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Gut Expansion of a Human Lupus Pathobiont is Associated
With Autoantibody Production and T Cell Dysregulation

Longhuan Ma," Yong Ge," Natalie Six," Seung-Chul Choi," Josephine Brown,? Abigail Castellanos Garcia,’
Mansour Mohamadzadeh,” Gregg J. Silverman,® and Laurence Morel’

Objective. The mechanisms by which the gut microbiome contributes to lupus pathogenesis remain poorly
understood. The anaerobe Ruminococcus gnavus (RG) expands in patients with lupus in association with flares. The
goal of this study was to determine the mechanisms by which candidate pathobiont lipoglycan-producing RG2 may
contribute to autoimmunity and to identify factors promoting its expansion.

Methods. The consequences of RG colonization or depletion were evaluated in the B6.Sle1.S/e2.Sle3 triple congenic
(TC) lupus model by flow cytometry and enzyme-linked immunosorbent assay. RG lysates were tested on Treg cells
in vitro. Fecal microbiota transfers evaluated the contribution of the microbiome origin from lupus or control donors and
dietary tryptophan. RG7 and RG2 growth and metabolome were evaluated in response to tryptophan in vitro.

Results. Only RG2 stably colonized TC mice, in which it induced autoantibody production and T cell activation.
Depletion of anaerobes had the opposite effect, with an increased Treg frequency. RG2 induced Treg apoptosis in
cocultures with dendritic cells. RG is present in TC microbiota, from which it is amplified by tryptophan. The combina-
tion of TC microbiota and high dietary tryptophan induced autoimmune activation and intestinal inflammation in healthy
control mice. Finally, tryptophan enhanced RG2 growth and production of immunomodulatory metabolites.

Conclusion. RG2 contributes to autoimmune activation, at least by inducing Treg apoptosis. The expansion of this
pathobiont is promoted by host genetic factors and tryptophan metabolism. Thus, targeted RG2 depletion may

improve disease outcomes in patients with lupus.
INTRODUCTION

Systemic lupus erythematosus (SLE) has been closely asso-
ciated with gut microbial dysbiosis in patients and in mouse mod-
els of the disease.’ Multiple mechanisms have been proposed to
contribute to pathogenesis, including decreased microbial com-
munity richness and diversity. Specific microbial taxa, such as
Lactobacillus reuterf” and Enterococcus gallinarium,® have been
shown to induce autoimmune phenotypes in lupus-prone mice,
although their greater relevance to clinical disease remains con-
troversial. In patients with lupus, an increased fecal abundance
of Ruminococcus (blautia) gnavus (RG) is positively correlated
with disease severity, especially in those with active lupus
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nephritis (LN).# Longitudinal studies have shown that RG intestinal
blooms occur during disease flares.® Moreover, RG strains iso-
lated during these flares were found to produce a structurally
novel, highly immunogenic lipoglycan (LG), and, in these patients,
high titers of serum anti-LG IgG directly correlated with disease
activity.® Colonization of nonautoimmune mice with LG-expressing
RG strains, but not an RG strain without LG-expression, induced
the production of anti-LG antibodies and lupus autoantibodies
and impaired the intestinal mucosal barrier.® RG is a commensal
found in healthy human microbiota, but its expansion has been
disproportionally associated with diseases of the gut and other
inflammatory conditions that now include SLE.” However, these
studies have been correlative, without evidence that RG strains play
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a causative role in disease initiation or amplification. In particular,
the mechanisms responsible for RG expansion in patients with
SLE, as well as the causal consequences that this expansion has
for the host immune system, are unknown.

To investigate the role of the gut microbiome in lupus patho-
genesis, we used the B6.Sle1.Sle2.Sle3 triple congenic (TC) model
of lupus that does not inherently display altered gut barrier functional
permeability.® Fecal microbiota transfers (FMTs) from TC mice with
active disease into nonautoimmune C57BL/6 (B6) mice induced
autoimmunity associated with a skewed tryptophan (Trp) metabo-
lism linked to gut bacterial biochemical pathways.>'© In TC mice,
high dietary Trp accelerated lupus pathogenesis, whereas low die-
tary Trp—induced expansion of FoxP3* CD4" regulatory Treg cells
delayed disease progression.® Varying the level of dietary Trp also
altered the gut microbiome of TC relative to B6 mice. These findings
suggest that, besides a direct effect on immune cells, Trp could
exert immunomodulatory influences by skewing the composition of
the microbiota. These findings are of great potential clinical rele-
vance because altered Trp metabolism has been reported in the
serum, immune cells, and fecal samples of patients with SLE, with
metabolomic shifts correlated with disease activity."' Moreover,
several studies have reported that RG alters the host Trp metabo-
lism with the production of metabolites that modulate the immune
system and the gut-brain axis.”

Herein, we investigated the causal interactions between RG
and autoimmune pathogenesis in a mouse model of lupus.
RG fecal abundance naturally increases with age in TC but not in
B6 mice, in correlation with the production of inflammatory cyto-
kines. Oral gavages of the LG-producing RG strain only success-
fully colonized TC mice, in which it accelerated immune activation
and autoantibody production. On the other hand, treatment of TC
mice with metronidazole, which depletes most anaerobes, includ-
ing RG, decreased the production of autoantibodies and
increased the frequency of Treg cells that can suppress autoim-
mune disease. We found that lysates from the LG-producing RG
strain induced apoptosis of Treg cells through interactions with
dendritic cells (DCs). Following FMT into B6 recipients, high dietary
Trp enriched unique microbial taxa within the microbiota of TC ori-
gin, including RG. This RG-enriched microbiota induced lupus-like
autoimmune responses and gut inflammation in nonautoimmune
B6 mice. Furthermore, Trp promoted the in vitro growth of the
LG-producing RG strain, which metabolized Trp differently than a
control-type strain. Overall, these results suggest a model of patho-
genesis in which genetic susceptibility drives the development of an
inflammatory immune system that shapes the microbiome toward
an altered Trp catabolism. This in turn favors the gut expansion of
RG, which may promote autoimmune responses.

