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Abstract    Systemic lupus erythematosus (SLE) is a complicated autoimmune disease affecting multiple systems
and organs. It is highly heterogeneous, and it preferentially affects women at childbearing age, causing worldwide
social  burden.  The  pathogenesis  of  SLE  mostly  involves  genetic  predisposition,  epigenetic  dysregulation,
overactivation of the immune system, and environment factors. Human microbiome, which is mostly composed of
microbiota  colonized  in  the  gut,  skin,  and  oral  cavity,  provides  a  natural  microbiome  barrier  against
environmental risks. The past decade of research has demonstrated a strong association between microbiota and
metabolic diseases or gastrointestinal diseases. However, the role of microbiota in autoimmunity remains largely
unknown  until  recently,  when  the  technological  and  methodological  progress  facilitates  further  microbiota
research in SLE. In this review, the latest research about the role and mechanisms of microbiota in SLE and the
advances  in  the  development  of  diagnostic  and  therapeutic  strategies  based  on  microbiota  for  SLE  were
summarized.
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Introduction

Systemic lupus erythematosus (SLE) is a complicated and
heterogeneous  systemic  autoimmune  disease  that
preferentially  affects  women  of  childbearing  age.  It
involves  multiple  systems  and  organs,  including  the
kidney,  skin,  gastrointestinal  tract,  and  joints  [1].  Even
though  the  precise  pathogenesis  of  SLE  remains
incompletely  understood,  the  occurrence  and
development  of  SLE  is  generally  recognized  to  be  a
complex  interplay  among  genetic,  epigenetic,  immune,
environmental,  and hormonal  factors  [2].  Several  critical
mechanisms have been implicated in the pathogenesis of
SLE, such as overactivation of interferon-gamma (IFN-γ)
pathway,  polymorphic  FcγRIIB,  and  overactivation  of
pathogenic T and B cells [3–6]. Epigenetic modifications,
mostly including DNA methylation, histone modification,
and  miRNAs,  have  also  been  implicated  in  the

overactivation  of  immune  systems  in  lupus  [7].
According to recent works, microbiota-derived metabolite
promotes  histone  deacetylase  3  (HDAC3)  activity  in  the
gut,  such  as  butyrate  [8],  and  epigenetic  alterations
derived  from  differential  microbiome  compositions  may
be  an  additional  connection  between  SLE  and  gut
microbiota  [9].  Although  autoimmune  diseases  have
traditionally  been  considered  independent  from  the
microbiota, the accumulating evidence during the past 10
years  suggest  that  the  immune-mediated  diseases  were
related  with  the  host  microbiota  [10,11].  The  microbiota
of  the  gut,  skin,  and  oral  cavity  interrelate  with  the
immune  system  once  triggered  by  environmental  factors
and  thus  involved  in  the  pathogenesis  of  autoimmune
diseases, including SLE [12].

One  of  the  most  challenging  aspects  of  SLE
management is its unpredictable disease course and flare-
remission patterns.  SLE could cause lethal damage, such
as  renal  failure,  if  not  treated  promptly.  Early  diagnosis
and appropriate treatment are critical for the management
of  SLE  [13].  With  the  unveiled  connection  between
microbiota  and  autoimmunity,  some  novel  diagnostic
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tools  and  therapeutic  strategies  have  been  established
recently  [14–16].  The  microbiota  compositions  and
functional  characteristics  and  the  dynamic  patterns  of
dysbiosis have been shown to be early signs of SLE flare.
Rebuilding  the  microbiota  may  be  a  promising  strategy
for  controlling  SLE  progression  [17].  In  the  present
review, the contribution and mechanisms of microbiota to
SLE occurrence and pathogenesis and the diagnostic and
therapeutic value of microbiota in SLE were summarized. 

Role of microbiota in SLE

With  the  rapid  development  of  next-generation
sequencing  (NGS)  technology,  the  understanding  of
microbiome  evolved  at  a  striking  speed.  The  human
microbial  diversity  is  characterized  by  the  number  and
abundance of distinct types of microbial species. In 2012,
the  Human  Microbiome  Project  Consortium  conducted
the largest cohort of microbiota in different body habitats.
They  found  that  even  healthy  individuals  differ
significantly  in  the  microbiota  of  five  major  body  areas,
including  the  intestinal  tract,  skin,  oral  cavity,  nasal
cavity,  and  vagina  [18].  The  human  microbiota  is
practically  composed  of  four  bacteria  phyla  (Proteoba-
cteria, Actinobacteria, Firmicutes, and Bacteroidetes) and
tends  to  be  stable  after  3  years  old.  These  four  phyla
accounted for average 97.2% (± 2.9%) of skin microbiota,
98.4% (± 1.6%)  of  oral  microbiota,  and 96.4% (± 5.7%)
of gut microbiota [18,19]. The diversity of microbiota not
only  comes  from  some  of  the  most  well-known  factors,
such  as  diet,  environment,  ethnic/racial  background,  and
microbial  exposure,  but  also  multiple  undetermined
factors.  In  the  past  decades,  the  connection  between
microbiota  and  autoimmune  diseases,  including
inflammatory  bowel  disease,  SLE,  and  rheumatoid
arthritis [20], has been revealed. The composition of mice
and  humans  with  lupus  has  been  identified  by  high-
throughput  sequencing  [21].  Interestingly,  the  relative
abundance  of  certain  bacterial  strains,  such  as
Lactobacillus, or the ratio of possible gut pathobionts has
been  implicated  in  the  autoimmune  responses  in  lupus
(Table 1).  Demonstrating  the  distribution  of  microbe  in
different  body  niches  could  help  understand  the
pathogenesis of SLE more comprehensively. 

Gut microbiota

The  gut  microbiota,  which  contains  more  than  2000
species of bacteria, is the largest component of the human
microbiome  ecosystem  [22].  By  metabolizing  carbohy-
drates  and  protein,  the  gut  microbiota  provides  nutrition
and  energy  to  host  and  affects  key  aspects  of  host
development, fecundity, and even lifespan [23]. The role
of  the  gut  microbiota  in  SLE  was  first  discovered  by

Apperloo  Renkema et  al. in  1994  [24].  They  found  that
the quality of colonization resistance of gut microbiota in
patients  with  active  SLE  was  lower  than  that  in  healthy
individuals,  and  the  lower  colonization  resistance  could
lead to increased translocation of foreign bacteria, giving
rise  to  the  production  of  anti-dsDNA  autoantibodies  in
SLE.  Patients  with  inactive  SLE had  a  lower  abundance
of  Firmicutes  and  lower  Firmicutes/Bacteroidetes  (F/B)
ratio  than  healthy  controls  (HCs)  [25].  The  decrease  in
Firmicutes  was  also  observed  in  autoimmune  diseases,
such  as  type  I  diabetes  (T1DM)  [26,27]  and  rheumatoid
arthritis  [28].  The  amount  of  Synergistetes  was  prone  to
decrease  when  the  anti-dsDNA  autoantibodies  increased
[29].  In  addition,  Synergistetes  showed a  strong  positive
correlation  with  the  F/B  ratio  in  HCs  and  a  negative
correlation  with  the  serum  levels  of  IL-6  and  Th17  in
patients with SLE.

