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A B S T R A C T

Background: Bacterial infections of the lung, skin, bloodstream and other tissues are common in patients with
systemic lupus erythematosus (lupus) and are often more severe and invasive than similar infections in control
populations. A variety of studies have explored the changes in bacterial abundance in lupus patients, the rates of
infection and the influence of particular bacterial species on disease progression, using both human patient
samples and mouse models of lupus.
Objective: The aim of this review is to summarize human and mouse studies that describe changes in the bacterial
microbiome in lupus, the role of a leaky gut in stimulating inflammation, identification of specific bacterial
species associated with lupus, and the potential roles of certain common bacterial infections in promoting lupus
progression.
Methods: Information was collected using searches of the Pubmed database for articles relevant to bacterial in-
fections in lupus and to microbiome changes associated with lupus.
Results: The reviewed studies demonstrate significant changes in the bacterial microbiome of lupus patients as
compared to control subjects and in lupus-prone mice compared to control mice. Furthermore, there is evidence
supporting the existence of a leaky gut in lupus patients and in lupus-prone mice. This leaky gut may allow live
bacteria or bacterial components to enter the circulation and cause inflammation. Invasive bacterial infections are
more common and often more severe in lupus patients. These include infections caused by Staphylococcus aureus,
Salmonella enterica, Escherichia coli, Streptococcus pneumoniae and mycobacteria. These bacterial infections can
trigger increased immune activation and inflammation, potentially stimulating activation of autoreactive lym-
phocytes and leading to worsening of lupus symptoms.
Conclusions: Together, the evidence suggests that lupus predisposes to infection, while infection may trigger
worsening lupus, leading to a feedback loop that may reinforce autoimmune symptoms.
1. Introduction

Systemic lupus erythematosus (SLE or lupus) is a chronic multisystem
autoimmune disorder that is characterized by severe immune dysregu-
lation. As a result of loss of central and/or peripheral mechanisms of
immune tolerance, self-reactive T and B lymphocytes persist in lupus
patients and promote systemic immune activation [1]. The underlying
causes of lupus are incompletely understood, but include both genetic
and environmental risk factors. The result of these genetic and environ-
mental factors is a significantly changed immune environment
commonly characterized by reduced regulatory T cells, increased effector
T cells and enhanced B cell activation [2–6]. Aberrant autoreactive B cell
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activation in response to self-antigen and the provision of T cell help by
autoreactive T cells results in production of autoantibodies against
various self-antigens including double-stranded DNA, ribonucleopro-
teins, connective tissues, and immunoglobulins [7–9]. The immune
complexes formed can deposit in tissues and mediate anti
body-dependent mechanisms of immune activation, such as comple-
ment activation, leading to inflammation and organ damage [10]. In
addition, chronic activation of innate and adaptive immune cells results
in a greatly altered cytokine milieu, with many cytokines found at
increased levels [11–13].

The prevalence of lupus varies widely by geographical region,
ethnicity, and sex with the highest rates amongwomen and individuals of
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African descent. Women develop the disease at a 9:1 ratio as compared to
men [14]. The altered immune state in SLE results in inflammation and
damage to a variety of organs including the kidneys, lungs, cardiovas-
cular system and brain, which contribute to mortality in patients with
SLE. Lupus nephritis (LN), a form of glomerulonephritis, is a common
manifestation that presents in approximately 50–75% of SLE patients and
can develop into chronic kidney disease and severely impaired kidney
function [15–18]. Neuropsychiatric lupus, a result of chronic immune
activation in the brain, can contribute to cognitive dysfunction as well as
increased risk of stroke [16,19–23]. Patients with SLE have also been
shown to develop increased rates of cardiovascular disease, with signif-
icantly increased rates of atherosclerosis and myocardial infarction as
well as pericarditis [24,25]. These physical manifestations and the
resulting end stage organ failures are common causes of death for SLE
patients. However, studies over time have also identified infection as a
major cause for hospitalization and mortality (Table 1) [26–34]. For
instance, of 1000 European SLE patients followed prospectively over a
5-year period, 27% developed infections and among those that died
during the study period, 29% died from infection [26]. As treatment for
autoimmune pathology has improved, resulting in lower death rates due
to organ damage caused by SLE, the percent of patients who die due to
infection has increased. For instance, in a study from China, from 1986 to
1995 approximately 25% of deaths of SLE patients were due mainly to
infection, while from 2006 to 2012 approximately 50% of deaths were
due to infections [31]. Infections in SLE patients can be caused by bac-
terial, viral or fungal pathogens. In this review, we first focus on de-
scriptions of the microbiome in lupus patients and mouse models of
lupus, with an emphasis on mechanisms by which changes to the
microbiome might influence lupus progression. Disruptions in the
microbiome can allow pathogenic bacteria to invade the tissues and
result in infections. In the second part of the review, we focus on specific
bacterial infections in lupus patients describing their prevalence and
relevance to morbidity and mortality.

2. Potential role of a leaky gut in driving lupus symptoms

The majority of bacteria that colonize humans are found in the large
intestine. Normally these bacteria remain within the intestinal tract, but
damage to the lining of the intestine can lead to leakage of bacteria or
their products (such as LPS) into the circulation. Bacteria leaving the
intestine can colonize other organs such as liver or mesenteric lymph
nodes. The leakage of bacteria or their products from the intestine is
known as ‘leaky gut syndrome’ and has been identified in a number of
human autoimmune diseases including rheumatoid arthritis, multiple
sclerosis and Type I diabetes [35–37]. Fig. 1 shows the changes associ-
ated with leaky gut syndrome. Lupus patients also have a leaky gut as
shown by detection of circulating LPS and (1 → 3)-β-D-glucan (a
component of fungal cell walls) in their serum [38,39] and by the
detection of human serum proteins (e.g., albumin and calprotectin) in the
feces of lupus patients [40]. Albumin and calprotectin are normally ab-
sent from feces, but a breakdown of the intestinal barrier allows them to
leak from the bloodstream into the intestine.

There are also significant data in mouse models of lupus indicating a
leaky gut syndrome (Table 2). There is an increase in the levels of LPS in
the bloodstream of the lupus-prone mouse strains MRL/lpr and NZBWF1,
suggesting impaired gut barrier function [41,42]. This was confirmed by
gavaging the mice with FITC-labeled dextran, which leaked from the gut
to the bloodstream. Similarly, in lupus-prone MRL/lpr mice, (NZW �
BXSB)F1 mice and TLR7.1 transgenic increased FITC-dextran leaked into
the bloodstream when compared to non-lupus-prone control mice [40,
41]. Even wild-type C57BL/6 mice treated epicutaneously with the TLR7
ligand imiquimod, which triggers development of lupus-like disease,
developed an impaired gut barrier [43]. Autoimmune damage to the gut
wall may lead to leaky gut syndrome. Evidence supporting this comes
from lupus-prone Fcgr2b�/� mice, which do not have a leaky gut in the
young, pre-diseased state (8-24 weeks), but develop a leaky gut later in
2

life when lupus is established (40 weeks) [39]. In pristane-induced lupus,
there does not seem to be an intestinal barrier defect, unless mice are fed
dextran sulfate solution (DSS) [44] and therefore lupus disease symptoms
do not always lead to a leaky gut. DSS also triggers a leaky gut syndrome
in young Fcgr2b�/�mice, when in the absence of DSS, Fcgr2b�/�mice
only develop leaky gut later in life after lupus is established [39].