MATERIAL AND METHODS

Mice and treatment. TC, TC.Rag1™~ mice, which have
been described previously,®'? and B6 mice were maintained at

the University of Florida or University of Texas Health Science
Center at San Antonio in specific pathogen-free (SPF) conditions.
Mice were housed within the same strain and the same age
group. Unless specified, mice were fed with irradiated Envigo
7912 standard chow. Only female mice were used, correspond-
ing to the accelerated disease development in the TC model.®
For colonization with the LG-producing strain (CC55_001C
NIH, RG2) and the nonproducing strain (29149 ATCC, RGT),
two-month-old TC and B6 preconditioned mice with a cocktail
of antibiotics (ampicillin and metronidazole [0.05%; Fisher],
neomycin [0.05%; Cayman], and vancomycin [0.025 %; Cayman]
[AMNV]) in the drinking water for two weeks, were gavaged with
10® colony forming unit (CFU) of bacteria daily for five days,
two days after AMNV was discontinued. Controls were age-
matched, AMNV-conditioned mice. A second cohort of TC
AMNV-preconditioned mice were gavaged with RG2 for seven
consecutive days before they were killed. To deplete RG during
development, two-month-old TC mice were treated with 0.15 %
metronidazole in drinking water for five to seven months, and RG
depletion was tested after one month of treatment in fecal
samples by quantitative polymerase chain reaction (QPCR).

FMT was performed as previously described,'® with feces
from TC donors displaying high serum anti—-double-stranded
DNA (anti-dsDNA) IgG titers, and from sex- and age-matched
B6 mice into eight-week-old B6 recipients that were either
germ-free (GF) or AMNV-preconditioned mice. Recipients were
fed with high (1.19%) or low (~0.03%) Trp chow (Research Diets)
as previously described® for one week before FMT and continued
for three weeks after FMT. Gut permeability was evaluated with
fluorescein isothiocyanate (FITC)-dextran 4000 (Sigma-Aldrich),
as previously described.'® The effect of Trp restriction on fecal
RG levels was compared longitudinally in TC mice switched from
standard to a low Trp diet at two months of age for up to 28 weeks
to age-matched controls on a Trp control (0.8%) chow. All animal
protocols were approved by the Institutional Animal Care and Use
Committee from each institution.

Bacterial assays and ex vivo exposure to
immune cells. Fecal DNA was extracted with a DNeasy
PowerlLyzer PowerSoil Kit (Qiagen). Total bacterial DNA and
RG abundance were measured by gPCR with 16S ribosomal
DNA (rDNA) primers (Table S1). RG abundance was presented
as a percentage of 100 ng total fecal DNA used for each reac-
tion. Individual RG7 and RG2 colonies streaked on Tryptic Soy
Agar blood plates (Fisher) were grown in brain heart infusion
media (Anaerobe Systems) under anaerobic conditions for
16 hours. CFUs were calculated from OD600 readings based
on growth curves. Bacterial growth was evaluated in response
to supplemental Trp, either as ODB00 at four hours with
100 uM Trp, or CFU at six hours with 2 mM Trp. Metabolites
were compared between RG7 and RG2 cultured with or with-
out 2 mM Trp for four hours. Mesenteric lymph node (mLN)
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cells (2 x 10°% were exposed to lysates prepared from soni-
cated bacteria at 1:10 mLN cell:bacteria ratio and stimulated
with 1 pg/mL  anti-CD3 and anti-CD28  antibodies
(BD Biosciences) in complete RPMI medium (Corning). After
72 hours, CD4" T cell phenotypes were evaluated by flow
cytometry. In some assays, bone marrow—derived dendritic
cells (BMDCs), generated as previously described,’® were
cocultured with B6 Treg cells in the presence of bacterial
lysates at a 1:1:10 BMDC:Treg:bacteria ratio or 100 ng/mL
lipopolysaccharide (LPS). Purified Treg cells were cultured with
lysates at a 1:1 CFU ratio. Apoptosis was evaluated by flow
cytometry after 48 hours. Cytokines were quantified in the
supernatant of BMDCs stimulated with bacterial lysates at a
ratio of one cell:bacterial CFU for 48 hours with the Luminex
multiplex cytokine kit (Biorad).

Histology. Frozen sections were prepared as previously
described.' Kidney sections were stained with anti-CD3e-APC
(eBioscience 145-2C11). lleum sections were stained with rabbit
anti-Claudin-1 (Invitrogen MH25), followed by goat anti-rabbit
l9G-AF700 (Invitrogen A-21038). Colon sections were stained
with anti-CD45-APC/Cyanine7 (Biolegend 30-F11) and anti-
IgA-FITC (BD Biosciences). Fluorescence intensity was analyzed
using ImageJ.

Antibody and cytokine measurements. Serum and
fecal anti-dsDNA antibodies were quantified by enzyme-linked
immunosorbent assay (ELISA) with 1:100 dilutions, as previously
described.® Anti-dsDNA IgG was also visualized on Crithidia luci-
liae slides (Biorad) in serum diluted 1:10, followed by incubation
with goat anti-mouse IgG-FITC (Southern Biotech). The fluores-
cence from each Crithidia luciliae cell was quantified with Imaged.
Interleukin-6 (IL-6) or interferon-y (IFN-y) levels were quantitated
with BD Biosciences ELISA kits in serum diluted 1:50 in duplicate.

