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Commensal bacteria and the immune system have a close and strong
relationship that maintains a balance to control inflammation. Alterations of
the microbiota, known as dysbiosis, can direct reactivity to self-antigens not
only in the intestinal mucosa but also at the systemic level. Our laboratory
previously reported gut dysbiosis, particularly lower abundance of bacteria in
the family Lactobacillaceae, in lupus-prone MRL/lpr mice, a model of systemic
autoimmunity. Restoring the microbiota with a mix of 5 different Lactobacillus
species (spp.), L. reuteri, L. oris, L. johnsonii, L. gasseri and L. rhamnosus,
attenuated lupus-liked clinical signs, including splenomegaly and
lymphadenopathy. However, our understanding of the mechanism was
limited. In this study, we first investigated the effects of individual species.
Surprisingly, none of the species individually recapitulated the benefits of the
mix. Instead, Lactobacillus spp. acted synergistically to attenuate splenomegaly
and renal lymphadenopathy through secreted factors and a CXsCR1-
dependent mechanism. Interestingly, oral administration of MRS broth
exerted the same benefits likely through increasing the relative abundance of
endogenous Lactobacillus spp. Mechanistically, we found increased
percentages of FOXP3-negative type 1 regulatory T cells with administration
of the mix in both spleen and mesenteric lymph nodes. In addition, oral gavage
of Lactobacillus spp. decreased the percentage of central memory T cells while
increasing that of effector memory T cells in the lymphoid organs. Furthermore,
a decreased percentage of double negative T cells was observed in the spleen
with the mix. These results suggest that Lactobacillus spp. might act on T cells
to attenuate splenomegaly and lymphadenopathy. Together, this study
advances our understanding of how Lactobacillus spp. attenuate lupus in
MRL/lpr mice. The synergistic action of these bacteria suggests that multiple

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.923754/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.923754/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.923754/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.923754/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.923754&domain=pdf&date_stamp=2022-07-28
mailto:xinluo@vt.edu
https://doi.org/10.3389/fimmu.2022.923754
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.923754
https://www.frontiersin.org/journals/immunology

Cabana-Puig et al.

10.3389/fimmu.2022.923754

probiotic bacteria in combination may dampen systemic autoimmunity and
benefit lupus patients.
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Introduction

Recently generated evidence suggested that gut microbiota
and the immune system interact to maintain tissue homeostasis
(1-5), but it is unclear how disturbances in this interaction
contribute to the pathogenesis of systemic lupus erythematosus
(SLE). Our research team was the first to describe changes of gut
microbiota in lupus-prone compared to control mice. Specifically,
MRL/Ipr lupus-prone mice have a decrease in Lactobacillaceae
and an increase of Lachnospiraceae species (6), and administration
of a mixture of 5 strains of Lactobacillus spp. into lupus-prone
MRL/Ipr mice via oral gavage corrected the gut microbiota and
attenuated the disease (7). Our studies, along with two recent
studies using additional models of murine lupus (8, 9), have
established that gut microbiota is causative rather than the result
of the disease. In SLE patients, one cross-sectional study showed
that a greater Bacteroidetes to Firmicutes ratio was present in the
fecal microbiota of SLE patients (10), whereas another cross-
sectional study showed a strong association between SLE disease
activity and expansion of Ruminococcus gnavus in the gut
microbiota (11). Moreover, the fecal microbiota of SLE patients
induced more Th17 differentiation than the control microbiota
from healthy individuals (12). Furthermore, human studies and
investigations of different mouse models have identified a couple
of SLE-driving pathobionts such as Enterococcus gallinarum (13).
It has been suggested that translocation of pathobionts due to a
leaky gut leads to systemic inflammation. This is supported by
evidence that the gut in mice and people with SLE is leaky (7, 11,
13-15) and evidence of bacterial translocation into extraintestinal
tissues (13). Notably, Lactobacillus spp. are capable of reversing
the leaky gut, thus attenuating lupus (7). However, it remains
unclear how the mixture of 5 strains of Lactobacillus spp.
modulated the interaction between gut microbiota and the
immune system to affect disease. Specifically, whether individual
Lactobacillus species could recapitulate the benefits of the mix had
not been investigated.

In this study, we started with investigating the effects of
individual Lactobacillus spp. in female MRL/Ipr mice.
Surprisingly, none of them was able to reproduce the benefits;
instead, all 5 species acted in synergy to attenuate lupus-like
disease. In addition, while the gut microbiota changes mostly did
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not correlate with the disease outcome, the relative abundance of
two genera, Clostridium and Oscillibacter, at earlier time points
was negatively correlated with lymphadenopathy. Mechanistically,
we found that the mixed Lactobacillus spp. attenuated
splenomegaly and lymphadenopathy through secreted factors
and a CX;CR1-dependent manner. Finally, we characterized
alterations of immune cell populations in lymphoid organs
demonstrating that the mixed Lactobacillus treatment might act
on multiple T cell subsets to attenuate lupus in MRL/Ipr mice.
These results suggest synergistic actions of multiple Lactobacillus
spp. that may benefit SLE patients as a combination therapy.

Material and methods
Ethics statement

We followed the recommendations in the Guide for the Care
and Use of Laboratory Animals of the NIH. The protocol was
approved by the Institutional Animal Care and Use Committee
(IACUC) of Virginia Tech College of Veterinary Medicine. All
experiments with animals followed the guidelines provided by
the TACUC protocol #18-060 and #21-003, including
performing euthanasia with CO,.

Mice

MRL/Ipr (MRL/Mp-Fas?”"", stock number 00485) mice
were purchased from The Jackson Laboratory (JAX). MRL/Ipr-
Cx3cr197¢? mice were generated in-house as previously
described (16). Mice were bred and maintained in a specific
pathogen-free facility under the requirements of IACUC at
Virginia Polytechnic Institute and State University. All
Lactobacillus strains, L. reuteri (CF48-3A), L. oris (F0423), L.
johnsonii (135-1-CHN), L. gasseri (JV-V03) and L. rhamnosus
(LMS201), were obtained from BEI Resources. All 5 strains were
freshly and separately cultured every week, then inoculated to
mice as a mix or individually, twice a week at 10° total CFU,
from 3 weeks of age until dissection. The inoculation volume
increased with age, with 100uL at 3 weeks of age, 150uL at 4
weeks of age, and 200pL for the remaining weeks. The combined
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culture supernatant was obtained after spinning down the
bacteria and transferring the supernatant to a new tube in
sterile conditions, then filtered through a 0.22um syringe filter
and stored at -80°C. The supernatant from10° total CFU of
bacteria was orally gavaged at 200uL at a frequency of twice a
week. The same volume and frequency were used for MRS broth
oral gavage. All mice were continuously monitored every week
for body weight and level of proteinuria, and euthanized at 15
weeks of age. Once mouse dissection was performed, body and
organ weights were recorded.

Analysis of proteinuria, endotoxin,
and antibodies

Proteinuria was determined with a Pierce Coomassie Protein
Assay Kit (Thermo Scientific). Blood endotoxin was measured
by using a Pierce LAL Chromogenic Endotoxin Quantitation Kit
(Thermo Scientific). Anti-dsDNA IgG was measured as
previously described (17). Serum total IgG concentration was
determined with mouse IgG ELISA kit (Bethyl Laboratories).

16S rRNA sequencing analysis

Fecal samples were collected weekly directly from the anus
for each mouse. Samples were stored at -80°C till being
processed at the same time. Samples were homogenized, cell
lysed, and DNA extracted as previously described (6, 7, 18-21).
PCR were performed and purified amplicons were sequenced
bidirectionally (V4 region) on an Illumina MiSeq at Argonne
National Laboratory. Data analysis was performed as described
previously (6, 22).