To address whether there might be changes in the microbiota of
lupus-prone strains that induce a leaky gut, Zegarra-Ruiz and colleagues
transferred gut microbiota from lupus-prone TLR7.1 transgenic mice to
wild-type C57BL/6 littermates by co-housing or gavage. This transfer
resulted in an intestinal barrier defect in the wild-type littermate mice
[43]. One bacterial species that seems to play a role in inducing gut
leakiness is Enterococcus gallinarum, because monocolonizing germ-free
wild-type C57BL/6 mice with E. gallinarum leads to a weakened intesti-
nal barrier and translocation of bacteria to the liver and mesenteric
lymph nodes [40]. Together, studies in both humans and mice indicate
that an impaired gut barrier may allow leakage of bacteria or their
products into the bloodstream, thereby stimulating immune cell re-
sponses, including those of autoreactive lymphocytes.

3. Microbiome studies

3.1. The bacterial microbiome in human lupus

Mice and humans contain a very diverse and abundant microbiota in
the gastrointestinal tract as well as the skin, eyes, nose and genitourinary
systems. Bacterial species found in these tissues can both promote
inflammation (by releasing immune activating compounds such as TLR
ligands) and inhibit inflammation (by promoting the development of
regulatory immune cells). For instance, microbial-derived short chain
fatty acids, such as butyrate, have been shown to promote development
of regulatory T cells [45]. Microbial dysbiosis, an altered balance of the
bacterial microbiota, is common in immune disorders and can lead to
expansion of pathogenic and/or opportunistic bacterial species [46–48].
It is important to note that the composition of the gut microbiome can
vary with age and sex of those tested and this must be taken into account
in microbiome studies [49,50]. Furthermore, human and murine intes-
tinal microbiota have substantial differences and thus care must be taken
in interpreting mouse studies and their relevance to human lupus [51].

Loss of certain protective functions provided by the normal micro-
biota can lead to over-colonization by bacterial species that promote a
stronger inflammatory response. Bacterial dysbiosis been well-
documented in inflammatory diseases such as inflammatory bowel dis-
ease and ulcerative colitis [52,53]. A number of different studies have
also described bacterial dysbiosis in the microflora of the skin, oral cavity
and gut of patients with SLE (summarized in Table 3). As can be appre-
ciated from the Table, different studies have identified different changes
in the microbiome of lupus patients versus healthy controls. Differences
at various taxonomic ranks (phylum, class, order, family, genus and
species) have been described in lupus patients. Genetic differences be-
tween the populations studied and environmental differences (such as
diet) can influence the microbial composition. Thus, changes that are
identified in the microbiome must be further studied to determine if such
changes are biologically relevant to lupus development. The microbiota
changes can affect immune differentiation. For instance, in vitro stimu-
lation of CD4þ T cells with dendritic cells plus fecal microbiota from SLE
patients resulted in significantly reduced differentiation of FoxP3þ Tregs
as compared to stimulation with fecal microbiota from healthy controls
[54]. This impaired development of immunosuppressive Tregs in
response to the SLE gut microbiome could contribute to chronic immune
activation in the lupus patients. In this section, we summarize some of the
changes identified in the human lupus microbiome and below we sum-
marize changes identified in the mouse lupus microbiome and how
mouse studies can approach the question of whether the changes iden-
tified may contribute to lupus progression.

In general, most studies with human SLE patients have demonstrated



Table 1
Data supporting high rates of bacterial infection in lupus patients.

Cervera et al.,
1999

Kang et al., 2011 Jacobsen et al., 1999 Fei et al., 2014 Tsai et al., 2020 Bharath et al.,
2019

Oud et al., 2019 Ruiz-Irastorza et al., 2009

Location(s) Seven countries
in Europe

South Korea Denmark China Taiwan India USA Spain

SLE Cohort
Size

1000 1010 513 3831 427 53 94,338 249

Clinical
Outcome

Mortality Mortality Mortality Mortality Mortality Mortality Hospitalization due to sepsis Hospitalization

Percent with
infection

24.4%
(Bacterial)

37.3% 20.49% 1986–1995:
25.7%
2006–2012:
53.6%

72.47% 47.2% 18.1% 29%

Infection
sites

Respiratory
Abdominal
Urinary Tract

Respiratory
Sepsis
Abscess
Meningitis
Peritonitis
Infectious Colitis

Respiratory
Bacteremia
Meningitis
Brain Abscess
Endocarditis
Hepatitis

Respiratory
Generalized
Bacteremia
Extra-pulmonary
tuberculosis
Peritonitis
Meningitis

Respiratory
Bacteremia
Urinary Tract
Skin

Respiratory
Urinary tract

Respiratory
Urinary Tract
Abdominal
Skin and Soft Tissue
Device Related
Other
Unknown

Respiratory
Bacteremia
Cellulitis and skin abscess
Meningitis-encephalitis
Pyelonephritis
Abdominal
Other

Bacterial
Genus

Identified

None Identified None Identified Staphylococcus
Streptococcus
Klebsiella

Staphylococcus
Klebsiella
Pseudomonas
Acinetobacter
Enterococcus
Escherichia
Salmonella
Pseudomonas
Nocardia

Staphylococcus
Escherichia

Acinetobacter
Klebsiella
Pseudomonas

None Identified Escherichia
Staphylococcus
Mycobacterium
Streptococcus
Salmonella
Pseudomonas
Neisseria
Campylobacter
Legionella
Serratia

Risk Factors
Identified

Nephropathy Irreversible organ damage related
to SLE; cyclophosphamide therapy;
glucocorticoid dosage

Early onset of disease;
disease duration of
5–10 years

None Identified Higher SLEDAI score;
short disease duration;
female Sex

Lung
involvement;
nephritis

Age 65þ years; High Deyo
comorbidity index; multiple
organ dysfunction

Lung disease; nephritis;
leukopenia; anti-phospholipid
autoantibodies; prednisone
treatment
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Fig. 1. Leaky Gut Syndrome: On the left is shown a depiction of the normal gut, with colonization by varies bacterial species that remain in the lumen. Gut epithelial
cells (shown in pink) are tightly attached to each other with tight junctions that prevent penetration of bacteria or their soluble products such as LPS into the
submucosal tissues and thence into the bloodstream. Dendritic cells (DC) sample the gut contents to obtain bacterial antigens that are presented to T cells. Homeostasis
is maintained by Tregs that prevent excess inflammation resulting from over-activation of the immune response by commensal microbes. This effect of Tregs is driven
in part by their secretion of the immunoregulatory cytokine IL-10, which acts to suppress inappropriate activation by effector T cells (Teff). On the right is a depiction
of a leaky gut. In the leaky gut, tight junctions between gut epithelial cells are partially disrupted, allowing bacteria and their products to penetrate into the sub-
mucosal tissue and then travel via the bloodstream to other tissues. The presence of bacteria and their products activates DCs and intestinal epithelial cells via TLR
receptors. DCs can then drive formation of Th17 cells that secrete the pro-inflammatory cytokine IL-17. Treg activity in a leaky gut is insufficient to suppress immune
activation due to the overwhelming proinflammatory signals. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 2
Mouse models of lupus used in the studies described.