Flow cytometry. Single-cell suspensions were isolated
from the gut using the lamina propria dissociation kit with gentle-
MACS tissue dissociator (Miltenyi Biotech) or from the spleen
and mLN, as previously described.'® Fluorochrome-conjugated
antibodies used in this study are listed in Table S2. Samples were
acquired on an LSR Fortessa flow cytometer (BD Biosciences)
and analyzed with FlowJo software. Gating strategies are shown
in Supplemental Figures 1 and 2.

16S rDNA amplicon sequencing. Libraries were con-
structed and sequenced as described previously.'” Briefly, 2 x
300-bp paired-end reads per sample with a minimal sequence
depth of 44,966 were obtained. Using QIIME 2 (version 2020.8),
reads were merged, quality trimmed, and clustered into opera-
tional taxonomic units at 97% sequence similarity. Taxonomy
was assigned using Greengenes 13_8.

Metabolomic analysis. Cultured bacteria were processed
for metabolomic analysis as described previously.!” All samples
were normalized by total protein content before extraction and
run in both positive and negative ionization modes on a Thermo
Q-Exactive Orbitrap mass spectrometer. Metabolic pathway
analysis was performed using /\/lumm/chog.18 Pathways repre-
sented by at least two significant metabolites in positive or nega-
tive mode are presented. Additional metabolites, indicated with
asterisks in heatmaps, were annotated based on their enrichment
in significant pathways and by the m/z match with an accuracy of
10 parts per million.

Statistics and data availability. Statistical analyses were
performed with the GraphPad Prism 9.0 software with two-tailed
tests, as indicated in the figure legends. The 16S rDNA amplicon
sequencing and bacteria metabolomic data sets are available on
request directly to the corresponding author.

RESULTS

RG promoting autoimmune activation in TC mice.
We evaluated the role of RG strains in autoimmune activation by
colonizing antibiotic-pretreated TC mice with LG-producing RG2
bacteria compared to aged-matched controls (Figure 1A). One
week after colonization with RG2, TC mice displayed a reduced
frequency of splenic CD25"" Treg cells that presented a
reduced CD25 expression, and total Treg cells in the colon with
an increased FoxP3 expression (Figure 1B-E). These results sug-
gest that RG2 alters Treg populations early after exposure. One
month after colonization, RG2 remained detectable in TC fecal
samples but returned to baseline levels after two months
(Figure 1F and G). Comparatively, the abundance of non-LG-
producing RG7 was much lower (Supplemental Figure 3A). In
addition, RG2 gavage of three independent B6 cohorts failed to
produce detectable levels of RG2 at the same time point
(Supplemental Figure 3B). In TC mice, RG2 colonization
increased levels of serum anti-dsDNA I1gG (Figure 1H) and
induced the production of anti-LG IgG, in direct correlation with
anti-dsDNA IgG (Figure 11 and J). This reiterated the same correla-
tion of anti-LG with anti-dsDNA IgG serum levels reported in
patients with SLE.* RG2 also increased the frequency of splenic
activated CD69"CD4* T cells, effector memory CD4* T cells, as
well as IFN-y producing CD4* T cells and IL-10—producing nonre-
gulatory T cells, two cell types expanded in patients with SLE, 12°
with a concurrent decrease in the frequency of naive CD4* T cells
(Figure 1K-0O). Additionally, RG2 increased the frequency of ger-
minal center B cells in the spleen (Figure 1P).

To further test the role of RG in the development of autoim-
munity, we treated two-month-old TC mice with metronidazole,
which kills most, although not all, anaerobes.?’ Fecal RG was
depleted without affecting the total bacterial content (Figure 2A
and B). After five or seven months of treatment, RG depletion
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Figure 1. RG2 promoted autoimmune activation in TC mice. (A) Experimental design with recipients analyzed (B-E) one week or (F-P) five

months after RG2 colonization. Ctrls were age-matched mice conditioned with the antibiotic treatment but not colonized with any bacteria. Fre-
quency of splenic CD25"" (B) Treg cells and (C) their CD25 mean fluorescence intensity (MFI). (D) Treg cells in the colon with (E) FoxP3 MFI.
(F) RG levels in Ctrl and RG2-colonized TC mice 28 days after inoculation (stool samples pooled from two cohorts). (G) Longitudinal fecal RG levels
after RG2-colonization in individual TC mice and controls. Serum (H) anti-LG and (I) anti-dsDNA IgG and (J) correlation between the two. Fre-
quency of (K) splenic CDB9*CD4™ T cells, (L) naive CD4™ T cells, (M) effector memory CD4* T cells, (N) IFN-y*CD4* T cells, (O) IL-10-producing
non-Treg CD4* T cells, and (P) germinal center B cells. Mean + SEM compared with t-tests. *P < 0.05; **P < 0.01. anti-dsDNA, anti-double-
stranded DNA; anti-LG, anti-lipoglycan; Ctrl, control; IFN-y, interferon-y; IL-10, interleukin-10; OD, optical density; RG, Ruminococcus gnavus;

TC, B6.Sle1.Sle2.Sle3 triple congenic.

was associated with reduced markers of disease activity in lupus
such as anti-dsDNA IgG levels, splenomegaly, CD4™ T cell expan-
sion, and the ratio of follicular T helper to follicular Treg (Tfr) cells,
associated with a relative expansion of Tfr cells (Figure 2C-F;
Supplemental Figure 4A and B). On the other hand, RG depletion
was associated with increased CD25 and FoxP3 expression by
Treg cells (Figure 2G-l). In patients with SLE, Treg cells express-
ing low levels of CD25 and FoxP3 have a reduced suppressive
function and are expanded.?? The frequency of Treg cells was
also increased in the mLN of these treated mice (Figure 2J), sug-
gesting an expansion at sites closer to the gut microbiota. Taken
together, our results suggest that RG2 expansion, which occurs
preferentially in gavaged TC mice, induced autoimmune activa-
tion, whereas RG depletion correlated with expansion of Treg cell
populations in these mice.