The  human  gut  microbiota  has  specific  geographical
features,  and  this  is  partially  independent  of  races.  For
example,  the  gut  microbiota  of  patients  with  SLE  in
Heilongjiang  Province  in  Northeast  China  differed  from
that of Southern China and foreign countries [25,30–32].
The  phylum  Proteobacteria  of  patients  with  SLE  in
Heilongjiang  Province  in  Northeast  China  increased,  but
this  phenomenon  was  not  seen  in  Spain  and  Southern
China [25,30–32]. In Egypt, the gut microbiota showed a
depletion  of Lactobacillus abundance  in  patients  newly
diagnosed  with  SLE  [32].  Decreased  Ruminococcaceae
and  Lachnospiraceae  and  enriched  Prevotellaceae  and
Bacteroidaceae in the gut were found in Spanish patients
with  SLE  [25].  The  intestinal Actinomycetes in  these
patients significantly increased [33].

In spite of individual differences, the gut microbiota of
patients  with  SLE  has  many  common  features,  such  as
lower F/B ratio and the negative correlation between the
F/B  ratio  and  Systemic  Lupus  Disease  Activity  Index
(SLEDAI).  Bacterial  species  could  have  different
individual  bacterial  patterns,  including  the  genera
Odoribacter and Blauti and  the  family  Rikenellaceae
[34]. The distinct patterns of gut microbiota dysbiosis was
notably correlated with disease activity. Gregg Silverman
et  al. reported  that  patients  with  SLE  had  an  overall
fivefold  greater  representation  of Ruminococcus  gnavus.
They  further  discovered  that  anti-R.  gnavus antibodies
were  the  highest  in  classes  III  and  IV  active  lupus
nephritis,  both  of  which  have  worse  outcome  than
different lupus nephritis [35].

The  association  of  gut  microbiota  alternation  with  the
SLE disease activity was expanded; SLE disease activity
was  positively  correlated  with  the  abundance  of  the
species anginosus and dispar and  the  genera
Streptococcus, Veillonella,  and Campylobacter while
negatively  correlated  with  the  genus Bifidobacterium
[36].  Estrogen  state  and  X  chromosome  inactivation  are
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Table 1    Microbiota alternation in patients with SLE

Human subjects (n) Region
Colonization
site Bacteria in SLE Reference

SLE (20) vs. HC (20) Spain Gut Phyla: Firmicutes/Bacteroidetes ratio ↓; Firmicutes ↓ [25]

SLE (20) vs. HC (20) Spain Gut Phyla: Firmicutes/Bacteroidetes ratio, Synergistetes ↓ [29]

SLE (16) vs. HC (14) China Gut Phyla: Proteobacteria ↑
Family: Enterobacterlaceae ↑; Ruminococcaceae, Prevotellaceae, Clostridiales ↓

[30]

SLE (45) vs. HC (48) China Gut Phyla: Bacteroidetes, Actinobacteria, Proteobacteria ↑; Firmicutes/Bacteroidetes ratio,
Firmicutes ↓

Genus: Rhodococcus, Eggerthella, Klebsiella, Prevotella, Eubacterium,
Flavonifractor ↑; Dialister, Pseudobutyrivibrio ↓

[31]

SLE (20) vs. HC (20) Egypt Gut Phyla: Firmicutes/Bacteroidetes ↓
Genus: Lactobacillus ↓

[32]

SLE (32) vs. HC (26) China Gut Phyla: Bifidobacterium, Firmicutes/Bacteroidetes ratio↓; Enterobacteriaceae ↑
Family: Sartiphaea,Plavococcus ↓; Veillonella, Enterococci ↑
Genus: Sartiphaea, Plavococcus ↓; Enterococcus, Veillonella ↑

[33]

SLE (14) vs. HC (17) USA Gut Gram-negative bacteria ↑
Phyla: Firmicutes/Bacteroidetes ratio was not different; Rikenellaceae, Proteobacteria ↑
Genus: Odoribacter ↓, Blautia ↑

[34]

SLE (61) vs. HC (17) USA Gut Species: Ruminococcus gnavus ↑ [35]

SLE (40) vs. HC (22) China Gut Genus: Streptococcus, Campylobacter, Veillonella ↑; Bifidobacterium ↓
Species: Streptococcus anginosus , Veillonella dispar ↑

[36]

SLE-G (17) vs. SLE +
G (20) + HC (20)

China Gut Phyla: Bacteroidetes↓; Firmicutes/Bacteroidetes ratio ↑ [40]

SLE (33) vs. HC (28) China Gut Phyla: Proteobacteria↑
Family: Ruminococcaceae, Christensenellaceae, Akkermansiaceae, Ruminococcaceae↓;
Enterobacteriaceae↑

Genus: Gammaproteobacteria, Bacilli, Escherichia, Shigella, Lachnoclostridium,
Kluyvera ↑; Agathobacter, Ruminococcus, Coprococcus, Dialister, Faecalibacterium,
and Subdoligranulum ↓

Species: Ruminococcus gnavus↑; Eubacterium coprostanoligenes↓

[41]

SLE (21) vs. HC (25) Spain Gut Phyla: Firmicutes/Bacteroidetes ratio ↓ [44]

SLE (21) vs. HC (21) Spain Gut Phyla: The serum malondialdehyde was inverse correlations with Cyanobacteria and
Firmicutes and positive with Actinobacteria; the C reactive protein was positive
association with Lentisphaerae, Proteobacteria, and Verrucomicrobia

[45]

SLE (27) vs. HC (27) Australia Gut Family: Coriobacteriaceae, Enterobacteriaceae ↑
Genus: Bifidobacterium, Ruminiclostridium, Streptococcus, Collinsella ↑;
Lachnoclostridium, Lachnospira, and Sutterella ↓

[47]

SLE (47) vs. HC (203) Japan Gut Species: Streptococcus intermedius, Streptococcus anginosus ↑ [48]

SLE (117) vs. HC (115) China Gut Genus: Desulfovibrio ↓; Blautia ↑
Species: Clostridium species ATCC BAA-442, Atopobium rimae, Shuttleworthia satelles,
Actinomyces massiliensis, Bacteroides fragilis, Clostridium leptum ↑

[49]

SLE (30) vs. HC (965) Netherlands Gut Phyla: Firmicutes/Bacteroidetes ratio ↓; Bacteroidetes, Proteobacteria ↑
Genus: Bacteroides, Alistipes ↑
Species: Bacteroides vulgatus, Bacteroides uniformis, Bacteroides ovatus, Bacteroides
thetaiotaomicron ↑

[57]

SLE (35) vs. HC (35) China Gut Family: Ruminococcaceae ↓
Genus: Lactobacillus, Prevotella, Blautia, Ruminococcus ↑; Bifidobacterium ↓
Species: Lactobacillus iners ↑; Bifidobacterium adolescentis, Bifidobacterium longum ↓

[64]

SLE (16) vs. HC (11) USA Gut Phyla: Firmicutes/Bacteroidetes ratio ↓ [71]

SLE (12) vs. HC (22) USA Gut Species: Lactobacillus spp. ↑ [72]

SLE (92) vs. HC (217) China Gut Phyla: Bacteroidetes, Proteobacteria, and Actinobacteria ↑; Firmicutes ↓
Family: Bacteroidaceae, Streptococcaceae ↑; Ruminococcaceae, Veillonellaceae,
Lachnospiraceae ↓

Genus: Ruminococcus, Klebsiella, Erysipelotrichaceae ↑; Faecalibacterium ↓

[73]

SLE (69) vs. HC (49) China Skin Phyla: Firmicutes, Acidobacteria, Gemmatimonadetes, and Tenericutes ↑
Genus: Corynebacterium, Staphylococcus, Rothia, Actinomyces, Deinococcus ↑;
Prevotella, Cutibacterium, Rhodococcus, Klebsiella ↓

Species: Staphylococcus aureus, Staphylococcus epidermidis, Staphylococcus
hominis ↑; Klebsiella pneumoniae, Rhodococcus erythropolis, Erwinia mallotivora↓

[12]

688 Recent advances in systemic lupus erythematosus and microbiota: from bench to bedside



important  risk  factors  for  female  predisposition  of  lupus
[37].  Pregnancy  and  lactation  may  interfere  with  the
autoimmune  response  via  regulation  of  gut  microbiota
[38].  The  composition  and  diversity  of  gut  microbiota
significantly  changed  in  pregnant  and  breastfeeding
MRL/lpr  mice.  Even  the  same  alternation  of  gut
microbiota  could  result  in  different  disease  outcomes
between  pregnant  and  breastfeeding  and  naive  MRL/lpr
mice.  A  possible  mechanism  is  that  their  responses  to
Lactobacillus  animalis or  antibiotics  were different  from
those  of  normal  mice,  and  it  had  nothing  to  do  with
microbial  translocation.  Other  possible  mechanisms
included  different  regulations  of  Treg  cells,  indoleamine
2,3-dioxygenase, and IFN-γ.

