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Abstract

Objective: Bacterial translocation across the gut barrier has been implicated in the pathogenesis of SLE, though the underlying mechanisms re-
main unclear. This study aimed to investigate the role of translocated bacteria in the context of molecular mimicry by utilizing lupus model mice
and blood samples from untreated SLE patients.

Methods: Bacterial translocation was evaluated using nonselective cultured mesenteric lymph nodes (MLNs) from B6SKG mice, a lupus model
characterized by impaired TCR signalling and gut dysbiosis. The relationships of detected pathobionts with autoantibody production were exam-
ined using in vivo experiments, ELISA, immunoblotting and epitope mapping.

Results: Culture-based bacterial profiling in MLNs demonstrated that Lactobacillus murinus was enriched in B6SKG mice with elevated anti-
dsDNA IgG levels. Subcutaneous injection of heat-killed L. murinus induced anti-dsDNA IgG production without altering T- or B-cell subset com-
position. Immunoblotting and mass spectrometry analysis identified a peptide ATP-binding cassette (ABC) transporter as a molecular mimicry
antigen, with its cross-reactivity in lupus mice confirmed by serological assays and in vivo immunization. The L. murinus ABC transporter exhib-
ited surface epitopes that were cross-reactive with sera from lupus mice and patients. The ABC transporter from R. gnavus, known for its patho-
genic role in lupus patients, had a similar epitope sequence to that of the L. murinus ABC transporter and reacted with lupus sera.

Conclusion: ABC transporters from gut bacteria can serve as cross-reactive antigens that may promote anti-dsDNA antibody production in ge-
netically susceptible mice. These findings underscore the role of commensal-derived molecular mimicry and bacterial translocation in lupus
pathogenesis.

Keywords: microbiome, systemic lupus erythematosus, molecular mimicry, bacterial translocation, ABC transporter, anti-dsDNA antibody.

Rheumatology key messages

* Gut commensal translocation to mesenteric lymph nodes contributes to anti-dsDNA antibody production in lupus mice.
* Bacterial ABC transporters can serve as molecular mimicry antigens for lupus autoantibodies.

* Common epitopes between lupus mice and patients imply potentially therapeutic targets against autoimmunity.

Introduction self-antigens and foreign antigens via molecular mimicry [7, 8].

SLE is characterized by production of pathogenic autoantibod-
ies and subsequent antibody-mediated injuries [1, 2]. Anti-
dsDNA antibodies react with self-antigens and trigger formation
of immune complexes, thereby leading to systemic organ dam-
age [3]. Previous studies have suggested the pathogenic potential
of polyreactive autoantibodies [4-6], which can recognize both

SLE is also well known for its heterogeneous disease severity,
which is attributed to a complex interplay between genetic and
environmental factors including gut microbiota [9], though the
underlying mechanisms remain elusive.

Gut dysbiosis is a significant environmental factor impli-
cated in the pathogenesis of SLE [10], and interactions of
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altered gut microbiota with autoreactive T cells on the intesti-
nal mucosal layer have been shown [11]. Patients with SLE
have abundant Ruminococcus gnavus in the gut, while the
presence of anti—R. gnavus antibodies is significantly corre-
lated with active nephritis [12]. Previous studies have also
detected gut bacteria harbouring an Ro60 orthologue in
humans [13]. Monocolonization of this pathobiont produces
anti-Ro60 autoantibodies in lupus mice, while serum samples
obtained from patients with SLE show cross-reactivity to the
commensal Ro60 orthologue.

Bacterial translocation across the gut barrier has been spec-
ulated to be a causative factor in autoimmune diseases [14—
16]. Ruminococcus gnavus isolated from patients with SLE
was reported to increase intestinal permeability in colonized
mice, resulting in its translocation to mesenteric lymph nodes
(MLNSs) and triggering of anti-dsDNA antibody production
[17]. Enterococcus gallinarum DNA has been detected in
liver biopsy samples of patients with SLE, while in C57BL/6
mice, monocolonization of this pathobiont resulted in its
translocation to the liver and MLNs, which triggered autoan-
tibody production [15]. Similar findings in Toll-like receptor
7 (TLR7)-transgenic C57BL/6 mice showed Lactobacillus
reuteri translocated to MLNs, which then aggravated lupus
nephritis in a TLR7-dependent manner [16]. Because of the
presence of autoantigen orthologues in certain gut commen-
sals [10, 13], bacterial translocation may directly trigger
autoantibody production through molecular mimicry.
Nevertheless, the specific mechanisms behind these findings
remain largely unknown.

