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The Role of Gut Microbiota in Systemic Lupus Erythematosus

Qinghui Mu

ABSTRACT

Systemic lupus erythematosus (SLE) malti-system autoimmune disease with no known cure.
Despite years of study, the etiology of SLE is still unclear. Both genetic and environmental
factors have been implicated in the disease mechanisms. Gut microbiota as an environmental
factor and the immuesystem interact to maintain tissue homeostasis, but whether this

interaction is involved inhte pathogenesis of SLEusiclear.

In a classical model of lupus nephritis, MRit/ we found decrease bactobacillales
but increase ofachnosjraceaein the gut microbiota. Increasingctobacillalesin the gut by
suppling a mixture of hactobacillusstrains improved renal function of these mice and
prolonged their survival. Further studies revealed that MfRiii ce possessed a
which was reversed by increadeattobacilluscolonization. Inside the kidney, oral

Lactobacillustreatment also skewed the T¥€g17 balance towards a Treg phenotype.

To removelLachnospiracea¢hat was higher in lupggrone mice than contigy we
administered vancomycin orally to MRpY mice after disease onset from 9 to 15 weeks of age.
Vancomycin functions by removing Grapositive bacteria such &sachnospiraceabut sparing

Lactobacillusspp. The treatment during active lupus reshapedjut microbiota and

significantly ameliorated systemic autoimmunity and kidney histopathology at 15 weeks of age.

However, when vancomycin treatmentsamitiated from a very early agene beneficial effect

was not observed. Strikingly, mice given vamgain anly at the young agexhibited an even



worse disease outconladeed, egulatoryB (Breg) cellswere found to be reducexdter the
vancomycin treatment at young adi@portantly, adoptive transfer of Breg cells at @/eeks of
age rescued the bengél effect, whichindicates that Breg cells, inducible by vancomycin
sensitive gut microbiota, plays an important role in suppressing lupus disease initiation and
progressionFinally, we demonstrated that bactefA from the gut microbiota might bedh
inducer of Breg cells, as bacterial DNA administration at youngeggeduced the beneficial
effect seen in the Breg adoptive transfer experintarttire studies are required to examine the

clinical efficacy of targeting gut microbiots a novel treatment against SLE.
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PUBLIC ABSTRACT

Systemic lupus erythematosus (SLE) is a meystem autoimmune disease with no known cure.
SLE affects over 5 million people worldwideespecially women of childbearing age. Lupus

nephritis is a manifestation of SLE occurring in the kidney which affects more than 50% of SLE
patients and is a major cause of morbidity and mortality in SLE. Current treaforenisus

nephritis are primarily nonselective immunosuppressants, which can cause a higher incidence of
severe infections. There is an imperative need for the development of new therapeutic strategies
against SLE. Our research team was the first to itbesttre dynamics of gut microbiota in a

mouse model of SLE. My dissertation research studying the role of gut microbiota in the
pathogenesis of luptike disease in mice showed that there were pathogenic and beneficial
bacteria ceexisting in the gummicrobiotaof lupusprone mice. Mystudies revealed not only the
effects of different bacteria on lupus pathogenesis, but also the immunological mechanisms by
which they &ert the effects. Theesults suggest that modulation of the gut microbiota through

diet, probiotics, and/or prebiotics to selectively enhance the abundance and activity of beneficial
bacteria may be an attractive strategy for disease prevention and treatment of SLE patients.
Nevertheless, studies on human samples and clinical trialscarieed to confirm the

translational application of this strategy.
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Abstract

Systemic lupus erythematosus (SLE) is a meyitem autoimmuneisease. Despite years of

study, the etiology of SLE is still unclear. Both genetic and environmental factors have been
implicated in the disease mechanisms. In the past decade, a growing body of evidence has
indicated an important role of gut microbeshe development of autoimmune diseases,

including type 1 diabetes, rheumatoid arthritis and multiple sclerosis. However, such knowledge
on SLE is little, though we have already known that environmental factors can trigger the
development of lupus. Severakent studies have suggested that alterations of the gut microbial
composition may be correlated with SLE disease manifestations, while the exact roles of either
symbiotic or pathogenic microbes in this disease remain to be explored. Elucidationotéghe r

of gut microbed as well as the roles of diet that can modulate the composition of gut

microbe® in SLE will shed light on how this autoimmune disorder develops, and provide
opportunities for improved biomarkers of the disease and the potential tongwliberapies. In

this review, we aim to compile the available evidence on the contributions of diet and gut

microbes to SLE occurrence and pathogenesis.



Introduction

The mammalian gut harbors trillions of microorganisms known as the microbiota (Eadimg
evidence in recent years suggest that host microbiota and immune system interact to maintain
tissue homeostasis in healthy individualsb§2Perturbation of the host microbiota, especially

that in the gut, has been shown to be associated with disggses. Among these are
autoimmune disorders that include inflammatory bowel disease (IBD) (7, 8), type 1 diabetes
(T1D) (9-12), rheumatoid arthritis (5, 185), and multiple sclerosis (16, 17). However, little is

known on the role of gut microbiota sgystemic lupus erythematosus (SLE) (18).

SLE is an autoimmune disorder characterized by severe and persistent inflammation
that leads to tissue damage in multiple organs. According to fhesLieoundation of America,
more thari750,000Americans currently live with the disease. The prevalence ranges from 20 to
200 cases per 100,000 persons, with higher prevalence for people of African, Hispanic, or Asian
ancestry (19, 20). Although the disease affects both males and females, women ofratgldbea

age are diagnosed 9 times more often than men.

Our research team has recently described the dynamics of gut microbiota in a classical
SLE mouse model MRL/MFad” (MRL/Ipr) (21). In young, female lupus mice, we found
marked depletionf Lactobacilli, and increase of Clostridial specieaghnospiraceagetogether
with increased bacterial diversity compared to-agéched healthy controls. Importantly, dietary
treatments that improved lupus symptoms in lupus mice also restored gutatdonof
Lactobacillusand decreased that lbAchnospiraceaeln human SLE, a recent cressctional
study has shown that a lowirmicutesto Bacteroidetesatio was present in women with SLE

even after disease remission (22). Similarly, a higher @E@acteroidetesvas found in lupus



prone SNF1 mice with more severe disease (23), though this was not evident in MRL/Ipr mice
(21). These results suggest a potentially important role of gut microbiota on lupus pathogenesis,
in particular a potential rolef Bacteroidetessince the relative abundance of these bacteria is
increased in human SLE and at least one murine lupus model. In this review, we aim to compile

the available evidence that associates gut microbes to SLE.

Environmental factors & SLE

It is well established that genetic factors influence lupus susceptibility. However, the lack of
disease concordance between genetically identical twins strongly suggests the role of non
genetic factors, most likely of environmental factors (24). The rolewf@mental factors in

the etiology of SLE is evidenced by the dramatic difference in disease incidence between West
Africans and African Americans, both derived from the same ethnic group but exposed to
different environments (25). With an obviously hegtburden of infections, the frequency of

SLE is much lower in West Africa than Africans living in Europe or USA. The mechanism
behind this observation is still unclear, but improvement in hygiene and absence of certain
microbes may have contributed to tiigher incidence and faster progression of lupus disease
(26). In addition to microbes, a number of environmental triggering factors have been described
to be associated with SLE, including UV light and cigarette smoking, some of which trigger

lupus throgh epigenetic mechanisms (30).



The hygiene hypothesis

Increase of SLE occurrence in the developed world has been reported. Data from several regions
of USA show that the incidence of SLE increased at least 3 folds within the second half of the

20th century (31, 32). This increase could be related to chahgasimnmental factors, though

better diagnostic methods and increasing awareness of the disease may partially lead to the
change in SLE frequency. Similar increase has been observed in a study analyzing the incidence
of SLE in Denmark (33). Genome evohrt rate seems to be unpersuasive to this increase. In
contrast, due to advancements on medicine and vaccination, a number of infectious agents have
been gradually eliminated in developed countries, and the sanitation condition has been largely
improved. me have thus proposed that lower exposure to infections leads to the rise of

all ergies and some autoi mmune diseases, such
Hypothesis. 0 Considering the rise ofble®LE freq

extend the hypothesis to this autoimmune disorder.

Increasing hygiene standards eliminates both pathogenic anghtiomgenic microbes
from the environment. Infections from pathogenic microbes, or the lack thereof, are known to be
associated with SLE occurrence. Epst&iarr virus (EBV) and cytomegalovirus (CMV), for
example, have been linked to the pathogenesis of SLE by several repef@®.(@@mmensal
microbes residing inside the host, in return, have been shown to maintaxpand €D8+
memory T cells during CMV infection, supporting the notion that microbiota and CMV
cooperatively augment immune activation (41). While EBV and CMV are largely considered
triggers of SLE, it is increasingly evident that some infections may lefibahand the lack of
them might actually facilitate SLE. In one surprising report (42), two female SLE patients with

severe SLE showed improved disease after experiencing infections for a short period of time.

5



Before the infections, both patients failedrespond to a long time of immunosuppressive

therapy. Neither experienced relapse after the amelioration of SLE symptoms following the
infections. One of the patients even had a successful pregnancy, which is known to trigger lupus
flares. Unfortunatelyhe study did not identify the causing agent that ameliorated the disease.
However, another study has identified hepatitis B virus (HBV) as a protective factor against SLE
(43). In their study, 2.5% of SLE patients were found positive for the presehi@\etore

antibody, compared to 10.7% from normal controls, which suggests a potential benefit of HBV
infection against the occurrence of SLE. In addition, in a large serologic shielegbacter

pylori seronegativity was found to be associated with areased risk and earlier onset of SLE

in African Americans, suggesting a protective roléiopyloriin SLE patients (46, 47). These
studies suggest that, in developed countries where HBV and H. pylori infections are decreasing
(48-50), the risk for devebping SLE could become higher. T cell exhaustion during chronic
infection may explain the ability of these pathogens to dmgualate inflammation and

ameliorate SLE (44, 45).

In lupusprone mouse models, beneficial roles of some pathog@niobes have also
been suggested. Chen et al. reported that with the infectiboxoplasma gondiNew Zealand
Black (NZB) x New Zealand White (NZW) F1 (NZB/W F1) mice had significantly decreased
mortality, ameliorated proteinuria level and reducedBrfA | g G i n s e rl0 m. | FNO
expression was reduced in the spleen in the presefdcagohdij suggesting the suppression of
T helper 1 (Th1l) and Th2 responses, respectively, both demonstrated to be pathogenic in murine
lupus (42, 51). In addition, en examining NZB/W F1 mice treated with liREasmodium
chabaudj another prevalent parasite, several independent groups have found that the malaria

causing microbe can prevent clinical symptoms of murine lupus and protect the animals against



lupus nephtis (5254). This is perhaps due to the changed cytokine profile and redox status in
both liver and kidney of the mice. Moreover, virus infection has also been found to improve
murine lupus symptoms in addition to parasites. For instance, the infectamtaté

dehydrogenase elevating virus (LDV) has been shown to significantly suppress the production of
antinuclear antibody (ANA) and the development of glomerulonephritis in NZB/W F1 mice (26,
55-58). The beneficial effect is hypothesized to be assatiwitd superoxide anion production

from macrophages and modulation of prostaglandin E. While LDWPaietiabauddo not infect
humans, results from these mouse studies suggest that some infections might be associated with

decreased severity of SLE.