Given  the  fact  that  antibiotics,  which  remove  gut
bacteria,  could  trigger  lupus  flares  [39],  the  traditional
treatments  for  SLE,  including  corticosteroid  and
immunosuppressants, influence the diversity and structure
of  gut  microbiota.  The  analysis  of  the  difference  in  gut
microbiota  composition  of  patients  with  SLE  with  or
without  glucocorticoid treatment  (SLE + G or  SLE – G)
has  shown  that  the  gut  microbiota  of  HC  and  SLE  +  G
cohort had decreased Bacteroidetes level and higher ratio
F/B [40].

Shotgun sequencing and metagenomic analyses showed
that  not  only  the  microorganism  species  but  also  the
genes  and  genomes  of  the  microbiota  and  its  products
influence  the  host  environment.  Diverse  metabolic
pathways  were  found  in  patients  with  SLE  during
different  disease  processes  [36].  16S  rRNA  sequencing
and  gas  chromatography–mass  spectrometry  analysis  of
the  gut  microbiota  and  metabolites  of  pediatric  patients
with  SLE  showed  that  the  increased Sphingomonas of
Proteobacteria  was  correlated  with  protein  digestion  and
absorption.  A  decrease  in  the  abundance  of  healthy
periodontal  point  of  patients  with  SLE  compared  with
that of HC indicated that the oral bacteria may spread to
the  gut  [41].  Microbial  metabolites  as  signals  of
microbiota  could  activate  or  inhibit  endogenous  signal
pathways in  vivo,  including  short-chain  fatty  acids
(SCFAs), tryptophan, and lipoprotein metabolism [42,43].
Patients  with  SLE  exhibited  decreased  gut  microbial
biodiversity;  remarkably  reduced  N-acetylmuramic  acid
and  homoserine  lactone;  and  significantly  increased
levels  of  ribose-1,5-bisphosphate,  serum  levels  of  free
fatty  acids,  and  fecal  SCFAs.  The  patients  with  SLE
could  not  be  classified  based  on  their  body  mass  index,
whereas  healthy  controls  could.  Metabolic  impairment

(Continued)

Human subjects (n) Region
Colonization
site Bacteria in SLE Reference

SLE (20) vs. HC (20) China Skin Phyla: Firmicutes, Bacteroidetes, Spirochaetae, Verrucomicrobia, Tenericutes↑;
Actinobacteria and Armatimonadetes ↓

Class: Alphaproteobacteria ↓
Order: Sphingomonadales ↓
Family: Acetobacteraceae, Sphingomonadaceae, Phyllobacteriaceae ↓;
Christensenellaceae, Erysipelotrichaceae, Methylocystaceae, Burkholderiaceae, and
Verrucomicrobiaceae↑

Genus: Nevskia, Stenotrophomonas, Phyllobacterium, Novosphingobium ↓; Barnesiella,
Acinetobacter ↑

Species: Chryseobacterium taiwanense, Nevskia aquatilis ↓; Corynebacterium
matruchotii, Ruminococcus sp. 5_1_39BFAA ↑

Compared with non-rash region of SLE, genus in the rash region: Halomonas ↑;
Pelagibacterium, Novosphingobium, Curvibacter ↓

[56]

SLE (117) vs. HC (115) China Oral Species: Clostridium species ATCC BAA-442, Atopobium rimae, Shuttleworthia
satelles, Actinomyces massiliensis, Bacteroides fragilis, Clostridium leptum ↑

[49]

SLE (30) vs. HC (965) Netherlands Oral Genus: Actinomyces ↓; Lactobacillu ↑ [57]

Anti-Ro+ mothers of
neonatal lupus children
(25) vs. HC (7)

USA Oral Phyla: Proteobacteria ↓; Actinobacteria, Firmicutes, Bacteroidetes ↑
Class: Coriobacteriia, Bacilli, Negativicutes↑; Betaproteobacteria ↓
Order: Neisseriale ↓
Family: Neisseriaceae ↓
Genus: Streptococcus, Veillonella ↑; Neisseria ↓

[59]

SLE (52) vs. HC (52) Brazil Oral Genus: Fretibacterium, Selenomonas ↑
Species: Prevotella nigrescens ↑

[60]

SLE-A (31) vs. SLE-I
(29) + HC (31)

USA Oral Species in SLE-A: Treponema denticola, Tannerella forsythia ↑; Capnocytophaga
gingivalis, Streptococcus gordonii, Prevotella nigrescens, Capnocytophaga ochracea,
Fusobacterium nucleatum, Streptococcus sanguinis ↓

[61]

SLE (35) vs. HC (35) China Oral Genus: Streptococcus↓; Prevotella, Selenomonas, Veillonella ↑
Species: Streptococcus anginosus ↓

[64]

HC, healthy control; vs., versus; SLE-A, active SLE; SLE-I, inactive SLE; SLE + G, patients having undergone glucocorticoid treatment; SLE-G, patients without
undergone glucocorticoid treatment.
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was  also  found  to  be  a  frequent  hallmark  of  SLE  [44].
Free  fatty  acids  are  produced  when  oils  and  fats  are
hydrolyzed. Free fatty acids and antioxidant alteration are
important mediators for anti-inflammatory responses, and
their  abnormality  is  closely  related  to  immune  disorder
[45].  The results  showed serum C reactive  protein  had a
positive  association  with  Verrucomicrobia,
Proteobacteria, and Lentisphaerae in feces, and the serum
levels of malondialdehyde displayed negative correlation
with  Cyanobacteria  and  Firmicutes  and  positive
correlation  with  Actinobacteria.  The  overgrowth  of
Enterococcus  gallinarum,  a  typical  gut  commensal
bacterium,  was  related  to  increased  intestinal  epithelial
permeability,  and  translocation  of E.  gallinarum could
trigger the onset of SLE [46]. In the lamina propria of the
small  intestine, E.  gallisepticum induced  an  increase  in
plasmacytoid  dendritic  cells  (pDCs)  that  produce  IFN-α.
E.  gallinarum also  produced  aryl  hydrocarbon  receptor
(AhR)  ligand,  which  could  enhance  the  activation  and
differentiation of Th17 and follicular helper T (Tfh) cells.
In  liver, E.  gallinarum induced  the  expression  of  lupus-
specific  autoantigens  and  inflammatory  factors  and  thus
enhanced  the  pathogenic  deposition  of  immune
complexes  in  multiple  organs.  Meanwhile,  metabolomic
signatures  have been investigated in  Sjögren’s  syndrome
and  primary  anti-phospholipid  syndrome,  and  similar
alterations of E. gallinarum and its metabolomic profiles
were found in these autoimmune diseases [47].