Mouse model Type of animal model Shown to have
a leaky gut?

MRL/pr Spontaneous lupus –mutation in Fas gene with
multigenic contribution from MRL
background strain

Yes [41]

NZBWF1 Spontaneous lupus - multigenic Yes [42]

(NZW � BXSB)
F1

Spontaneous lupus ¼ multigenic but with
over-expressed TLR7 in males

Yes [40]

TLR7.1
transgenic

Transgenic model over-expressing TLR7 Yes [40]

Fcgr2b�/� Knockout of the inhibitory Fc γ RIIb receptor Yes [39,44]

Pristane-
induced
lupus

Wildtype mice induced to have lupus by
injection of pristane intraperitoneally

No, unless fed
DSS* [44]

B6/lpr Wildtype but carries the Fas lpr mutation
leading to immune activation and mild lupus

Not tested

SNF1 Spontaneous lupus - multigenic Not tested

* DSS – dextran sulfate solution.
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a reduced bacterial species diversity in patients as compared to healthy
controls. In Table 3, we have listed changes in the microbiome of lupus
patients at the phylum level. Many changes at other taxonomic levels
(class, order, family and genus) have been described. Due to space con-
straints, we don’t describe all these changes in detail and the reader is
referred to references in Table 3 for more details. The gut microbiome is
dominated by species in two bacterial phyla, Firmicutes and Bacteriodetes,
which together include ~90% of all bacterial species in the gut [55].
Three studies have identified a relative decrease in bacteria of the
phylum Firmicutes and an increase in bacteria of the phylum Bacteroidetes
(a decreased Firmicutes/Bacteriodetes ratio) in the gut of lupus patients
[56–58], while two other studies did not observe this change [50,59].
The next most common bacterial phyla in the gut are Actinobacteria and
Proteobacteria. Several studies have found an over-representation of
4

Proteobacteria in the gut of lupus subjects [50,57,58,60]. One study also
found an over-representation of Actinobacteria [57], but a different study
showed Actinobacteria to be decreased [61]. In addition, there may be
changes in bacterial phyla that are typically relatively minor constituents
of the intestinal flora, such as increased Cyanobacteria and decreased
Teniricutes [61]. The skin and oral cavity tend to have different bacterial
composition compared to the gut with bacteria in the phyla Actino-
bacteria, Firmicutes and Proteobacteria being common. On the skin, Huang
et al. found that the phylum Firmicutes was over-represented, while
certain phyla that are less common constituents of the skin microbiome
(Acidobacteria, Gemmatimonadetes, and Tenericutes) were
under-represented [62]. The phyla Actinobacteria, Firmicutes, Bacter-
iodetes, Fusobacteria and Proteobacteria are common in the oral cavity. Li
et al. found an increase in Fusobacteria in the oral cavity of lupus patients,
while the less common phylum Tenericutes was reduced [59].

Many of the microbiome studies were conducted on lupus patients in
remission with low SLEDAI scores. However, the studies by Azzouz et al.
[63] and Li et al. [59] included patients both in remission and in active
phases of the disease. Note that while the Azzouz study and Li study both
compared active versus inactive lupus patients, they did not find the
same changes to the microbiome to be associated with active disease. The
reasons for this difference could include differences in genetic makeup of
the populations as well as differences in environmental factors like
different diets or differences in drug therapies. In the Azzouz study, the
bacterial families Veillonellaceae and Ruminococcaceae showed a statisti-
cally significant increase in lupus patients with active disease versus
those with low disease activity. As described in more detail below, the
Ruminococcaceae includes the bacterial species Ruminococcus gnavus and
the study by Azzouz linked this to lupus progression. In the Li et al. study,
the phylum Firmicutes was increased in patients with active lupus, while
the phylum Actinobacteria was reduced. Among the Firmicutes, the order
Lactobacillales and the family Streptococcaceae and genus Streptococcus
were most increased. Among the Actinobacteria, the order Actinomycetales
and Bifidobacterales were most reduced. Although the overall prevalence
of the phylum Proteobacteriawas not statistically changed in active lupus,
the class Epsilonproteobacteria within this phylum was increased. Within
the Epsilonproteobacteria, the order Campylobacterales and family



Table 3
Bacterial dysbiosis in lupus patients.

Study Hevia et al.,
2014

He et al., 2016 Luo et al.,
2018

Azzouz et al.,
2019

Li et al., 2020 Bellocchi
et al., 2019

Wei et al., 2019 van der
Meulen et al.,
2019

Huang et al., 2020 Li et al., 2019 Pessoa et al.,
2019

Correa
et al., 2017

Organ system Gut Gut Gut Gut Gut Gut Gut Gut and Oral
Cavity

Skin Oral cavity Oral cavity Oral cavity

Patient
population
ethnicity

Spanish Chinese American American Chinese Italian Chinese Dutch Chinese Chinese Brazilian Brazilian

Methods used 16S rRNA
Sequencing

Whole genome
sequencing

16S rRNA
Sequencing

16S rRNA
Sequencing

16S rRNA
Sequencing

16S rRNA
Sequencing

16S rRNA
Sequencing

16S rRNA
Sequencing

16S rRNA
Sequencing

16S rRNA
Sequencing

DNA-DNA
checkerboard
hybridization

16S rRNA
Sequencing

Overall
bacterial
species
richness/
diversity

Similar Similar or
decreased
depending on
measure used

Decreased Decreased Decreased Similar Similar or
decreased
depending on
measure used

Decreased Decreased Decreased Decreased Decreased

Bacterial
phyla over-
represented
in lupus

Bacteriodetes Actinobacteria,
proteobacteria,
and Bacteriodetes

Proteobacteria Not defined Cyanobacteria Not defined Proteobacteria Bacteriodetes
and
Proteobacteria

Firmicutes Fusobacteria Not defined Not defined

Bacterial
phyla
under-
represented
in lupus

Firmicutes Firmicutes None Not defined Actinobacteria
and Tenericutes

Not defined None Firmicutes Acidobacteria,
Gemmatimonadetes,
and Tenericutes

Tenericutes Not defined Not defined

Species
correlated
with higher
SLEDAI

None
identified

None identified None
identified

Ruminococcus
gnavus

None
identified

None
identified

None identified None
identified

None identified Streptococcus
anginosus

None identified None
identified
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Campylobacteraceae were increased. The best-studied representative of
Campylobacteraceae in the human gut is Campylobacter jejuni, which is a
common cause of food poisoning. C. jejuni is also associated with
Guillain-Barre syndrome and reactive arthritis [64]. Immunization of
Balb/c mice with formalin-fixed C. jejuni in the presence of Freund’s
adjuvant induces a lupus-like syndrome [65]. It is possible that immu-
nosuppressive therapies given to lupus patients with active disease result
in increased susceptibility to infections with C. jejuni or other Campylo-
bacter species. Indeed, the level of Campylobacter was positively corre-
lated with SLEDAI scores [59]. These infections might contribute to
certain lupus symptoms and merit further study.