Flow cytometry

Spleen and mesenteric lymph node (MLN) were collected
and mashed in 70-pm cell strainers with C10 media (RPMI-1640
containing L-glutamine, 10% fetal bovine serum, 100 U/ml
penicillin-streptomycin, 10 mM HEPES, 1 mM sodium
pyruvate, 1% 100X MEM non-essential amino acids, 55 uM 2-
mercaptoethanol, all from Life Technologies). For splenocytes,
red blood cells were lysed with RBC lysis buffer (eBioscience).
For FACS staining, cells were blocked by anti-mouse CD16/32
(eBioscience), stained with fluorochrome-conjugated antibodies,
and analyzed with BD FACSAria Fusion flow cytometer (BD
Biosciences). Anti-mouse antibodies used in this study include:
CD3-FITC and B220-FITC (eBioscience), CD4-PerCP/Cy5.5,
CD8-PE/Dazzle, PD-1-APC/Cy7, CXCR5-BV605, CD25-
BV421, FOXP3-PE, CD44-APC, CD62L-APC/Cy7, CD138-
PerCP/Cy5.5, CD19-BV421, CD273-PE/Dazzle, CD38-PE/Cy7
and GL7-APC (Biolegend). For intracellular staining, Foxp3/

Frontiers in Immunology

03

10.3389/fimmu.2022.923754

Transcription Factor Staining Kit was used to fix the cells
(Biolegend). For intracellular staining of IL-10 producing cells,
splenocytes or MLN cells were pre-stimulated for 4 hours with
500X Cell Stimulation Cocktail (Invitrogen) plus protein
transport inhibitor (eBioscience) containing phorbol 12-
myristate 13-acetate (PMA), ionomycin, brefeldin A and
monensin; then stained with CD19-AF700, CD138-BV711,
Foxp3-AF647 and IL-10-PE. FlowJo was used to analyze data.

Kidney histopathology

Kidneys were fixed in formalin right after isolation. Fixed
tissues were paraffin-embedded, sectioned, and stained for
Periodic Acid-Schiff (PAS) at the Histopathology Laboratory at
Virginia Tech College of Veterinary Medicine. Kidney
histopathology score were graded by a board-certified
pathologist in a blindly fashion using the following categories:
glomerular lesions (cellularity, mesangial matrix, necrosis,
percentage of sclerotic glomeruli, and presence of crescents,
tubulointerstitial lesions and vasculitis inflammation (23).

Analysis of tight junction transcripts

Isolated intestinal epithelial cells (IECs) were obtained as
described previously (7). Reverse transcription and quantitative
PCR were performed as we reported (24). Relative quantities
were calculated using 18S and GAPDH as the housekeeping
genes. Primer sequences for mouse Cldnl, Cldn2, ZO1 are
available upon request.

Statistical analyses

For the comparison of two groups, unpaired student’s t-test
was used. For the comparison of three or more groups, one-way
ANOVA was used. Two-way ANOVA was used to reveal time-
and group-dependent effects. Results were considered
statistically significant when p<0.05. All analyses were
performed with the GraphPad Prism software.

Results

Five Lactobacillus species act
synergistically to attenuate splenomegaly
and lymphadenopathy

Previously, we reported alterations of the gut microbiota in
MRL/Ipr mice that exhibited a state of dysbiosis characterized by
lower abundance of the Lactobacillaceae bacterial family (6).
This dysbiosis disrupted the balance between commensal
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bacteria and the immune system leading to a permanent state of
inflammation. We next reported that restoring the microbiota
with a mix of 5 different Lactobacillus species (spp.), L. reuteri, L.
oris, L. johnsonii, L. gasseri and L. rhamnosus, attenuated lupus-
liked clinical signs, including splenomegaly and
lymphadenopathy (7). However, the underlying mechanisms
were not clear. In this study, we first investigated the effects of
individual species. As we showed L. reuteri together with an
uncultured Lactobacillus dominated the gut microbiota of
Lactobacillus-treated MRL/Ipr mice (7), we hypothesized that
L. reuteri would be the best candidate to reproduce the same
beneficial effects.

Female MRL/Ipr female mice were orally gavaged, twice a
week at 10° CFU/mouse, freshly cultured Lactobacillus spp.
either individually or as a mix from 3 weeks of age (pre-
disease) till 15 weeks of age (late disease). Upon euthanasia,
the weight of different organs including spleen, mesenteric
lymph node (MLN), and renal lymph node (RLN) was
measured, and the organ-to-body weight ratios were
calculated. There were no differences except for the mix, which
significantly reduced the combined weight of all 3 lymphoid
organs compared to the PBS control (Figure 1A), suggesting that
only the mix was beneficial against splenomegaly and
lymphadenopathy. When looking at the lymphoid organs

A B
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LO LO
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FIGURE 1
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individually, we observed similar results with significantly
smaller organs for the mix (Figures 1B-D). Each strain
individually did not have enough impact to exert a beneficial
effect; instead, the 5 species worked synergistically to attenuate
splenomegaly and lymphadenopathy.

We previously reported that lupus nephritis was linked to gut
microbiota dysbiosis (7). We thus tested the levels of proteinuria,
but no differences were found except for L. johnsonii, which
significantly exacerbated glomerulonephritis over the PBS control
(Figure 1E). Notably, the MRL/Ipr mice in our in-house colony,
similar to those housed at The Jackson Laboratory, have lost the
kidney disease phenotype (25), leading to low levels of proteinuria
throughout the experiment. As expected, kidney histopathological
analysis revealed no difference in glomerular and tubulointerstitial
lesions as well as leukocyte infiltration (Supplementary Figure 1).
However, the serum level of anti-dsDNA IgG, a typical pathogenic
autoantibody in lupus, as well as the anti-dsDNA IgG to total IgG
ratio in the blood, were moderately decreased by the mix, although
L. johnsonii and L. gasseri individually had similar effects
(Figures 1F, G).

These results indicate that none of the species individually
recapitulated the benefits of the mix. Instead, these Lactobacillus
spp. acted synergistically to attenuate splenomegaly

and lymphadenopathy.
C
LGG
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Five Lactobacillus species act synergistically to attenuate splenomegaly and lymphadenopathy. Female MRL/lpr mice were treated with indicated
Lactobacillus spp. at 10° total CFU/mouse twice a week from 3 weeks to 15 weeks of age. PBS, phosphate buffered saline control. Mixed, the
mix of all 5 species. LR, LO, LJ, LG and LGG represent L. reuteri, oris, johnsonii, gasseri and rhamnosus, respectively. (A) Combined organ
weight-to-body weight ratio. SP, spleen; MLN, mesenteric lymph node; RLN, renal lymph node. (B) SP-to-body weight ratio. (C) MLN-to-body
weight ratio. (D) RLN-to-body weight ratio. (E) Accumulated proteinuria level from 9 weeks to 14 weeks of age. (F) Serum level of anti-dsDNA
1gG at 15 weeks of age. U, international units. (G) Serum level of anti-dsDNA IgG-to-total IgG weight ratio at 15 weeks of age. n > 7 mice per
group. Statistical significance (*p<0.05, **p<0.01) is shown based on one-way ANOVA. Nearly significant differences between PBS and Mixed are

shown as #p<0.1.
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Gut microbiota during early disease is
associated with the decrease of gut-
draining lymph node size