In  a  metagenome-wide  association  study,  the
abundance of Streptococcus anginosus and Streptococcus
intermedius and  the Streptococcus-derived  genes  in  gut
microbiome  was  found  to  be  increased  in  Japanese
patients  with  SLE.  Seven  biological  pathways,  such  as
sulfur  metabolism  and  flagellar  assembly,  were
significantly  enriched,  showing  that  the  increase  in
Streptococcus-derived  genes,  including  the  altered  redox
reaction,  was  related  to  the  pathology  of  SLE  [48].  The
species composition and functional distribution of the gut
microbiota  also  differed  between  patients  with  SLE  and
HC. Atopobium rimae, Clostridium sp. ATCC BAA-442,
Actinomyces  massiliensis, Shuttleworthia  satelles,
Bacteroides  fragilis,  and Clostridium  leptum were
significantly enriched in SLE but reduced after treatment
[49].  In  general,  the  difference  in  function  was  more
significant  than  the  difference  in  species  composition.
Other  metabolic  pathways  involved  in  SLE  include  the
synthesis  of  branched-chain  amino  acids,  thiamine
(vitamin  B1),  lipopolysaccharide,  and  the  degradation  of
inositol.

The  damage  of  multi-organs  caused  by  immune-
complex  deposition  has  been  a  suspending  problem  for
the  long-term  management  of  SLE.  Substantial  research
advances  have  been  achieved  in  the  involvement  of  gut
microbiota  in  the  organ-specific  damage  of  SLE  [50].

Cardiovascular  disease  is  the  most  common comorbidity
of  SLE. Lactobacillus protected  patients  from  important
risk  factors  of  cardiovascular  disease,  including
hypertension and endothelial dysfunction [51]. In a germ-
free  or  germ-depleted  mouse  model,  hypertension  and
vascular  complications  were  found  after  transplantation
of  the  gut  microbiota  of  patients  with  SLE,  but  no
excessive  autoimmunity,  endotoxemia,  and  renal
inflammation were observed [52]. In addition, an increase
in  the  proportion  of Bacteroides was  associated  with
hypertension, and Th17 infiltration in the vascular system
induced  by  the  gut  microbiota  may  be  the  cause  of
vascular damage and hypertension by Bacteroides. 

Skin microbiota

Skin provides a crucial barrier against external pathogens.
Microbiota is generally accepted to be an important guard
of  skin  health.  Skin  microorganisms  interact  between
many  hosts,  and  they  are  sensitive  to  environmental
stimuli.  They  are  also  closely  affected  by  the  cutaneous
and  mucosal  immune  system  [53].  Skin  microbiota
interacts with mammalian host cells through symbiotic or
symbiotic  interactions  to  prevent  the  colonization  and
infection  of  opportunistic  or  pathogenic  organisms,
maintain  defense  and  immune  tolerance,  and  promote
tissue  repair  and  barrier  functions  [54].  Approximately
80% of  patients  with  SLE  have  cutaneous  involvement,
and 25% of patients with SLE showed skin lesion as the
first  symptom  [55].  However,  very  little  research  was
reported on the skin microbiota of patients with SLE. The
existing  research  showed  that  the  skin  microbiota  of
patients  with  SLE  was  related  to  their  clinical  features,
including  gender,  renal  involvement,  serum  low
complement  level,  and  myositis  [12].  Disordered  skin
microbiota  of  patients  with  SLE was  reported  in  a  study
involving  69  patients  with  SLE,  20  patients  with
dermatomyositis, and 49 HCs. It is manifested as elevated
proportions  of Staphylococcus and Corynebacterium and
decreased  relative  abundance  of Cutibacterium in  the
lesioned skin.  Further  research on the skin microbiota  in
the  rash  and  non-rash  areas  of  20  patients  with  SLE
showed  that  the  rash  area  had  decreased Novosphingo-
bium, Pelagibacterium,  and Curvibacte and  increased
Halomonas compared with the non-rash area [56]. Large-
scale, multi-cohort and multifactor studies are needed for
deeper  association  analysis  of  SLE  and  the  skin
microbiome in the future. 

Oral microbiota

Many  autoimmune  diseases  have  oral  mucosa
involvements.  Patients  with  SLE  often  have  oral
manifestations,  such  as  xerostomia,  insufficient  saliva
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secretion,  unspecified  oral  ulcers,  and  increased
periodontal  disease.  Primary  Sjögren’s  syndrome  is  an
autoimmune disease characterized by the focal infiltration
of inflammatory lymphocytes in exocrine glands, causing
dry eyes and dry mouth. Primary Sjögren’s syndrome and
patients  with  SLE  had  significantly  different  oral
microbiota  compositions,  but  they  share  similar  changes
in  the  composition  of  gut  microbiota  [57]:  reduced
bacterial richness and F/B ratio and increased Bacteroides
species. Neonatal lupus cohort research demonstrated that
in  mothers  with  anti-Ro+ antibodies,  their  kids  had  a
significant  risk  of  developing  clinicopathological
autoimmunity,  including  Sjögren’s  syndrome,  SLE,  and
undifferentiated autoimmune disease [58].  The microbial
diversity at  all  levels from the kingdom to the species in
saliva  of  anti-Ro+ mothers  decreased  [49].  Interestingly,
some oral microbiome was enriched in the gut of patients
with  SLE,  including A.  massiliensis, S.  satelles,  and A.
rimae,  which  are  closely  related  to  oral  inflammation,
implicating  that  the  bacteria  enriched  in  the  gut  of
patients  with SLE may have originated from oral  cavity.
Indeed,  the  overall  transmission  rate  of  salivary
microorganisms  to  the  intestinal  tract  of  patients  with
SLE increased [49].

The  subgingival  microflora  imbalance  of  SLE  was
related  with  periodontal  status  [56,59,60].  A  1.76-fold
increase in the risk of periodontal disease was observed in
patients  with  SLE  [60].  The  abundance  of Prevotella
nigrescens, Prevotella  oulorum, Prevotella  oris, Seleno-
monas  noxia,  Lachnospiraceae,  and Leptotrichia in  the
periodontal inflammation site and periodontal healthy site
in  patients  with  SLE  with  periodontitis  increased  [59],
whereas  the  bacteria  related  to  periodontal  health
decreased.  Recent  research  found  that  the  abundance  of
most  serious  oral  pathogens  (Tannerella  forsythia and
Treponema denticola) increased in the periodontal area of
patients  with  active  SLE  compared  with  patients  with
inactive  SLE  and  HC  [61].  In  addition,  the  presence  of
pathogenic  bacteria  was  positively  related  with  the  level
of  systemic  inflammation,  as  evidenced  by  the  elevated
concentrations of IL-6, IL-17, and IL-33 in patients with
SLE  with  periodontitis  [59,62].  Restoration  of  the
imbalanced  oral  ecosystem  by  periodontal  therapy
improved  the  response  of  patients  with  SLE  to  conven-
tional treatments and reduced the disease activity [63].

However,  a  notable  detail  that  the  microbiome
compositions  in  feces  and  saliva  are  not  always
consistent.  For  example,  in  a  small  sample  study  of  35
patients with SLE, 16S rRNA gene sequencing showed a
decrease in bacterial abundance and diversity in the feces
of  patients  with  SLE,  while  the  bacterial  diversity  in
saliva  increased  [64].  Certain  specific  oral  microbiota
patterns have been found in patients with different organ
targeted SLE. For example, a deficiency of Bifidobacteria

has  been  observed  in  patients  with  SLE  with  arthritis.
Their dominant saliva bacteria Streptococcus, Veillonella,
Prevotella,  and Bacteroides were  negatively  correlated
with the SLEDAI of patients [65].