Antibiotics and SLE

Antibiotics, which can remove gut bacteria, are known to trigger lupus flares. These include

sulfa drugs such as trimethoprsulfamethoxazole (Septra), tetracychreated antibiotics such

as minocycline, and penicillirelated antibioticsuch as amoxicillin. Increased sun sensitivity

with antibiotics may be one mechanism behind the observations. However, antibiotics also cause
diarrhea and remove beneficial microbes from the intestinal tract. Could it be the removal of
igoodo b achanigmbly whiclaantiietics induce flares in SLE patiehtsaidition,

bacterial metabdes produced by gut microbean modulate immune function. Recently,

several groups have found tmagetabolitegproduced by gubacteria especially butyrate

producel by Clostridia, can promote the differentiation of regulatory T cells (Tregs) in the colon,
spleen and lymph nodes to suppress inflamm#&6+62). Thus, removal of certain gut

commensals with antibiotics could potentially lead tarel@ses of bacterial metabolites, such as



homoserine lactone,-Bcetylmuramic acid and-Blcetylglucosaminé3)d which could be
immunosuppressive thereby facilitating lupus progression. Incidentally, African Americans
haveused antibiotics much more frequently than people in West African couf@4ie85)and
thismay have impacted the differences in lupus prevalence and severity between the two

populations.

Dietary components and SLE

Diet, one of the main environmental factors with known effects on gut microbiota, has been
studied extensively in both SLE patients and luprgie mice. Vitamin D (VD), vitamin A

(VA) andomega3 polyunsaturated fatty acids (PUFASs), for instance, have fueend to
modulatelupus onset or flares. Current knowledge suggests that dietary nentpcan

influence SLE through changing the composition and function of gut microbiotiulating
immunological pathwaysand/orexerting epigenetic changéss, 30, 66, 67)Here we

summarize the recent updates on thesrole/D, VA and PUFAon lupus.

VD deficiency is increasingly common, resultingmereasedisks for multiple
disorderg68, 69) Although VD can be synthesized by the badgunlight, adequate VD in diet
is recommended. VD plays an important role in the homeostasis of the immune system, through
a nuclear receptor existing in all immune cells, MDeptor(VDR). Polymorphism®f VDR
have been recently reported to be associated with SLE suscepfifllityn SLE patients, lower
VD levels areassociated with higher SLE activity. Handono and colleagues found that
1,25(OH}XD3 can inhibit neutrophil extracellular trap (NET) formation in cultured cells from
SLE patients with hypovitamin [r1). Inhibition of NETs prevents endothelial damalyat

promotes the progression of lupus disg@29, suggesting possible benefit of supplyingD in



SLE patients with suboptimal VD levels. Recently, it has been reported that VD supplementation
increaseshe number offreg cells andnduces theshift towards Th2 response in preenopausal
female SLE patients, although a direct efficacy towarsglsadie activity was not observ@a,

74). Likewise, no correlation was found between Sagsociated cytokine profiles and VD levels
(75). However, in juvenileonsetSLE, which is more aggressive than adult SLE, dietary intake of
VD has beemeported to preclude disease progression in several recent §EES. It is

worth noting that the doses of VD utilized in these studies were diffexam was rather

intensive (50,000 international units or IlU/week) and the othemvamsstandard (2,000 1U

daily)d but the outcomes were similaith improvement of SLE Disease Activity Index. Further
studies are required to verify gefindingsin juvenileonset SLEandto explorethe

mechanismef why a lack of response to VD was seendiula SLE.

VA has long been recognizad an immune regulatovA exerts its effects mainly via
all-transretinoic acid (tRA)an activemetaboliteof VA. For SLE the role of VA has been
revealed through oral administration of tRAegitherSLE patientsor lupusprone nice. In SLE
patients somebenefit of tRA to ameliorate lupus nephritis and proteinurgblean reported’9,
80). For murine lupus, several mouse models, including NZB/W F1 and MRL/Ipr, showed
reducedproteinuria and renal damagéen supplementedith tRA (81-85). In our study(85),
although tRA treatment improved luplike kidney diseasa MRL/Ipr mice, there were serious
side effects: worsened inflammation irtbkin, brain and lung, as well as increased levels of
circulating autoantibodies. Our findings suggest the need to monitor diverse organs in SLE
patientsf tRA wereused as a treatmemivoidng any potential damage to organs other than the

kidneys.



PUFAs, withthemain representative being omeg&atty acid, have been studied as
complementaryr alternative treatments for Slfer many yearsOmega3 PUFAs cannot be
synthesized bthehuman bodyr other mammals. Eicosapentaenoic acid (E&dd
docosahexaenoic acid (DHA) are two waltognized members ofnega3 PUFAsthatare
found in deep sea cold water fighsh oil istherebyutilized insomeanimal stuéesand clinical
trials to test thefficaciesof omega3 PUFAs In 1980s, DHA and&EPA were both demonstrated
to ameliorate renal disease, reduce-daDNA autoantibodjevels,and prolong lifespan of
NZB/W F1 mice(86-88). It was found that fish oppreventanurine lupusby reducingevels of
various preinflammatory cytokinesncludingIL-1 bIL-6, TNFa and TGM, andincreasing the
expression of antioxidant enzym@$-95). In addition,Fernandes and colleaguesindthat
DHA-enriched fish oilcompared to EPAnriched fish oilwas better at attenuatimgnal
disease anthcreasing the survivaf NZB/W F1 mice(90). This suggestthat therelative
abundance dEPA and DHA in fish oimight impact the outcomes of experiments designed to
examine the effects of fish oihdSLE Morever, a recent studgported thabmega6 PUFAsdid
not have the sammeneficialeffecton lupus nephritiss omega8 PUFAS(96). Thedisease
amelioratng effect of omeg& PUFA against murine lupus wasrther confirmed in several
lupusprone mouse models other than NZB/W(B&, 97, 98) Startinglate 1980smore tharl0
interventional studies witbmega3 PUFAs as treatmentsave been done in patients with SLE
Some studies showed promising results, espediatl$sLE patients withcardiovascular disease,

which has emerged as an important cause of death in patients wi(®$LE0)

While VD, VA and PUFAs are known to change the composition of gut microfidha
101, 102) how different dietary components modulate the microbiota of SLE patients and

subsequent disease is unclé€ane recent study has described-dnetdiated increases specifc
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microbial genera that are knowmbelowerin SLE (103). Further studies are necessary to
determine whether the modulation of didikely to be less gxensive and safer than
immunosuppressive drugican be effective at establishing a healthy balance between the host
and symbiotic microbiota in the gut of SLE patients. If so, diet modulation might become a cost

effective approach for the management of SLE.

Bacterial antigens & SLE
Bacteria constitute a large part of the symbiotic microbiota living in our body. Diverse
components of Grarositive and Grarmegative bacteria have been reported to contribute to the
initiation and maintenance of lupus disettseugh stimulating TLRs, especially TLR2 and
TLRA4. TLRs are pattern recognition receptors that can recognize invading microorganisms
bearing pathogeassociated molecular patterns (104). Details of TLR signaling pathways and
their effects on autoimmunesgases, including SLE, have been reviewed elsewhere (105). In the
current review, we will focus on the roles of bacterial antigens in lupus and their possible link to
the sex bias observed in SLE. We hypothesize that commensal bacteria naturally p@sent i

microbiota might provide autoantigens that mediate the development of SLE.

Lipopolysaccharide (LPS)

LPSis a Gramnegative cell wall component that can be recognized by TLR4. In SLE patients,
soluble CD14 (sCD14), which is released by monocytes in response to LPS, is increased in the
blood(106). The level of sCD14 is highly correlated with disease activity parameters, suggesting

the involvement of LPS in lupus development. In addition, repeated injections of LPS into lupus
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prone mice resulted in increased autoantibody production and development of
glomerulonephritig107-111). Activation of TLR4 also promotdapusdisease activity in
transgenic mic€107, 112, 113)Lupus spontenously develops in mice with overexprass a
molecular chaperone of TLR4 that increases its responsivéngsgien commensal bacterial
flora was deleted througheatment withantibiotics, theenhanced lupus phenotypaslargely
ameliorated107). This suggestthat TLR4 hyperresponsiveness to gut flonehich contains
LPS)plays an essential roie lupus development. Moreover, Ni and colleag found increased
levels of serum autoantibodies and more severe lung injury when challenging apolipoprotein E
deficient (ApoE") mice with LPS(114). Furthermoreimmunizationof nonautoimmune mice
(C57BL/6 or BALB/c) with phospholipidinding proteins induced luptike diseaseand this
was facilitated byhe presense of LP@15117) Taken together, these data suggest that
enhanced TLR4 signaling by LPS stimulation is sufficient to induce BRE.might do so by
inducing neutrophil activation and migrati@til8120) key processes that promote the
development of SLE72). Inhibition of TLR4, on the other hand, reds@atoantibody
production and decreasglomerular IgG depositis the kichey forsome lupugprone murine
models(121, 122) However, in TLR4knockout MRL/Ipr mice, disease activity was not
modified (123). This may be due to the different genetic backgsafidhe mice strains. Fther
testingof disease outcome through TLR4 knogkehould be done in additional strains of lupus

prone mice to determine the role of TLR4 deficiency in lupus.

In addition to the effect of LPS on neutrophil activat{tt8-120), severalrecent
studies have explored the mechamby whichLPSinducedupus. Qin et al. reported that the
interaction of TLR4 and LPS strongly induced CD40 expression in macrophages and microglia

(124). 1t was also found thd-PS had the ability to increase CD40 mRNA expression in various
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tissues, including liver and kidney, in NZB/W F1 m{@25). CD40 siencing reduced the
glomerular deposits of IgG and C3 in these mice, revealing a possible role-a1E2ASCD40
signaling in the pathogenesis of lupus. Another possible role fofTILIRA in lupus is to induce
autoantibody production or isotype switching tods more pathogenic immunoglobulins, like
lgG (126) Both MyD88 and TRIFmediated signaling pathways are believed to contribute to
increased autoantibody levels, though TRIF may play a more important role in driving
autoantigerspecific 1IgG respons@ 26). Moreover it has been found that {18 is induced by
LPS stimulation anthis cytokinemay cooperate with LRELR4 in breaking the tolerance in

mice with lupus nephriti€l27).

SLE is a femaléiased disordeAccumulating evidenehave linked TLR4 function
to estrogen and estrogen rece@dERa). St udi es by Gil kesonbés group
SLE patients possess more active monooytésenhanced TLR4 responsivenesartimale
SLE patientg128). In lupusprone mice, ER deficiencyameliorated renal damage and
prolonged survival compared to BRsufficient controlg129) Importantly, knocking out E®R
in both lupusprone and control mice resulted ingaared TLR4 activation in immune cells,
indicating that estrogen and ER signaling can influence TLR4 responsi@86s431) These

results suggestossible contribution of TLR4ctivationto sexbias in SLE.

Other bacterial atigens

Lipoteichoic acid (LTA), a major component of Grgouositive bacterial wall, is also reported to
be involved in lupus pathogenesis. LTA is a ligand for TLR2, whose expression is increased in T

cells, B cells and monocytes from SLE patigif32). Increased TLR2 leads to enhancedlllA
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and IL-17F production and is associated with inflaatory response of CDA cells. In mice,
TLR2 activation is known to trigger lupus nephr{ti83) In both B6/Ipr mice and pristine
induced lupus mice, TLR2 knookt resulted in decreased autoantibody levels and ameliorated
lupuslike symptomgq121, 134, 135)However, like the deficiency of TLR4, in MRL/lpr mice,
TLR2 deficiency did not affect lupus pathogend&3, 136) possibly due to mouse strain

differences.

Another bacterial antigen and component of bacterial biofilms, amyloid fiber (curli),
has been repatl to induce autoantibody productidB87) Amyloid fibers can tightly bind to
extracellular DNA that exists in many bacterial biofilrAsnyloid-DNA composites have been
found to be strong stimulators of both innate and adaptive responses, with the ability to promote
IL-6 and TNR production andype | interferon response in NZB/W F1 m{d&8). Importantly,
injection of curliDNA compositegreatly increased the autoantibody level in luptEne mice
and even stimulated autoantibody production in syjoke mice. Using an amyloithduced lupus
model, Cao and colleagues have recently uncovered important roles of natural killer cells and

IFNgin SLE pathogenesidownstream of type | interferon respori$89)

The ASLE Microi botabo

The significance of symbiotic microbiota in the development of T1D has been shown in non
obese diabetimice, which spontaneoustievelop T1D with a bias towards fema(é4, 12)

The function of microbiota in T1D is found to be highly associated with sex hornfeees
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transplant of male gut microbiota to female mice ameliorated the disease and increased
testosterone. For SLE, although the initial comparison betweenjupns mice in gerrfree
vs.conventional housing conditions showed no difference in dissaseity(140), emerging
evidences in both SLE patients and Iupugne mice point to a potential link between lupus and

microbiota(Fig. 1).