3.2. Specific bacterial species associated with human lupus

One species of bacteria that has been linked to lupus pathogenesis in
humans is Enterococcus gallinarum. As described above, E. gallinarum has
been linked to a leaky gut syndrome in mice [40]. A similar leakiness also
appears in human SLE patients. Liver biopsies of lupus patients revealed
the presence of E. gallinarum in the liver tissue, while biopsies of liver
from normal donors did not find E. gallinarum, although other species in
the genus Enterococcus were present in four of six normal liver donors
using PCR with primers specific to E. gallinarum or all species in the
Enterococcus genus [40]. Co-culturing E. gallinarum with primary hepa-
tocytes induced production of type I interferon, a cytokine with a major
role in driving lupus pathogenesis. Therefore, a weak intestinal barrier
may allow E. gallinarum to escape the gut and colonize the liver, where it
can promote an inflammatory state and induce production of
immune-stimulating cytokines.

Two studies have found an enrichment of members of the Rumino-
coccus genus in SLE patients [60,63]. One of those studies showed that
the presence of the species Ruminococcus gnavus was correlated with
worse disease in lupus patients as represented by high SLEDAI scores
[63]. Interestingly, some anti-dsDNA antibodies seem to crossreact with
antigens found in the R. gnavus strain RG2, suggesting the R. gnavusmight
stimulate anti-DNA autoantibody production [63]. R. gnavus has also
been found to be enriched in patients with the inflammatory bowel dis-
order Crohn’s Disease [66–68]. This suggests the possibility that
R. gnavus has a unique role in stimulating inflammatory immune re-
sponses. However, in a different analysis, R. gnavus was found to be
reduced in the gut microbiome of lupus patients with active disease as
compared to disease in remission [59]. Li et al. found that bacteria in the
genus Streptococcus, including S. anginosus, were more prevalent in lupus
patients, especially those with active disease. The level of Streptococcus
and S. anginosuswas also positively correlated with higher SLEDAI values
and negatively correlated with the levels of complement C3 [59].

Together, the studies described above show that there are typically
alterations in the bacterial microbiome between lupus patients and
control subjects and these studies have pinpointed some specific species
of bacteria that may play a pathogenic role. However, it is still not clear if
the differences identified are critical for lupus progression or are instead
a consequence of lupus-associated damage to the organs being tested or
to differences in environmental factors [69]. Mouse studies can help
address mechanistically the role of various bacterial species in lupus
progression.

3.3. The bacterial microbiome in mouse lupus

Several studies have described the gut microbiome of lupus-prone
mice compared to non-lupus-prone control animals. Zhang et al. first
described a reduced prevalence of the bacterial family Lactobacillaceae in
5 week old lupus-proneMRL/lpr mice compared to non-lupus-prone MRL
mice [49]. There was a corresponding increase in the prevalence of the
bacterial family Lachnospiraceae, as well as other gut bacteria including
members of the families Ruminococcaceae and Rikenellaceae. Lymphade-
nopathy and glomerulonephritis correlated negatively with the abun-
dance of Lactobacillaceae and positively with Lachnospiraceae in the gut of
6

MRL/lpr mice. A reduction in bacteria from the order Lactobacillales
(which includes the Lactobacillaceae family) was confirmed in another
study with MRL/lpr mice [70]. B6/lpr mice, which carry the same Fas lpr
mutation as MRL/lpr, but on the C57BL/6 genetic background, also
showed an alteration in gut microbiota compared to wild-type C57BL/6
controls [49]. In these B6/lpr mice and in normal C57BL/B6 controls, the
abundance of Lactobacillaceae varied over time, but did not show a
distinct correlation with the presence of lupus. Lactobacillaceae was also
identified as a taxon that was changed in human lupus, but only when
comparing lupus patients with active versus inactive SLE [59]. However,
Lactobacillaceae was increased in active SLE, while in mouse models of
lupus Lactobacillaceae are reduced. So far, no studies have explored the
microbiome in mouse tissues other than the gut. Therefore, we do not
know how the microbiome of the skin or oral cavity of lupus-prone mice
compares to the microbiome of human lupus patients in these locations.

To test roles of the microbiota in driving lupus disease in mouse
models, lupus-prone MRL/lpr mice were derived under gnotobiotic
(germ-free) conditions [71]. Germ-free MRL/lpr mice developed an
overall similar degree of autoimmunity as MRL/lpr mice housed under
conventional conditions, including the extent of lymphoproliferation and
presence of kidney disease. In 5-month-old mice, there was reduced
production of anti-single-stranded DNA and anti-chromatin autoanti-
bodies in the germ-free MRL/lpr mice. However, anti-Smith antigen
autoantibodies were actually elevated in 5-month-old germ-free MRL/lpr
mice. These data would tend to support the idea that microbiota may
have a minimal effect in promoting stronger autoimmune responses.
However, in another mouse model of lupus, TLR7.1 transgenic mice,
maintaining the animals under germ-free conditions led to a reduction in
lupus symptoms [43]. Furthermore, transfer of cecal bacteria from
non-lupus-prone MRL mice into lupus-prone MRL/lpr mice resulted in
reduced autoimmune symptoms, indicating the changes to the micro-
biome can influence lupus disease course in MRL/lpr mice [41]. Com-
plete loss of the microbiota results in the removal of bacteria that have a
protective role in stimulating development of regulatory cells, such as
Tregs [72], as well as removal of more pathological species that stimulate
immune activation. Therefore, results with gnotobiotic mice must be
interpreted cautiously.

Treatment of MRL/lpr mice with a combination of antibiotics that
kills both Gram-positive and Gram-negative bacterial species (a combi-
nation of ampicillin, neomycin, metronidazole and vancomycin) results
in reduction of lupus symptoms [70]. Oral treatment with vancomycin
alone, which selectively kills gram-positive bacteria, also results in
reduced lupus [70]. Similar results have been obtained in TLR7.1
transgenic mice where treatment with a combination of antibiotics
(ampicillin, neomycin, metronidazole and vancomycin) reduced lupus
symptoms [43]. Treatment of (NZW � BXSB)F1 hybrid mice with van-
comycin or ampicillin alone (which are most active against
Gram-positive bacteria) also leads to reduced lupus symptoms [40]. On
the other hand, treatment of (NZW � BXSB)F1 hybrid mice with
metronidazole alone (most active against Gram-negative anaerobic bac-
teria) or neomycin alone (also most active against Gram-negative bac-
teria), does not reduce lupus symptoms. These results suggest that
Gram-positive bacteria may be especially important in triggering lupus
development. Firmicutes and Actinobacteria are the most prominent bac-
terial phyla in the gut that are Gram-positive. Thus, it is possible that one
or more species in these phyla are particularly important in driving lupus
pathogenesis. Altogether, the results of the antibiotic treatment regimens
indicate that the microbiota does contribute to development of lupus
disease and further suggests that in MRL/lpr gnotobiotic mice the
absence of bacteria that promote development of regulatory cells may
explain the fact that total lack of bacteria did not significantly alter the
lupus phenotype.