The  local  oral  microenvironment  is  involved  in  the
development  of  SLE.  Oral  lesions  could  cause  systemic
involvement  through  the  production  of  circulating
autoantibodies  against  oral  microorganisms  [49].  As  a
result  of  the  interrupted  oral  barrier,  viral  infections
related to the pathogenesis of SLE (i.e., EBV and CMV)
may also appear in the oral cavity and affect the onset of
disease.  These  findings  highlighted  the  link  between  the
oral microbiota and SLE, indicating that the reduction in
oral  inflammation  could  promote  a  less  pathogenic  oral
microbial  spectrum.  In  addition  to  the  intestine,  the  oral
cavity  may  represent  the  origin  of  the  dormant  blood
microbiome  associated  with  chronic  inflammatory
diseases (including SLE) [66].

In  summary,  the  development  of  SLE  and  the  organ
involvement  of  SLE  were  related  to  the  dysbiosis  of
microbiota  (Table 1).  Microbiome  changes  observed  in
SLE  include  a  decrease  in  the  ratio  of  bacteria,  such  as
Gram-positive  Firmicutes  to  Gram-negative  Bacteroi-
detes,  and  an  overabundance  or  depletion  of  certain
species,  including Lactobacillus.  Similar  changes  were
observed  in  other  autoimmune  diseases,  indicating  the
potential  of  intervention  at  microbiota  levels  in  treating
autoimmune diseases. Atherosclerosis and cardiovascular
events are comorbidities for SLE. Microbiota could affect
SLE  onset  by  influencing  endocrine  metabolism  and
endothelial function (Fig. 1). 

Potential mechanisms of action of
microbiota in SLE 

Microbiota dysbiosis and leaky gut

The so called “intestinal barrier” includes anatomy barrier
(surface  mucus  and  epithelial  layer),  microbiota  barrier,
and  immune  barrier.  The  interruptions  of  microbiome
homeostasis  in  the  gut  could  lead  to  increased
paracellular  transport,  apoptosis,  or  transcellular
permeability, thus causing a “leaky gut.” Even though the
cause  and  mechanism  of “leaky  gut” in  SLE  are  still
unclear, some researchers suggested that the skin–gut axis
may  be  one  mechanism  [67].  The  skin–gut  axis  may
contribute to cutaneous autoimmunity, which also appears
to be biologically relevant in SLE.

Compared  with  female  HC,  the  overall  increase  in
secreted  IgA  was  more  than  twice  in  61  female  patients
with lupus,  demonstrating mucosal  immune activation in
patients  with  lupus  [35].  Fecal  calprotectin  is  well
acknowledged to be the biomarker of barrier defects and
intestinal  inflammation  in  patients  with  inflammatory
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bowel  disease  (IBD).  Notably,  leaky  gut  barrier  resulted
in  fecal  calprotectin  elevation  and  chronic  endotoxin
exposure  in  the  immune  systems  in  patients  with  SLE
[35,68].  The  serum  soluble  CD14  and  a1-acid
glycoprotein levels in patients with lupus without original
intestinal diseases significantly increased, which has been
confirmed  to  be  attributed  to  intestinal  bacterial
translocation  [69]. R.  gnavus-specific  lipoglycan  was
proposed  as  a  novel  immunodominant  antigen  and  an
innate  stimulator  of  TLR2  binding  in  SLE  [35].  In
summary,  patients  with  lupus  suffer  from  impaired
intestinal  barrier  integrity,  causing  the  translocation  of
symbionts or their components. However, unlike patients
with  IBD,  they  usually  do  not  suffer  from  obvious
enteritis. 

Molecular mimicry

The  molecular  mimicry  is  another  possible  mechanism
for  how  microbiota  contributes  to  SLE  pathogenesis.
Some commensal bacteria colonizing the gut, skin, or oral
cavity  share  epitope  with  Ro60  autoantigen.  Anti-Ro60
appears  in  50% of  patients  with  SLE.  It  was  the  most
common and  earliest  preclinical  anti-nuclear  antibody  in
SLE. Martin A. Kriegel et al. found that commensal Ro60
orthologues  could  trigger  autoimmunity  through  cross-
reactivity in human. SLE CD4 memory T cell specific to
Ro60  autoantigen  could  be  reactivated  by  bacteria  with
Ro60  orthologues.  No  significant  different  bacterial
operational  taxonomic  units  were  found  in  the  gut,  skin,
or oral microbiomes between anti-Ro60 antibody-positive

 

 
Fig. 1    Role of skin–gut axis in SLE. The host skin and gut microbiota are linked via metabolic pathways. Genetic, environment, and hormonal
factors  affect  the  composition  of  skin  and  gut  microbiota  through  the  innate  and  adaptive  immune  responses.  The  activation  of  TLR7/8  was
induced by specific gut bacteria,  such as Enterococcus gallisepticum.  The translocation of E. gallisepticum resulted in the activation of the aryl
hydrocarbon receptor (AhR) system, which enhanced the activation and differentiation of Th17 and follicular helper T (Tfh) cells and autoantibody
production. In the lamina propria of the small intestine, E. gallisepticum could also induce an increase in pDCs that produce IFN-α. In addition,
reduction  in Paenibacillus genus  may  lead  to  elevated  lipopolysaccharide  and  increased  expression  of  TLR4  in  the  vasculature,  leading  to
increased NADPH oxidase-dependent superoxide production, inflammation, and endothelial dysfunction. Along with the activation of the innate
immune response, bacteria such as Odoribacter splanchnicus could activate the adaptive immune response by increasing the secretion of IFN-γ
and IL-17A. The proportion of Ruminococcus and Lactobacillus was positively correlated with the absolute count of Treg lymphocytes. When T
and  B  cells  are  overactivated,  autoantibodies  such  as  ANA  and  dsDNA  are  produced,  and  high-avidity  IgA  (sIgA)  is  secreted.  The  immune
complex deposited on skin,  intestine,  and other  organs and inflammatory cytokines,  such as  IL-17,  IFN-γ,  and IL-6,  were released,  resulting in
organ  damage.  The  relationship  between  skin  microbiota  and  SLE remains  to  be  elusive,  even  though studies  have  shown that  certain  bacteria
strains,  such  as Staphylococcus and Corynebacterium,  increased  in  the  skin  of  patients  with  SLE.  Some  research  showed  that  superficial
colonization  of Staphylococcus  epidermidis may  induce  the  elevation  of  IL17A  producing  CD8+ T  cell.  SLE,  systemic  lupus  erythematosus;
TLR7/8,  Toll-like  receptor  7/8;  Th17,  T  helper  17;  IFN-α,  interferon-α;  pDC,  plasmacytoid  dendritic  cells;  IFN-γ,  interferon-γ;  IL-17A,
interleukin-17A; IL-6, interleukin-6.