TCR signalling molecule polymorphisms are frequently
noted in the genetic background of patients with SLE [18].
SKG/Jcl mice exhibit defective TCR signalling because of a
point mutation in the {-chain-associated protein 70 (Zap70)
[19], while those with a C57BL/6 background strain (i.e.
B6SKG mice) develop lupus [20]. Reduced TCR signalling
enables autoreactive T cells to escape thymic negative selec-
tion [21, 22], while it impairs the dynamics of microbiota-
reactive T cells, leading to dysbiosis [23]. This study aimed to
determine whether specific gut commensals can translocate
to MLNs, and explored their contribution to SLE pathogene-
sis using B6SKG mice and human samples.

Methods
Animals

Mice were purchased from Japan CLEA (Tokyo, Japan) and
maintained under specific pathogen-free conditions. C57BL/6
Zap70skg/skg (B6SKG) mice were created by backcrossing
SKG/Jcl with C57BL/6 wild-type (WT) mice for eight genera-
tions [19, 20]. Mice 8-12 weeks old were used in this study,
unless otherwise noted. Before performing experimental in-
tervention, age- and gender-matched littermates from various
parental cages were randomly mixed and assigned to each
treatment group.

Human participants and sample collection

Healthy controls (7=6) and untreated SLE patients (n=28)
were recruited from Kyoto University Hospital (Kyoto,
Japan). SLE was diagnosed based on the ACR and EULAR
classification criteria [24]. The clinical characteristics of the
patients are listed in Supplementary Table S1, available at
Rheumatology online. Serum samples were collected and
stored at —80°C until use.
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Bacterial translocation in mice

MLNs were aseptically collected, then homogenized and pre-
cultured in semisolid Gifu Anaerobic Medium (GAM,
Shimadzu Diagnostics Corporation, Tokyo, Japan) for up to
7 days at 37°C. Medium contents were then streaked onto
GAM agar plates and incubated in an anaerobic box for 24 h.
Bacterial DNA was extracted from the cultured colonies,
then amplified using a bacterial 16S rDNA PCR Kit (TaKaRa
Bio, Shiga, Japan) and MiniAmp Thermal Cycler (Thermo
Fisher Scientific, MA, USA). Sanger sequencing was con-
ducted using a BigDye™ Terminator v3.1 Cycle Sequencing
Kit and Applied Biosystems™ 3500xL Genetic Analyzer
(Thermo Fisher Scientific).

Injection of heat-killed Lactobacillus species

Lactobacillus murinus and L. reuteri strains used in this study
were isolated from MLNs of B6SKG mice. Each strain was
cultured in 30 ml of 0.22-um filtered GAM broth for 24 h at
37°C, then collected via centrifugation and washed twice
with PBS. The bacterial pellets were resuspended in 1ml of
PBS and stored at —80°C. Each suspension was checked using
flow cytometry and had the same number of bacteria based
on order of magnitude. For heat-killed bacteria, 1 ml of bac-
terial suspension was thawed and heat killed at 70°C for
50 min. Subsequently, 50 ul of the suspension was streaked
onto GAM agar plates and cultured for 24 h to confirm that
the bacteria had been killed. For s.c. injection experiments,
100 ul of heat-killed suspensions diluted with 200 ul of PBS
were used, with 300 pl of PBS used for the control.

16S rDNA amplicon sequencing

DNA extraction and 16S amplicon sequencing of mouse fecal
microbiota were performed as previously described [23]. In
brief, the 16S rRNA V1-V2 region was amplified using pri-
mers with adapter sequences. PCR amplicons were purified
and quantified using AMPure XP beads (Beckman Coulter,
CA, USA) and a KAPA library quantification kit (Nippon
Genetics, Tokyo, Japan), then sequenced using a MiSeq
Reagent kit v3 (600 cycles) according to the manufacturer’s
protocol (Illumina, CA, USA). Reads with a Phred quality
score <20 and length <280 bases were filtered out.
Operational taxonomic units were generated using a
VSEARCH tool, with a sequence similarity threshold of 0.97.
Chimeras were excluded after identification using the
usearch61 program, then the taxonomic assignment was de-
termined using the UCLUST algorithm from the Greengenes
reference database (https://greengenes.secondgenome.com),
with a confidence level of 0.6.