3.4. Lactobacillaceae and lupus

As described above, several studies have shown a relative deficiency
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of bacteria in the family Lactobacillaceae in lupus-prone mouse models
[49,70]. A study by Johnson et al. showed that lupus-prone SNF1 mice
maintained on acidified water (AW) had a slower progression of lupus
than SNF1 mice maintained on neutral pH water (NW) [73]. In SNF1
mice that had already developed nephritis, there was an increase in
Lactobacillus reuteri and Turicibacter species, while in pre-nephritic SNF1
mice there was an increase of bacteria in the families Rikenellaceae and
Christensenellaceae when the mice were maintained on AW. Transfer of
microbiota from AW-treated mice to NW mice resulted in reduced lupus
progression. The importance of bacteria in the Lactobacillaceae family
was tested by transferring a mixture of 5 different Lactobacillus species
(Lactobacillus oris, Lactobacillus rhamnosus, Lactobacillus reuteri, Lactoba-
cillus johnsonii, and Lactobacillus gasseri) into MRL/lpr mice that are
deficient in Lactobacillaceae [70]. Transfer of Lactobacillus species into
MRL/lpr mice pre-treated with antibiotics for 2 days resulted in reduced
lupus symptoms, which was associated with reduced leakiness of the gut.
Treatment with Lactobacilli was more effective if begun early (3 weeks of
age) rather than after disease onset. L. reuteri was the only transferred
Lactobacillus species that was recovered in fecal pellets, suggesting that
among the species transferred only L. reuteri survives well in the envi-
ronment of the mouse gut [70]. This also suggests that L. reuteri may be
the most important Lactobacillus species involved in suppressing lupus.

Several other studies suggest a role for L. reuteri in reducing lupus-
associated inflammation in NZBWF1 mice [74,75]. On the other hand,
L. reuteri has been shown to be over-represented in TLR7.1 transgenic
mice and to promote lupus symptoms, while another Lactobacillus species
L. johnsoniiwas protective against lupus development in this model [43].
Therefore, the role of L. reuteri in promoting immune suppression re-
mains ill-defined and may be influenced by the mouse model studied. In
addition to L. reuteri, several other Lactobacillus species (L. fermentum,
L. paracasei, L. delbrueckii or L. rhamnosus) have been shown to suppress
lupus inflammation in either NZBWF1 mice or in pristane-induced lupus
models [42,76–78]. However, Luo et al. showed that an uncharacterized
Lactobacillus species was increased in NZBWF1 lupus-prone mice after
disease onset and that it was associated with more severe symptoms [50].
Enterococcus gallinarum, which was identified as a potential pathogenic
bacterium in lupus, is a member of the order Lactobacillales and therefore
genetically related to the Lactobacilli. In summary, the potential roles of
Lactobacillus species in either protecting from lupus or driving lupus
symptoms remains unclear. Differences in the species of Lactobacillus as
well as differences in mouse age, sex, severity of lupus symptoms, diet or
other environmental factors could play a role in these sometimes con-
tradictory findings and further study is warranted to clear up these
inconsistencies.

Data supporting roles for Lactobacillus in human lupus are still very
preliminary. An increased prevalence of Lactobacillus species was found
in the fecal microbiota of lupus patients when compared to normal
healthy individuals [43]. Furthermore, as described above, bacteria in
the order Lactobacillales (which includes the genus Lactobacillus) are
increased in lupus patients with active disease versus those with lupus in
remission [59]. Therefore, it’s possible that Lactobacilli play a pathogenic
role in human lupus. Alternatively, they simply colonize the gut of lupus
patients more readily than normal controls.

3.5. Specific bacterial species associated with mouse lupus

In human lupus patients several bacterial species have been associ-
ated with lupus severity, including Ruminococcus gnavus and Enterococcus
gallinarum. Potential roles for these bacteria have also been studied in
mouse models of lupus. Mouse studies concerning the role of R. gnavus
are contradictory making it difficult to confidently ascribe a role to this
species in pathogenesis. R. gnavus is a member of the bacterial family
Lachnospiraceae. A study of MRL/lpr lupus-prone mice showed an
enrichment of Lachnospiraceae family bacteria in the gut of female lupus-
prone mice as compared to the non-lupus-prone mice [49]. This differ-
ence was not noted in male MRL/lpr mice that tend to have a somewhat
7

delayed and less severe lupus phenotype. NZBWF1 lupus-prone mice also
showed an increase in Lachnospiraceae species when comparing micro-
biota from diseased versus pre-diseased mice [50]. Although these two
studies found an increased prevalence of the family Lachnospiraceae, they
did not report any specific increase in R. gnavus Itself. However, another
study in lupus-prone MRL/lpr mice did examine R. gnavus prevalence and
found no increase in either Lachnospiraceae or R. gnavus in the intestinal
microbiota, although this study did not separately analyze male and fe-
male mice [79]. In lupus-prone SNF1 mice, provision of acidified water
was shown to reduce lupus symptoms, but this was associated with an
increase in R. gnavus levels [73]. Altogether, the data are confusing as to
the prevalence and role of R. gnavus in mouse lupus.

Enterococcus gallinarum is a Gram-positive bacterium that has been
shown to be elevated in (NZW � BXSB)F1 lupus prone mice, with colo-
nization present in the mesenteric veins, mesenteric lymph nodes, liver,
and spleen [40]. Germ-free mice that were monocolonized with
E. gallinarum significantly downregulated gut barrier genes such as
occludin, claudins, and mucin-2 indicating that the bacterium is capable
of weakening gut barrier function and inducing a leaky gut. Importantly,
vaccination against E. gallinarum prolonged survival of mice with lupus
indicating that the bacteriummay play an important role in development
of autoimmunity in the mice [40].

3.6. Segmented filamentous bacteria and Th17 cells

Segmented filamentous bacteria (SFB also referred to as ‘Candidatus
Arthromitus’ or ‘Candidatus Savagella’) are a type of bacteria found in the
intestine of mice and other organisms and they are closely associated
with and attached to gut epithelial cells. They cannot be cultured and
hence have been studied mainly in germ-free mice monocolonized with
SFB. Bacteria from these monocolonized animals have been sequenced
and represent a single species in the order Clostridialeswithin the phylum
Firmicutes [80]. These bacteria have a greatly reduced genome typical of
microbes that depend on the host for providing part of their nutritional
needs. Introduction of SFB into germ-free mice stimulates development
of Th17 cells [81]. IL-17 has a prominent role in inducing inflammation
in a variety of autoimmune diseases, including lupus [82]. Therefore, SFB
might potentially contribute to the pathogenesis of lupus by inducing
development of inflammatory Th17 cells. In addition to their roles in
inducing Th17 cells, SFB also induce other T cell responses [83]. SFB-like
bacteria are rarely found in adult humans, but have been shown to be
more common in children 3 years old and younger [84]. Hence, the role
of SFB in development of Th17 cells in humans is debatable. However,
the bacteria Bifidobacterium adolescentis isolated from human gut was also
able to induce Th17 cells when transferred into germ-free mice [85]. Like
SFB, B. adolescentis is closely associated with and bound to gut epithelial
cells.