To study the associations between changes of disease
phenotype and the composition of gut microbiota, we
analyzed the fecal samples collected from mice treated with
each Lactobacillus individually or in combination by using 16S
rRNA sequencing. Looking at the observed operational
taxonomic units (OTUs), we found that the gut microbiota
from mice treated with the mix was significantly less diverse
than that treated with the PBS control (Figure 2A), likely due to
the enrichment of Lactobacillus spp. In addition, we performed
principal coordinate analysis and found the gut microbiotas
from PBS, L. reuteri and L. oris treated groups were clustered
together, whereas the gut microbiotas from the mix, L. johnsonii,
L. gasseri and L. rhamnosus treated groups were clustered
together (Figure 2B). Analysis at the order level confirmed
these observations (Figure 2C). The order of Lactobacillales, in
particular, followed this pattern with the L. rhamnosus treated
group harboring significantly more Lactobacillales than the L.
oris group (Figure 2D). These results did not correlate with the
observed disease phenotype, where only the mix was beneficial.
However, it was evident that the relative abundance of genera
Clostridium and Oscillibacter at earlier time points of 5 and 7
weeks of age was negatively correlated with the size of MLNSs at
15 weeks of age (Figure 2E; Supplementary Table 1). No
correlation was observed between the size of endpoint MLNs
and the relative abundance of these genera at 13 weeks of age

10.3389/fimmu.2022.923754

(Supplementary Figure 2A), suggesting that the changes of gut
microbiota may precede the change of disease.

Lactobacillus spp. attenuate
splenomegaly and renal
lymphadenopathy through secreted
factors and a CX3zCR1-

dependent mechanism

After uncovering that only the mix exerted beneficial effects,
we further investigated whether it was the bacteria themselves or
their secretion that improved the disease outcome. We thus
treated female MRL/Ipr mice with the combined culture
supernatant of all 5 Lactobacillus spp. using the optimal
culture medium of Lactobacillus, MRS broth, as the
negative control. Interestingly, MRS broth transiently but
significantly expanded endogenous Lactobacillales when mice
were 11 weeks of age, whereas the gut microbiota following
supernatant treatment was similar to that of the PBS control
(Figures 3A, B), even though the bacterial diversity of the gut
microbiota was significantly lower upon treatment with the
culture supernatant (Supplementary Figure 2B). Nonetheless,
the culture supernatant was effective in reducing splenomegaly
and renal lymphadenopathy, although no differences were
observed for the size of MLN, proteinuria and anti-dsDNA
IgG to total IgG ratio (Figures 3C-G). The latter was
consistent with no differences in the endotoxin level
(Supplementary Figure 2C) and tight junction gene expression
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Gut microbiota at early stage is associated with the decrease of gut-draining lymph node size. Fecal microbiota samples were collected at 3, 5,
7,9, 11 and 13 weeks of age (n = 5 mice per group) and subjected to 16S rRNA sequencing. (A) Observed OTUs (p<0.001). (B) Principal
coordinate analysis of fecal microbiota composition. (C) Time-dependent changes of fecal microbiota at the order level. (D) The relative
abundance of the order Lactobacillales. Statistical significance (*p<0.05) is shown based on one-way ANOVA. (E) Correlation analysis of the
relative abundance of the genera Clostridium and Oscillibacter at 5 and 7 weeks of age against the MLN-to-body weight ratio at 15 weeks

of age
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FIGURE 3

Lactobacillus spp. attenuate splenomegaly and renal lymphadenopathy through secreted factors and a CX3sCR1-dependent mechanism. Female
MRL/lpr mice were orally gavaged with PBS, the combined culture supernatant of the 5 Lactobacillus spp. (Mixed SN), or MRS broth (Broth)
twice a week at 200 puL/mouse from 3 weeks to 15 weeks of age. In some experiments, female MRL/lpr-Cx3cr19/9 mice were treated with
MRS broth (Broth KO) following the same protocol. (A) Time-dependent changes of fecal microbiota (n = 5 mice per group). (B) The relative
abundance of the order Lactobacillales at 5, 11 and 13 weeks of age. (C) SP-to-body weight ratio. (D) MLN-to-body weight ratio. (E) RLN-to-
body weight ratio. (F) Accumulated level of proteinuria from 9 to 14 weeks of age. (G) Anti-dsDNA-to-total IgG ratio. n > 7 mice per group
Statistical significance (*p<0.05, **p<0.01) is shown based on one-way ANOVA.

(Supplementary Figure 2D). The MRS broth, presumably
through enriching endogenous Lactobacillus spp., exerted
similar benefits on splenomegaly and renal lymphadenopathy
(Figures 3C, E).

Furthermore, we were interested in CX3CRI, a receptor that
helps to present commensal bacterial antigens to the proximal
lymph nodes, limiting the immune response against beneficial
bacteria while removing harmful bacteria (26). We previously
generated MRL/Ipr-Cx3cr1¥?€® mice where GFP replaced the
coding region of the Cx3crl gene leading to global knockout of
CX;CRI1 (16). By gavaging these mice with the MRS broth, we
found that the benefits of the broth were eliminated in the
knockout mice (Figures 3C, E), suggesting a CX;CR1-dependent
mechanism by which Lactobacillus spp. improve splenomegaly
and renal lymphadenopathy.

Together, these results suggest that Lactobacillus spp.
attenuate splenomegaly and renal lymphadenopathy through
secreted factors and a CX;CR1-dependent mechanism.

Lactobacillus spp. control inflammation
through regulating splenic and MLN
immune cell populations

After observing the beneficial effects of mixed Lactobacillus
spp., their culture supernatant, and MRS Broth, we sought to
understand the immunological mechanism by which these
treatments inhibited inflammation towards to a more balanced
environment leading to decreased lymphoid organ sizes. We first

Frontiers in Immunology

06

analyzed the germinal center (GC) reaction in the spleen and
MLN. Gating on CD4+PD-1+CXCR5+ follicular T helper (Tth)
cells (Supplementary Figure 3A) and CD19+GL7+CD38-/""
GC-B cells (Supplementary Figure 3B), we found mostly no
difference in these populations (Supplementary Figures 3C, D),
although the mixed Lactobacillus spp. significantly induced
more GC-B cells over the PBS control in the MLN
(Supplementary Figure 3D). We also gated on the recently
identified CD273+ regulatory B (Breg) cells (27-29)
(Supplementary Figure 3E), and the mixed Lactobacillus spp.
was able to significantly induce more of these Breg cells in the
MLN (Supplementary Figure 3F). It is possible that the
antibody-producing GC-B cells and immunosuppressive Breg
cells counter their respective effects; therefore, overall, we did not
observe significant alterations of spleen or MLN GC reaction by
the treatment groups.