Flow cytometry

The following antibodies were purchased from BioLegend
(CA, USA): anti-CD4 (RM4-5), anti-PD-1 (29F.1A12), anti-
CXCRS5 (L138D7), anti-B220 (RA3-6B2), anti-GL-7 (GL-7),
anti-TACI (8F10), anti-CD138 (281-2), anti-IL-17 (TC11-
18H10) and anti-IFN-y (XMG1.2); from eBioscience (CA,
USA): anti-CD25 (7D4), anti-FoxP3 (FJK-16s) and anti-
AA4.1 (AA4.1); and from BD Biosciences (CA, USA): anti-
CD95 (Jo2) and anti-Bcl-6 (K112-91); while a LIVE/
DEAD™ Fixable Near IR (780) Viability Kit was purchased
from Invitrogen (MA, USA). Intracellular staining was per-
formed as previously described [20, 25]. Before cytokine
staining, splenic cells were stimulated with 20 ng/ml PMA
(Sigma-Aldrich, MO, USA) and 1mM ionomycin (Sigma-
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Aldrich) in the presence of GolgiStop (BD Biosciences) for
4h. IL-17A and IFN-y were stained after fixation and perme-
abilization ~ with  Cytofix/Cytoperm  Solution  (BD
Biosciences). Before staining for the transcription
factors FoxP3 and Bcl-6, splenic cells were fixed and permea-
bilized using the Foxp3/Transcription Factor Fixation/
Permeabilization kit (eBioscience). Flow cytometric acquisi-
tion was performed using a LSRFortessa system (BD
Biosciences). Flow]o software was used for analysis.

Immuno-detection of L. murinus antigens

Lactobacillus murinus and L. reuteri were lysed on ice with
RIPA buffer and a protease inhibitor cocktail (Nacalai
Tesque, Kyoto, Japan). Protein concentration was determined
using a Bicinchoninic Acid Protein Assay Kit (Thermo Fisher
Scientific, MA, USA). First, 15 ug of bacterial proteins were
separated by SDS-PAGE and transferred to a PVDF mem-
brane (Cytiva, MA, USA). The membrane was blocked, then
probed overnight with mouse serum antibodies at 4°C, and
incubated with Anti-Mouse IgG (H+ L) and HRP Conjugate
(Promega, W1, USA) for 1h. Protein bands were detected us-
ing SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific) and digitalized with a ChemiDoc
XRS Plus system (Bio-Rad, CA, USA).

Mass spectrometry of dissected protein band

Using SDS-PAGE, L. murinus protein lysate (15 ug) was sep-
arated with a polyacrylamide ready-made gel (e-PAGEL,
ATTO, Tokyo, Japan). The gel was then stained using
Coomassie brilliant blue (CBB) (EzStainAqua, ATTO) and
the target band was sterilely dissected. Proteins in the band
were digested and recovered using an In-gel Tryptic Digestion
Kit (Thermo Fisher Scientific, MA, USA). Recovered protein
digests were resuspended in 0.1% formic acid and separated
using a Nano-LC Ultra 2D-plus system equipped with
cHIiPLC Nanoflex (Eksigent, Dublin, CA, USA) in trap-and-
elute mode, with trap and analytical columns (Eksigent). The
binary gradient program used for separation was as follows:
A98%/B2% to A66.8%/B33.2% for 50min, A66.8%/
B33.2% to A2%/B98% for 2min, A2%/B98% for 5 min,
A2%/B98 to A98%B2% for 0.1 min and A98%/B2% for
17.9 min, with 0.1% formic acid/water and 0.1% formic
acid/acetonitrile used as solvents A and B, respectively. The
flow rate was 300 nl/min and the analytical column tempera-
ture was 40°C. Eluates were infused on-line to a mass spec-
trometer, the TripleTOF 5600+ System with NanoSpray III
source and a heated interface (SCIEX, Framingham, MA,
USA), and positively ionized. Data were collected using an
information-dependent acquisition method and analysed us-
ing ProteinPilot software v5.0.1 (SCIEX), with the NCBI pro-
tein database for L. murinus (December 2020) appended
with a known common contaminant database (SCIEX).
Proteins were identified using Unused ProtScores, determined
with the Paragon and Pro Group algorithms (SCIEX).

Generation of recombinant ABC transporter

To obtain constructs for the 6x His-tagged L. murinus ATP-
binding cassette (ABC) transporter (WP_135942131.1), a
pET expression vector was designed and transformed into
BL21 Star (DE3) chemically competent Escerichia coli
(Invitrogen, MA, USA), according to the manufacturer’s
instructions. After adding IPTG for a final concentration of
0.5 mM, the cells were cultured overnight at 20°C. Washed
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pellets were then freeze-thawed, incubated with DNase I
(Roche, Basel, Switzerland), and lysed with Urea Lysis Buffer
(25 mM Tris-HCI, 150 mM NaCl, 5mM DTT, 5M Urea,
0.5% NP 40, pH 7.8). The supernatant was purified using an
His SpinTrap column (GE Healthcare, IL, USA) and stored
at-30°C.