692 Recent advances in systemic lupus erythematosus and microbiota: from bench to bedside



and anti-Ro60 antibody-negative subjects,  indicating that
this  autoimmune  response  was  not  depending  on  the
change  in  microbiota  composition.  Therefore,  anti-Ro60
is  a  functional  link  between  the  gut,  skin,  or  oral
microbiota  with  a  primordial  autoimmune  response  in
humans [70]. Some other genera, such as Fretibacterium,
Lachnospiraceae, Prevotella,  and Selenomonas,  also
participated  in  SLE  through  their  orthologues  cross-
activating with autoantibodies, providing further evidence
for molecular mimicry hypothesis [51,71]. L. reuteri was
translocated to internal organs, and single L. reuteri could
aggravate  systemic  autoimmunity  in  GF  and  SPF
conditions  [72].  The  peptide “YLYDGRIFI” from
Odoribacter  splanchnicus was  similar  to  the  human
peptide “ILQDGRIFI” antigen presented to  T cells.  This
peptide could increase the secretion of IFN-γ and IL-17A.
Moreover,  the  peptide “DGQFCM” from Akkermansia
muciniphila was  mimicked  with  the “DGQFCH” of  the
human extracellular part, which could specifically bind to
IgG  produced  by  memory  B  cells  in  a  subgroup  of
patients with SLE. Compared with patients with untreated
SLE or those with SLE after treatment, the IFN-γ and IL-
17A secretion from the PBMC of  patients  with  anti-Sm-
positive  SLE  increased.  The O.  splanchnicus of  patients
with  SLE  was  not  enriched  and  reduced  after  treatment.
A.  muciniphila exerted  immunopathogenic  functions  in
SLE as it was positively correlated with all characteristics
of  inflammation  in  patients  with  SLE,  including  blood
IgA,  IgM,  and  erythrocyte  sedimentation  rate  [49].  In
conclusion, the peptides produced by O. splanchnicus and
A. muciniphila were highly similar to the epitopes of the
SLE  characteristic  autoantigens  Sm  and  Fas  and  thus
could activate CD4+ T and B cells  and participate in the
occurrence and development of SLE. 

Microbiome and pathogen interaction with immune
system

The  overactivation  of  T  cells,  excessive  production  of  a
large  pool  of  autoantibodies,  and  deposition  of
autoantibodies  or  immune  complex  are  critical  for  SLE
onset.  Innate  immunity  and  acquired  immunity  are
involved  in  this  process.  The  microbiome  flora
participates  in  the  induction,  education,  and  function
maturation  of  the  host  immune  system.  The  homeostatic
immunity  to  the  microbiota  is  vital  to  the  health  of  the
host  [73].  The  microorganisms  of  the  microbiota  are
basically  tolerated  by  the  immune  system  under  steady-
state  conditions.  Some  bacteria  and  their  structural
components  or  bacterial  metabolites  may be able to pass
through  the  intestinal  epithelium  and  reach  the  blood  or
even organs. Regulatory T cells (Treg cells) help tolerate
self-tissues and organs by inhibiting autoreactive T cells.
Once  the  balance  of  Treg  and  other  pathogenic  immune
cells  are  interrupted,  pathogenic  immune  responses

promote  the  release  of  inflammatory  cytokines,  giving
rise  to  various  pathological  conditions  [74].  The
microbe–host  interaction  in  the  intestinal  flora  is  mostly
mediated by IgA and T cell responses [75].

The  microbiota  has  effect  in  immune  cell  phenotype
switching  and  functions  in  patients  with  SLE.  Evidence
has shown that the microbiota may affect T cell activation
pathways and hormone levels, including the development
of  Treg,  T  helper  type  1  (Th1),  and  Th2  cells  in  some
autoimmune diseases [70,76,77]. The expression of IFN-
γ,  IL-2R, IL-10, IL-35, and TNF-α was slightly lower in
patients  with  SLE  treated  with  glucocorticoids  and  HC
than in patients with untreated SLE, implicating that those
cytokines  are  probably  pathogenic  in  the  disease  course
[40].  Moreover,  women are more prone to SLE. The gut
microbiota  composition  in  a  (SWR×NZB)  F1  (SNF1)
mouse model of spontaneous lupus was different between
male  and  female  mouse,  and  such  difference  was
considered  to  significantly  contribute  to  the  pro-
inflammatory immune phenotype and disease progression
of female SNF1 mice [40].

The  defects  of  the  complement  system  are  closely
connected  with  lupus.  Anti-R.  gnavus antibodies  were
directly  related  to  SLEDAI  scores  and  anti-dsDNA
antibody levels but negatively related to C3 and C4 [35].
Assuming  that  circulating  immune  cells  may  respond  to
bacterial dynamics in the intestine, a notable detail is that
the proportion of Ruminococcus was positively correlated
with  the  absolute  count  of  Treg  lymphocytes  but  not
related with the number of Th1, Th2, and Th17 cells [74].

Apart  from  the  adaptive  immune  response,  the  innate
immune  system  is  involved  in  the  homeostasis  of
microecosystem. The innate immune system is modulated
through  TLR-7/8  and  TLR4  activation. E.  gallisepticum
could  translocate  to  liver  and  activate  anti-dsDNA
antibody  production  in  genetically  susceptible  hosts
through  TLR-7/8  activation  [46].  The  abundance  of
Synergistetes  in  the  intestine  was  negatively  correlated
with  plasma  anti-dsDNA  antibody  titers  and  IL-6  levels
[78].  Bacterial  lipopolysaccharide  stimulates  and  increa-
ses the expression of TLR4 in the vasculature, leading to
increased  NADPH  oxidase-dependent  superoxide
production,  inflammation,  and  endothelial  dysfunction
[78].  Another  study  suggested  that  elevated  plasma
autoantibody and lipopolysaccharide may result from the
reduction  in Paenibacillus genus  [79].  Therefore,  the
enhanced  TLR4  activation  may  be  related  to  the
development and maintenance of SLE hypertension. 

Potential diagnostic and therapeutic
strategy based on microbiota for SLE 

Diagnostic potential of microbiota

SLE  is  a  highly  heterogeneous  disease  with  various
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clinical  manifestations,  making  the  diagnosis  difficult.
Even though SLE has several classification criteria,  such
as  the  EULAR/ACR-2019  and  SLICC-2012  criteria,
those  criteria  still  have  caveats  and could  not  be  applied
to  all  patients.  As  the  recent  studies  found  significant
associations  between  the  microbiota  composition  and
SLE pathology,  microbiota information could potentially
provide  reference  for  the  diagnosis  of  SLE [80].  Several
bacterial  taxa  were  identified  to  be  potential  markers  for
cutaneous lupus erythematosus, especially S. epidermidis
and Staphylococcus  aureus [12].  Some  oral  microbiota
was  a  biomarker  of  SLE,  which  may  be  associated  with
autoimmune  response.  The  relative  abundance  of
Proteobacteria and more specifically, class Betaproteoba-
cteria,  decreased  with  clinical  severity  of  patients  with
SLE;  the  potential  for  cross-recognition  oral  microbiota
and Ro60 indicated a possible role of Lautropia mirabilis
as potentiator or inducer of SLE in anti-Ro+ mothers [58].
Ji-Liang Li et al. used suitable random forest models for
prediction  of  SLE  activity  (AUC  =  0.811)  and  another
random  forest  model  that  could  identify  SLE  from  HC
and  rheumatoid  arthritis  (AUC  =  0.792)  [36].  With  the
current  mass  data  collected  from  16S  rRNA  sequencing
and high throughput sequencing in patients with SLE, the
machine  learning  model  based  on  initial  gut  microbiota
may be  the  new trend for  the  development  of  diagnostic
tools for SLE. 

Treatment strategy based on microbiota

In  the  past  decades,  the  invention  of  biologics  changed
the  outcome  of  many  rheumatology  diseases.  Even
though  several  novel  biologics  for  SLE  are  under
development, very limited biologics have been proven to
be successful in clinic.