Next, we analyzed several populations of IL-10 producing
immunoregulatory cells. These included CD4"Foxp37IL-10"
type 1 regulatory T (Trl) cells (Figure 4A), CD4"Foxp3'IL-
10" regulatory T (Treg) cells, CD19"IL-10" Breg cells, and
CD1387IL-10" plasma cell (PC)-derived Breg cells
(Supplementary Figure 4A). We found consistent upregulation
of Tr1 cells in the spleen and MLN with the mixed Lactobacillus
treatment (Figures 4A-E). This observation aligns well with our
published results on Trl cells as IL-10 producers in MRL/Ipr
mice (7). Interestingly, the combined culture supernatant of all 5
Lactobacillus spp. was also able to significantly increase the
percentage of Trl cells in the MLN (Figure 4E). In addition,
we observed decreased percentages of FOXP3+IL-10" Treg cells
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FIGURE 4

Lactobacillus spp. control inflammation through regulating splenic and MLN immune cell populations. (A-D) Flow cytometry analysis of
splenocytes. (E—H) Flow cytometry analysis of MLN cells. (A—E) Frequency of IL-10-expressing type 1 regulatory T (Trl) cells. Plots were pre-
gated on CD4" T cells. (B, F) Frequencies of central memory (CM) and effector memory (EM) T cells as well as naive T cells within CD4* T cells.
Plots were pre-gated on CD4" T cells. (C—G) Frequencies of CM and EM T cells as well as naive T cells within CD8" T cells. Plots were pre-
gated on CD8™" T cells. (D-H) Frequency of double-negative T (DNT) cells. Plots were pre-gated on T cells. Statistical significance (*p<0.05,
**p<0.01) is shown based on one-way ANOVA. Nearly significant differences are shown as *p<0.1.

and CD138+ PC-Breg cells in the MLN with both the mixed
Lactobacillus and MRS broth treatments (Supplementary
Figure 4B). These results suggest that Trl cells may be
responsible for the immunoregulatory effects of the mixed
Lactobacillus treatment. Notably, while CD4 " Foxp3*IL-10*
Treg cells were reduced in the MLN (Supplementary
Figure 4B), CD25"FOXP3" Treg cells were significantly
increased in the MLN with the mixed Lactobacillus treatment
(Supplementary Figure 4C), suggesting that Treg cells may
produce cytokines other than IL-10, such as TGFf, to
suppress inflammation.

Frontiers in Immunology

Moreover, oral gavage of Lactobacillus spp. decreased the
percentage of central memory T (Tcy) cells while increasing that
of effector memory T (Tgy) cells in both CD4" and CD8"
compartments in the spleen (Figures 4B, C) and MLN
(Figures 4F, G). Since Ty cells are known to sustain persistent
inflammation (30), the conversion of them into short-lived Ty
cells may be beneficial. Notably, the MRS broth exerted similar
benefits within the CD8" compartment in the spleen (Figure 4C),
whereas the combined culture supernatant regulated Ty and Ty
cells in a similar fashion as mixed Lactobacillus spp. in the MLN
(Figures 4F, G). Naive T cells, on the other hand, were suppressed by
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mixed Lactobacillus spp. or MRS broth in the spleen (Figures 4B-
C). These results suggest that Lactobacillus spp. may target memory
T cells to suppress inflammation in MRL/Ipr mice.

Furthermore, the mixed Lactobacillus treatment
significantly downregulated the percentage of double-
negative T (DNT) cells in the spleen (Figure 4D), which play
a proinflammatory role by secreting IL-17 that aggravates the
autoimmune environment, particularly in lupus patients (31-
34). The percentage of DNT cells in the MLN, on the other
hand, did not change (Figure 4H).

Together, these results suggest that Lactobacillus spp. might
act on T cells to attenuate splenomegaly and lymphadenopathy.

Discussion

In this study, we showed that restoring the microbiota with a
mix of 5 different Lactobacillus spp., L. reuteri, L. oris, L. johnsonii,
L. gasseri and L. rhamnosus, was able ameliorate lupus-like clinical
signs, reducing splenomegaly and lymphadenopathy. However,
none of the strains individually could replicate the same positive
effects that the mix Lactobacillus spp. showed, suggesting a potential
cooperation among the species that helps to multiply each
individual strength. In addition, the combined culture
supernatant of Lactobacillus spp. attenuated splenomegaly and
renal lymphadenopathy suggesting that the bacteria benefit by
releasing certain secreted factors. Interestingly, oral administration
of MRS broth exerted the same benefits probably by creating a
favorable environment that increased the relative abundance of
endogenous Lactobacilliales. Moreover, Cx3crl deficiency in MRL/
Ipr mice abrogated the benefits showing a comparable level of
disease as the control group, suggesting that the MRS broth, and
thus the endogenous Lactobacillus spp., may exert protective effects
through a CX;CR1-dependent mechanism. The mechanistic
pathway of the mix of Lactobacillus spp. increasing the
percentages of FOXP3-negative Trl cells in both spleen and
MLN suggests a possible probiotic-mediated control of
inflammation that may happen in both MRL/Ipr mice and lupus
patients. Furthermore, oral gavage of Lactobacillus spp. increased
the relative abundance of Tgy; cells in the lymphoid organs while
decreasing Tcy cells. Finally, a lower percentage of DN T cells,
which plays a detrimental role in SLE, was observed in the spleen,
suggesting an additional protective mechanism provided by the mix
of Lactobacillus spp.

Our novelty resides in the fact that individual Lactobacillus
strains could not replicate the effects of the mix. This result was
surprising to us and was not reported previously. In addition,
while we did report the effect of the mixed Lactobacillus spp. on
Trl cells, the new information we are presenting is the effects of
the mixed culture supernatant and MRS broth. The mixed
Lactobacillus group was used as the positive control. We
advance the previous findings by explaining how Lactobacillus
spp. could potentially exert the beneficial effects. Here we show
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data suggesting that they do so through secreted factors
produced by the administered probiotics. We also show
similar benefits due to MRS broth-mediated enrichment of
local Lactobacillus spp. found in the gut microbiota.

MRL/Ipr mice have been extensively used as a murine model
of lupus. These mice spontaneously develop autoimmune
disease resembling SLE patients due to multiple SLE
susceptibility loci present in the MRL background as well as a
spontaneous mutation in the Fas gene (35). Fas is a type I
membrane protein of the tumor necrosis factor receptor (TNFR)
superfamily that is expressed on activated lymphocytes and in
the thymus which induces lymphocyte apoptosis upon ligation
by the Fas ligand. The Fas defect triggers the survival of self-
reactive lymphocytes common in autoimmunity (36). Therefore,
the Fas mutation accelerates the disease in MRL mice leading
lymphoproliferation with progressive organ failures. Many
features of the MRL/Ipr mouse, including autoantibodies,
glomerulonephritis, and infiltrates of proinflammatory B and
T cells in peripheral tissues such as the kidney, resemble clinical
symptoms in SLE patients. In addition, like human SLE, the
MRL/Ipr mouse develops progressive nonmalignant
lymphoproliferation that contributes to an early mortality (37).

We recently published a study where disease manifestations in
MRL/Ipr mice can differ among animal facilities, suggesting a role
for environment factors (25). Notably, the gene loci responsible
for splenomegaly and lymphadenopathy, which are chromosomes
4, 5 and 7, are not the same as that for glomerulonephritis, which
is chromosome 10. We found that comparing our in-house mice
with those obtained from The Jackson Laboratory, there were
differences in lymphoproliferation (splenomegaly and
lymphadenopathy), but the loss of kidney disease
(glomerulonephritis) was a shared phenomenon. Due to this
significant phenotypic drift, we decided to focus on the
splenomegaly and lymphadenopathy in the current study.

To further investigate the mechanism by which the gut
microbiota modulates lupus disease progression, we
characterized the gut microbiota and established correlations
between gut bacteria and disease phenotype. Although less
diversity traditionally means unhealthier gut microbiota (38), in
the context of autoimmune disease, Lactobacillus spp. induces a
positive change in the ecosystem, supporting microbiota stability
through their metabolic activities, interacting with the host to
provide a low inflammatory state or to revert a proinflammatory
state, and resisting the colonization from pathogens. In contrast,
higher microbiota diversity in this setting seems to be associated
with disease or dysfunction, leading to competition instead of
cooperation, which undermines the stability of the microbial
community. Lactobacillus spp., on the other hand, corrects this.
Notably, the introduction of probiotics such as Lactobacillus spp.
can be a starting point to redirect the gut microbiota towards to a
better and healthier profile. It has been reported that major
interventions in gut microbiota can temporarily reduce
diversity, as the process of enriching certain bacteria could lead
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toa change in composition and, through competitive interactions,
reduce diversity (39).