Western blotting of His-tagged ABC transporter

His-tagged ABC transporter (2.5-5 ug) was transferred to a
PVDF membrane, then detected using anti-His-tag mAb-
HRP-DirecT (MBL, Tokyo, Japan) for verification of the pro-
tein amount in each well. Following detection, the membrane
was stripped using WB Stripping Solution (Nacalai Tesque,
Kyoto, Japan), reprobed with mouse serum antibodies over-
night at 4°C, and incubated with anti-Mouse IgG (H+L)
and HRP Conjugate (Promega, WI, USA) for 1h. Protein
bands were detected and digitalized using ChemiDoc XRS
Plus (Bio-Rad, CA, USA).

Immunization with His-tagged ABC transporter

His-tagged L. murinus ABC transporter (100 ug) was mixed
with incomplete Freund’s adjuvant (IFA, FUJIFILM, Tokyo,
USA) for micelle formation. His-tagged E. coli LacZ with
IFA was used as the control. B6SKG mice received intraperi-
toneal injections twice, on weeks 0 and 4. Thereafter, mouse
serum samples were collected and used for anti-dsDNA anti-
body ELISA examinations.

ELISA

Mouse anti-dsDNA antibody titres were evaluated as previ-
ously described [23]. Correlations between anti-ABC trans-
porter antibodies and anti-dsDNA antibodies were evaluated
as described following. ELISA plates (Costar, NY, USA) were
coated with 10 pg/ml of recombinant ABC transporter or
10 pg/ml of calf-thymus DNA (Thermo Fisher Scientific, MA,
USA) in PBS overnight. The plates were blocked with 3%
BSA in PBS, incubated with mouse or human serum antibod-
ies for 1 h, and probed for 1 h with anti-mouse or anti-human
IgG (H+L), and horseradish peroxidase (HRP) conjugate
(Promega, WI, USA). Following 10 min of incubation with
3,3',5,5 -tetramethylbenzidine, a stop solution was added,
then optical density (OD) was determined at 450 nm using an
iMark Microplate Absorbance Reader (Bio-Rad, CA, USA).
For a neutralization assay of the anti-dsDNA antibody, a se-
rial dilution of recombinant ABC transporter, calf-thymus
DNA and E. coli LacZ was prepared in PBS, and added to
each well of a DNA-coated plate before incubation with
B6SKG mouse serum. The inhibition rate was calculated
based on the percentage in OD titres determined at 450 nm.

Epitope mapping

Overlapping 15-mer peptides (shift by one or three amino
acids) of the L. murinus or R. gnavus ABC transporter were
spotted onto a methylcellulose membrane using a MultiPep 1
synthesizer (CEM, NC, USA) [26, 27]. After performing side
chain deprotection, the membrane was blocked with Intercept
Blocking Buffer (LI-COR, NE, USA), then incubated with
mouse or human serum antibodies overnight at 4°C. IRDye
800CW goat anti-mouse or anti-human IgG Secondary
Antibody (LI-COR) was probed for 1h, and peptide spots
were detected using an Odyssey CLx imager (LI-COR). For
heatmap analysis, fluorescent intensity was normalized to the
peak signal level using Odyssey software. MHCII binding
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predictions were made on 20/07/2023 using the IEDB analysis re-
source NetMHClIIpan (v4.0) tool [28]. Whole-protein sequences
of the ABC transporters from L. murinus, L. reuteri and R. gna-
vus were obtained from the NCBI database (WP_135942131.1,
WP_003665824.1 and WP_268806036.1, respectively). Amino
acid sequences were compared using Multalin and ESPript 3.0
software [29, 30]. The three-dimensional structures were pre-
dicted using AlphaFold2 [31], with PyMOL software used to
change the epitope site colours.

Statistical analysis

All data are presented as the mean = standard error. Group
comparisons were performed using a two-tailed Student’s un-
paired #-test and comparisons of corresponding parameters
using the Wilcoxon test. One-way analysis of variance fol-
lowed by Tukey’s multiple comparisons test were performed
to compare more than two groups. GraphPad Prism (v9.4.1)
and JMP Pro 14 software were used for statistical analyses.
P-values <0.05 were considered significant.

Study approval

The study protocol was approved by the ethics committee of
Kyoto University (approval number R2904) and conducted
according to the Declaration of Helsinki. Written informed con-
sent was obtained from all human participants. Mice were
maintained according to the guidelines for animal care approved
by Kyoto University (approval number Medkyo 16106-23104).