To directly investigate the impact of RG2 on CD4* T cells,
mLN cells from untreated B6 and TC mice were stimulated with

anti-CD3/CD28 antibodies in the presence of RG7 or RG2
lysates, relative to the medium alone. Either RG71 or RG2
reduced the frequency of both B6 and TC Treg cells
(Figure 2K), and there was no effect on Treg cell proliferation
(Figure 2L). However, when stimulated in the presence of RG2,
a higher level of activated caspase 3 was detected in Treg cells
but not in non-Treg CD4* T cells (Figure 2M, Supplemental
Figure 4C). Both RG7 and RG2 lysates enhanced the apoptosis
of Treg cells cocultured with BMDCs as compared to control
bacteria or LPS (Figure 2N). However, direct exposure to bacte-
rial lysate failed to induce apoptosis in purified Treg cells
(Supplemental Figure 2D), suggesting the involvement of DCs
in the induction of Treg apoptosis. Further, BMDCs stimulated
with RG1 produced high levels of both IL-10 and tumor necro-
sis factor a (TNF-a), whereas RG2 only induced the production
of modest amounts of TNF-a (Figure 20 and P). Taken
together, these results suggest that RG2 may reduce the
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Figure 2. RG depletion is associated with a reduction in autoimmune activation in TC mice. (A) Fecal RG and (B) total microbial DNA levels in
control and Met TC mice one month into treatment. Immune phenotypes were assessed five to seven months into treatment. (C) Serum anti-
dsDNA IgG. (D-1) Splenocytes: (D) cell counts, (E) frequency of CD4* T cells, (F) Tfh:Tfr cell ratio, (G) frequency of CD25"9" Treg cells, (H) CD25,
and (I) FoxP3 expression by Treg cells, with representative FoxP3 FACS plots. (J) Treg cell frequency in mLN CD4* T cells. (K-N) B6 (black) and
TC (red) mLN cells were stimulated with anti-CD3/CD28 antibodies in the presence of RG7 or RG2 lysate for 72 hours. Ctrl cells were stimulated
without bacterial lysates. Frequency of (K) Treg and (L) Ki67* Treg cells. (M) Activated caspase 3 levels in Treg cells normalized to the mean values
for controls set as 1. (N) Frequency of activated caspase 3 positive cells in Treg cells cocultured with bone marrow—derived dendritic cells (BMDCs)
and different bacterial lysates with representative overlay histograms shown on the left. (O) IL-10 and (P) TNF-a levels produced by BMDCs stim-
ulated with bacterial lysates compared to unstimulated controls. (A-J) t-tests, (K-P) one-way analysis of variance with multiple-comparisons tests.
*P < 0.05; P < 0.01; **P < 0.001. anti-dsDNA, anti-double-stranded DNA; B6, C57BL/6; Ctrl, control; IL-10, interleukin-10; Met, metronidazole
treated; mLN, mesenteric lymph node; RG, Ruminococcus gnavus; TC, B6.Sle1.Sle2.Sle3 triple congenic; Tth, follicular T helper; Tfr, follicular

Treg; TNF-a, tumor necrosis factor a.

frequency of Treg cells by inducing their apoptosis, which may
be partially mediated by a cytokine imbalance in DCs.

Fecal communities of lupus-prone TC mice naturally
enriched in RG. Because RG blooms correspond to disease
flares in patients with SLE,®> we tested the hypothesis that RG
populations may expand during disease progression in TC mice.
We longitudinally measured total fecal RG abundance, as 16S
rDNA amplicons cannot distinguish RG2 from RG1,° in two
cohorts of age-matched TC and B6 mice housed in separate
buildings. TC and B6 mice had similarly low RG levels in the first
three months of age (Figure 3A), when TC mice do not produce
autoantibodies yet. Later, the RG population significantly

expanded in TC mice, while remaining relatively lower in B6 mice.
Interestingly, a much lower RG level was detected in TC.Rag1™~
mice, which lack mature T and B cells (Figure 3B), suggesting that
adaptive immunity is necessary for the expansion of RG in lupus-
prone mice. Serum anti-dsDNA IgA and IgM levels were signifi-
cantly higher in TC mice with an RG abundance above the median
(Table S3), and a similar trend was observed for anti-dsDNA IgG
(Figure 3C-E). Serum IL-6 and IFN-y, two inflammatory cytokines
that are overexpressed in patients with SLE, '®2% were also posi-
tively correlated with RG abundance in these mice (Figure 3F
and G). These results suggest that RG expands in TC mice as
they start producing autoantibodies in correlation with markers
of inflammation.
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Figure 3. Dietary tryptophan expanded RG abundance in TC microbiota. (A) Longitudinal fecal RG abundance in two cohorts of TC and B6 mice
(n = 4-5 per group). Brackets indicate significant differences by two-way analysis of variance (ANOVA). (B) Fecal RG levels in three-month-old TC
and TC.Rag1™~ mice. (C-G) Six- to nine-month-old TC mice were assessed for fecal RG levels and (C) serum anti-dsDNA IgA, (D) anti-dsDNA IgG,
(E) anti-dsDNA IgM, (F) IL-6, and (G) IFN-y. In D-E, mice were distributed in RG'°" and RG"" groups relative to the median level and compared
with Mann-Whitney tests. IL-6 correlation was evaluated with a Spearman and IFN-y with a Pearson test. (H) Volcano plot showing taxa differen-
tially enriched by tryptophan in B6 mice receiving fecal microbiota transfer (FMT) from TC microbiota. RG relative abundance in the four groups of
FMT recipients measured by (I) 16S rDNA sequencing and (J) gPCR was compared with one-way ANOVA with multiple-comparisons tests. (K) RG
fecal levels in TC mice on Trp'®" or control diets started at 8 weeks of age for 28 weeks (n = 6 per group) compared with a two-way ANOVA. Simple
linear regression lines are shown for each group. Mean + SEM, *P < 0.05; *P < 0.01; **P < 0.001; ***P < 0.0001. anti-dsDNA, anti-double-
stranded DNA; B6, C57BL/6; IL-6, interleukin-6; IFN-y, interferon-y; gPCR, quantitative polymerase chain reaction; rDNA, ribosomal DNA; RG,
Ruminococcus gnavus; TC, B6.Sle1.Sle2.Sle3 triple congenic; Trp, tryptophan.