The role of SFB in lupus development remains unclear. SFB can
stimulate anti-nuclear autoantibody production in mice with a deletion
of LTβR (which is required for generation of lymph nodes) or a combined
deletion of Hox11 (which is required for generation of the spleen) and
LTβR [86]. Mice lacking either LTβR alone or both Hox11 and LTβR
develop anti-nuclear autoantibodies, similar to those found in lupus and
this was shown to be due to enhanced colonization of SFB in the intestine
leading to increased Th17 cells [86]. However, SFB was shown to have no
effect on development of lupus nephritis in SNF1 mice maintained either
on acidified water (AW) on neutral pH water [73]. Further studies will be
required to understand how SFB might contribute to lupus development
in various mouse models.

3.7. Summary of microbiome studies

Studies have begun to tease out contributions of the bacterial
microbiome to lupus progression. It is clear that the microbiome of lupus
patients and lupus-prone mice often differ substantially from controls.
However, it is less clear how these changes impact disease progression.



Table 4
Bacterial species associated with lupus in humans and mice.

Bacterial species Associations noted in
humans

Associations noted in mice

Enterococcus gallinarum Present in the liver
(indicating leaky gut) and
promotes type I interferon
production [40]

Elevated in (NZW x BXSB)
F1 mice and vaccination
against E. gallinarum
associated with reduced
disease symptoms

Ruminococcus gnavus Differing results in various
studies - two studies
showed correlation with
worse disease (higher
SLEDAI score) [60,63], but
a third study showed
R. gnavus is reduced in
active disease [59]

Not increased in prevalence
in MRL/lpr mice [79].
Increased in prevalence in
SNF1 mice on acidified
water (which reduces
symptoms) [73].

Streptococcus anginosus Presence correlated with
worse disease (SLEDAI
score) [59]

Not tested in mouse lupus.

Lactobacillus species Increased in human lupus
patients [43] and in active
disease [59]

Confusing results that
depend on the species of
Lactobacillus studied and
the mouse model used –

Lactobacillus is associated
with worse disease in some
studies [43,50,73], but
associated with reduced
symptoms in other studies
[42,43,69,74–78].

Candidatus
Arthromitus
(segmented
filamentous
bacteria, SFB)

Role in humans unclear;
bacteria of this genus
typically not present in
adult humans [84]

Stimulates development of
Th17 cells that may
contribute to inflammation
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This is further complicated because different studies have identified
different changes in the microbiome and these alterations can be influ-
enced by sex, age, genetics and various environmental factors of the
populations studied. A number of bacterial species have been implicated
as potentially important in either stimulating or suppressing lupus
(Table 4). These include Enterococcus gallinarum, Ruminococcus gnavus,
segmented filamentous bacteria and Lactobacillus species. A leaky gut is
present in many human lupus patients and in mouse models of lupus,
indicating the bacteria or bacterial products can leak into the blood-
stream and potentially contribute to immune activation. Future studies
will be needed to better address how these microbiome changes impact
lupus progression.

4. Bacterial infections in lupus

4.1. Increased bacterial infection rates in lupus

The burden of infection in patients with SLE is great resulting in
hospitalization rates 12 times greater than the general populace by some
estimates [87]. In addition to this greater prevalence of hospitalization,
high rates of serious infection contribute significantly to increased
mortality as compared to the general populace [17,32,88–92]. Bacterial
pathogens have been identified as a major contributor to infection in SLE
patients, comprising 60–75% of all infections reported [17,26,27,29–34,
90,93–96]. The risk of opportunistic infection, including bacterial in-
fections, is elevated in SLE patients compared to the general populace
[97]. Lupus nephritis (LN) is a severe manifestation of SLE in which
kidney function is impaired due to deposition of autoantibodies and
complement factors resulting in tissue inflammation and damage [18].
The resulting glomerulonephritis can cripple normal activity of the kid-
ney contributing to proteinuria and eventually if untreated renal failure
[98]. Retrospective analysis of hospital admissions of SLE patients has
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consistently identified LN as a risk factor in bacterial infection [62,95,
99–106]. Patients with LN exhibit significant rates of bacteremia, which
in turn can contribute to systemic immune activation and flare devel-
opment [107,108].

The susceptibility of SLE patients to severe bacterial infections is
consistent with the use of immunosuppressive drugs such as glucocorti-
coids or cyclophosphamide. However, SLE patients often have immu-
nological abnormalities that might also contribute to susceptibility.
These immunological abnormalities include lymphopenia, neutropenia
and/or low levels of complement proteins and they may lead to an im-
munodeficiency that precedes use of immunosuppressive drugs. For
instance, in LN patients there is a depletion of complement proteins
resulting from binding to immune complexes deposited in the glomeruli.
Murine models of lupus also sometimes show an immunodeficiency to
certain bacterial infections under basal conditions where no immuno-
suppressive drugs are used. MRL/lpr mice exhibit an enhanced suscep-
tibility to infection with Mycobacterium leprae and B6/lpr mice exhibit a
deficiency in Haemophilus influenzae clearance [113,114]. On the other
hand, there is also some evidence that the increased immune activation
that occurs in lupus can lead to better clearance of some infections. For
instance, mice carrying the lupus susceptibility locus Sle3 have enhanced
antibacterial responses to pneumonia caused by Klebsiella pneumoniae
and to polymicrobial sepsis caused by cecal ligation and puncture [115].
Lupus-prone Fcgr2b�/� or TLR7.1 transgenic mice are resistant to ce-
rebral malaria [116]. While the malaria parasite is not a bacterium, but
rather a unicellular eukaryotic pathogen, this result supports the idea
that excess immune activation in lupus may sometimes be protective
against infection.

Retrospective studies conducted in North America, India, Africa,
Europe, and Asia have identified particular pathogens to be extremely
prevalent in SLE including Staphylococcus aureus, Salmonella enterica,
Escherichia coli, Streptococcus pneumoniae and various mycobacterial
species. These species, while also prevalent in the general population,
often lead to more serious and invasive infections in SLE patients.
Colonization with these bacteria may enhance autoimmune responses to
potentially precipitate development of SLE. Below we summarize the
evidence linking specific bacterial species to lupus pathogenesis.