Specific  microbial  clades  may  be  a  potential  safe
strategy  for  SLE therapeutic  operations  if  used  properly.
The microbiome composition of the human body could be
reshaped  by  dietary  interventions,  probiotics,  prebiotics,
and specially tailored antibiotics.

As for  probiotics,  most  attempts  are  in  the  pre-clinical
stage.  Glucocorticoids  were prone to  cause alterations  in
the  gut  microbiota.  Treatment  with  prednisone,  a
commonly  used  steroid  for  SLE,  was  associated  with
reduced Rikenella, Mucispirillum, Bilophila,  and
Oscillospira and  increased Anaerostipes [81].  In
preliminary experiments, the neonatal vaccination against
E.  gallinarum was  considered  a  promising  approach  for
controlling  the  autoimmunity  properties  driven  by  the
microbiota  [46].  The  outgrowth  of Lactobacilli and  the
concomitant decrease in Clostridiales have been detected
in  only  a  subset  of  patients  with  SLE,  although  they
limited  the  intervention  of  such  bacteria  as  a  general
therapy in SLE [72]. L. reuteri was generally known as a
probiotic,  but  studies  showed  that  the L.  reuteri in  the

TLR7-dependent lupus model was enriched, transferable,
and  aggravated  the  incidence  of  lupus,  driving  lupus-
related  pathogenesis  in  the  gnotobiotic  mice.  This
phenomenon  could  be  ameliorated  by  supplementing
dietary  resistant  starch  [72].  In  summary,  the  above
research suggested the potential of diet therapy in treating
patients with SLE.

Multiple  studies  have  found  that  depletion  of  gut
Bifidobacterium and Lactobacillus of  MRL/lpr  mice
accelerated  lupus,  and  the  oral  gavage  with  these  two
bacterial supplementations had therapeutic effects in SLE
(Table 2)  [51,82–85].  Treatment  with Lactobacillus
fermentum CECT5716 ameliorated lupus activity, cardiac
blood, pressure, splenomegaly, and renal hypertrophy and
reduced  the  circulating  pro-inflammatory  cytokines  of
lupus  mice  [84].  Another  research  demonstrated  that  the
Bifidobacterium  breve CECT7263  and L.  fermentum
CECT5716 could reduce plasma ds-DNA antibody, T cell
activation, and Th17 polarization in IMQ-treated group of
SLE [83]. According to the research on the effectiveness
of L.  reuteri GMNL-263, Lactobacillus  paracasei
GMNL-32, and L. reuteri GMNL-89 in NZB/W F1 mice,
oral  gavage  could  mitigate  hepatic  inflammation  and
apoptosis in lupus-prone mice by reducing the expression
levels  of  hepatic  IL-1β,  IL-6,  and  TNF-α proteins  [84].
Moreover, the differentiation of CD4+CD25+FoxP3+ Treg
cells was significantly increased by supplementation with
GMNL-263  [86].  Therefore,  manipulation  of  gut
microbiota is a promising approach to prevention of SLE.

Maryam Rastin et al. found that tolerogenic probiotics,
such  as Lactobacillus  delbrueckii and Lactobacillus
rhamnosus, may be a promising therapy of SLE [87–89].
They  could  promote  monocytes  to  produce  regulatory
dendritic cells in vitro; the expression of indoleamine-2,3-
dioxygenase  and  IL-10  increased  and  that  of  IL-12
decreased  in  tolerogenic  probiotic-treated  mature
dendritic  cells  compared  with  treatment  with
lipopolysaccharide  [87].  Th1,  Th17,  and  inflammatory
cytokines  IL-6,  IFN-γ,  and  IL-17  decreased  after
treatment  with  tolerogenic  probiotics,  which  could  delay
SLE  onset,  thus  playing  a  more  prominent  role  in  the
prevention of SLE [88,89].

As  gut-associated  lymphoid  tissue  is  composed  of  the
largest  component  of  the  mucosal  immune  system,
regulating the gut microbiota is considered as a plausible
strategy  for  SLE  treatment.  Dietary  intervention  is  the
most  common  method  to  regulate  the  gut  microbiota
(Table 2).  Cuervo et  al. reported that  the  intake of  apple
and orange  was  directly  associated  with Bifidobacterium
and Lactobacillus in  SLE,  respectively,  and  red  wine
caused the most significant variation of Faecalibacterium
[90].  Another  research  indicated  that  mice  who  drank
acidic pH water developed nephritis at a slower rate, and
the  neutral  pH  water-recipient  mice  carried  relatively
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higher  levels  of  auto-antibodies  and  plasma  cells,
indicating  that  the  pH  of  water  significantly  influenced
the gut microbiota and disease pathogenesis in lupus [91].
Consistent  with  the  above  findings,  probiotics  triggered
immune  shifts,  effectively  reduced  inflammation,  and
thus ameliorated the symptoms of SLE. The regulation of
Th17  and  Treg  lymphocyte  populations  is  a  possible
immunology mechanism for probiotic treatment.

Whole-diet  plan  could  influence  the  composition  and
function  of  gut  microbiota,  including  individual  dietary
components  and  food  processing  [92].  As  known,  low

dietary  fiber  intake  is  an  important  lifestyle  factor  in
Western  countries.  High-fiber  diet  promotes  the  growth
of Bifidobacterium while  inhibiting  the  growth  of
spoilage  bacteria.  High-fiber  diet  is  also  beneficial  for
metabolic diseases, such as obesity and diabetes, whereas
low-fiber  diet  could  increase  SLE  disease  activity  [93].
Overall, these studies proved that dietary deviations affect
the  composition  of  the  gut  microbiota  and  the  onset  of
lupus.

Fecal microbiota transplant (FMT) is the most effective
means  to  rebuild  the  gut  microbiota  (Table 2).  It  was

  

Table 2    Application of microecological agents in the treatment of SLE in vivo
Microecological
agents Intervention Models

Mode of
administration Effects Reference

Probiotics Lactobacillus oris (F0423),
Lactobacillus rhamnosus (LMS201),
Lactobacillu reuteri (CF48-3A),
Lactobacillu johnsonii (135-1-CHN),
and Lactobacillu gasseri (JV-V03)

MRL/lpr Oral gavage, 3 W to
dissection

“leaky gut,” IL-6, IgG2a ↓; IL-10 ↑ [61]

Lactobacillus fermentum CECT5716 NZB/W F1 Oral gavage, 15 W B and T cell, lymphocytes, IL-17α, IFN-
γ, TNF-α, IL-21 ↓

[84]

Lactobacillus fermentum CECT5716
and/or Bifidobacterium breve
CECT7263

Imiquimod-induced
lupus model

Oral gavage, 8–16 W SLE activity and vascular
inflammation ↓

[85]

Lactobacillus paracasei GMNL-32,
Lactobacillus reuteri GMNL-89, and
Lactobacillus reuteri GMNL-263

NZB/W F1 Oral gavage, 8–20 W IL-1β, IL-6, and TNF-α ↓ [86]

Lactobacillus reuteri GMNL-263 NZB/W F1 Oral gavage, 16–28 W TUNEL-positive cells, Fas death
receptor-related components,
apoptosis ↓

[87]

Lactobacillus delbrueckii PTCC 1743
and Lactobacillus rhamnosus ATCC
9595

Pristane-induced
lupus model

Oral gavage, 2–6 M Th17, Th1, CTL, IFN-γ, IL-17 ↓ [90]

Lactobacillus delbrueckii and
Lactobacillus rhamnosus

Pristane-induced
lupus model

Oral gavage, 0–6 M Tregs, Foxp3 ↑; lipogranuloma, ANA,
anti-dsDNA, IL-6 ↓

[91]