Results

Altered composition of translocated bacteria in
MLNs from lupus mice

First, culture-based bacterial profiling in MLNs from mice was
performed (Fig. 1A). We defined ‘gut bacterial translocation’
as the occurrence of a culture-positive result (indicating the
presence of live gut commensals), in accordance with previous
studies [14, 16]. We obtained culture-positive results only
from MLN, but not from the liver, spleen, kidney, pancreas
and whole blood (data not shown). The bacterial culture posi-
tive rates were similar between the B6SKG and WT samples
(Fig. 1B). In B6SKG mice, several Lactobacillus species (L.
murinus, L. reuteri, L. taiwanensis) showed more frequent de-
tection (Fig. 1C). The bacterial composition in fecal microbiota
was also compared between B6SKG and WT mice. The distri-
bution of 16S rRNA gene amplicons belonging to major taxa
did not differ at the order level (Fig. 1D), while the relative
Lactobacillus genus amounts were similar (Fig. 1E). Then, we
investigated the relationship between the levels of anti-dsDNA
antibodies and bacterial species detected from MLNs.
Notably, anti-dsDNA antibody titres were significantly higher
in L. murinus-translocated B6SKG mice (Fig. 1F). These find-
ings indicated that the bacterial composition was altered in
MLNs from lupus mice and implicated the translocation of L.
murinus in anti-dsDNA antibody production.

Autoantibody production in lupus mice injected
with heat-killed L. murinus

Lactobacillus species are well-known gut commensals poten-
tially protective against invasive pathogens [32, 33], thus
their contributions to SLE pathogenesis were examined.
Heat-killed L. murinus or L. reuteri was subcutaneously
injected into B6SKG or WT mice, and the anti-dsDNA anti-
body titres were evaluated (Fig. 2A). Lactobacillus murinus—
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treated B6SKG mice showed significantly increased anti-
dsDNA antibody titres as compared with those treated with
L. reuteri and the controls (Fig. 2B), whereas anti-dsDNA an-
tibody production was not seen in WT mice (Fig. 2C). These
results suggest that specific commensal-derived antigens can
promote autoantibody production in mice predisposed to
autoimmunity.

Recent studies have reported that gut microbiota can con-
tribute to the development of autoimmunity through two
mechanisms. One mechanism is innate immune stimulation
and subsequent helper T-cell differentiation, including proin-
flammatory Th17 [15, 34-36]. Another mechanism is molec-
ular mimicry induced by commensal-derived antigens [13,
34, 35]. Both mechanisms can contribute to autoantibody
production in lupus mice and patients [13, 15, 20, 36]. First,
we investigated whether heat-killed L. murinus could alter
the composition of certain T- and B-cell subsets, including Th
cell differentiation. In both B6SKG (Fig. 2D and E) and WT
mice (data not shown), flow cytometry findings of spleen cells
showed no significant differences in the populations of Th1,
Th17, Treg, follicular T cells (Tth), germinal centre B or
plasma cells. Then, we hypothesized that L. murinus may
promote autoantibody production through molecular mim-
icry, rather than by expanding certain T- and B-cell subsets.

Identification of L. murinus ABC transporter as a
molecular mimicry antigen

Based on speculation that L. murinus may harbour molecular
mimicry antigens for anti-dsDNA antibodies, whether bacterial
proteins can be recognized by lupus mice serum was examined.
Immunoblotting of L. murinus lysates showed a protein band
commonly detected in sera from B6SKG and MRL/lpr mice
(Fig. 3A). This common protein band was sterilely dissected
and analysed using mass spectrometry (Fig. 3B), with the pep-
tide ABC transporter substrate-binding subunit protein
(WP_135942131.1) identified with the highest possible level of
confidence (Fig. 3C). To confirm cross-reactivity to lupus auto-
antibodies, a recombinant ABC transporter was generated, and
subjected to CBB staining (Fig. 3D) and western blotting
(Fig. 3E and F). Following verification of protein amount in
each well (Fig. 3E), the membrane was subsequently stripped
and reprobed using mouse serum. The results showed a strong
reaction by the L. murinus ABC transporter to lupus mice se-
rum that contained anti-dsDNA antibodies (Fig. 3F).