4.2. Staphylococcus aureus

Staphylococcus aureus is a Gram-positive bacteria and common
commensal organism on human epithelial surfaces such as the skin and
nasal mucosa. In the event of microbial dysbiosis or breaches in epithelial
integrity, S. aureus can become pathogenic [117,118]. The burden of
infection of S. aureus in populations with SLE is significant comprising
around 15–35% of all infections, with pneumonia, urinary tract in-
fections, and septicemia as the most common manifestations [32,93,95,
119,120]. Analysis of the skin microbiome in lupus patients showed
enhanced colonization by S. aureus and other Staphylococcal species
(S. epidermidis and S. hominis) [62]. S. aureus can be recovered from
~50% of cutaneous lupus erythematosus lesions, while it was not found
in the skin rashes of patients with the autoimmune disease psoriasis
[121]. S. aureus colonization of skin lesions was associated with a higher
Cutaneous Lupus Disease Area and Severity Index (CLASI) score. This
high rate of lupus discoid rash colonization by S. aureusmay be the result
of the elevated type I interferons in lupus patients. Keratinocytes isolated
from nonlesional lupus skin, cultured in vitro and then treated with IFNα
significantly downregulated skin barrier genes such as filaggrin and
loricrin, while also increasing expression of adhesion factors such as
fibronectin, integrin α5, integrin β1 and fibrinogen, resulting in increased
S. aureus binding to keratinocytes [121]. Like IFNα, IFNγ also reduces
expression of barrier genes in keratinocytes. However, unlike IFNα, IFNγ
did not upregulate adhesion factors or increase S. aureus attachment to
the cells [121]. Another immune mechanism that may play a role in skin
infections by S. aureus is the formation of neutrophil extracellular traps
(NETs). In wild-type C57BL/6 mice, skin inflammation caused by
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tape-stripping results in recruitment of neutrophils and secretion of
NETs. The presence of these NETs was shown to enhance the interactions
of S. aureus with keratinocytes [122]. This enhancement of skin coloni-
zation may be increased in SLE due to anti-NET autoantibodies impairing
degradation of the NET structure by DNAse 1 [123].

S. aureus can colonize the nasal cavity in addition to the skin and is
found in the nose of about 25–30% of people tested [124]. Carriage of
S. aureus intranasally by lupus patients has been shown to correlate with
significantly elevated anti-dsDNA, anti-RNP, anti-SSA, and anti-SSB
autoantibody titers and increased rates of kidney disease, furthering a
link between S. aureus and lupus [125]. In another study of Egyptian
patients, nasal carriage of S. aureus was associated with low levels of
complement in the bloodstream and with the occurrence of flares of the
disease [126].

Murine models of lupus have indicated that infection by S. aureus can
influence the autoimmune phenotype. MRL/lpr and NZBWF1 lupus-
prone mice have been shown to develop arthritis upon active or acci-
dental infection with S. aureus [127,128]. Staphylococcal enterotoxin B
(SEB) is a superantigen produced by some but not all strains of S. aureus.
SEB polyclonally activates mouse T cells carrying specific Vβ8 TCRs in an
antigen-independent manner [129]. Lupus-like autoimmunity develops
in non-lupus-prone mice carrying a transgene for human HLA-DQ8
(which binds with higher affinity to SEB than mouse MHC molecules)
were exposed to a constant low-level of purified SEB protein [130]. On
the other hand, lupus nephritis is reduced in MRL/lpr mice subjected to
one or multiple intravenous injections with SEB [131–133]. However,
this effect of SEB in reducing lupus may be due to its ability to trigger
anergy of memory T cells resulting from excessive TCR signaling [134,
135]. Together, these results implicate S. aureus in the induction and
progression of autoimmunity. Failure to effectively clear S. aureus leading
to chronic colonization may promote disease progression and trigger
flares in patients with SLE.

4.3. Salmonella enterica

Salmonella bacteria are Gram-negative organisms that are common
causes of infection in lupus patients [112,136–138]. Salmonella can cause
disseminated infections in lupus patients leading to bacteremia, septic
arthritis, pneumonia and soft-tissue infections [136,138,139]. In fact,
Salmonella is the most common cause of septic arthritis in younger SLE
patients [140]. Among all patients with Salmonella bloodstream in-
fections, lupus was the most frequent underlying comorbidity [141].

Lupus-prone NZBWF1 mice are relatively resistant to intravenous S.
Typhimurium infection at 4 months of age (prior to overt lupus devel-
opment), but are susceptible at 8 months of age when lupus is established
[142]. Intravenous infection of 2-month-old pre-diseased lupus-prone
NZBWF1 mice with a single dose of an attenuated strain of S. Typhi-
murium strain resulted in reduced proteinuria symptoms over time and
reduced anti-DNA autoantibodies after 8.5 months of age [142]. Intra-
venous infection of older NZBWF1 mice at the onset of lupus disease (6
months) also showed a reduction in proteinuria, but not anti-DNA au-
toantibodies. These results indicate Salmonella can be protective if given
early in the disease course.

In a different study, a virulent strain of S. Typhimurium was injected
intraperitoneally every other week for 8 weeks into NZBWF1 mice (6
weeks of age at the beginning of the study) [143]. Under these experi-
mental conditions, Salmonella stimulated production of anti-DNA and
anti-chromatin autoantibodies [143]. In this study, expression of the
bacterial protein curli, which is the major component of the biofilm
produced by Salmonella bacteria, was required for maximal stimulatory
effect of Salmonella on autoimmune responses. The curli biofilm can bind
and trap bacterial DNA and the DNA/curli complex is highly immuno-
genic. The different roles of S. Tymphimurium in the two studies [142,
143] may be due to differences in age of mice infected (2 month old
versus 6 week old), differences in route of infection (intravenous versus
intraperitoneal), differences in the frequency of infection (a single dose
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or repeated doses) or differences in the virulence of the Salmonella strains
used (attenuated versus virulent). Given the contrasting findings
described above, it is difficult to know whether Salmonella is protective
against lupus or stimulates development of disease symptoms.

4.4. Escherichia coli

Escherichia coli is a Gram-negative bacterial organism and normal
commensal present in the gut microflora [144]. Approximately, 5–20%
of infection-related hospitalizations in SLE patients are the result of E. coli
infections, including approximately to 25–40% of bloodstream infections
[91–93,95,99,119,145]. The role of E. coli in stimulating inflammation or
autoimmunity in human lupus has not been studied in detail. However,
the presence of anti-heat shock protein autoantibodies in lupus patients is
correlated with the presence of antibodies that recognize the E. coli heat
shock protein groEL [146,147]. The correlation suggests the possibility
that molecular mimicry by E. coli proteins may trigger autoimmune
responses.

E. coli extracts given orally were reported to reduce autoimmune
symptoms in MRL/lpr mice [148]. This was attributed to their effects on
inducing regulatory T cells [146]. Like Salmonella, E. coli produces the
amyloid protein curli as a part of its biofilm. When E. coli expressing curli
protein were injected intraperitoneally into young pre-diseased lupu-
s-prone NZBWF1 mice, the mice rapidly developed anti-DNA and
anti-chromatin autoantibodies, while mice injected with a mutant E. coli
strain lacking curli failed to show these responses [143]. Therefore, E. coli
infection is capable of promoting autoimmunity and may precipitate the
development of SLE in individuals that are genetically predisposed.