Dietary
deviations

Resistant starch TLR7.1 Tg, TLR7
KO, and C57BL/
6 mice

Oral gavage, 7 W Lactobacillus reuteri, pDCs, interferon
pathways, organ involvement,
mortality ↓

[72]

Regular diet Patients with SLE (20)
vs. HC (20)

Diet Orange intake was directly associated
with Lactobacillus and apple intake
was associated with Bifidobacterium in
SLE, whilst red wine was the best
contributor to Faecalibacterium
variation

[92]

Autoclaved neutral pH (7.0–7.2) water
vs. acidic pH (3.0–3.2) water

(SWR×NZB) F1 Oral gavage, to
dissection

Simple dietary deviations, such as pH
of drinking water, influenced lupus
incidence and affected the composition
of gut microbiome

[93]

Low fiber vs. normal fiber NZB/W F1 mice Oral gavage, 4 W to
dissection

Low fiber diet is related with overall
survival ↓; CD44, IFN-γ, IL-10, Treg,
effector Treg, Tfh ↑

[95]

Microbiota
transplant

Fecal microbiota transplantation C57BL/6J, TC
(SLE mice)

Fecal gavage, once
every other day for
10 days

ds-DNA antibody in germ free mice
after FMT from SLE mice ↑

[100]

Fecal microbiota transplantation MRL/lpr Oral gavage, 2 W
antibiotics, 4W
fecal suspensions

Lupus severity and progression ↓ [101]

HC, healthy control; W, weeks; M, months; IL-6, interleukin-6; IL-17α, interleukin-17α; IFN-γ, interferon-γ; TNF-α, tumor necrosis factor α; IL-21, interleukin-21;
ANA, antinuclear antibody; IL-10, interleukin-10; pDCs, plasmacytoid dendritic cells; IFN-γ, interferon-γ; Tfh cell, follicular helper T cell.
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selected as  one of  the  breakthrough medical  advances  in
recent  years  [94–96].  So  far,  FMT  has  been  applied  to
IBD,  obesity,  metabolic  syndrome,  depressive  disorder,
and  many  other  diseases  in  clinic.  Interestingly,  after
transplanting  fecal  microbiota  in  SLE  mice  to  make  the
fecal  microbiota  of  the  recipient  mice  similar  to  that  of
their  donors,  the  production  of  anti-dsDNA  antibodies
increased  and  certain  lupus  susceptibility  genes  of  the
germ-free  mice  significantly  changed  [97].  FMT  by
intragastric  administration  was  used  to  treat  severe  SLE
in  a  murine  model,  the  decreased  anti-dsDNA  antibody
titer after FMT indicated that the FMT with healthy donor
had  therapeutic  effects  on  SLE  [98,99].  This  study
indicated  that  harmful  fecal  microbiota  promoted  the
inflammatory  response  in  the  pathogenesis  of  SLE  and
reshaping  the  gut  microbiota  by  FMT  provided
alternatives for the treatment of refractory or severe SLE.

Donor  selection  and  its  microbiota  management  are
critical  for  the  success  of  FMT;  determining  the
colonization  rules  and  optimizing  transplantation
strategies  after  FMT  implantation  were  a  top  priority
[100].  Although  the  mechanism  of  successful  FMT  was
still not fully resolved (after all, one stool does not fit all),
the procedure may be more effective in combination with
specific  diets  or  dietary supplements in the treatment for
SLE.  In  addition,  the  commensal  skin  microbiota
transplant  has  been  proposed  as  a  potential  therapy  of
skin  disease.  In  a  small  proof-of-concept  study,  patients
with  skin  diseases  were  transplanted  with  healthy
volunteers’ commensal  bacteria  for  16  weeks,  and  their
skin  symptoms  improved  by  an  average  of  65%,  along
with  a  decrease  in  the  use  of  topical  steroid  [101].  The
S.  epidermidis model  is  a  common  model  for  skin
commensal  bacteria.  A  recent  breakthrough  discovery
came  when  a  phase  1  randomized  clinical  trial  showed
that  a  single  strain  of Staphylococcus, Staphylococcus
hominis A9  (ShA9)  isolated  from  healthy  human  skin,
could be used for bacteriotherapy of atopic dermatitis. In
this study, Richard Gallo and his colleagues isolated more
than 8000 Staphylococcus from healthy donors and found
that a bacterium called ShA9 killed some S. aureus strains
on  the  skin  and  inhibited  the  overall  expression  of
S. aureus toxin. The local eczema severity was improved
in  participants  with S.  aureus directly  killed  by ShA9
[102].  However,  no  clinical  trial  for  skin  microbiota
transplant in lupus has been successful so far.

In  conclusion,  the  biological  therapy  of  SLE  includes
probiotics,  dietary  deviations,  and  FMT  (Fig. 2).  The
above  biological  therapies  could  alleviate  SLE  through
the regulation of microbiota and autoimmunity. Currently
reported  probiotics  mainly  include Lactobacillus and
Bifidobacterium,  and  the  dietary  deviation  is  mostly
coming from varied intake of fiber, wine, and fruit. FMT
and  miniFMT  that  selects  specific  intestinal  strains  for

colonization  appeared  to  be  a  promising  therapy  for
lupus.  Establishment  of  a  complete  technical  system  of
the  therapy  and  its  effectiveness  and  safety  need  to  be
further  confirmed,  and  its  mechanism  in  the  occurrence
and development in SLE needs further study. 

Conclusions and future prospects

Recent  research  demonstrated  the  importance  of
microbiota  in  the  development  and  occurrence  of  SLE.
The  impaired  intestinal  barrier  function,  molecular
mimicry,  and  immunology  disorders  are  implicated  to
trigger  microbiota  imbalance  and  influence  SLE  disease
activity and organ involvements. The restricted gut,  oral,
and skin microbiota diversities were related with different
microbiota-associated  immune-dysregulatory  features  in
SLE,  and  the  microbial  translocation  and  adaptive
responses caused by the microbiota change could result in
Th17  responses  and  autoantibody  production.  Moreover,
the  heterogeneity  and  remission-relapse  course  of  SLE
make  it  difficult  to  realize  individualized  care  in  the
management  of  SLE.  Given  the  fact  that  the  microbiota
composition of each individual is unique and the unveiled
connection  between  host  microbiota  composition  and
SLE,  the  intervention  of  SLE-specific  microbiomes  may
serve  as  an  alternative  for  SLE  treatment  in  the  future.

 

 
Fig. 2    Current  microbial  interventions  and  therapies  in  SLE.  The
dysbiosis of the gut,  skin,  and oral  microbiota plays an important role
in  the  occurrence  and  development  of  SLE.  Biological  therapies  of
SLE,  including  probiotics,  dietary  deviations,  and  fecal  microbiota
transplant (FMT) alleviated SLE through the regulation of microbiota.
The  currently  reported  probiotics  mainly  include Lactobacillus and
Bifidobacterium, and the dietary deviations mainly include the intake of
fiber, wine, and fruit. FMT and miniFMT that selects specific intestinal
bacterial strains for colonization appeared to be a promising therapy for
lupus.
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The  microbiota-based  techniques  used  to  regulate
dysbiosis include probiotics, dietary deviations, and FMT.
These therapies have potential advantages over traditional
systemic  therapies,  such  as  glucocorticoid  and
immunosuppressants,  as  they  cause  less  adverse  events.
Therefore,  the  mechanism  and  therapeutic  potential  of
microbiota in SLE are worth investigating. 
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