Cross-reactivity assays of L. murinus ABC
transporter

In vitro and in vivo assays were conducted to confirm cross-
reactivity of the L. murinus ABC transporter. First, serum re-
activity was assessed by ELISA. As expected, the anti-ABC
transporter antibody titres were significantly correlated with
the anti-dsDNA antibody titres in B6SKG mice (Fig. 4A and
B). Additionally, inhibition assays were conducted by adding
L. murinus ABC transporter to anti-dsDNA ELISA plates,
with the results showing partial but significant neutralization
effects on binding of anti-dsDNA antibodies (Fig. 4C).
Second, B6SKG mice underwent i vivo immunization with
L. murinus ABC transporter plus incomplete Freund’s adju-
vant (IFA). As B6SKG mice possess auto-reactive T cells due to
a shift in thymic selection caused by a ZAP70 mutation, adju-
vant treatment such as IFA can activate these auto-reactive T
cells and elevate autoantibody levels, as previously reported
[20]. Thus, we compared anti-dsDNA levels between mice
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Figure 1. Altered composition of translocated gut bacteria in MLNs from lupus mice. (A) Sterile laparotomy of MLNSs. (B, C) Total percentage of bacterial
translocation in MLNs (n= 20) and profile of translocated species (n= 13). (D, E) Comparisons of fecal microbiota (n=4-5) in order-level (D) and genus-level (E)
taxa. (F) Relationship between the anti-dsDNA antibody levels and bacterial species detected from MLNSs. Sixteen out of 25 B6SKG mice and 13 out of 256 WT
mice showed positive results for the bacterial culture, and they were grouped based on translocated bacteria as follows: B6SKG mice with L. murinus (n=4), L.
reuteri (n=7) and others (n=5); WT mice with L. murinus (n=1), L. reuteri (n= 4) and others (n=8). Student’'s unpaired t-test was used for results shown in (D)
and (E), and ANOVA for those in (F). ¥P< 0.05, *¥P< 0.01, *¥*P< 0.001, ns: not significant. MLN: mesenteric lymph node; WT: wild type

immunized with the ABC transporter + IFA and those immu-
nized with control E. coli LacZ + IFA (Fig. 4D). After injec-
tion, the increase in the serum anti-dsDNA antibody levels was
statistically significant in the ABC transporter + IFA group
(Fig. 4E), but not in the LacZ + IFA group.

Epitope mapping of L. murinus ABC transporter

Lactobacillus murinus has been shown to be a gut commensal nat-
urally found in rodents but not humans [25], thus whether the L.
murinus ABC transporter could also be recognized by human se-
rum was investigated. Notably, the ABC transporter showed a
strong reaction to serum samples from untreated patients with
SLE as compared with those from healthy controls (Fig. SA).
Furthermore, there was a significant correlation found between
the anti-ABC transporter antibody and anti-dsDNA antibody
titres in the participants, similar to the results of the animal experi-
ments (Fig. 5B).

Epitope mapping was then used to determine whether the L.
murinus ABC transporter has binding sites shared between mice
and humans (Fig. 5C). B6SKG mice and patients with SLE
showed similar binding patterns in heatmap analyses, with F19-
25 sequences showing the highest levels of intensity (Fig. 5D).

Next, the F19-25 sequences were aligned with predicted epito-
pes restricted to MHC class II of the C57BL/6 strain H2-IAb or
human alleles frequently observed in patients with SLE (HLA-
DRB1*03:01, HLA-DRB1*15:01) (Fig. SE). The F19-25 sequen-
ces varied between the L. murinus and L. reuteri ABC transport-
ers, some of which were H2-IAb-restricted epitopes (observed as
green and magenta). Several epitopes restricted to HLA-DRB
alleles were also found in the F19-25 sequences (green, orange,
magenta). Finally, the aforementioned epitopes were mapped in
the predicted three-dimensional model structure (Fig. 5F) and
found to be located on the protein surface near the C-terminus,
suggesting that antigenic sequences are readily accessible to auto-
antibodies. Thus, the L. murinus ABC transporter is considered to
be a molecular mimicry antigen with surface-exposed epitopes
that are shared between lupus mice and patients.

Comparative epitope mapping of ABC transporters
from L. murinus and human gut bacterium,
R. gnavus

As mentioned above, L. murinus is reported to be absent in
the human gut microbiota. Thus, we further explored

$20Z 1800190 |0 U0 Jasn AlisiaAiun ainjoslald exeso Aq 28015/ 2/9/ yoeay/ABojorewnayl/s60 L 01 /10p/a[oe-aoueape/ABojorewnayl/wod dno-olwapese//:sdny woJj papeojumoq