4.5. Streptococcus pneumoniae

Streptococcus pneumoniae is a Gram-positive species of bacteria that is
known to be the most common causative agent of bacterial pneumonia.
S. pneumoniae infection is common in lupus patients [145,149]. SLE pa-
tients are more likely to have a pneumococcal infection at a younger age
and more likely to have severe and invasive infections with a higher need
for intensive care unit (ICU) admission [150]. Lupus patients often have a
reduction in serum levels of complement proteins, including complement
component C3 and C4. Serum isolated form lupus patients exhibited a
significant reduction in C3 deposition on S. pneumoniae cells [151]. This
deficiency in complement factor deposition could result in increased
susceptibility and impaired clearance of S. pneumoniae.

Despite the frequency and importance of S. pneumoniae infection in
lupus patients, there are very limited studies in mice to address potential
roles for S. pneumoniae in lupus. Interestingly, non-lupus prone comple-
ment C4 knockout mice (C4�/�) infected with S. pneumoniae via the
lung developed IgA anti-DNA autoantibodies, suggesting that
S. pneumoniaemight induce production of lupus autoantibodies. Deletion
of the complement component C4 from lupus-prone MRL/lpr mice en-
hances the autoimmune disease that develops [152]. More work needs to
be done to understand the role of S. pneumoniae in mouse models of
lupus.

4.6. Mycobacterial species

Mycobacterium tuberculosis and Mycobacterium leprae are the bacterial
causative agents of tuberculosis and leprosy [153,154]. Retrospective
analyses of hospitalization data have identified an increased rate of
infectionMycobacterium tuberculosis in SLE patients, indicating there may
be a susceptibility to infection or impairment of clearance [104,
155–158]. Lupus-prone MRL/lpr mice have also been shown to be sus-
ceptible to infection withM. leprae, while non-obese diabetic (NOD)mice
were resistant [113]. Infection by either Mycobacterium tuberculosis or
Mycobacterium leprae in humans can mimic autoimmune diseases like
lupus and can result in significantly increased titers of autoantibodies
[159–161]. Due to this phenotype, mycobacterial infection in SLE



Table 5
Bacterial species that have been mechanistically studied in mouse lupus.

Bacterial species Effects on Lupus

Staphylococcus aureus Subcutaneous infection of MRL/lpr worsens arthritis
[127]; accidental introduction of S. aureus into MRL/lpr
colony results in worse arthritis [128]

S. aureus-derived
superantigen SEB

Chronic exposure of HLA-DQ8 transgenic mice to SEB
results in lupus development [126]; bi-weekly
intravenous injection of SEB into MRL/lpr mice reduces
disease [131]; single injection of SEB into young
pre-diseased MRL/lpr mice prevents disease [132];
intraperitoneal injection of SEB into MRL/lpr mice that
were neonatally tolerized to this superantigen results in
dramatically worse lupus disease symptoms [133]

Salmonella enterica Intravenous injection of attenuated Salmonella into 2-
month pre-diseased NZBWF1 mice results in reduced
proteinuria and reduced anti-DNA autoantibody [142];
four intraperitoneal infections of virulent Salmonella into
young pre-diseased NZBWF1 mice results in increased
autoantibody titers [143]

Escherichia coli Four intraperitoneal infections of E. coli into young pre-
diseased NZBWF1 mice results in increased autoantibody
titers [143]

Streptococcus pneumoniae No direct studies on S. pneumoniae in lupus-prone strains
of mice

Mycobacterium leprae MRL/lpr lupus-prone mice were shown to be more
susceptible to M. leprae footpad infection than non-obese
diabetic (NOD) mice [113], but the effects of the
infection on lupus symptoms were not tested. Injection of
Hsp65 protein derived from M. leprae accelerates
autoimmunity and increases mortality in NZBWF1
lupus-prone mice [166]
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patients is often mistaken for a lupus flare, resulting in delay in treatment
and uncontrolled infection.

Recent bioinformatics-based analyses have identified a number of
M. tuberculosis peptides that share sequence homology with self-peptides,
suggesting that T cell responses to these mycobacterial peptides could
initiate anti-self responses [162,163]. Two mycobacterial proteins show
sequence similarity to human HSP-60 and isoleucyl-tRNA synthase,
which can serve as self-antigens in autoimmune disorders such as SLE
[164,165]. Supporting a role for mycobacterial proteins in inducing
lupus symptoms, injection of HSP65 derived from M. leprae accelerates
autoimmunity and increases mortality in NZBWF1 lupus-prone mice
[166]. The mice injected with the recombinant mycobacterial protein
exhibited increased IFNγ production, elevated anti-dsDNA titers and
increased necrosis/apoptosis in immune cells. Therefore, molecular
mimicry may be an important aspect to altered immune activation in
lupus patients infected with mycobacteria.
4.7. Summary of bacterial infections in lupus

Lupus patients show in increased susceptibility to severe and life-
threatening infections. A number of factors likely contribute to this sus-
ceptibility including development of lymphopenia, neutropenia and
complement deficiencies as well as treatment with immunosuppressive
drugs. It is also possible that genetic factors that result in a propensity to
developing lupus may skew the immune response in a way that impairs
bacterial clearance. Infections that are common in lupus patients are also
common in other patient populations and include infections caused by
Staphylococcus aureus, Salmonella enterica, Escherichia coli, Streptococcus
pneumoniae and mycobacteria. This is not a complete list of all bacteria
that cause infections in lupus patients and infections have been reported
with less common species such as Nocardia [167]. Mouse models of lupus
have been used to investigate the roles of some bacterial species in lupus
disease progression. At this time, S. aureus, E. coli and S. enterica are the
best studied bacterial organisms in mouse lupus and evidence suggests
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that all of these species can stimulate development of lupus symptoms
(Table 5).

5. Conclusions

In this review, we’ve summarized published studies that cover aspects
of microbial colonization and infection in systemic lupus erythematosus
including aspects of the bacterial microbiome and bacterial species that
are prevalent in causing infections in lupus patients. Various studies have
shown that the gut microbiome is different in lupus patients versus
control subjects. Similarly, the oral and skin microbiome also appear
different in lupus, suggesting a generalized dysbiosis. Many of the in-
fections that are common in lupus patients, such as infections caused by
S. aureus, S. enterica, E. coli and S. pneumoniae, are also common in the
general population. But lupus patients are more susceptible to severe and
invasive infections with these organisms. Evidence from mouse models
suggests that bacterial infection with a number of different bacterial
species can trigger increased immune activation and can promote auto-
immune progression. The high rate of bacterial infections in lupus pa-
tients is likely caused both by inherent deficiencies in the immune
response as well as immunosuppressive therapies. Therefore, there may
be a feedback loop in which SLE patients become infected with bacteria,
due to immunodeficiencies caused by immunological abnormalities or
immunosuppressive therapies, and the bacterial infection stimulates
further immune activation thereby worsening the autoimmune symp-
toms. Further studies will be needed to more fully understand the al-
terations in bacterial colonization and infection in lupus patients and
how they contribute to disease progression.
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