Interestingly, the relative abundance of genera Clostridium and
Oscillibacter was negatively correlated to the size of MLN.
Clostridium is a genus with butyrate-producing gram-positive
bacteria (40). Known to exert beneficial effects for intestinal
homeostasis, Clostridium spp. can have an important role in
attenuating inflammation due to their cellular components and
metabolites, likely through energizing intestinal epithelial cells,
stimulating intestinal barrier health, and educating the immune
system. Moreover, a member of the Oscillibacter genus, O.
valericigenes, is a valerate- and butyrate-producing anaerobic
gram-negative non-sporulating bacterium (41). O. valericigenes
has been found in the human gut microbiota. In particular, O.
valericigenes was found more abundant in healthy individuals
compared to patients diagnosed with Crohn’s disease (42). An
important short-chain fatty acid (SCFA), butyrate has been shown
to successfully prevent inflammation through Treg induction (43)
and down-regulating the expression of pro-inflammatory cytokines
(44). Therefore, it is conceivable, while yet to be elucidated, that the
negative correlation between mesenteric lymphadenopathy and the
genera Clostridium and Oscillibacter may be due to the ability of the
bacteria to produce the anti-inflammatory butyrate. It is likely that
the presence or products of Lactobacillus spp. facilitated the
proliferation and/or survival of these two genera, even though we
do not know the mechanisms at this time. It is known, however, that
Lactobacillus spp. are SCFA producers and can be butyrate-
producing bacteria that alleviate intestinal permeability and
maintain barrier function. Butyrate can not only inhibit pathogenic
bacteria but also stimulate the growth of beneficial bacteria (45), a
notion that could be associated with the enhancement of the relative
abundance of Oscillibacter and Clostridium.

The secreted factors in the culture supernatant, potentially
bacterial metabolites, showed the same benefits as the mixed
Lactobacilli themselves. Bacterial metabolites are important
particularly for food digestion and metabolic pathways of
dietary carbohydrates, protein, fat and vitamins (46). SCFAs
such as acetate, propionate and butyrate are bacterial
metabolites generated from the fermentation of dietary fiber by
the gut microbiota. They play immune modulatory roles and are
involved in the maintenance of colonic mucosal health by
stimulating the mucous layer, producing antimicrobial peptides,
and serving as anti-inflammatory agents due to their regulatory
effects on gene expression (47). Besides SCFAs, Lactobacillus spp.
are known for their production of antimicrobial compounds,
including biosurfactants, lactic acid, hydrogen peroxide,
bacteriocins and bacteriocin-like peptides that could inhibit
pathogen growth (48). It is likely that the metabolites of
Lactobacillus spp., such as indole molecules, bind to the aryl
hydrocarbon receptor (AhR) of T cells leading to Trl
differentiation (49-52). Further research is necessary to identify
specific secreted factors that recapitulate the benefits of
Lactobacillus spp. on lupus.
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CX;CR1 is important for maintaining intestinal homeostasis
and controlling pathogen challenges (26, 53). CX;CR1, or the
fractalkine receptor, in conjunction with its ligand CX;CLI,
mediates the translocation of the antigen-presenting cells from
the blood to the gut, MLN, kidney and brain. The role of
CX;CRI1-expressing cells in the intestinal epithelium is to
capture bacteria and antigens present in the gut lumen and to
transport them to the MLN, where T cells are activated (54).
Interestingly, however, Cx3crl-deficient mice display markedly
increased translocation of commensal bacteria into the MLN
leading to gut inflammation (55), suggesting that CX;CR1-
expressing cells also have a regulatory function and promote
homeostasis between commensal bacteria and immune system.
Our study supports the important role of CX;CRI as an antigen
carrier and an immune regulator, where the lack of the receptor
abrogates the protective effects of Lactobacillus spp. enriched by
the MRS broth leading to aggravated lupus.

Type 1 regulatory T (Trl) can prevent and downregulate
undesired immune responses to pathogenic and non-pathogenic
antigens (such as autoantigens) and are associated with long-term
tolerance. Trl cells produce IL-10 as well as TGF-f, but they can
also produce variable amounts of other cytokines depending on the
microenvironment and disease context (56). Notably, the ability to
produce IL-10 does not equal to suppressor activity (57); however,
IL-10-producing Tr1 cells do have suppressor functions that are
independent from FOXP3 (58). Our results suggest that
Lactobacillus treatment can promote an anti-inflammatory
environment in the gut of lupus-prone mice through increasing
the frequency of Tr1 cells. Ty and Ty, cells are antigen-specific
memory T cells to viruses or other microbial molecules and their
primary function is to trigger an immune response upon
reintroduction of relevant pathogen into the body (59). Ty cells
can sometimes react to novel antigens, potentially caused by
intrinsic diversity and breadth of the T cell receptor (60). These
memory T cells could cross-react to environmental or resident
antigens in our body (such as commensal bacteria in the gut) and
proliferate. The cross-reactivity mechanism may be important to
help maintain the Tcy; population at mucosal surfaces. However,
through the same mechanism, Ty cells can sustain autoimmune
response by proliferating in the secondary lymphoid organs and
producing a persistent inflammatory state (61). Tgy cells, in
comparison, present an immediate, but not sustained, defense at
the pathogen’s sites of entry. Lactobacillus treatment promotes a
Tgym response while suppressing Ty cells, thereby present an
immediate response with subsequent resolution instead of
prolonging the autoimmune response. Notably, the frequencies of
Tcwm cells decreased in the spleen and MLN that decreased their
weights. This suggests that decreases of Tcy cells may be more
critical changes induced by Lactobacillus spp. than relatively
increased frequencies of Tr1 cells, as the latter increased while the
organ weight decreased, leading to no change in actual cell
numbers. DNT cells are characteristically elevated in several
autoimmune diseases including SLE, and expanded DNT cells in
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inflamed tissues contribute to disease pathogenesis (34). DNT cells
can produce inflammatory cytokines IL-17 and IFN-y, which
contribute to the pathogenesis of kidney damage in patients with
SLE (62). Therefore, the suppression of DNT cells may be another
reason that lupus-like clinical signs are improved by Lactobacillus
treatment. Altogether, our results suggest the probiotic bacteria
may target T cells to control the autoimmune response in MRL/
Ipr mice.

In conclusion, this study advances our understanding of the
mechanisms of how changes of the gut microbiota regulate SLE-
associated immune responses in mice. Future studies will
determine if these results can be replicated in human SLE
patients. The ultimate goal is to uncover novel, gut
microbiota-related pathogenic pathways of SLE that enable the
identification of new therapeutic targets, for which the
modification of gut microbiota—through diet modulation and/
or probiotic supplementation—can be a cost-effective approach
to complement the current SLE treatment strategies.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://
www.ncbi.nlm.nih.gov/, PRINA827847.

Ethics statement

The animal study was reviewed and approved by The
Institutional Animal Care and Use Committee (IACUC) of
Virginia Tech College of Veterinary Medicine (Animal
Welfare Assurance Number: A3208-01).