E X

6 Masao Katsushima et al.
A [ l Heat-killed L. murinus s.c. Blood sampling
L l Heat-killed L. reuteri s.c.
L ' Control PBS s.c.
Week 0 2 3 4 >
B B6SKG + L. murinus B6SKG + L. reuteri B6SKG + PBS
600 * 600 ns 600
> —_— > > ns
k=] © ©
[e] o o
g 8 g
€ ~ 400 S —~ 400 S —~ 400~
- © - ©
<E <E <E
z ) >
2 :E, 3 E 200 2 E 200
3 < 200 & = - 8= .
z g g
0 T T T T 0 T 0-
Ow 2w 3w 4w Ow 2w 3w 4w Ow 2w 3w 4w
C WT + L. murinus WT + L. reuteri WT + PBS
600+ 600+ 600+
> > >
el © el
o Q 8
2 ns £ ns = ns
& 3 4004 € 3 400+ £ 400
<& < £ <&
zZ> zZ>5 zZ>
2 E 200 2 E 2004 2 £ 200+
3 A 3
< < <
0- 0- 0-
Ow 2w 3w 4w Ow 2w 3w 4w Ow 2w 3w 4w
D
25
) g R g g
P . 2 15 o ]
= © [0} = [0)
8 ~ 510 8 o
- 3 £
= F E s = 3
o
S
\/‘é\ k4
E
= & i
[ — Q O
" O @

IL-17A Foxp3 CXCR5

TACI

Figure 2. Autoantibody production in lupus mice injected with heat-killed L. murinus. (A) B6SKG and WT mice (anti-dsDNA antibody <100 mU/ml)
subcutaneously injected with heat-killed bacteria or PBS. (B, C) Anti-dsDNA antibody levels following injection (n=7-8). (D) Spleen cell subset
proportions in B6SKG mice after 2 weeks. (E) T-cell subsets gated on CD4+LIVE/DEAD— (Th1: IFNy+, Th17: IL-17A+, Treg: CD25+FoxP3+, Tfh:
BCL6+CXCR5+). B-cell subsets gated on B220+ LIVE/DEAD— (germinal centre B cells: AA4.1—GL7+FAS+, plasma cells: CD138+TACI+).
Wilcoxon test used for results shown in (B) and (C), and ANOVA for those in (D). *P < 0.05. ns: not significant. WT: wild type

whether human gut bacteria exhibit cross-reactive epitopes
corresponding to the L. murinus ABC transporter. First, we
performed a PSI-BLAST search for proteins with homology
to the cross-reactive epitope of the L. murinus ABC

transporter (YNGAGVNYNEF) (Fig. 6A). We focused on R.
gnavus, which is known to be overrepresented in the gut
microbiota of lupus patients and induces anti-dsDNA anti-
body production when immunized in mice [12, 17]. Next,
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Figure 3. Identification of L. murinus ABC transporter as a molecular mimicry antigen. (A) Immunoblotting of bacterial lysates (mur = L. murinus; reu = L.
reuteri; M = molecular weight marker). Triangles: protein bands commonly detected by lupus mouse sera. (B) Lactobacillus murinus lysate with CBB
staining. Commonly detected band excised and analysed. (C) Mass spectrometry analysis. Top 10 proteins with high Unused ProtScore values are listed.
(D-F) Western blotting of His-tagged ABC transporter with CBB staining. (E) Protein amount verified using anti-His-tag antibody. (F) Membrane was
stripped and subsequently reprobed with mouse serum. ABC: ATP-binding cassette; CBB: Coomassie brilliant blue

we synthesized overlapping 15-mer peptides (shifted by one
amino acid) of the ABC transporters in R. gnavus and L.
murinus. In epitope mapping, the binding epitopes of the
two ABC transporters against lupus mouse/human sera were
located in nearly identical positions, differing by one amino
acid residue (Fig. 6B). In the sequence alignment, the

binding epitope of the R. gnavus ABC transporter showed
sequence similarity with that of the L. murinus ABC trans-
porter containing the YNGAGVNYNF sequence (Fig. 6C).
Furthermore, this epitope was located on the protein surface
of the R. gnavus ABC transporter, as shown in the predicted
three-dimensional model structure. These findings suggest
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Figure 4. Cross-reactivity assays of L. murinus ABC transporter. (A, B) Anti-ABC transporter antibodies in BESKG mice (n=26). (C) Neutralization assay

for anti-dsDNA antibodies after adding L. murinus ABC transporter (n=8),

calf-thymus DNA (n=12) or E. coliLacZ (n=8). (D) Study design of in vivo

immunization with L. murinus ABC transporter. (E) Time-course variations of anti-dsDNA antibodies post-injection (n=9-10). Student’s unpaired t-test
used for results in (A), simple linear regression for those in (B), ANOVA for those in (C) and Wilcoxon test for those in (E). ¥P<0.05, *¥*P<0.01,
*#%kP<0.0001, ns: not significant. ABCT: ATP-binding cassette transporter; IFA: incomplete Freund's adjuvant

the presence of the cross-reactivity between gut bacteria-
derived ABC transporter and lupus autoantibodies
in humans.