Intestinal dysbiosis has been reported in SLE patients. Compared smdgsex
matched healthy controls, the fe€aimicutes/Bacteroidetestio was found to be significantly
lower in SLE patients even during remiss{@2). The same research group also described
alterations in the composition and metabolic functions of gut microbiota in(&d)Hn mice, a
recent study has shown thEllA production, a hallmark feature afitoimmune diseases that
includeSLE, is affected by neonatal colonization of gut microb{atdl) Using mice deficient
of lymphotoxinb receptor (LDR)d the signaling of which controls development of secondary
lymphoid organd the authors found th& TbR-expressing RO * innate lymphoid cells,
located in the intestinal lamina propria, were important for the maintenaimenohological
tolerancelmportantly,it wasfound that antibiotis mediatedemoval of segmented filamentous
bacteria (SFB) inibited the development of ANAL41). However, in another recent study, SFB
were found to be unassociated with the outcome of lupus in (SWRxNEZBINF1) micg23).
When given acidic pH water, SNF1 mice showed slower development of nephritis and a lower
level of circulating ANA, and the improved outcome was eiséed with changes of gut
microbiota unrelated with SF@3). In their studytherelative abundancef Lactobacillusand
the ratio ofFirmicutes/Bacteroidetesere higher in mice with lower lupseverity(23). These
changes were consistent, respectively, with our results in MRL/lpr(@ilg@nd the findings of

microbiota composition in human SLE patie(28). The same authors have also reported the
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role of gut immune cells in femaleiased development of lupus in SNF1 m{té2) Compared
to male counterparts, the gut mucosa afdée SNF1 mice has a higher frequency of gut
imprinteda4b? T cells, higher expression tyfe | interferons, and a larger number of cells
secreting 117, IL-22 and 11-:9 (142) Altogether the intestinahicroenvironment, including

microbiota, immune cells and cytokinesuld contribute to the development of lupus.

Our research group has recently found that, in female lppre mice, there are
significant reduction ofactobacillaceaeand increase dfachnospiraceaéoth prior to disease
onset and in the late stagkediseasavith severe lupus sympton(®1). We also found that lupus
like symptoms, including nephritisiere improved with oral treatment of tRA. Importantly, the
improvement was highly associated with the ability of tRA to redtactobacilli (21). Our work
shows the potential benefits of modulating gut microbiota, especially by increasing the level of
Lactobacilli, in the treatment of lupukactobacillican be introduced as probiotics, which are
known to be beneficial to the host when administered in adequate aniyoptssed health
benefits provided by the consumptionLaictobacilliinclude prevention of constipation, hepatic
disease, infections, alleeg and as recently suggestaahibition of autoimmune diseases such
as IBD and T1[0143-149). Somelactobacillusstrains have been demonstrated to exert specific
effects that include modulation of host microbiotdnibiting the formation of NETs, improving
antioxidant status, or increasing the expression of genes encoding junction and adhesion proteins
(150-152) This suggestan attractive prospective of utilizingitain strains ofactobacillusin

disease managemeot SLE.

To directlyexamine the potential effexxdf sex andyut microbiota on SLFone
approach would be to corrdte imbalanced microbial composition associated with itk

fecaltransplantatiod from healthy individuals to patients, or from males to fengal@sd see if
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the correction ameliorates disease symptoms. This is yet to be reported for eith@rdungus

mouse models or SLE patients, and remains an area that researchielg eqpiore.
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FIGURES

Figure 1. Emerging evidencgmoint to a potential link betweesLE and microbiota
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Abstract

The intestinal epithelial lining, together with factors secreted from it, forms a barrier that
separates the host from the environment. In pathologic conditions, the permeability of the
epitheliallining may be compromised allowing the passage of toxins, antigens, and bacteria in
the lumen to enter the blood stream creating
predisposition, a leaky gut may allow environmental factors to enter the bottygmed the

initiation and development of autoimmune disease. Growing evidence shows that the gut
microbiota is important in supporting the epithelial barrier and therefore plays a key role in the
regulation of environmental factors that enter the bodyef&érecent reports have shown that
probiotics can reverse the leaky gut by enhancing the production of tight junction proteins;
however, additional and longeerm studies are still required. Conversely, pathogenic bacteria

that can facilitate a leaky gand induce autoimmune symptoms can be ameliorated with the use
of antibiotic treatment. Therefore, it is hypothesized that modulating the gut microbiota can serve
as a potential method for regulating intestinal permeability and may help to alter the abur

autoimmune diseases in susceptible individuals.
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Introduction

For digestion and absorption purposes, mammals have developed a very complicated and highly
specialized gastrointestinal system maintained by the mucosal barrier (1). However, apart from
absorbable nutrients, the intestinal mucosa also faces tremendous exterior antigens, including
food antigens, commensal bacteria, pathogens, and toxins. Thus, a specialized barrier function is
required to block the entry of diverse exterior antigens vefikorbing nutrients. Impressively,

in the intestine, the front line of this barrier is maintained by only a single layer of specialized
epithelial cells that are linked together by tight junction proteins. Many other factors aid in

support of this barrigncluding mucins, antimicrobial molecules, immunoglobulins, and

cytokines. If any abnormalities occur among these factors, the intestinal permeability may
increase, which is termed a Aleaky gut. o A | e
the gut lumen into the host which may promote both local and systemic immune responses.
Multiple diseases may arise or be exacerbated due to a leaky gut, including autoimmune diseases
such as inflammatory bowel disease, celiac disease, autoimmune hepatitisdigpetes

(T1D), multiple sclerosis, and systemic lupus erythematosus (SkE) fBumerous factors can

affect gut permeability, such as various dletived compounds, alcohol consumption, and gut
microbiota dysbiosis. While this review is focused broaic inflammation and gut barrier

functions in mammals, it is worth noting that leaky gut is a phenomenon that is widespread in

both mammalian and nemammalian animals (7). Thus, studies in systems outside of mammals,
such as zebrafish (7, 8), can bgoahelpful in our understanding of the relationship between

inflammation and the intestinal barrier.
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The gut microbiota has drawn intense attention in the past decade (9). Although scientists have
studied gut microbiota for many years, recent advancemmemolecular biology including next
generation sequencing technology has enabled researchers to gain new insight in this research
field. While we are still far away from clearly understanding the exact roles and effecting modes
of gut microbiota, growig evidence suggests that gut microbiota is important in modulating gut
permeability and intestinal barrier functions. In this review, we summarize recent advances in
the understanding of the leaky gut, bacterial translocation, and gut microbiota dystiibsas
particular focus on their association with extraintestinal autoimmune diseases, such as T1D and

SLE.

The Intestinal Barrier
A large variety of exogenous substance®nizethe gut lumen, such as microorganisms, toxins
and antigens. Without antact and properly functioning intestinal barrier, theslestancesan
penetratehetissues beneatheintestinal epithelial liningdiffuseinto blood and lymphatic
circulations,anddisrupttissuehomeostasisHowever there is an efficient muifaceted
intestinal barrier systemvith physical, biochemical and immunologic@mponents that
prevents the entry of most pathogens (FigThese componentoordinate with each oth&
prevent uncontrolled translocation of luminal contents into the elpw is a brief synopsis of

the main components comprising the intestinal barrier.

Physical barrier
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In humans, the intestinal epithelium covers as large asd@® surface areél). Though only a
single layer of cells, the intestinal epithélialls (IEG) are the mainstay of the intestinal barrier
andserne asa physical barrie(Fig. 1) There are at least seven types of functional [ECs
enterocyts, goblet cels, paneth cedi, microfold celk (M cells), enteroendocrine csjicup cels

and tuft cel$, although the functions of the last two cell populations are not well under&opd
Among all these cetlypes enterocytes represent the absolute majority, accounting for at least
90% of crypt cells or villus cells. Enterocytes are absorptive cells and vital for nutrient uptake.
However, growing evidence indicates that thections of enterocytes are not limited to nutrient
absorption. For example, enterocytes cantrol the abundance @ram-positive bacteria by
expressing Reglllo, one t yd-&3) Allfepithetial celilgpes r o b i a |
originatefrom Lgr5" intestinal epithelial stem cells, which reside within the crypy. The
turnover rate of IECs is high and the cells are renewed evegays in the mammalian
intestine(10, 15) with the exception being thpaneth cells, which have a life span of about 2
months.

Theintestinal epithelial cell lining is continuousnd the contact between IECs is
sealed by tight junctions ($J(16). The paracellular pathway, in contrast to transcellular
pathway, allowshetransport of substances across theegitheliumthrough the spaces between
IECs.A large variety of molecules, mainly proteins, control the plasticity of Niése than 40
TJ proteins have been recognizied)udingoccludin, claudins, junctional adhesion molecule A
and tricellulin(17). Under vaious patholgical conditionsparacellular permeability may be

increased, resulting in the entry of unwelcome, potentially harmful molecules.

On top of thegut epithelium therare two layer®f mucus the inner and outer layers,

that coveithe whole iestinal epithelial lining and provegphysical protection to separate
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luminal microorganisms from the epithelium. Organizedtd¥ynajor componena highly
glycosylated geforming mucin MUC2the mucus contains diverse molecules including IgA as
well asenzymes and proteinsuch as lactoferri(iL8). Goblet cells are the central cell type for
the formation of mucusThey not only produce MUC2 mucin, but also secret other mwucu
componentsuch aZzG16, AGR2, FCGBP, CLCA1 and TFEB9, 20) Colitis would
spontaneously develop in Muc2ficient mice, indicating critical role for MUC2 in mucosal
protection(21). In addition to geforming mucins, there is another type of muitiatis in close
proximity to epithelial cells, called transmembrane mucinseErtytes are the main producers

of transmembrane muciii20).

The qut commensal bacteriaVv@been described as one component of the intestinal
physical barrieprimarily due to its two major functior{f22). The first is topromote resistance
to the colonization of harmful or pathogenic bacteria speciesimpeting fomutrients,
occupying attachment siteend releasing antimicrobial substas(23, 24) Additionally, thegut
microbiota regulatethe digestion and absorption of nutriet@supply energy to epithelial cells,
which area major componerdf the physical barrigf25). A good example of the direct energy
supply isthe production oghortchain fatty acidéy the gut microbiota, whicare used by
colonocytes for their development and metaboli26). Taken togethetECs themucus layers
and gut microbial residents serve as the physical barrier to limit the entry of unfriendly luminal

contents into host tissues.

Biochemical barrier

Biochemical moleculewith antimicrobial properties exist in the muaswell adar into the

lumen,and includebile acids and AMPE7, 28)(Fig. 1) These diverse molecules foem
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complicated network to reduce the load of colonized bacteria and decrease the chance of contact
between luminal antigens and host célllsey area good supplement tbe physical barrier and

an essential component of the intestinal barrier function.

The proximal small intestine harbors very few microorgani&f$ But asthe
distancerom the stomach increasdbge pH rises and the number of colonized bacteria esculates
(30). Fadng a large number of microorganisms, whiigely outhnumbethe number of host
cells, multiple AMPs are generatedfight against invaders. These AMPs are divided into
several typeasddefénsins, @ud lectingathdlicidin, lysozymeand intestinal
alkaline phosphatagAP) (27). Their detailed antimicrobial mechanisarediscussed
elsewherd31). Asamajor, but not exclusive, producer of AMPs, paraths support and

mediatethe biochemical barrier function.