Author contributions

XL designed the study. XC-P, QM, RL, BS, LA, JZ, MP and
SC performed the experiments. XC-P, SS, CR, SA and XL

References

1. Kamada N, Seo SU, Chen GY, Nunez G. Role of the gut microbiota in
immunity and inflammatory disease. Nat Rev Immunol (2013) 13(5):321-35. doi:
10.1038/nri3430

2. Kuhn KA, Stappenbeck TS. Peripheral education of the immune system by
the colonic microbiota. Semin Immunol (2013) 25(5):364-9. doi: 10.1016/
j.smim.2013.10.002

3. Strober W. Impact of the gut microbiome on mucosal inflammation. Trends
Immunol (2013) 34(9):423-30. doi: 10.1016/.it.2013.07.001

4. Yeoh N, Burton JP, Suppiah P, Reid G, Stebbings S. The role of the
microbiome in rheumatic diseases. Curr Rheumatol Rep (2013) 15(3):314. doi:
10.1007/s11926-012-0314-y

Frontiers in Immunology

10

10.3389/fimmu.2022.923754

analysed the data. TC scored the pathology slides. XC-P and
XL wrote the manuscript. All authors contributed to the article
and approved the submitted version.

Funding

This work was supported by internal funding from VMCVM
and NIH grants AR067418 and AR073240 (Luo).

Acknowledgments

We thank to Sarah Owens and Husen Zhang for assistance
on Illumina MiSeq sequencing and bioinformatics analysis. In
addition, we thank Melissa Makris for flow cytometry analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.923754/full#supplementary-material.

5. Brown EM, Sadarangani M, Finlay BB. The role of the immune system in
governing host-microbe interactions in the intestine. Nat Immunol (2013) 14
(7):660-7. doi: 10.1038/ni.2611

6. Zhang H, Liao X, Sparks JB, Luo XM, Schloss PD. Dynamics of gut
microbiota in autoimmune lupus. Appl Environ Microbiol (2014) 80(24):7551—
60. doi: 10.1128/AEM.02676-14

7. Mu Q, Zhang H, Liao X, Lin K, Liu H, Edwards MR, et al. Control of lupus
nephritis by changes of gut microbiota. Microbiome (2017) 5(1):73. doi: 10.1186/
540168-017-0300-8

8. Zegarra-Ruiz DF, El Beidaq A, Iniguez AJ, Lubrano Di Ricco M, Manfredo
Vieira S, Ruff WE, et al. A diet-sensitive commensal lactobacillus strain mediates

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fimmu.2022.923754/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.923754/full#supplementary-material
https://doi.org/10.1038/nri3430
https://doi.org/10.1016/j.smim.2013.10.002
https://doi.org/10.1016/j.smim.2013.10.002
https://doi.org/10.1016/j.it.2013.07.001
https://doi.org/10.1007/s11926-012-0314-y
https://doi.org/10.1038/ni.2611
https://doi.org/10.1128/AEM.02676-14
https://doi.org/10.1186/s40168-017-0300-8
https://doi.org/10.1186/s40168-017-0300-8
https://doi.org/10.3389/fimmu.2022.923754
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cabana-Puig et al.

TLR7-dependent systemic autoimmunity. Cell Host Microbe (2019) 25(1):113-27
6. doi: 10.1016/j.chom.2018.11.009

9. Choi SC, Brown J, Gong M, Ge Y, Zadeh M, Li W, et al. Gut microbiota
dysbiosis and altered tryptophan catabolism contribute to autoimmunity in lupus-
susceptible mice. Sci Transl Med (2020) 12(551). doi: 10.1126/
scitranslmed.aax2220

10. Hevia A, Milani C, Lopez P, Cuervo A, Arboleya S, Duranti S, et al. Intestinal
dysbiosis associated with systemic lupus erythematosus. mBio (2014) 5(5):e01548-
14. doi: 10.1128/mBi0.01548-14

11. Azzouz D, Omarbekova A, Heguy A, Schwudke D, Gisch N, Rovin BH, et al.
Lupus nephritis is linked to disease-activity associated expansions and immunity to
a gut commensal. Ann Rheum Dis (2019) 78(7):947-56. doi: 10.1136/annrheumdis-
2018-214856

12. Lopez P, de Paz B, Rodriguez-Carrio ], Hevia A, Sanchez B, Margolles A,
et al. Th17 responses and natural IgM antibodies are related to gut microbiota
composition in systemic lupus erythematosus patients. Sci Rep (2016) 6:24072. doi:
10.1038/srep24072

13. Manfredo Vieira S, Hiltensperger M, Kumar V, Zegarra-Ruiz D, Dehner C,
Khan N, et al. Translocation of a gut pathobiont drives autoimmunity in mice and
humans. Science (2018) 359(6380):1156-61. doi: 10.1126/science.aar7201

14. Luo XM, Edwards MR, Mu Q, Yu Y, Vieson MD, Reilly CM, et al. Gut
microbiota in human SLE and a mouse model of lupus. Appl Environ Microbiol
(2017) 84(4):7¢02288-17. doi: 10.1128/AEM.02288-17

15. Mu Q, Kirby J, Reilly CM, Luo XM. Leaky gut as a danger signal for
autoimmune diseases. Front Immunol (2017) 8:598. doi: 10.3389/
fimmu.2017.00598

16. Liao X, Ren J, Reihl A, Pirapakaran T, Sreekumar B, Cecere TE, et al. Renal-
infiltrating CD11c(+) cells are pathogenic in murine lupus nephritis through
promoting CD4(+) T cell responses. Clin Exp Immunol (2017) 190(2):187-200.
doi: 10.1111/cei.13017

17. Liao X, Ren J, Wei CH, Ross AC, Cecere TE, Jortner BS, et al. Paradoxical
effects of all-trans-retinoic acid on lupus-like disease in the MRL/lpr mouse model.
PloS One (2015) 10(3):¢0118176. doi: 10.1371/journal.pone.0118176

18. Mu Q, Tavella V], Kirby JL, Cecere TE, Chung M, Lee J, et al. Antibiotics
ameliorate lupus-like symptoms in mice. Sci Rep (2017) 7(1):13675. doi: 10.1038/
$41598-017-14223-0

19. Mu Q, Edwards MR, Swartwout BK, Cabana Puig X, Mao J, Zhu J, et al. Gut
microbiota and bacterial DNA suppress autoimmunity by stimulating regulatory b
cells in a murine model of lupus. Front Immunol (2020) 11. doi: 10.3389/
fimmu.2020.593353

20. Mu Q, Cabana-Puig X, Mao J, Swartwout B, Abdelhamid L, Cecere TE, et al.
Pregnancy and lactation interfere with the response of autoimmunity to
modulation of gut microbiota. Microbiome (2019) 7(1):1-13. doi: 10.1186/
540168-019-0720-8

21. Mu Q, Swartwout BK, Edwards M, Zhu ], Lee G, Eden K, et al. Regulation of
neonatal IgA production by the maternal microbiota. Proc Natl Acad Sci (2021) 118
(9). doi: 10.1073/pnas.2015691118

22. Zhang H, Sparks JB, Karyala SV, Settlage R, Luo XM. Host adaptive
immunity alters gut microbiota. ISME ] (2015) 9(3):770-81. doi: 10.1038/
ismej.2014.165

23. De Lema GP, Lucio-Cazafia FJ, Molina ANA, Luckow B, Schmid H, de Wit
C, et al. Retinoic acid treatment protects MRL/Ipr lupus mice from the
development of glomerular disease. Kidney Int (2004) 66(3):1018-28. doi:
10.1111/j.1523-1755.2004.00850.x

24. Abdelhamid L, Cabana-Puig X, Swartwout B, Lee J, Li S, Sun S, et al
Retinoic acid exerts disease stage-dependent effects on pristane-induced lupus.
Front Immunol (2020) 11. doi: 10.3389/fimmu.2020.00408