Trp expanding RG abundance in the TC microbiota. Trp (TCMbTrp%) and B6 microbiota fed high Trp (B6mbTrp™e")

We have shown that dietary Trp alters the gut microbiota differ-
ently in lupus-prone and healthy control mice.®'° Here, we evalu-
ated the impact of dietary Trp on gut microbiota without the
confounding effect of lupus-susceptibility genes on immune acti-
vation or intrinsic Trp metabolism. In these studies, we performed
FMTs from TC or B6 donors into GF B6 recipients fed with a high
or low Trp diet. This resulted in four groups of recipient mice: TC
microbiota fed high Trp (TCmbTrp™9") or TC microbiota fed low

or B6 microbiota fed low Trp (B6mMbTrp'") (Supplemental Figure
5A). Principal component analysis showed distinct microbiota
profiles for the TCmMbTrp™" and B6mMbTrp'™ groups, with an
overlap between the TCmbTrp'®” and B6mbTrp™" groups
(Supplemental Figure 5B). The Trp™" diet resulted in either the
enrichment or depletion of several bacterial species in microbiota
communities of either TC or B6 origin (Figure 3H; Supplemental
Figure 5C-E). However, high Trp also enriched specific taxa
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depending on the origin of the microbiota (Figure 3H; Supplemen-
tal Figure 5F-M).

Noticeably, the TCmbTrp"9" samples contained the highest
number of taxa with a significantly different abundance, 7 of
10 of which were uniquely enriched in TCmbTrp™" recipients,
including increased representation of RG (Figure 3H and 1), which
was confirmed by gPCR analysis in an independent cohort of
FMT recipients (Figure 3J). The gPCR analysis also showed the
respective influences of the microbiota origin and dietary Trp, with
RG abundance being higher in TCmbTrp'®” than in BEmMbTrp"d"
mice, with a similar trend between B6mbTrp"9" and B6mbTrp'*"
mice. These results suggest that both dietary Trp and the host ori-
gin of the microbiota, which itself is highly determined by genetics,
shaped the architecture of the gut microbiota community,
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including RG abundance. Finally, a low Trp diet started at two
months of age prevented the progressive endogenous RG
expansion in TC mice (Figure 3K), suggesting that the beneficial
effects of low Trp in TC mice® may be partially driven by limiting
RG abundance.

Microbiota from lupus-prone mice combined with
high dietary Trp in promoting autoimmune activation
and intestinal inflammation. Levels of anti-dsDNA IgA as
well as serum total IgA were higher in TCmbTrp™" mice than
either BEBMbTrp™" or BEBMbTrp'®™ mice, with intermediate values
in TCMbTrp'® mice (Figure 4A and B), and TCmbTrp™" mice
were the only group to produce high levels of anti-dsDNA IgA
detected in the cecum (Figure 4C). Cecal total IgA was also most

FEF:
WA
SIS
PO R

TCmbTrp™ B6émbTrp'° -

T cell numbers / field

N
<R é& 6\& <R

D3 DAPI

g N
S &
LT E &

@
w

RS

o

3l

10 % Treg cells
~

IL:
IL-10* % Non-Treg cells

Ll

S ¢ < ¢
AR QR QR R

PR PRI
NP AMPANIPAN
SSES FESS
GO E

& (& (R (&R
NIRRT
S F S
PO

NP A P4
S s

N ¢ g g g g
6‘& o,\& &Q 6‘& R 4@ 4R
RIS
L1O S P

PR PRI
AR 4R (R (&
N ST
S S S o
L CEE P

Figure 4. The combination of gut microbiota from lupus-prone mice and high dietary tryptophan promoted autoimmune activation. (A) Terminal
serum anti-dsDNA IgA and (B) total IgA. (C) Terminal cecal anti-dsDNA IgA and (D) total IgA. (E) Representative images (scale bar: 20 um) and
quantitation of Crithidia luciliae assays on terminal serum. CTCF calculated on all visible IgG* cells. n = 3 to 9 FMT recipients per group.
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abundant in TCmbTrp™" mice (Figure 4D). The dsDNA-specific
Crithidia luciliae indirect immunofluorescence assay detected a
higher level of anti-dsDNA IgG in the serum of TCmbTrp™e" mice
compared to all the other groups (Figure 4E). In addition, the
serum anti-dsDNA IgA:IgM ratio was higher in TCmbTrp™" mice
than in the three other groups, and there was a similar trend for
the anti-dsDNA IgG:IgM ratio (Supplemental Figure 6A and B).
Because these ratios have been correlated with LN?* and T cells

are a major contributor to end-organ damage, we assessed T cell
infiltration in the kidneys of FMT recipients. Consistent with these
findings, a higher level of CD3" T cell infiltration was detected in
the TCmbTrp"™" kidneys than in the three other groups
(Figure 4F). These findings support the notion that Trp-mediated
microbiota changes accelerate LN in TC mice.