Immunological barrier

Bel ow the intestinal epithelium there are or gse
patches and isolated lymphoid folliclessilhe the folliclesa variety of immine cellsjncluding

B cells, T cells, dendritic cells (33and neutrophilsprchestrate the immune respoibse

presening antigens, secriglg cytokines and produmg antigenbinding antibodiegFig. 1). In

the intestinal epithelium whehgmphoid follicles are foundM cells are preseihat transcytose
antigena cr oss the intestinal epit hk)Inhadditiort, o t he Pe
goblet cellspresent acquired luminal antigens to CD1DE&s in lamina propria in small

intestineby forming goblet cetassociated antigen passages (GAB2) 33) Interestingly,

spontarous antigen presentation was also observed in the colon, but only when the mice were
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raised gerrrfree (GF), or housedconventionally butvith oral antibiotic treatmen(B4). This
suggest thatthe antigen uptake process dadnation ofGAPsareregulated byhe colonic
microbiota(35). In addition,goblet cels and GAPs are capable of sensing invasive pathogens
and inhibitng the translocation of pathogenic bacten the host immune systef86).
Furthermore,ntestinal mononuclear phagocytescan sense and sample luminal c(8®e88&)
CX3CRZLexpressing cells are responsible for this pra@ssantigensampling is dependent on
structures called trareqathelial derdrites (TEDs)39, 40) Theformation of TEDs s regulated

by CX3CRZI macrophages arttieexpression of CX3CL1 by certain IEC4L, 42)

Another component of the immunological barrier is secrdtphy(SIgA). As the
most abundant immunoglobulin in the body, IgA resides primarily on intestinal mucosal
surfaces. While some people with selective IgA deficiency appear to be h&iithys
important ast presumably interacts with commensal bacteriprtvide protection against
pathogensA unique feature about SIgA is thatsisucturally resilient in proteaseh
environmentallowing it to remain functionally active comparedather antibody isotypes on
mucosal surface@3). In adult humans, about 50 mg/kgSWA is produced daily by plasma
cells residing irtheintestinallamina propriaFinally, SgA can be transcytosed through the

epithelium and secreted into the gut lumen

Though not mentionekere self-modulating factors, such as nervesl @iverse

cytokines, are also important for maintaining the normal functiottseaftestinal barrier.
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Gut Microbiota and the Intestinal Barrier

Microbiota can be sensed by the host through pattern recognition receptors (PRRS), sueh as Toll
like recepbrs(TLRs) and nucleotidédinding oligomerization domain (NOBike receptors

(NLRs). In the gut, the bacteraost communications are largely dependent on the recognition of
microbeassociated molecular patterns (MAMPSs) by PRRs expressed on immune and non
immune cells. Certain microbiota, bacterial products and metabolites affect the intestinal barrier
function and are responsible for the subsequent breakdotgswthomeostasis/Vhenthere is

a leaky gutcommensal bacteria in gut lumen, together withrtproductsare able to escape the
lumen of the gutwhich may induce inflammation and cause systemic tissue damages if
translocated into peripheral circulatifffig. 1) This process of translocation is called microbial

translocatior(44).

Evidence from GF animakuggests thahe development and function thieintestinal
barrier are dependent on microbidiaGF animals,due to the lack dbacterial stimulations, the
thickness othemucus layes is extremely reduce@5-48). The important role of gut microbiota
in modulating mucin production fronoglet cels is further evidenceth animals with lower
loads of bacteria49, 50) The thinne mucus layes would allowfor bacteria penetration, which
may initiate inflammation and inflammatory disessech asolitis (46, 51) Commensal
bacteria, or bacterial products such as lipopolysaccharide (LPS) and peptidogiycasiare
the mucudayers(46, 47) A balanceexists betweenommensal bacterand the mucus layers,
and together thegontribute to the maintenance of gut homeosi@déis Within themucus
layers there are diverse secreted AMRat can cleapathogens andontrol the colonization of
commensal bacteri&eciprocally, he production of some AMRseregulated by microbiota

andbr their products. For itsnce, Redl o is the AMP necessary for physically separating
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commensal bacteria from intestinal epitheli(i) . Redll 2 has been shown to be suppressed in
alcoholic patientand mice receiving ethanol treatmébi2, 53) Prebiotics administratiomr
increasingorobiotic LactobacilliandBifidobacterig has been shown testore the properties of
Redll o and controbacterial overgrowtli53). Ang4, a member of Angiogenin family, is another
examplewheregut commensalare known to modulatdMP production. Inonestudy, Gordon

and coworkergoundthatthe production and secretiof Ang4 from mouse Paneth cellere
induced by a predominant gut microfloBacteroides thetaiotaomicrd4). Therefore, the
antibacterial activity of Ang4 against microbes in gut lungein turn, dependent on the

existence of certain commensal species.

In addition, an interaction exists between gut microbesfdiés, such as IAP
Predominately produced by IECs, I1Afactiveeitheranchored on the epithelium membrame
secreted into gut lumg®5, 56) In IAP-deficientmice, it was noted thahere were fewer
microbes an@naltered bacteriaomposition compared to control @itype animals. In
particular, the researchers noted a decreakadtobacillacead57, 58) Upregulated IAP
activity canselectively increase LRPSuppressing bacteria (e.Bifidobacterium while reducing
LPS-producing bacteria (e.ge. coli) (59). Having the capacity to inactivate LRBvivo, IAP is
vital in preventing the translocation of LPS, the-prilammatory stimulisoriginated from
bacteria (60, 61) Of note, the expression of IABlieson the presence of microbiota. In GF
zebrafish the colonization of commensals, or even supplying LPS alone, could sufficiently
induce IAP expressiof62). It is worth mentioning that IAP can also regulate TJ proteins to
enhance barrier function through increasing ZQ0-2 and Occludin expressi¢63). Several
others have also reported on the various types of AMPs and their functiomirctbbiota(64,

65).
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IECs compose the single layer of intestinal epitheliand the generation of new IECs
from local intestinal stem calis vital in maintaininghebarrier function due to the high
frequency of apoptosis and shedding of IE63. As much as 10% of all the gene
transcriptions, espedin genes related to immunity, cell proliferation and metabolisnECs
are regulated by gut microbioté7). In GF and antibiotitreated mice, epithelial proliferation
rateis reducedsuggestinghe roleof microbiota on epithelium cell renew@8, 69) LPS from
E. coli can induce cell shedding in a dedependent manngr0, 71) Colonization of
Bifidobacterium breveor moreprecisely its surface componeakopolysaccharide an
positively modulate LP$duced epithelium cell shedditigroughepithelial MyD88 signaling
(70). The renewal of IECs relies on the activifyitestinal stem cellg/hich are located at the
base of crym andexpress TLR4, the LPS receptor. TLR4 activation has been demonstrated to
inhibit proliferation and promotthe apoptosis of Lgr5intestinal stem celldn mice keaing
selective TLR4 del&n in intestinal stem cell4.PS is no longer able to inhibit the renewal of
IECs(72). This process wasund to bemediated byhe p53-upregulated modulator of apoptosis
(PUMA) asTLR4 activation in mice lacking PUM&vas unalteredApart from LPS, bacterial
metabolite, particularly butyrate, hae also been identified as inhibitoof intestinal stem cell
proliferation(73). Theintestinal crypt architectungrotects the inteémal stem cell§rom the
negative effect of butyratés gatekeepes for the paracellular pathway, TJ complexes are also
major target®f microbiota regulatiori74). This is particularly true focertain probiotic species
including but not limited toLactobacillus rhamnosu&5-78), Streptococcus thermophil€s9),

Lactobacillus reuter{80), andBifidobacterium infantig81).
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Mechanisms of Leaky Gut

A large variety of gut barrier disruptors and/or gut microbiota disturbers may potentially result in
microbial translocatioand subsequent inflammation locally and systemicélgse include

diet, infectionsalcohol cosumption, and burn injury.

Diet-induced gut leakiness

Nutrients and foodhgredientshave been reported to contribute to the maintenance or altsration
of gut microbiota antheintestinal barriefunction(82). A recent review by De Santis et. Al.
detailed many dietary factors that may modulate the intestinal b#8®rHere,we review
some recenpublicationsand emphasize the effedf dietinduced alterations of gut microbiota
on compromisinghe gut barrier function. Vitamin D (VD) has been recognized as an intestinal
permedility protector byinducingthe expression of TgroteinsZO-1 andclaudin1. In VD
receptor (VDR)knockout micemore severexperimental colitifias been observesliggesting
the protective effecof VD onthemucosal barrie(84). However, another groupaverecently
found that VDRdeficiencylowers, whereas VD treatment upregulgtthe expression of
claudin-2, aporeforming TJ proteinwhich rendershe intestinal epithelium leak5). Further
analysis confirmed that VDR enhanagdudin2 promoter activityThe exact role of VD and
VDR on modulating intestinal permeabilig/therefore unclear argthouldbeinvestigated
carefully inassociation witlgut microbiota. In a recent stutly Desai et alalow-fiber diet
consumption was found to trigger the expansion of mdeggsading bacteria, including
AkkermansianuciniphilaandBacteroidescaccag(45). As a result, the thickness of muass

significantly decreased in mice fed with fibagficient dietsalthough the transcription dfluc2
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genewas surprisinghheightened, possibly as a compensatory response. The thinner mucus and
compromised intestinal barrier functitgad toa higher susceptibility to certain colitausing
pathogeng45). Moreover a diethighin saturated fahas been shown fgreatly decrease
Lactobacillusand increas@©scillibacter, and these changes were correlatgéth significantly
increased permeability in the proximal col@®). Furthermore, studies revealed that the
abundance of th@scillospiragenus was negatively correlated with the mRNA expression of

barrierforming TJ proteirzO-1.

Stressinduced gut leakiness

Under certain circumstancestressinduced alterations @ut microbiota and the impaired
intestinal barrier would allow theccurrence omicrobial translocationBurn injury and alcohol
consumption arexamples of sucktress. Burn injury results in increased intestinal permeability,
which is mediated bincreased activity dyosin light ctain (MLC) kinase(87,88). It is known
thatMLC phosphorylatioror kinase activation can trigger epithelial TJ oper(®@91). In burn
injury, TJ proteins, including ZQ, occludin and claudit, areredistributed, which can be
reversed by addingnMLC phosphorylation inhibito(87). In addition, both humaand mice
experiencing burn injury undergo similar alteratiohgat microbiota, in particulaxyith
increases atheabundance of bacteria frotine Enterobacteriaceatamily (88). Importantly,
microbial translocationf these Granmegative arobic bacteria l&been observednother
research group, using a different burn injury mouse megelrted increased colien
permeability together with reduced aerobic and anaerobic bacterial popuiatibagut

microbiotg particularly thoseroducihg butyrate(92). Asaconsequence, the butyrate level in
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thestool was significantlglecreaseth mice withburn injury. Interestingly, when the
experimental mice received fecal microbiota transplant, their altered bacterial counts and
impaired mucosal barrier function were reversed, suggesting direct involvement of microbiota in

causing gut leakiness after bunjury.