25. Cabana-Puig X, Bond JM, Wang Z, Dai R, Lu R, Lin A, et al. Phenotypic
drift in lupus-prone MRL/Ipr mice: Potential roles of MicroRNAs and gut
microbiota. Immunohorizons (2022) 6(1):36-46. doi: 10.4049/
immunohorizons.2100082

26. Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA, et al.
CX3CR1-mediated dendritic cell access to the intestinal lumen and bacterial
clearance. Science (2005) 307(5707):254-8. doi: 10.1126/science.1102901

27. Mielle J, Audo R, Hahne M, Macia L, Combe B, Morel J, et al. IL-10
producing b cells ability to induce regulatory T cells is maintained in rheumatoid
arthritis. Front Immunol (2018) 9. doi: 10.3389/fimmu.2018.00961

28. Pennati A, Ng S, Wu Y, Murphy JR, Deng J, Rangaraju S, et al. Regulatory b
cells induce formation of IL-10-Expressing T cells in mice with autoimmune
neuroinflammation. J Neuroscience: Off J Soc Neurosci (2016) 36(50):12598-610.
doi: 10.1523/JNEUROSCI.1994-16.2016

29. Tomayko MM, Steinel NC, Anderson SM, Shlomchik MJ. Cutting edge:
Hierarchy of maturity of murine memory b cell subsets. ] Immunol (2010) 185
(12):7146-50. doi: 10.4049/jimmunol.1002163

Frontiers in Immunology

11

10.3389/fimmu.2022.923754

30. Restifo NP, Gattinoni L. Lineage relationship of effector and memory T cells.
Curr Opin Immunol (2013) 25(5):556-63. doi: 10.1016/j.c0i.2013.09.003

31. Li H, Adamopoulos IE, Moulton VR, Stillman IE, Herbert Z, Moon JJ, et al.
Systemic lupus erythematosus favors the generation of IL-17 producing double
negative T cells. Nat Commun (2020) 11(1):2859. doi: 10.1038/s41467-020-16636-4

32. Koga T, Ichinose K, Kawakami A, Tsokos GC. The role of IL-17 in systemic
lupus erythematosus and its potential as a therapeutic target. Expert Rev Clin
Immunol (2019) 15(6):629-37. doi: 10.1080/1744666X.2019.1593141

33. Edgerton C, Crispin JC, Moratz CM, Bettelli E, Oukka M, Simovic M, et al.
IL-17 producing CD4+ T cells mediate accelerated ischemia/reperfusion-induced
injury in autoimmunity-prone mice. Clin Immunol (Orlando Fla) (2009) 130
(3):313-21. doi: 10.1016/j.clim.2008.09.019

34. Crispin JC, Oukka M, Bayliss G, Cohen RA, Van Beek CA, Stillman IE, et al.
Expanded double negative T cells in patients with systemic lupus erythematosus
produce IL-17 and infiltrate the kidneys. J Immunol (2008) 181(12):8761-6. doi:
10.4049/jimmunol.181.12.8761

35. Chu]JL, Drappa J, Parnassa A, Elkon KB. The defect in fas mRNA expression
in MRL/lpr mice is associated with insertion of the retrotransposon, ETn. J Exp
Med (1993) 178(2):723-30. doi: 10.1084/jem.178.2.723

36. Gulinello M, Putterman C. The MRL/lpr mouse strain as a model for
neuropsychiatric systemic lupus erythematosus. J BioMed Biotechnol (2011)
2011:207504-. doi: 10.1155/2011/207504

37. Andrews BS, Eisenberg RA, Theofilopoulos AN, Izui S, Wilson CB,
McConahey PJ, et al. Spontaneous murine lupus-like syndromes. Clinical and
immunopathological manifestations in several strains. ] Exp Med (1978) 148
(5):1198-215. doi: 10.1084/jem.148.5.1198

38. Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diversity,
stability and resilience of the human gut microbiota. Nature (2012) 489(7415):220—
30. doi: 10.1038/naturel11550

39. Zhao L, Zhang F, Ding X, Wu G, Lam YY, Wang X, et al. Gut bacteria
selectively promoted by dietary fibers alleviate type 2 diabetes. Science (2018) 359
(6380):1151-6. doi: 10.1126/science.aa05774

40. Guo P, Zhang K, Ma X, He P. Clostridium species as probiotics: Potentials
and challenges. J Anim Sci Biotechnol (2020) 11(1):24. doi: 10.1186/s40104-019-
0402-1

41. Katano Y, Fujinami S, Kawakoshi A, Nakazawa H, Oji S, Iino T, et al.
Complete genome sequence of oscillibacter valericigenes Sjm18-20(T) (=NBRC
101213(T)). Stand Genomic Sci (2012) 6(3):406-14. doi: 10.4056/sigs.2826118

42. Mondot S, Kang S, Furet JP, Aguirre de Carcer D, McSweeney C, Morrison
M, et al. Highlighting new phylogenetic specificities of crohn’s disease microbiota.
Inflammatory Bowel Dis (2011) 17(1):185-92. doi: 10.1002/ibd.21436

43. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al.
Commensal microbe-derived butyrate induces the differentiation of colonic
regulatory T cells. Nature (2013) 504(7480):446-50. doi: 10.1038/nature12721

44. Chang PV, Hao L, Offermanns S, Medzhitov R. The microbial metabolite
butyrate regulates intestinal macrophage function via histone deacetylase
inhibition. Proc Natl Acad Sci USA (2014) 111(6):2247-52. doi: 10.1073/
pnas.1322269111

45, Hsiao Y-P, Chen H-L, Tsai J-N, Lin M-Y, Liao J-W, Wei M-S, et al.
Administration of lactobacillus reuteri combined with clostridium butyricum
attenuates cisplatin-induced renal damage by gut microbiota reconstitution,
increasing butyric acid production, and suppressing renal inflammation.
Nutrients (2021) 13(8):2792. doi: 10.3390/nul3082792

46. Rowland I, Gibson G, Heinken A, Scott K, Swann J, Thiele I, et al. Gut
microbiota functions: metabolism of nutrients and other food components. Eur J
Nutr (2018) 57(1):1-24. doi: 10.1007/500394-017-1445-8

47. Wong JM, de Souza R, Kendall CW, Emam A, Jenkins DJ. Colonic health:
fermentation and short chain fatty acids. J Clin Gastroenterology (2006) 40(3):235-
43. doi: 10.1097/00004836-200603000-00015

48. Petrova MI, Lievens E, Malik S, Imholz N, Lebeer S. Lactobacillus species as
biomarkers and agents that can promote various aspects of vaginal health. Front
Physiol (2015) 6:81. doi: 10.3389/fphys.2015.00081

49. Mascanfroni ID, Takenaka MC, Yeste A, Patel B, Wu Y, Kenison JE, et al.
Metabolic control of type 1 regulatory T cell differentiation by AHR and HIF1-c.
Nat Med (2015) 21(6):638-46. doi: 10.1038/nm.3868

50. Aoki R, Aoki-Yoshida A, Suzuki C, Takayama Y. Indole-3-Pyruvic acid, an
aryl hydrocarbon receptor activator, suppresses experimental colitis in mice. J
Immunol (2018) 201(12):3683-93. doi: 10.4049/jimmunol.1701734

51. Scott SA, Fu J, Chang PV. Microbial tryptophan metabolites regulate gut
barrier function via the aryl hydrocarbon receptor. Proc Natl Acad Sci (2020) 117
(32):19376-87. doi: 10.1073/pnas.2000047117