A higher frequency of B cells, plasmablasts, and plasmacy-
toid DCs, three immune cell types involved in SLE, were found in
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Figure 5. Gut microbiota from lupus-prone mice and high dietary Trp promote intestinal inflammation. (A) Serum FITC-dextran concentration
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stained for (C) Claudin-1 and (D) colons stained for CD45 with MFI quantitation shown on the right, along with the number of CD45* foci. (E-H)
Flow cytometry analysis of the colon lamina propria. Frequency of (E) B220* B cell, (F) CD4" T cells among CD45™ cells, and (G) IL-17a” CD4*
T cells. (H) Representative images (scale bars: 200 um) of colon stained for IgA with IgA MFI on the right. Mean + SEM compared with one-way
analysis of variance with multiple-comparison tests (B-F and H), or t-tests between grouped samples according to the origin of the
microbiota (A and G). *P < 0.05; *P < 0.01; **P < 0.001; **P < 0.0001. B6mbTrp'", C57BL/6 microbiota fed high tryptophan; DAPI,
4’ 6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; IL-17a, interleukin 17a; MFI, mean fluorescence intensity; TCmbTrp™o", B6.
Sle1.Sle2.Sle3 triple congenic microbiota fed high tryptophan; Trp, tryptophan.



HUMAN LUPUS PATHOBIONT PROMOTES AUTOIMMUNITY

9 of 12

>

20 I
250 = '
= " o I Groups
o p ‘ ' #1RG1
£ 200
o S > oOrH-—-—-——-=-= Jd -
8 = S I [A]RG1 +Trp
0] - q
o) © 150 % o | RG2
el = * ~ I
e s o RG2 + Trp
L 5 100+ E 0 |
© \o . a |
E =)
=
S 2 50 !
A
=z (&) A A I
A . |
oO—7F -40 i
RG1 RG2 i
=50 -25 0 35
Dim1 (67.3%)
RG1 vs. RG1 + Tr|
C RG1 vs. RG2 p
Valine, leucine and isoleucine degradation
Pyrimidine metabolism+ Linoleate metabolism-{ RG2 vs. RG2 + Trp
Tyrosine metabolis De novo fatty acid biosynthesis
Sialic acid metabolist Limonene and pinene degradation
. Galactose metabolis Fatty Acid Metabolism- Pyrimidine metabolism
Arginine and Proline Metabolism-{ Glutathione Metabolism- Tyrosine metabolism
ASP::"E!E and :SAP:prg"’;e fM"e:EEO:!S"" Mode Beta-Alanine metabolism-| Lipoate metabolism
anine and /\spartate Vielabo'ism- i Arachidonic acid metabolism+ istidi ism
sy g melen ot parad S g SN e
Itamin mef olism- iti e
Drug metabolism - cytochrome P450- © Positive Glutamate metabolism Vitamin H (biotin) metabolism
9 ok : Leukotriene metabolism+ "
Purine Hexose phosphorylation Ascorbate and Aldarate Metabolism - A
Tryptophan metabolism- Pyrimitﬁne rﬁeta?’)olism- & TCA cydle ] hf
Glycolysis and Gluconeogenesis- Overlap size Butanoate metabolism-| Iflpoate metabol!sm 1 °
Pentose phosphate pathway e " Histidine metabolism| @
N-Glycan biosynthesis-| . 4 Histidine metabolism-
Starch and Sucrose Metabolism-| e 12 Fatty acid activationq 01234
Glutamate metabolism- ° Putative anti-Inflammatory EPA formation-
Pt I 39 Xenobiotics metabolism- -log10 (P-value)
Sialic acid metabolism.| ° rtate and as i ( J
Glutathione Metabolism{ ° _ Urea cycle/amino group metabolism-| @ Overlap size Overlap size
Glutamate metabolism-{ ® Valine, leucine and isoleucine degradation- 1 2
Aspartate and asparagine metabolism-{ Glutathione Metabolism-{ ° e 4 e 2
Pyrimidine metabolism- Alanine and Aspartate Metabolism-{ ® ® 13 o5
Glycine, serine, alanine and threonine metabolism- Beta-Alanine metabolism+ L 4 .45 @14
—— Glycine, serine, alanine and threonine metabolism- L ]
012345 Prostaglandin formation from arachidonate-{ °
-log10 (P-value Hexose phosphorylation{ - Mode
910 ( ) Arachidonic acid metabolism- . . Mode .
Butanoate metabolism{ @ Negative Negative
Glutamate metabolism- @ @ Positive ® Positive
D Phytanic acid peroxisomal oxidation{ e
RG1 RG1+Trp RG2 RG2+Trp 01234
BE B R Gluconate -log10 (P-value)
Glucosaminate .
N-alpha-acetyl-L-lysine
3-Phosphoglyceric acid E
sn-Glycero-3-phosphocholine
L-alpha-glutamyl-L-threonine
Saccharic acid CMP
Citrate
Glucuronic acid 8
Tryptamine *%
5-Methylcytosine = = —
Uracil A~
Cytosine Pyrimidine \9 ‘9 6 ©
UK/IP metabolism X X %
CMP - -
Isocitrate = = 44 O »
Carnosine g 2 % 8
Leucylproline ol o
Urocanate . b= € 2
3-Sulfino-L-alanine = =
Azelaic acid
Suberic acid 0
6-Carboxyhexanoate ,L T T !
Methyl-b-D-galactoside (C) &\Q O{L &QQ
5-Hydroxymethyluracil 2 <& NX & 4%
Choline ) C;l/

N-amidino-L-aspartate

Asparagine 0
Leucine
Psicose g-2

RG2 RG1+TrpRG2 + Trp

Alanine

Indolepyruvate*
Formyl-5-hydroxykynurenamine*
Tetrahydrobiopterin*
Anthranilate*
5-Hydroxy—N-formylkynurenine*
S-Adenosyl-L-methionine
5-Methoxytryptophol*
6-Hydroxymelatonin*
N-Acetylserotonin*
Formyl-N-acetyl-5-methoxykynurenamine*
Indole—-3-acetaldehyde
5-Hydroxy—I-tryptophan 3
Serotonin*

Formylkynurenine* 0

Indole-3-acetate*
Tryptamine

LK

Figure 6. Legend on next page.