Chronicalcoholconsumptions responsible for intestinal barrier dysfunction,
alterations on botthe quality and quantity ofjut microbiota, LPS translocation and alcoholic
liver disease (ALD)In both human and mousié has beer well established that alcohol can
disrupt intestinal barrier function, whiéhclosely related to increased tumor necrosis factor
(TNF) production from intestinal monocytesacrophageandenterocytes éaring TNFreceptor
1, followed bydownstream actation of MLC kinase(93). Notably,whenmice given chronic
alcohol also received oral antibiotic treatmeéntemovehe microbiota, the level of TNF
production and intestinal permeabildgcreasetb levels comparable tihose incontrol mie
(93). This indicates that the alcokiniduced TNF-mediated gut leakiness is greatly dependent
on gut microbiota. Indeed, though the mecharissumknown, alcohol administration alser
microbiota qualitatively and quantitatively in both humendmouse(94). Bacterial overgrowth
has been observedth alcohol consumption, whergantibioticscan decrease thmacterial load
andattenuate ALD53, 93, 9597). Interestingly probioticLactobacillusis significantly
suppressed during alcohol consumpt{8 97). Directly supplyingLactobacillusstrains or
indirect stimulation of.actobacilliwith prebiotics or diets can decrease bacterial overgrowth,
restore mucosal integrity theintestine, and suppresscrobial translocatioic3, 94, 98, 99)
Microbial translocationespecially the translocation of LAS involved in ALD development
and progressioasevidenced byhe lack of ALD inmice deficienf TLR4 (100, 101)Itis

worth noting thasome bacteria species can produce alcamdldingE. coli andWeissella
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confusaand thismay be the mechanism by which they compromise the intestinal barrier

function(102, 103)

Infectionscanplay a role in regulatinthe mucosal barrier. A gooexampleis
Helicobacter pylorj aGramnegative bacteriunmfectingthe human stomadli04). H. pylori is
known todirectly increaseepithelial permeability byedistributing TJ protein Z€l (105, 106)

In addition, bacteriophages, which are usually not consigetthgeit to mammalscan have
an impacontheleaky gut.When rats were given a bacteriophage cocktail containing phages
againstSalmonella entericadisruption otheintestinal barrier integrity wasbserved107) The
authors speculated that the guitrobiotamight have been affectdyy bacteriophagge but

sequencing data was not supplied to support theims

Taken together, perturbation of gut microbiatéjch may be the consequence of
diverse interventionsanlead to increased intestinal permeabititydtranslocation of bacterial
components and producSuch microbial translocatiazan subsequentlyiggeranabnormal

immune responseausingnflammation antbr tissuedamage irextraintestinabrgans.

Leaky Gut and Autoimmune Disorders

Several disease statbave been associated wight microbiota dysbiosis, intestinal barrier
dysfunction and microbial translocatiohese includ@lzheimer's diseas&LD, canceyand
multiple autoimmune disorders. Autoimmune disor@degescharacterizely the generation of

autoantibodies against sealftigens that attadk h e  bowrdtigs@es, resulting in damage.
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Genetic and environmental triggers have been long known as the major contribthers to
development chutoimmunity.Increasingevidence irrecent yearsuggests thahicrobial
translocation and intestinal barrier dysfunction, which may be affected by gut micralbéota,
another important causative element for autoimmune disof2é)s T1D and SLEareexamples
discused below that reveativanements irthe understandingf the mechanisms behirlde

interactionbetween théeaky gut and autoimmune disorders.

T1D

T1D is an orgasspecific autoimmune disordeharacterizedby an autoimmune responagainst
thehosis o wn p an c fteadid to iosufficient iesulih @rqduction from the pancreas
(108). Some arguéhat the leaky gut is only an outcome of disease progression ratha@nthan
initiator or exacerbatasf diseas€109), but this should not be the case 1dD. This is
supported by the followmpevidences. iEstly, studies utilizing human subjects affected by T1D
or T1D-prone animal modelsaveindicatal that impaired intestinal barrier function occurs
before disease ons@i1l0-112) Secondly, the pathogenic role that increased intestinal
permeability playsn T1D is zonulindependent, and the production of zonulin sstie bacterial
colonization(113) Reversion ointestinal barrier dysbiosis by addiagonulin inhibitor
ameliorated T1D manifestations in disegsene rat$114) Thirdly, a recent studigas provided
evidenceahatmicrobial translocatiogontributesto T1D developmentl15). In streptozotocin
induced T1Dmice treated with streptozotocin harbor a distinct microbiota compacesthitde-
treated controls. Importantly, gbacteriavere shown tde able tdranslocatento pancreatic

lymph nodes (PLNs) and contribute to T1D developnigbb) When mice were treated with
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oral antibiotis, PLNs appeared to be sterile and the diseasatiemiated. Furthemalysis
revealed thathe translocated bacteria in PLNs triggegdD?2 activatiorand exacerbatetlD.
Altogether, these results suggest an essential role for the leaky gut in driving the progression of

T1D.

SLE

SLE, or lupusijs an autoimmune disordeharacterized by severe and persistent inflammation
that leads to tissue damage in multiple orgdd$) Although SLE affects botimen and

women women of childbearing age are diagnosed aBomtes more often than men. LPS,

cell wall component of Gramegative bacteriganpromote SLE development and disease
progressiorupon penetration dhe intestinal epithelium artdanslocationnto tissueg117) In
SLE patientsthe higher level of soluble CD14 suggestsrameaséen LPS, as soluble CD1#&
released from monocytes whire cells are exposed to LRPEL8). Activation of TLR4
exacerbatelupus developmer({tt19-121) Mice spontaneously develop lupuhenTLR4
responsivenesds increasedwhereashe exacerbated diseapbenotypecanbe significanty
ameliorated whethecommensagutflorais removed by antibiotic treatmeii21) This clearly
indicates that TLR4 hypeesponsiveness to gut flora (which contains LPS) contributes to the
pathogenesis of SLBloreover the developmet of lupus inwild type mice (C57BL/6 or
BALB/c) immunized with phospholipitbinding proteinsan befacilitated by theadministration
of LPS(122124) Converselyinhibition of TLR4resultsin reduced autoantibody production
and lowered renal glomerular IgG depositéupusprone micg125, 126) Taken together, tise

data suggest LPS stimulation and TLR4 activation as disedis¢ing factos for SLE.
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Lipoteichoic acid (LTA), a component of the Granositive bacteriatell wall, can alsgpromote
lupus diseasélhe expression of TLR2hereceptorof LTA, has beemeported to béencreasedn
SLE patientg127). In lupusprone mice, TLR2 activation triggelupus nephritisvhereasrLR2
knockout attenuatdupuslike symptomg125, 128130). Recently, another bacterial antigen

that may mimic selintigenshas been recognized to induce autoantibody produtih)

Several downstream proteins in the TLR signaling cascade are highly retetizat
pathogenesis of SL&nd are potential therapeutic targets, including MyD88, IRAIKd, IFNa
(132) Deficiency of MyD88, in particular, has been shown to ameliorate lupus disease in
MRL/Ipr mice (133, 134) suggesting a potential role for TLRs to communicate with harmful
bacteria in the gut microbiota. Conversely, there is a paucity of datenpegteo members of the
NLR family. The most extensively characterized NLRs are associated with inflammasome
formation(135, 136) Loss of NLRP3 and AIM2 inflammasome function was found to
significantly contribute to lupus pathogengdi87). Interestingly, both of these inflammasomes
were found compromised in NZB mice, a lugasne model. Consistent with this finding, loss
of ASC (apoptosisassociated spedike protein ontaining CARD, a common adaptor protein
required forinflammasome formation in BEasP mice led to exeerbation of lupudike disease
(138) These results suggest a potential role for NildRgcognize protective bacteria in the gut
microbiota. Thereforat appears thaiLRs and NLRs make distinct contributions to lupus
pathogenesis by sensing harmful and protective bacteria, respe@iotiytypes of bacteria can
come from gut microbiotthrough microbial translocation, especially in the presence of a leaky

gut.
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Reversing the Leaky Gut as a Potential Therapy

Considering the contributions of leaky gut and bacterial translocation to inflammation and
multiple diseases, reversing gut leassappeas to be an attractive therapeutic strategy.
Prebiotics and probiotigsor examplecanbeusel to reduce intestinal permeabili¥39)

Diverse probiotic species have been uncovérathbossesshe properties to protect the intestinal
barrierthroughtargeting differentomponent®f themucosal barrier systerithe human
commensaBacteroides fragilisnay serve as suchprobiotic(140) In a mouse modghutism
spectrum disorder (ASHas been shown to laecompaniedby intestinal barrier dysfunctign

gut microbiota dysbiosis and leakiness adthylphenylsulfate (4EPS), which originates frtma
commensal bacteria. When 4&®as given to wild type mice, it directly caudsehavioral
abnormalities similar to ASD mic&reatmenivith B. fragilisreducel thetranslocation of
diseasecausative 4E8, and significantly amelioratithe behaviodefects. The therapeutic
benefitof B. fragilisis believed to be due its ability to alter microbial composition and
enhance intestinal barrier functi¢b40) B. fragilisis alsoknown for its capabilityo inducethe
development of Foxg3egulaory T (Treg)cells, a process regulated bypothemproductof B.
fragilis, polysaccharide A (PSA)L41, 142)B. fragilisand PSAarebeneficialagainst
inflammatory diseasesuch agolitis and experimental autoimmune encephalomyel(fid 1,

143) The application oB. fragilisto prevent the leaky gut and reverse autoimmunity warrants
further investigationin a practical pint of view, pobiotic candidates with different targets on
reversingtheleaky gutmay synergistically act to attenuate diseasthus may serve as
probioticcocktail. As probiotics are generally considered safe, it is anticipated that they will
becone costeffective treatment options for people with autoimmune diseases in the foreseeable

future. This is a very young but exciting field in which much still remains to be learned.
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FIGURES

Figure 1. lllustration of host intestinal barriers, includipdpysical barrier (epithelium, TJs,
mucus, commensal bacteria), biomedical barrier (AMPs) and immunological barrier
(lymphocytes and IgA)Also shown is the marobial translocation to remote tissues (for example

kidney and pancreas) the presence oflaaky gut.
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ABSTRACT

Background Systemic lupus erythematosus, characterized by persistent inflammation, is a
complex autoimmune disorder with no known cure. Immunpagsants used in treatment put
patients at a higher risk of infections. New knowledge of disease modulators, such as symbiotic
bacteria, can enable firstaning of parts of the immune system, rather than suppressing it

altogether.

Results Dysbiosis of gumicrobiota promotes autoimmune disorders that damage extraintestinal
organs. Here we report a role of gut microbiota in the pathogenesis of renal dysfunction in lupus.
Using a classical model of lupus nephritis, MRL/ we found a marked depletion of
Lactobacillalesn the gut microbiota. Increasingctobacillalesn the gut improved renal

function of these mice and prolonged their survival. We used a mixturkawtébacillusstrains

(oris, rhamnosus, reuteri, johnsom@indgasser), butL. reuteriand an unculturetdactobacillus

sp. accounted for most of the observed effects. Further studies revealed thhdrMiRtg
possessed a Al eakyo gut , Lacwleciladolomzaton.r ever sed
Lactobacillustreatment contributed to an amtiflammatory environment by decreasingdland
increasing 110 production in the gut. In the circulatidrgctobacillustreatment increased 4L

10 and decreased IgG2a that is considered to be a major immune deposit in the kidney of
MRL/Ipr mice. Inside th&idney,Lactobacillustreatment also skewed the T¥€Q17 balance

towards a Treg phenotype. These beneficial effgete present in female and castrated male

mice, but not in intact males, suggesting that the gut microbiota controls lupus nephsigxin a

hormonedependent manner.
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Conclusions This work demonstrates essential mechanisms on how changes of the gut
microbiota regulate lupuassociated immune responses in mice. Future studies are warranted to

determine if these results can be replicatduuiman subjects.
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BACKGROUND

Perturbation of gut microbiota is known to promote autoimmune disorders that include
inflammatory bowel disease, type 1 diabetes, rheumatoid arthritis, and multiple sclerosis.
However, little is known on the role of gut matxiota in systemic lupus erythematosus (SLE).
SLE is a very complex autoimmune disorder with no known cure. It is characterized by severe
and persistent inflammation that damages multiple organs, including skin, kidney, lung, joint,
heart, and braifiL]. The prevalence ranges from 20 to 200 cases per 100,000 persons, with
higher prevalence for people of African, Hispanic, or Asian ancestry. Although the disease
affects both malesna females, women of childbearing age are diagnosed 9 times more often
than men. AfricarAmerican women suffer from more severe symptoms and a higher mortality
rate. More than half of SLE patients suffer from kidney inflammation, or lupus nephritis (LN),
which is the leading cause of mortality by SLE. Current treatments for LN are primarily
nonselective immunosuppressai@ls While immunosuppression can effectively treat

symptoms, unwanted side effects are a major cause of concern. Patients takiegiong
immunosuppressants are prone to higher incidence of and more séeetiens[3]. Therefore,
there is an imperative need for new treatment strategies against LN. To accomplish this task, a

better understanding of disease pathogenesis is required.