52. Wu HY, Quintana FJ, da Cunha AP, Dake BT, Koeglsperger T, Starossom
SC, et al. In vivo induction of Trl cells via mucosal dendritic cells and AHR
signaling. PloS One (2011) 6(8):e23618-e. doi: 10.1371/journal.pone.0023618

frontiersin.org


https://doi.org/10.1016/j.chom.2018.11.009
https://doi.org/10.1126/scitranslmed.aax2220
https://doi.org/10.1126/scitranslmed.aax2220
https://doi.org/10.1128/mBio.01548-14
https://doi.org/10.1136/annrheumdis-2018-214856
https://doi.org/10.1136/annrheumdis-2018-214856
https://doi.org/10.1038/srep24072
https://doi.org/10.1126/science.aar7201
https://doi.org/10.1128/AEM.02288-17
https://doi.org/10.3389/fimmu.2017.00598
https://doi.org/10.3389/fimmu.2017.00598
https://doi.org/10.1111/cei.13017
https://doi.org/10.1371/journal.pone.0118176
https://doi.org/10.1038/s41598-017-14223-0
https://doi.org/10.1038/s41598-017-14223-0
https://doi.org/10.3389/fimmu.2020.593353
https://doi.org/10.3389/fimmu.2020.593353
https://doi.org/10.1186/s40168-019-0720-8
https://doi.org/10.1186/s40168-019-0720-8
https://doi.org/10.1073/pnas.2015691118
https://doi.org/10.1038/ismej.2014.165
https://doi.org/10.1038/ismej.2014.165
https://doi.org/10.1111/j.1523-1755.2004.00850.x
https://doi.org/10.3389/fimmu.2020.00408
https://doi.org/10.4049/immunohorizons.2100082
https://doi.org/10.4049/immunohorizons.2100082
https://doi.org/10.1126/science.1102901
https://doi.org/10.3389/fimmu.2018.00961
https://doi.org/10.1523/JNEUROSCI.1994-16.2016
https://doi.org/10.4049/jimmunol.1002163
https://doi.org/10.1016/j.coi.2013.09.003
https://doi.org/10.1038/s41467-020-16636-4
https://doi.org/10.1080/1744666X.2019.1593141
https://doi.org/10.1016/j.clim.2008.09.019
https://doi.org/10.4049/jimmunol.181.12.8761
https://doi.org/10.1084/jem.178.2.723
https://doi.org/10.1155/2011/207504
https://doi.org/10.1084/jem.148.5.1198
https://doi.org/10.1038/nature11550
https://doi.org/10.1126/science.aao5774
https://doi.org/10.1186/s40104-019-0402-1
https://doi.org/10.1186/s40104-019-0402-1
https://doi.org/10.4056/sigs.2826118
https://doi.org/10.1002/ibd.21436
https://doi.org/10.1038/nature12721
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.3390/nu13082792
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1097/00004836-200603000-00015
https://doi.org/10.3389/fphys.2015.00081
https://doi.org/10.1038/nm.3868
https://doi.org/10.4049/jimmunol.1701734
https://doi.org/10.1073/pnas.2000047117
https://doi.org/10.1371/journal.pone.0023618
https://doi.org/10.3389/fimmu.2022.923754
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Cabana-Puig et al.

53. Blander JM, Longman RS, Iliev ID, Sonnenberg GF, Artis D. Regulation of
inflammation by microbiota interactions with the host. Nat Immunol (2017) 18
(8):851-60. doi: 10.1038/ni.3780

54, Niess JH. What are CX3CR1+ mononuclear cells in the intestinal mucosa?
Gut Microbes (2010) 1(6):396-400. doi: 10.4161/gmic.1.6.13939

55. Medina-Contreras O, Geem D, Laur O, Williams IR, Lira SA, Nusrat A, et al.
CX3CRI regulates intestinal macrophage homeostasis, bacterial translocation, and
colitogenic Th17 responses in mice. J Clin Invest (2011) 121(12):4787-95. doi:
10.1172/JCI59150

56. Bacchetta R, Bigler M, Touraine JL, Parkman R, Tovo PA, Abrams J, et al.
High levels of interleukin 10 production in vivo are associated with tolerance in
SCID patients transplanted with HLA mismatched hematopoietic stem cells. ] Exp
Med (1994) 179(2):493-502. doi: 10.1084/jem.179.2.493

57. Roncarolo MG, Gregori S, Bacchetta R, Battaglia M. Trl cells and the
counter-regulation of immunity: Natural mechanisms and therapeutic
applications. In: S Fillatreau, A O’Garra, editors. Interleukin-10 in health and
disease. Berlin, Heidelberg: Springer Berlin Heidelberg (2014). p. 39-68.

Frontiers in Immunology

12

10.3389/fimmu.2022.923754

58. Roncarolo MG, Gregori S, Bacchetta R, Battaglia M, Gagliani N. The biology
of T regulatory type 1 cells and their therapeutic application in immune-
mediated diseases. Immunity (2018) 49(6):1004-19. doi: 10.1016/
jimmuni.2018.12.001

59. Gehad A, Teague JE, Matos TR, Huang V, Yang C, Watanabe R, et al. A
primary role for human central memory cells in tissue immunosurveillance. Blood
Advances (2018) 2(3):292-8. doi: 10.1182/bloodadvances.2017011346

60. Klebanoff CA, Gattinoni L, Torabi-Parizi P, Kerstann K, Cardones AR,
Finkelstein SE, et al. Central memory self/tumor-reactive CD8+ T cells confer
superior antitumor immunity compared with effector memory T cells. Proc Natl
Acad Sci (2005) 102(27):9571-6. doi: 10.1073/pnas.0503726102

61. Sallusto F, Geginat J, Lanzavecchia A. Central memory and effector memory
T cell subsets: Function, generation, and maintenance. Annu Rev Immunol (2004)
22(1):745-63. doi: 10.1146/annurev.iimmunol.22.012703.104702

62. Nemenoff RA, Kleczko EK, Hopp K. Renal double negative T cells:
unconventional cells in search of a function. Ann Trans Med (2019) 7:
Supplement 8, $342. doi: 10.21037/atm.2019.09.107

frontiersin.org


https://doi.org/10.1038/ni.3780
https://doi.org/10.4161/gmic.1.6.13939
https://doi.org/10.1172/JCI59150
https://doi.org/10.1084/jem.179.2.493
https://doi.org/10.1016/j.immuni.2018.12.001
https://doi.org/10.1016/j.immuni.2018.12.001
https://doi.org/10.1182/bloodadvances.2017011346
https://doi.org/10.1073/pnas.0503726102
https://doi.org/10.1146/annurev.immunol.22.012703.104702
https://doi.org/10.21037/atm.2019.09.107
https://doi.org/10.3389/fimmu.2022.923754
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Lactobacillus spp. act in synergy to attenuate splenomegaly and lymphadenopathy in lupus-prone MRL/lpr mice
	Introduction
	Material and methods
	Ethics statement
	Mice
	Analysis of proteinuria, endotoxin, and antibodies
	16S rRNA sequencing analysis
	Flow cytometry
	Kidney histopathology
	Analysis of tight junction transcripts
	Statistical analyses

	Results
	Five Lactobacillus species act synergistically to attenuate splenomegaly and lymphadenopathy
	Gut microbiota during early disease is associated with the decrease of gut-draining lymph node size
	Lactobacillus spp. attenuate splenomegaly and renal lymphadenopathy through secreted factors and a CX3CR1-dependent mechanism
	Lactobacillus spp. control inflammation through regulating splenic and MLN immune cell populations

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