& &

G Tryptamine Indole-3-acetaldehyde
4 3 x>

~ * ~ .

o 3 o

| L2

2 2 % >

k7] k7] O _o

g7 9 s &Y%

£ o P EY £ o e é
X g e i

< o o <&

S S
<& <& <& <&



10 of 12

MAET AL

TCmbTrp™" spleens (Figure 4G). Although the distribution of the
major splenic CD4" T cell effector subsets was similar among
the four recipient groups, a lower frequency of FoxP3* Treg cells
was observed in the mLN of TCmbTrp"" mice (Figure 4H). Fur-
thermore, the frequency of IL-10—producing Treg and non-Treg
CD4* T cells were also lower in the mLN of mice that received
TC microbiota, regardless of Trp (Figure 4l). Overall, these results
suggest that high dietary Trp altered the composition of the gut
microbiota originating from autoimmune TC mice, including RG
expansion, which promoted inflammatory pathogenesis even in
mice with a nonautoimmune genetic background.

Because RG2 colonization impaired intestinal barrier func-
tional integrity in GF B6 mice in a zonulin-mediated process,® we
investigated the effects of the FMT combined with dietary Trp on
the intestinal environment of B6 recipients. The transfer of TC
microbiota increased gut permeability in B6 mice regardless of
dietary Trp (Figure 5A). The lowest level of serum zonulin, a
marker of functional barrier integrity,® and the highest expression
of the tight junction protein, Claudin-1, occurred in the ileum of
B6mbTrp'" mice (Figure 5B and C), suggesting that both the
TC microbiota and high dietary Trp disrupt intestinal barrier integ-
rity. Additionally, TCmbTrp™®" mice developed the highest num-
ber of CD45" leukocytes and immune foci in the colon
(Figure 5D). Colons of BEBmbTrp'" mice showed the lowest fre-
quency of B cells (Figure 5E), whereas the Trp'" diet increased
the frequency of CD4* T cells regardless of the origin of the micro-
biota (Figure 5F). Recipients of TC microbiota displayed a lower
frequency of IL-17ATCD4* T cells, regardless of Trp (Figure 5G),
consistent with an impaired gut barrier because IL-17A* T cells
may play a protective role.® Finally, a large number of IgA*
cells were detected in the colon of TC microbiota recipients that
was enhanced by dietary Trp (Figure 5H), consistent with the high
production of IgA and anti-dsDNA IgA. Taken together,
TC-derived microbiota drives gut inflammation and alters barrier
integrity, which is modulated by dietary Trp.

Trp promoting growth of LG-producing RG strain.
The growth of LG-producing RG2, but not RG17, was enhanced
by Trp in vitro (Figure 6A). Following culture in a standard medium,
untargeted bacterial metabolomics analyses showed global dif-
ferences between the RG7 and RG2 profiles, which were further
enhanced by supplemental Trp, albeit to a lesser extent for RG2

(Figure 6B). Pyrimidine metabolism was the top pathway differing
between the two strains at baseline and between baseline and
supplemental Trp for RG2, whereas amino acid and fatty acid
metabolism were the major pathways impacted by Trp in RG7
(Figure 6C). Five metabolites in the pyrimidine pathway, including
UMP and CMP, were uniquely enriched by Trp in RG2
(Figure 6D and E). These observations suggest that Trp promoted
pyrimidine biosynthesis, which may contribute to RG2 expansion.
Trp metabolism also differed between RG7 and RG2
(Figure 6C—F). In standard medium, RG2 produced less trypt-
amine and indole-3-acetaldehyde (IAAld) than RG7, whereas
supplemental Trp increased their production only in RG2
(Figure 6G). These observations suggest that RG2 possesses a
differential Trp catabolic pathway that correlates with pathogenic
potential.

DISCUSSION

RG is a gut pathobiont that is expanded in patients with SLE
in direct correlation with disease activity, and RG strains isolated
from patients with SLE produce a proinflammatory highly immu-
nogenic novel lipoglycan.*® RG strains have been reported in
the feces of healthy B6 mice.?” Here, we showed that RG is repre-
sented within the microbiome of lupus-prone TC mice with a
higher abundance than in the healthy congenic B6 controls,
and that its depletion along with that of most anaerobes is associ-
ated with a reduction of autoimmune activation. Gavaged
LG-producing RG strain, RG2, persistently colonized TC but not
congenic B6 mice. RG2 colonized GF B6 mice by vertical
transmission,® and the difference in outcomes with the current
study may be due to the continuous postnatal exposure to paren-
tal RG2, or a greater ability for RG2 to colonize neonates
relative to adult mice. Nonetheless, these results suggest that
LG-producing RG is preferentially expanded in genetically predis-
posed TC mice as compared to healthy controls, which may cor-
respond to the intestinal blooms observed in patients with SLE
with high disease activity.*® Although the non-LG-producing
strain RG7 colonized GF B6 mice,® it was not able to colonize
either TC or B6 mice in SPF condition, suggesting that it has a
reduced capacity to compete with other commensals as com-
pared to RG2.