Current knowledge on the relationship between gut microbiota and SLE is I[diited
In human SLE, a rent crosssectional study showed dysregulated fecal microbiota of SLE
individuals with a lowefFirmicutesto Bacteroidetesatio [5] that is consignt with gut dysbiosis
observed in other autoimmune conditi¢@s7]. In mice, it has been reported that the lupus
prone MRL/MpFas® (Ipr) mouse model exhibits similar disease manifestations under specific

pathogerree and gerniree conditiong8]. This suggests that ogplete removal of microbiota
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does not affect disease progression in these mice. The same phenomenon was observed in the
pristaneinduced lupus modé¢9]. However, completely depleting the microbiota might have
neutralized the respective effect-keeNdw figoodo
Zealand Black mice showed mixed results, wigsleznal disease but more amiiclear

antibodieq10-12]. Our research team has recently described the dynamics of fecal/colonic
microbiota inlpr mice that suggests a critical role of gut microbiota on lupus pathog¢h®&sis
However, whether the change of gut microbiota is a driving force in SLE, or merely a result of

disease status, remains unclear.

Here we show that intestinal permeability is increased in felpataice preceding the
onset of kidney disease (i.e., a AdAleakyo gut)
Lactobacillalesrestores the mucosal barrier function and redkaitey pathology. Such change
in gut microbiota promotes an aimiflammatory environment in the gut, suppressing expression
of IL-6 in the mesenteric lymph node (MLN) while increasing the levels-a0Iin circulation
and periphery. In addition, the proztion and renal deposition of pathogenic IgG2a is repressed
with increased.actobacillales suggesting a potential mechanism for the reduced kidney
pathology. Moreover, we show tHadctobacillusspp. rebalances T cell subsets in the kidney,
increasing regulatory T (Treg) cells and suppressing pathogenic T helper (Th)17 cells. This
suggests another potential mechanism by which gut microbiota can modulate renal function.
Interestingly, the effectsfd.actobacillusspp. are only present in female and castrated lpale
mice, but not in intact males, indicating a role for sex hormones in the regulatory function of gut
microbiota on lupus disease. Taken together, our results suggest that the presence of
Lactobacillusspp. in the gut can attenuate kidney inflammation in lypose mice in a sex

hormonedependent manner.
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RESULTS

Lactobacillusspp. attenuate LN

When comparing the bacterial composition in the gut microbiota of {pparselpr micevs.

MRL control mice, we found that femadlgr mice had a significantly lower abundance of
Lactobacillalesn the gut microbiota than MRL controls at 5 weeks of age and prior to the onset
of lupuslike disease (Figure S1A). However, it was unclear whether the elasga cause or
result of disease initiation. Therefore, we performed reciprocal cecal microbiota transplantation
experiments from MRL tépr mice (Figure S1B) and vice versa. While the disease in MRL mice
did not change after the transfer of cecal carfiem Ipr mice (data not shown), MRto-Ipr

cecal transplantation led to significantly reduced production of autoantibodies against double
stranded (ds)DNA from the lower gastrointestinal tract (Figure S1C). Since the gut microbiota of
young MRL mice cordined a higher abundancelafctobacillalesthanlpr mice, we sought to
determine if the decrease in disease could be due to the elematedacillalesn Ipr mice that

were transferred from MRL mice upon cecal transplantation. Indigeshice receivingIRL

cecal content had more abundhattobacillalesn the gut microbiota than untreated controls
(Figure S1D), suggesting a positive correlation between a higher abundanceabgized

Lactobacillalesand improved lupus symptoms.

The bacterial Ordd_actobacillalesncludesLactobacillusspp. that are known as
beneficial bacteria. We thus examined the effect of these beneficial bactgnianice by
directly inoculating freshly culturedactobacillusisolates (Figure S1E). We used a mixture of 5
Lactobacillusstrain® L. oris, L. rhamnosus, L. reuteri, L. johnsoandL. gasseri Different

Lactobacillusstrains have been reported to exert different immunological fundtidnd5}
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Among the 5 strains, all excelptoris are known to colonize the gut. To improve engraftment of
Lactobacillusspp., we préareated the mice with ampicillin, neomycin, vancomycin and

metronidazole for 2 days, followed by 2 days dftirey to allow for excretion of the antibiotics

prior to Lactobacillustreatment. The brief antibiotic treatment at the time of weaning did not

change the disease severity (Figures S1F and S1G). We found that weekly gavages of
Lactobacillusspp.significartly increased the relative abundance.attobacillalesin the gut

microbiota at weeks 5 and 7 (Figure 1A and Table S1), significantly reduced the level of
autoantibodies in the circulation (Figure 1B), and significantly decreased proteinuria (Figure 1C)

and renal pathology scores (Figure 1D). Spleen and MLN weights were not changed (Figure

S1H). ImportantlylLactobacillustreatment significantly increased the survival of feniate

mice (Figure 1E). It is noteworthyactobacillustreatment was given startj from 3 weeks of

age and before disease establishment. When given after the onset of lupusldiseasagillus

treatment had a trend to reduce lupus disease, but the difference was not statistically significant
(data not shown). These results suggebtat t he i ntroduction of more
microbiota in this casel.actobacillussppd may be able to prevent disease progression in

lupusprone mice. This supports the notion that gut microbiota can directly control LN. How the
increase of Actobacilli in the gut affects disease pathogenesis in the kidney, which is
extraintestinal, was unknown. Therefore, we n

transduced the diseaseodulating signal from the gut to the kidney.

A fl e a lnyupus-gran¢ mice
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While 5 Lactobacillusstrains were inoculated, we found by using 16S ribosomal RNA gene
sequencing that, unexpectedly, two bacterial species accounted for >99% of the Order
Lactobacillalesregardless of treatment status. The specige lweeuteriand an uncultured
Lactobacillussp. (Figure 2A). The same phenomenon was observed for MRL mice (data not
shown). This suggests tHatreuteriand the unculturetactobacillussp. accounted for most of
the observed effects. As reuteriis known to enhance epithelial barrier function of the[#6t

17], we measured the level of endotoxin in the blood, and found it to be significantly higher in
Ipr mice compared to the ageatched MRL controls (Figure 2B). Interestingly, increasing
colonization ofLactobacillalesin the gut significatly decreased endotoxemialpr mice

(Figure 2C). These results suggest that the gigrahi ce may be fAl eakyo and
components (e.g., lipopolysaccharide, or LPS/endotoxin) to enter the blood treameriand
the uncultured.actobacillussp., on the other handhay be able to correct the leakiness. To test
if the gut barrier was leaky ipr mice, we gavaged them with Fl¥d&xtran and found
significantly more FIT@dextran in the blood compared to MRL mice. When we treatelghthe
mice withLactobacillusspp., the levels of FIT@extran in the circulation significantly

decreased (Figure 2D).

Two mucus layers cover the epithelial cells in the lower gastrointestina]t&ct
Underneath the mucus layers, permeability of the intestinal epithelium is controlled by functions
of tight junction protein$19]. To determine whethdpr mice had alterations in epithelial cell
junctions, we isolated intestinal epithelial cells and measured the level of tight junction protein
transcripts. We found that treatment wiittctobacillusspp. significantly increased the
expression of barrigiorming junction transcriptsZO1, occludinandCldnl) without affecting

the level of pordorming junction transcrip€ldn2 (Figure 2E), suggesting enhanced barrier
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function of the intestinal epitheliumith a higher abundance bactobacillalesn the gut
microbiota. Immunohistochemical analysis confirmed that the level ef #@s increased by
Lactobacillustreatment in both ileum and colon (Figure 2F). We also found that epithelial
expression of 118, a cytokine important for tissue repfa0] and limiting colonic Th17
differentiation[21], was significantly enhanced wittactobacillustreatment (Figure 2E).
Interestingly, 11-:18 can also be detrimental and promote inflammatidprimice [22]. We
found that unlike epithelial expression, the level ofLR produced by MLN was significantly
decreased blactobacillustreatment (data not shown). It is likely thatctobacillusspp. can
attenuatdupus disease through modulating the production €f8lfrom epitheliaks.immune

cells.

In addition to strengthening intestinal mucosal barrier functiorguteriand the
uncultured_actobacillussp.may also enhance LPS clearance by increasingxmeession of
intestinal alkaline phosphatase (IAP). IAP is a brush border enzyme expressed on the microvillus
membranes of enterocytgx3] that can dephosphorylate LPS, leading to afb@dreduction in
LPS toxicity[24]. In our stulies, epithelial expression of IARIppl2 andAlpi) was significantly
upregulated aftdractobacillustreatment idpr mice compared to the controls (Figure 2G). The
upregulation of IAP was confirmed with immunohistochemical analysis (Figure 2H).
Interesingly, IAP has been reported to support growth of Gparsitive bacterig25], which
may explain the increase Bffidobacteriain Lactobacillustreated mice (Figure 1A).
Bifidobacteriacan also promote gut epithelial integrity by strengthening tight junciitéjs
Together, these results suggest that gut microbiota can restore intestinal mucosal barrier function

that is compromised in lupysonelpr mice.
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Control of gut inflammation in lupus

With an enhanced gatucosal barrier, fewer bacteria are able to translocated across the
intestinal epithelium leading to reduced activation and migration of CX3@md/or CD103
antigenpresenting cells (APC) to the draining lymph nodes of the lower intestinalara2®].

The decrease in APC migration may decrease the activation 6f C&®lls. Indeed, we found
significantly decreased levels 6k3crlandltgae(a subunit of CD103) specifically in the MLN
with Lactobacillustreatment (Figures S2A and S2B) suggestingltheg¢uteriand the
uncultured_actobacillussp. may reduce the migration of APC to the MLN. We next determined
whether the activation of T cells was affected by the decrease of APC in thelWloN

activation, MLN T cells upregulate integrastb7 and chemokine receptor CCR9 for homing to
the gut mucosgB0]. We found that.actobacillustreatment significantly reduced the expression
of bothltga4 andCcr9in the MLN (Figures S2B and S2C), suggesting decreased activation of T
cells. Consistent with this observation, migration of T cells to the intetdima&a propria was

reduced after mice were treated with Haetobacillusspp.(Figure S2D).

Among many pranflammatory cytokines produced by activated APC and T celi§, IL
is known to promote antibody production from B c§B%] and suppress Treg ce]B2], which
are important for lupus progressionim mice[33-35]. We measured the transcript levelleé
in the MLNvs.spleen, and found that it was significantly reducedldgtobacillustreatment
specifically in the MLN (Figure 3A). CDOLD8 T cells appeared to be a source oflin the
MLN of Ipr mice (Figure 3B). As decreased-@Lwould theoretically allow for differentiation of
Treg cellg32], we next evaluated the legedf TGH and IL-10. Both cytokines were

significantly increased at the transcriptional level in the MLN, but not spleenlacstiobacillus
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treatment (Figure 3C), suggesting-gpecific immunosuppression. Serum TQével was also
significantly enhancedith the treatment (Figure 3D), while the level of@Ln the circulation
did not change (data not shown). Importantly, the induction-df0lwith morelactobacillales
in the gut microbiota was not only in the MLN, but also systemic (Figure 3E), sugptsiil .
reuteriand the unculturetdactobacillussp. may exert a global antiflammatory function irpr
mice through inducing H10 in the gutindeed, we also observed a significant elevation gfQL
transcript levels in the kidney tdr mice withLactobacillustreatment compared to untreated
controls (Figure 3F). Further analysis of MLN cells revealed that mekfHhroducing cells in
the gut were CD4oxp3 type 1 regulatory T (Trl) cells (Figure 3G). This observation is
consistent with publishecsults on 1L10-producing Trl cells itpr mice[36]. Together, these
resultssuggest that gut microbiota caromote an antinflammatory environment in the gut of
lupusprone mice, leading to induction of-lL0 that enters the circulation to provide systemic

immunosuppression.

