Star https://www.flowjo.com/solutions/flowjo/downloads

Prism 9.0 Graphpad https://www.graphpad.com/scientific-software/prism/

ImageJ NIH https://imagej.nih.gov/ij/

giime-2-2020-8 N/A https://forum.qgiime2.org/t/qgiime-2-
2020-8-is-now-available/16229

Greengenes 13_8 N/A https://greengenes.secondgenome.com/

Mummichog N/A http://mummichog-2.appspot.com/

Others

ACE 18-PFP 100 x 2.1 mm, 2 um column

ACE 18-PFP 100 x 2.1 mm, 2 um column

ACE 18-PFP 100 x 2.1 mm, 2 um column
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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, Dr. Laurence Morel (morel@uthscsa.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® 16S rDNA sequences and metabolomic raw data are available upon request.
® This paper does not report original code.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

BWF1 female mice were purchased from the Jackson Laboratory and maintained at the University of Flor-
ida. NZW females and BXSB males were bred to produce the WYaa male progeny used in the study. All
procedures were performed under protocols approved by the Institutional Animal Care and Use Commit-
tees of the University of Florida and the University of Texas Health San Antonio.

METHOD DETAILS

Study design

This study aimed to investigate the effect of 2DG treatment on the gut microbiota of lupus-prone mice and
to determine whether the protective effect of 2DG on lupus pathogenesis can be transferred through the
gut microbiota. We used 16S rDNA sequencing to compare the distribution of fecal microbiota commu-
nities between (NZB x NZW)F1 (BWF1) and (NZW x BXSB)F1 (WYaa) lupus-prone mice that were treated
with 2DG or not starting at an age when they develop autoimmune activation. Fecal metabolites were
compared between the 2DG- treated and untreated mice using LC-HRMS/MS. The protective effect of
2DG on gut microbiota was examined by serial fecal gavages from 2DG-treated mice or controls into
pre-autoimmune young mice of the same strain previously treated with a cocktail of antibiotics to decrease
their global bacterial content. A control group of recipients were gavaged with saline. At the end of the
2DG treatment for fecal donors, and at the end of the fecal transfers, spleen and mLN were collected
forimmunophenotyping by flow cytometry. Renal pathology was scored, and renal immune complex depo-
sition and immune cells infiltrates were quantified. Autoantibodies in the serum were measured by ELISA.
The distribution of fecal bacteria of the BWF1 recipient mice was also compared between groups by 165
rDNA sequencing. All experiments were conducted according to protocols approved by the University of
Florida Institutional Animal Care and Usage Committee.

Mouse treatments

20-week-old BWF1 females (n = 5 per group) were treated or not with 2DG (6 mg/ml, Cayman) in drinking
water for 4 weeks discontinued for 12 weeks, then retreated again at 36 weeks of age when anti-dsDNA IgG
was detected in the serum of treated mice (Figure S1J). the 2DG treatment was then continued until termi-
nation to prevent reemergence of autoantibodies. Urine was tested for proteinuria every 2 weeks. Mice
were sacrificed when proteinuria reached > 300 mg/dl for 2 consecutive weeks or at 46 weeks of age. These
mice were used as donors for FMT in 8-week-old BWF1 mice that were pre-treated with a cocktail of anti-
biotics [AMNV: ampicillin metronidazole neomycin (0.05% each), and vancomycin (0.025 %)] for 2 weeks.
Fresh pooled feces collected from 2DG-treated or control donors starting 4 weeks after the start of treat-
ment were diluted in PBS (one pellet per 150 pl) and 200 pl of fecal slurry was gavaged into each recipient
(n=9-10per group) 3 times a week for 26 weeks. A third cohort of age-matched AMNV-treated mice (n = 5)
was gavaged with 200 pl PBS (Figure S2A). Serum was collected starting at 20 weeks of age (12 weeks after
FMT started) and then biweekly until termination. A similar experimental protocol was used in which 10 -
12-week-old WYaa mice were treated continuously with 2DG or not (n = 6 - 8 per group), and FMT recipients
were 5-week-old WYaa mice (n = 4 per group) pretreated with AMNV for 2 weeks, and then gavaged for
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9 weeks (Figure S2B). Serum was collected from recipient mice at 11 weeks of age (6 weeks after FMT), three
weeks later and at termination.

Renal pathology

Paraformaldehyde-fixed paraffin kidney sections were stained with periodic acid Schiff (PAS). The type and
extent of renal lesions were evaluated using a modification of the International Society of Nephrology and
the Renal Pathology Society classification of lupus nephritis and the NIH activity and chronicity indices in a
blinded fashion by a pathologist (W.C.). Renal parenchymal components including glomeruli, vessels, tu-
bules, and interstitial distributed throughout the kidney sections were evaluated. At least 100 glomeruli per
kidney were evaluated for the presence of mesangial expansion, mesangial and endocapillary hypercellu-
larity, crescents and glomerulosclerosis. The GN score was computed as the sum of the 0 — 100 results ob-
tained for each of the 6 criteria. The extent of glomerular hyaline (immune-complex) deposits was also
quantified. Acute tubular injury lesions such a tubular dilatation, epithelial attenuation and tubular casts,
as well as tubular cytoplasmic PAS-positive droplets in proximal tubules were noted. The presence of
IgG2a and C3 immune complexes was detected in frozen sections with FITC-tagged anti-lgG2a and
anti-C3, and T cell and macrophage infiltration was detected with anti-CD3-APC and F4/80-APC, respec-
tively, as previously described.*”