Discussion

In this study, we found that the gut bacterium L. murinus
translocated to the MLNs in lupus mice with high
anti-dsDNA antibodies. The ABC transporter of L. murinus

promoted anti-dsDNA antibody production when subcutane-
ously immunized in lupus mice and contained epitopes cross-
reactive with sera from lupus mice and humans.
Furthermore, this ABC transporter demonstrated similarity
in epitope sequences to the ABC transporter of R. gnavus,
known for its pathogenic potential in human lupus patients
[12, 17]. These findings reinforce the hypothesis that molecu-
lar mimicry of translocated gut bacterial antigens may play a
role in the production of autoantibodies in lupus.
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Figure 5. Cross-reactive epitopes of L. murinus ABC transporter shared between lupus mice and patients. (A, B) Anti-dsDNA and anti-ABC transporter
antibodies in HC (n=6) and SLE patients (n=8). (C, D) Epitope mapping and heatmap analysis of L. murinus ABC transporter. (E) F19-25 sequences
[referenced in (D)] found to be aligned with H2-IAb-restricted (top) and HLA-DRB-restricted (bottom) epitopes. Identified epitopes highlighted in green,
orange and magenta. (F) Identified epitopes illustrated on three-dimensional model structure. Student’s unpaired t-test used for results in (A) and simple
linear regression for those in (B). ¥*P< 0.0001. ABCT: ATP-binding cassette transporter; HC: healthy controls
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MLNSs function as a firewall against bacterial translocation
and are vital for anti-commensal immunity [37-40]. Recent
studies have shown that MLNs from patients undergoing re-
section exhibit diverse microbiomes, with variations associ-
ated with different diseases [41]. Gut commensals can be

transported to MLNs by intestinal dendritic cells [39, 42],
where they activate T cells to produce commensal antigen-
specific antibodies [43, 44]. Some gut commensals possess
molecular mimicry antigens for autoantibodies [10, 13], in-
cluding the L. murinus ABC transporter identified in this
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study. In summary, molecular mimicry can occur following
bacterial translocation to MLNs, potentially induced by bac-
terial cross-reactive antigens.

This study found that ABC transporters from L. murinus
and R. gnavus possess similar epitope sequences that react
with sera from lupus mice and patients. Interestingly, another
study presented findings showing that the C. perfringens
ABC transporter can function as a cross-reactive antigen with
self-aquaporin 4 in neuromyelitis optica cases [34]. ABC
transporters are ubiquitously expressed in bacteria and con-
tain species-dependent variable regions in protein sequences.
These species-dependent sequences may provide antigenic
epitopes that can induce production of different autoantibod-
ies in various autoimmune diseases.

Gut commensals have been reported to have important
roles in autoimmunity through both innate and adaptive im-
mune responses [16, 35, 45-47], as well as molecular mim-
icry. Based on results obtained with autoimmune animal
models, molecular mimicry and Th17 differentiation are sus-
pected to be related mechanisms [23, 35, 48]. In an experi-
mental autoimmune encephalomyelitis model, L. reuteri was
found to stimulate myelin oligodendrocyte glycoprotein
(MOG)-specific T cells with its mimicry proteins of MOG,
and another gut commensal drove Th17 differentiation [335].
In the present B6SKG model, the L. murinus ABC transporter
promoted anti-dsDNA antibody production. In our previous
study, gut dysbiosis was also found to contribute to Th17 dif-
ferentiation, and thus promoted autoantibody production
and lupus nephritis [23]. Bacterial translocation and acti-
vated Th17 differentiation have also been observed in
patients with SLE [15, 36]. Together, these results indicate
that commensal-induced molecular mimicry, Th cell differen-
tiation and possibly other mechanisms may function together
in development of autoimmune diseases.

This study has some important limitations. First, bacterial
translocation evaluations were performed using nonselective
culture media [49] and there may be difficult-to-culture bac-
teria such as obligate anaerobes. Furthermore, there could be
other commensals that were undetectable because of the sen-
sitivity limits of the present bacterial culture tests. Finally,
only a single band of L. murinus proteins detected through
immunoblotting was analysed, thus there may be mimicry
proteins other than ABC transporter yet unexplored.

In conclusion, gut commensals translocated to MLNs har-
bour molecular mimicry epitopes that cross-react with lupus
autoantibodies from mice and humans. Further exploration
of these mechanisms may help elucidate novel therapeutics
for systemic autoimmune diseases.
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