Control of renal inflammation in lupus

IL-10 can inlibit kidney disease ifpr mice through preventing IFdNmediated production of

IgG2a, a major immune deposit in the kidney of these [Bice We found that.actobacillus

treatment significantly reduced the level of IgG2a in the blood (Figure 4A) and its deposition in

the kidney (Figure 4B). This suggests that 1g
IL-10) to transduce the diseas®dulating signal from the gut to the kidney. The levels of IgG1

and total IgG did not change with the treatment (data not shown). Interestingly, the level of IgA

was reduced blzactobacillustreatment in the circulation (Rige 4C), suggesting a potential
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effect ofL. reuteriand the unculturetdactobacillussp.on classswitched antibodies. Indeed, the
expression level chicda whose gene product mediates class switch recombirj@Bpnvas
significantly lower in the MLN ofpr mice treated withLactobacillusspp. (Figure 4D). The
change of IgA did not appear to be related to attenuatiolpfk it was not detectable in the

kidney.

Different immune cell populations, including T, B, neutrophils, dendritic cells and
macrophages, have been demonstrated to infiltrate in the kidney with LN. To determine how
Lactobacillustreatment affects immuncell migration to renal tissue, we evaluated various
immune cell populations and found marked influx of CD3ells, particularly CD8T cells,
into the kidney of.actobacillustreatedpr mice (Figure 4E). As CD8T cells are generally
considered protective in lup{9-41], it would suggest that renal infiltration of these cells exerts
a suppressive effect on the development of LN. In addition, the number of Fimeg3cells
significantlyincreased (Figure 4F), while that of pathogenic Th17 cells significantly decreased
(Figure 4G), withLactobacillustreatment. Together, these results suggest that gut microbiota
may attenuate LN by limiting renal deposition of IgG2a and skewing theTh&g balance in

the kidney towards Treg.

Sex hormones and gut microbiota cooperatively regulate LN

SLE is a femaldiased disease with women getting disease nearly 9:1 over men. The results
shown so far were obtained from female mice. However, in Ipr botesexes get LN similarly.
To investigate whether sex hormones and gut microbiota cooperatively regulatépk kioe,

we treated male mice with the salrectobacillusstrains after mock or castration surgery
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(Figure S3A). Bacterial profiling showedatiactobacillustreatment increased gut colonization
of Lactobacillalesn both mock and castrated mice (Figure S3B and Table S2). Strikingly,
Lactobacillustreatment significantly decreased proteinuria (Figure 5A) and renal pathology
(Figure 5B) only inthe castrated mice but not the intact animals, suggesting a possible role of
androgenic hormones in suppressing the effedtsaaobacillusspp. The level of antisDNA

IgG was not changed witbactobacillustreatment (Figure S3C). However, the total viabigf

lymph nodes (including mesenteric, renal, inguinal, lumbar, superficial, axillary/brachial,
mediastinal lymph nodes) increased after mice were castrated, an effect reversed by
Lactobacillustreatment (Figure S3D). In addition, increasing gut coldiunaof Lactobacillales
significantly decreased serum levels of IgG2a and IgA in castrated male mice, but not in the
mice receiving mock surgery (Figure 5C). The decrease of IgA appears to have originated from
the colon (Figure S3E), where the majorityLatctobacillusspp. (in terms of total number)
resided42]. Importantly, we found that unlike mice receiving in mock surdeagtobacillus
treatment significantly increased tharscript levels of TG#and IL-10 in the MLN in castrated
malelpr mice (Figure 5D)Lactobacillustreatment also significantly increased circulatingll.

in castrated animals only (Figure 5E). Together, these results suggéstdiodiacillus
treatmentvas not effective in intact malpr mice, while the response of castrated males to

Lactobacillustreatment parallels that of femdpe mice.

As testis is the only source of testosterone in mice, castration surgery completely
removed the male hormonegegdless of actobacillustreatment (Figure 5F). We then measured
two hormones regulated by testosterone, luteinizing hormone (LH) and fsliicialating
hormone (FSH). Both are known to be repressed by testos{d®n8]. As anticipated,

castration surgery increased the levels of LH and FSH when the mice were not treated with
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Lactobacilli (Figures 5F and S3F). Howevieactobacillustreatment significantly decreased

serum level of LH, bringing it back to the level where testosterone wigsreent. We took the

ratio of LH to testosterone, and found it to be negatively correlated with sertithlével

(Figure 5G). Whether LH directly affects-ILO, or vice versa, requires further investigation.
Together, these results suggest that gutabiota control LN idpr mice in a sex hormore
dependent manner. To determine the effect of Lactobacilli on sex differences, in future studies,
we will transfer the cecal contents of young females to male mice to determine whether the
interaction betweenex hormones andactobacillustreatment is required for the observed

changes in autoimmune response and/or disease phenotype.

DISCUSSION

The goal of this study was to understand the role of gut microbiota in the pathogenesis of SLE
associated kidney inflammation. In tpe model of LN, we found marked depletion of

Lactobacillalesn the gut microbiota compared to MRL controls. Increasiactobacillalesn

the gut microbiota improved the renal functiod@fmice. Sincd.actobacillusspp. are known

to enhance mucosal barrier function, the level of circulating endotoxin was measured. Endotoxin

can accelerate nephritis in luppgone micd46-48], and significantly higher endotoxemia was
observedinprmi ce preceding the onset of kidnrey dise
diseasdpr mice.Lactobacillustreatment significantly decreased intestinal permeability in these

mice and likely prevented detrimental bacteria and their antigens from penetrating the intestinal
epithelium.Lactobacillustreatment also decreased CX3CR#l &D103 expression in the MLN.

79



CX3CRZL and CD103expressing cells are primarily AHZ9, 49, 50]that can capture bacteria
from the gut lumen and transport them to the MLN, where they present antigens and activate
CD4" T cells toproduce 11:6 that suppresses Treg, which is vital to lupus pathogendpis in

mice. By preventing barrier compromise and decreasing microbial translocation, increased gut
colonization ofLactobacillusspp. may reduce activation and migration of APC tavihé\,

hence suppressing & production and allowing for FoxpBrl cells to produce H10, which
subsequently represses the synthesis and renal deposition of IgG2a. Inside the kidney, the Treg
Th17 balance was skewed towards Treg Wwahtobacillustreatrent. These effects of

Lactobacilli, illustrated in Figure S&ere absent in male mice unless castrated, suggesting that
gut microbiota attenuates LN in a sex hormdeeendent manner. It is noteworthy that in these
experimentsl.actobacillustreatment wagiven before disease establishment. It appeard.that
reuteriand the unculturetdactobacillussp. have a preventative instead of curative effect on the

development of LN.

Compromised intestinal barrier function has been reported in autoimmune amnditio
such as the inflammatory bowel di sease (1 BD),
ulcerative colitis (UC). It has been shown by using cecal biopsies that intestinal permeability is
significantly increased in both CD and UC patients with irritableddsyndromedike symptoms
than those with quiescent IBD without the sympt@&1§. This increase was accompanied by
downregulation of the tight junction protein ZID Endotoxemia in SLE patients that suggests
disrupted gut mucosal barrier function in human SLEdss been reportd82]. In our studies,
we show that the intestinal epithelium is compromisedpuspronelpr mice, and that
Lactobacillustreatmentan restore mucosal barrier function by increasing the expressionof ZO

1. The effect of Lactobacilbbn gut barrier function may also be attributed to the increase of
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Muc2, a mucin protein secreted ggblet cells that functions primarily to protect the intestinal

epithelium[53].

The imbalance between aimiflammatory Treg and inflammatory Th17 cells is widely
recognized as being causative in the onset of both murine lupus and humig# SliHs well
established that environmental factors can promote plasticity between Treg and Th17 cells
including the presence of inflammatory cytokif®S]. This cellular flexibility is due to effects
of these inflammatory cytokines dmet expression and function of the linealgdining
transcription factors Foxp3 and R@Rwhich promote Treg and Th17 cell fates, respectively
[56, 57] Intriguingly, changes in the composition of gut microbiota, particularly those of
Clostridiaand segmented filamentous bacteria (SFB) in miceBaatkroides fragilisn
humans, have been shown to alter the balance between Treg and Thiil2Eal&e show here
that increasindg.actobacillalesn the gut microbiota can promote renal Treg cells and suppress

diseasecausing Th17 cells to attenuate kidney inflammation in lypose mice.

CONCLUSIONS

Environmantal triggers initiate SLE in susceptible individuals. Since the gastrointestinal system
serves as a first line of defense against various pathogens, delineating the type of flora and
understanding the role the microbiota plays in determining diseas@thbiitgin SLE patients

is paramount. We show in lupgpsone mice thaltactobacillusspp. in the gut microbiota exert

antrinflammatory effects by repairing the damaged gut barrier, suppresshmgflaromatory
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factors in the lymphatic circulation, amdproving the ratio of regulatory versus pathogenic T
cells, thereby attenuate kidney inflammation. While the relative abundaheetobacillales
appears to be normal in SLE patients in remission (without active di$&pg&)s does not

preclude the possibility that beneficial bacteria capable of strengthening the gut barrier are
lacking in SLE patients with active disease, especially those \WMtISLE is a very diverse
disease; therefore, it is important to separately analyze the gut microbiota of SLE patients with
different clinical manifestations. If the results of our mouse studies thatiteriand the
uncultured_actobacillussp.have goreventative effect on the development of LN can be
replicated in humans, this may be a new avenue to identify at risk individuals and provide

protection in SLEprone populations.

METHODS

Mice. MRL/Mp (MRL), MRL/Mp-FasP" (MRL/Ipr or Ipr, stock number Q485) mice were
purchased from The Jackson Laboratory (Bar Harbor, ME) and bred and maintained in a
specificpathogerfree facility according to the requirements of Institutional Animal Care and

Use Committee at Virginia Polytechnic Institute and Stateausity. Reciprocal cecal

microbiota transplantation experiments were performed by diluting, under anaerobic conditions,
contents of a cecum collected from one&kold MRL or MRL/Ipr donor mouse in 5mL PBS.

The cecal material was then suspended by ximige and the suspension was introduced by oral
gavage into recipient mice at 0.2mL/mouse when the mice wereRs old and weaned.

Another donor mouse was sacrificed on the next day and the same procedure was repeated once
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All Lactobacillusstrains, intuding L. oris (FO423) L. rhamnosu$LMS201), L. reuteri(CF48

3A), L. johnsonii(1351-CHN) and L. gasserfJV-V03) were obtained from BEI Resources. All

5 strains were freshly cultured every week, mixed and inoculated to MRL/Ipr mice from 3 weeks
old of age until dissection. For experiment involving male castration, the testes and epididymis
were removed through a scrotal incision under isoflurane inhalant anesthesia. Skin was closed
using wound clips. Mock orchidectomy was performed on an equal nurniméceoto serve as

surgical controls. The mock group of mice were prepared and anesthetized, and a scrotal incision
was made, however the incision was closed with a wound clip, without gonad removal. All mice
were administered ketoprofen, diluted to 0.5migh sterile PBS, subcutaneously at 3.5mg/kg as

an analgesic postperatively.

Microbiota sampling and analysid-ecal microbiota samples were obtained by taking individual

mice out of their cage and collecting a fecal pellet. To avoid -@@staminationeach

microbiota sample was collected by using a new pair of sterile tweezers. Samples were stored at
-80°C till being processed at the same time. Sample homogenization, cell lysis and DNA

extraction were performed as previously descrfi€@lk. P CR wer e per f or med an
amplicons were sequenced bidirentlly on an lllumina MiSeq at Argonne National

Laboratory.

Renal function.Urine was collected biweekly and all samples were store2Da€ till being

analyzed at the same time with a Pierce Coomassie Protein Assay Kit (Thermo Scientific). When
micewe e eut hani zed at 14 weeks of age, ki dneys
embedded, sectioned, and stained with Periodi¢ Schiff (PAS) at the Histopathology

Laboratory at Virginia Maryland Regional College of Veterinary Medicine. Slides weate rea

with an Ol ympus BX43 microscope. Al sl i des w
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veterinary pathologist. Glomerular lesions were graded on a scale of 0 to 3 for each of the

foll owing yve categori es: i nctnxenacsosigithecel | ul ar i
percentage of sclerotic glomeruli, and the presence of crescents. Tubulointerstitial lesions were
graded on a scale of 0 to 3 for each of the following four categories: presence of peritubular

mononuclear infiltrates, tubular damagegenstitial fibrosis, and vasculitis.