Figure 6. Differential effect of tryptophan on putative pathobiont RG2 and its control strain RG7. (A) In vitro RG7 and RG2 growth measured as
OD600 with or without 100 uM L of Trp four hours after inoculation, and as CFU changes induced by 2 mM L of Trp six hours after inoculation.
(B) PCA plots of metabolite features among RG1, RG2, RG1+Trp, and RG2+Trp. (C) Pathway analysis of metabolites with significantly differing
intensity between RG7 and RG2, between RG7 and RG1+Trp, and between RG2 and RG2+Trp. (D) Heatmap of metabolites showing significantly
different intensity between RG2 and RG2+Trp, but not between RG7 and RG7+Trp. Pyrimidine metabolites are highlighted in red font.
(E) Abundance of UMP and CMP in the four groups. (F) Heatmap of signature tryptophan metabolites (indicated by a star) among the four groups.
(G) Abundance of tryptamine and indole-3-acetaldehyde in the four groups. Mean + SEM compared with paired t-tests (A, left graph) and unpaired
t-tests (A, right graph, E, and G). *P < 0.05; **P < 0.01. CFU, colony forming unit; Ctrl, control; PCA, principal components analysis; RG, Rumino-

coccus gnavus; Trp, tryptophan.
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Colonization with RG2 accelerated inflammatory autoim-
mune pathogenesis, including the production of autoantibodies
in TC mice, which confirmed the results obtained in GF mice col-
onized with LG-producing RG strains.® RG2 also induced early
activation of T cells in the colon and the spleen of TC mice. Con-
versely, the depletion of metronidazole-sensitive anaerobes,
which included RG, decreased autoimmune activation and
increased the frequency of Treg cells with a higher CD25
and FoxP3 expression. We showed that RG2 lysates induced
Treg cell apoptosis, but not directly. The control RG7 strain also
induced Treg cell apoptosis by altering DC functions, but its inabil-
ity to colonize mice makes it nonpathogenic. In addition, RG7 but
not RG2 induced a large amount of IL-10 by DCs, and IL-10 plays
a critical role in maintaining Trg cell integrity.?®*=° In addition, B6
and TC Treg cells were equally affected by RG2, but B6 mice
are resistant to persistent RG2 expansion, and therefore their
Treg cells could not be targeted in vivo. These results suggest that
RG2, which has a unique ability for long-term colonization of
lupus-prone mice, plays a direct role in autoimmune activation,
at least partially by targeting Treg cells. The changes in autoim-
mune activation associated with RG levels could also be indirect
through the alterations in the microbiome induced by the expan-
sion or the reduction of RG abundance. Ruminococcus abun-
dance has been positively correlated with the number of Treg
cells in patients with SLE.2' However, this result should be inter-
preted with caution because RG has been reclassified out of the
Ruminococcus family.”

RG has recently been shown to be expanded in mice by the
combination of triggering receptor expressed on myeloid cells 2—
deficiency (TRM2)-induced intestinal inflammation and the activa-
tion of T cells by an anti-PD1 treatment.® Further, this study
showed that gavage with RG promoted tumor elimination by
recruiting inflammatory CD4" T cells to the tumor. In both this
tumor model and our lupus-prone model, inflammation expanded
RG populations, which then promoted CD4* T cell activation. We
showed here that RG expansion featured among the alterations
induced by high dietary Trp within the TC microbiota, and these
alterations induced autoimmune responses in mice with an inher-
ently normal immune system. These recipient mice also displayed
an inflammatory response in the gut, where intestinal microbiota
directly encounters dietary Trp. These results suggest that a com-
bination of factors within the gut microbiota of lupus-prone mice
and dietary Trp expands RG representation in the community, in
association with autoimmune activation and inflammation. Fur-
thermore, Trp enhanced RG2 but not RG1 strain growth, which
was associated with higher level pyrimidine synthesis, a critical
factor for bacterial growth,>® and therefore may contribute to
RG2’s ability to colonize TC mice. RG7 and RG2 also processed
Trp differently to produce metabolites that have been shown to
have immunomodulatory functions.*

Trp has now been implicated in gut microbiome-mediated
exacerbations of autoimmune diseases in mouse models of

lupus,®'° multiple sclerosis (MS),**¢ and rheumatoid arthritis.>”

In addition, microbiota-induced kynurenic acid expanded proin-
flammatory Th17-inducing GPR35Ly6C* macrophages in a
murine model of MS,%® and indole promoted the differentiation of
Th17 cells that exacerbates collagen-induced arthritis.3” Hence,
Trp metabolites may contribute to inflammation, individually or in
combination. Other Trp metabolites such as tryptamine and sero-
tonin have been implicated in inflammatory bowel syndrome in
direct association with RG abundance.®**° We showed here that
RG2 produced high levels of tryptamine and IAAId in the presence
of high Trp. Tryptamine, which is naturally more abundant in TC
than in B6 control mice, activated mechanistic target of rapamy-
cin (MTOR) and glycolysis in CD4* T cells.’® IAAID suppressed
the generation of Treg cells, leading to gut inflammatory disor-
ders.*® Our study uncovered Trp metabolism as a mechanism
for RG expansion in lupus-prone mice and suggests that Trp
metabolites may be involved in its pathogenicity.

Overall, our study suggests a synergistic pathogenic effect
between the gut microbiome that develops in an autoimmune
environment and the influence of dietary Trp. We propose that this
synergistic effect includes the expansion of RG2, a candidate
pathobiont strain akin to those represented in patients with SLE
with high disease activity, which herein is shown to enhance
autoimmune activation on a genetically susceptible background.
Validation of this hypothesis in other lupus-prone mouse models
would support that targeted RG depletion or Trp metabolism
may improve lupus outcomes.
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