Autoantibody measurement

For the detection of ANAs, indirect immunostaining of Hep-2 slides was performed with sera diluted 1:40
and Alexa Fluor 488-conjugated goat anti-mouse IgG as previously described.”” Fluorescence intensity
was analyzed using ImageJ. Detection of anti-dsDNA IgG was performed with sera diluted 1:100 as previ-
ously described.”" Results were normalized to a serial dilution of pooled sera from B6.Sle1.Sle2.Sle3 mice in
which the 1:100 dilution was set at 100 units.

Gut microbiota sequence analysis

Mouse fecal samples were collected and stored at —80°C. Part of the collected fecal samples was pro-
cessed for microbiota analysis. 16S rRNA libraires were constructed and sequenced as described previ-
ously."*?** Briefly, a minimal sequence depth of 44,966 2 x 300-bp reads (paired-end) per sample was ob-
tained and processed using QIIME 2 (v2020.8). Reads were merged, quality trimmed, and clustered into
operational taxonomic units at 97% sequence similarity. Taxonomy was assigned using Greengenes 13_8.

Fecal metabolomic analysis

An untargeted analysis of the fecal metabolome was conducted as previously described.?” Briefly, fecal
samples homogenized in 5 mM of ammonium formate were pre-normalized to the lowest protein concen-
tration, and spiked with internal standards (IS) solution that consisted of creatine-D3 (4 ng/mL), leucine-Dg
(4 pg/ml), L-tryptophan-2,3,3-D3 (40 ug/mL), L-tyrosine Ring-"3C% (4 pg/mL), L-leucine-"3C® (4 ug/mL),
L-phenylalanine BC, 4 ng/ml), N-BOC-L-tert-leucine (4 pg/ml), N-BOC-L-aspartic acid (4 pg/mL), succinic
acid-2,2,3,3-D4 (4 ng/mlL), salicylic acid Dg (4 pg/mL), and caffeine-D3 (4 ng/mL). Metabolites were extracted
by protein precipitation with a solution of 8/1/1 (v/v/v) Acetonitrile/ Methanol/ Acetone. Samples were
centrifuged at 20,000 x g for 10 min at 4°C to pellet the protein. Supernatants transferred into Eppendorf
tubes were dried under a gentle stream of nitrogen at 30°C. The dried extracts were re-suspended with
25 ul reconstitution solution consisting of 10 ug/mL injection standards (BOC-L-Tyrosine, BOC-L-
Tryptophan and BOC-D-Phenylalanine). Resuspension was allowed at 4°C for 10-15 min then samples
were centrifuged at 20,000 x g for 10 min at 4°C. Supernatants were collected into LC-vials for LC-MS anal-
ysis. Global metabolomics were performed using high-resolution mass spectrometry coupled with ultra-
high performance liquid chromatography (UHPLC) analyzed in positive and negative heated electrospray
ionization as previously described."'**? Separation was achieved on an ACE 18-PFP 100 x 2.1 mm, 2 um
column using a gradient with mobile phase A as 0.1% formic acid in water and mobile phase B as acetoni-
trile with a column temperature of 25°C. Gradient elution was ramped from 0% B to 80% B over 13.0 min at
350 puL/min, which increased to 600 pL/min between 16.80 and 17.50 min for column flush and re-equilibra-
tion. The runtime was 20.50 min and full scan at 35,000 mass resolution was acquired from 2 pL injection in
positive and 4 pL injection in negative ion mode. After normalizing to total ion chromatogram, intensities
were tested for group significance using unpaired Student t-test. Metabolites from this method were iden-
tified as they are matched with retention time and m/z value to a reference standard. Metabolic pathway
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analysis was performed using Mummichog with default parameters. The pathways represented by at least 2
significant metabolites in positive or negative mode are presented.

Flow cytometry
Flow cytometry was performed on splenic and mLN cells as previously described.'® To analyze intracellular
IFN-y and IL-17A production, cells were treated with the leukocyte activation cocktail for 4 - 5 h and fixed
with the Fixation/Permeabilization kit after anti-CD4 antibody staining. Gating strategies are shown in
Figures S8 and S9.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with the GraphPad Prism 9.0 software. Unless indicated, differences
between groups were evaluated by one-way or two-way ANOVA with correction for multiple tests, or un-
paired or paired t tests, as indicated in the figure legends. The corresponding nonparametric tests were
used when the data distribution deviated from normality. Results were expressed as means + standard de-
viations of the mean (SEM). The levels of statistical significance were set at *: P < 0.05, **: P < 0.01, ***:
P < 0.001 and ****: P < 0.0001.
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