Endotoxin quantification and ELISA.Separated serum after blood clotting was save0aC

until use. Serum endotoxin level was measured by using a Pierce LAL Chromogenic Endotoxin
Quantitation Kit (Thermo ScientificAnti-dsDNA IgG was measured according to a previously
described metho[b8]. Serum IgG, IgA, IgG2a and L0 concentrations were determined with
mouse IgG, IgA, IgG2a (Bethyl Laboratories) andlll (Biolegend) ELISA kits, respectively,

according to the manufacturersé instructions.

ImmunohistochemistryKidneys and 0m length ileal and colonic sections were embedded in
TissueTek O.C.T. Compound (Sakura Finetek) and rapidly frozen in a freezing bath of dry ice
and 2methylbutane. Frozen OCT samples were cryosectioned and unstained slides were stored
at-80°C. Frozen slides were warmed to room temperature and let dry for 30 min, followed by
fixation in-20°C cold acetone at room temperature for 10 min. After washing in PBS, slides
were blocked with PBS containing 1% BSA for 20 min at room temperaturesSliere then
incubated with fluorochromeonjugated antibody mixture at room temperature in a dark humid
box. Slides were mounted with Prolong Gold containing DAPI (Life Technologies). The
following antibodies were used in immunohistochemical analysisnamiise 1gG2&ITC
(eBiosciense), rabbit aathouse ZO1 and FIT€onjugated goat antabbit IgG secondary

antibody (Thermo Scientific), rabbit amtiouse IAP primary antibody (GeneTex). Slides were
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read and pictured with EVOS FL microscope (Advanced Moopy Group) and a 20x

objective.

Intestinal permeability In vivointestinal permeabilitassay was performed by usiRil C-
conjugated dextran (Sigr#sdrich). Briefly, mice were deprived of water overnight and then
orally gavaged with FIT@lextran dissolved in PBS at 40mg/100g body weight (around
300uL/mouse). Mice weranesthetized after 4h and blood was collected and saved in dark until
serum separation. Serum was then diluted 1:1 with PBS and added-teedl B6croplate in
duplicate, followed by determination of FITC concentration with Glomax (Promega) at an
excitaion of 485nm and an emission wavelength of 528nm using serially dilutedddXitan

as the standard.

Organ cultures lleum and colon of -tm length were collected and opened longitudinally.
Intestinal sections were thoroughly washed by PBS and cultudsiwell platewith 500uL

C10 media at 37°C. Supernatant was collected after 24h and analyzed by using ELISA.

RT-quantitative PCRSpleen, MLN and isolated intestinal epithelial cells (IECs; see below for
isolation procedure) were homogenized with Bullketnder homogenizer (Next Advance) and

tot al RNA was extracted with RNeasy Pl us Mini
instructions. Genomic DNA was removed by digestion with RMasz=DNase | (Qiagen).

Reverse transcription was performed lsyng iScript cDNA Synthesis Kit (Bi®Rad).

Quantitative PCR was performed with iTag Universal SYBR Green SupermbR@ip and

ABI 7500 Fast Realime PCR System (Applied Biosystems). Relative quantities were

calculated using.32 (MLN and Spleen) aniillin (IECs) as the housekeeping gene. Primer
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sequences for mou&d2, Villin, ZO1, Occludin, Cldn1, Cldn2, IL18, IL6, Tgfb1, IL10, Acida,

CX3CR1, CCRY, ltgae, Itgh7 and Itgare available upon request.

Cell isolation and flow cytometrySpleen, MLN and Peye6 s pat ches were col |l e
in70e m cell strainers with C10 medi a. For spl en
lysis buffer (eBioscience). To isolate lamina propria lymphocytes, intestine was opened

longitudinally and cut into piecesh& pieces were incubated twice in EDDAT solution and

intensively vortexed to remove epithelial cell layer (saved as IECs enriched fractions). After the
second EDTA incubation, the pieces were cut and placed in digestion solution containing

1mg/mL collagnase D (Roche), 0.1mg/mL DNase | (Sigma), and 10ug/mL Dispase (Fisher).

After digestion, the solution was passed through a 100um cell strainer. The same process was
repeated for three times and supernatants of three digestions were combined and added onto

40:80 Percoll gradient to separate lymphoc{®®$. For surface marker staining, cells were

blocked by antmouse CD16/32 (eBioscience), stained with fluorochroorgugated

antibodies, and analyzed with Attune NXT flewtometer (Thermo Scientific). For intracellular

staining, Foxp3 Fixation/Permeabilization kit (eBioscience) was usednfnise antibodies

used in this study include: CE8PC-eFluor 780, 1L6-FITC, CD8PE-Cy7, ThetPerCRCy5.5,
CD4-PerCRCy 5. 5, -PR @Basdience); CD4BITC, Foxp3Alexa Fluor 647, 1L10-

BV421, IL-17A-APC (Biolegend); CD1%erCRCy5.5, CD4PE-Cy7, CD8av450 (BD

Biosciencel Flow cytometry data were analyzed with FlowJo.

Hormone measurementSerum samples were saved&Q°C until analysis. Testosterone,
luteinizing hormone and follicklstimulating hormone were measured at University of Virginia
Center for Research in Repluction, which is supported by the Eunice Kennedy Shriver

NICHD/NIH (NCTRI) Grant P5SeHD28934.
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Statistical analysisFor t he

specified. For the comparison of more than two groupsywaey A NOV A

compari son

of

tttestavasqusedunlpss , unp

and-teSftiukeyos

were used. Results were considered statistically significant R&@:105(* P<0.05, **P<0.01,

*** P<0.005) All analyses were performed with RrisGraphPad.
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Figure 2. Lactobacillusspp. restore gut mucosal barrier function in femaldpr mice. (A)
Percentage dfactobacillusstrains in the Orddractobacillalesgn=4 per group).K) Level of
endotoxin in the blood of-&/eekold Ipr mice (h=6 mice per group; P<0.01). C) Level of
endotoxin in the blood of ¥@eekold Ipr mice with or without_actobacillustreatment (n=6 or

7 mice per group;P<0.05). D) Level of FITGdextran diffused to the blood (n=5 or 7 mice per
group; *<0.05) (E) Transcript levels of tight junction proteins and18 in intestinal epithelial
cells of 14weekold Ipr mice (n=7 mice per group; P<0.01, ***P<0.005). F)
Immunohistochemical stains of ZD(green) in the ileum or colon. Nuclear stain (DAPI) is
shown in blue. Bar equals #m. (G) Transcript levels of IAP genes in the epithelium (n=7 mice
per group; *P<0.01). H) Immunohistochemical stains of IAP (green) in the ileum. Bar equals

75 mm.
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Figure 3
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Figure 3. Control of intestinal inflammation by gut microbiota in femalelpr mice.(A)
Transcript level of IE6 in the spleen (SP) and MLN (n=7 mice per grouf<6.01). B)
Percentage of H6-expressing cells in the MLN (n=7 mice per groupP%9.01). C) Transcript
levels of TGP and IL-10 (n=7 mice per group<0.05, ***P<0.005). D) Serum level of
TGFb (n=7 mice per group; ®<0.01). €) Serum level of IE10 (n=7 mice per group;
*P<0.05). ) Transcript level of IE10 in the kidney (n=7 mice per grauyy P<0.01). G)
FACS analysis of IL10-expressing Trl cells in the MLN. Percentages of Trl cells in"CD&

cells are shown (n=7 mice per groupP¥0.01).
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Figure S1
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Figure S1 (A) Relativeabundance dfactobacillaceaen fecal microbiota (n=4 per group;
*P<0.05 at 5 weeks of ageB)Study design of cecal transplantation from MR Igiomice.(C)
Level of antidsDNA IgG produced by-tm long ileal or colonic organ culture after 24 h
incubation (n>3 per group;P<0.05). D) Time-dependent changes of fecal microbiopon

cecal transplantatiobundant bacterial OTU>0.1%) were summarized (npér group)(E)
Study design oEactobacillustreatment ofpr mice. F-G) Female MRL/lpr mice we treated
with PBS control or mixed antibiotics (Abx) for 2 days at 3 weeks of age and sacrificed at 14
weeks of age (n=3 per group). The levels of proteinuria (F) andisDNA antibodies (G) at 14
weeks of age are shown. The differences were not signif () Weight of spleen and MLN of

Ipr mice uporLactobacillustreatment.
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Figure S3. (A) Study design of surgery and treatment in ni@lenice. 8) Time-dependent

changes of feal microbiota. Castr, castratiorC) Level of antidsDNA IgG in the blood (n=5
per group). D) Total weight of lymph nodes (LN) from multiple sites P20.01). €) Level of
IgA produced by 4cm sections of ileal or colonic organ culture after 2ddubation (P<0.05).

(F) Level of FSH in the blood.
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Figure S4
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Figure S4 Working model (see text for details).
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ABSTRACT

Gut microbiota and the immune system interact to maintain tissue homeostasis, but whether this
interaction is involved in the pathogenesis of systemic lupus erythematosus (SLE) is unclear.
Here we report that oral antibiotics given durimgj\ae disease removed harmful bacteria from
the gut microbiota and attenuated Slike disease in lupuprone mice. Using MRL/Ipr mice,

we showed that antibiotics given after disease onset ameliorated systemic autoimmunity and
kidney histopathology. Theyedreased It17-producing cells and increased the level of
circulating IL-10. In addition, antibiotics remové@chnospiraceaand increased the relative
abundance dfactobacillusspp., two groups of bacteria previously shown to be associated with
deterioated or improved symptoms in MRL/Ipr mice, respectively. Moreover, we showed that
the attenuated disease phenotype could be recapitulated with a single antibiotic vancomycin,
which reshaped the gut microbiota and changed microbial functional pathwatyse a
dependent manner. Furthermore, vancomycin treatment increased the barrier function of the
intestinal epithelium, thus preventing the translocation of lipopolysaccharide, a cell wall
component of GramegativeProteobacterieand known inducer of lupua mice, into the
circulation. Theseresults suggest that mixed antibiotics or a single antibiotic vancomycin

ameliorate SLHike disease in MRL/Ipr mice by changing the composition of gut microbiota.



INTRODUCTION

Little is known on the role of gut midbiota in systemic lupus erythematosus (SEE)YOur
research team has described the dynamics of gut microbiota in aatl&$tcmouse model
MRL/Mp-Fas"" (MRL/Ipr) 3. In female lupus mice we found marked depletion of Lactobacilli,
and increase of Clostridial speciésa¢hnospiraceaetogether with increased bacterial diversity
compared to agmatched healthy controls. Importantly, treatmentsithptoved lupus
symptoms in lupus mice also restored gut colonizatidraofobacillusspp. and decreased that
of LachnospiraceaeThis suggests that attenuation of lupus disease may be achieved by changes
of gut microbiota, but experimental evidence tklag. Notably, MRL/Ipr mice raised under
germfree (GF) conditions exhibit similar disease course and severity as mice housed under
conventional condition§ indicating that complete removal of gut microbiota started early in
lifed including both pathogenic and beneficial micrabel®es not attenuate lupus. However, it
remains unknown whether and how tleenoval of gut microbiota after lupus onset would affect
the disease. The removal of commensal bacteria post disease onset can be achieved with
appropriate antibioticd This would be more clinically relevant than GF experiments as

treatments are usually given after the appearance of clinical signs.

Antibiotics are known to improve symptoms in rheumatoid diseases. Dr.agh@im
Brown (19061989), a renowned rheumatologist, had used antibiotics to successfully treat many
patients with rheumatoid arthritis (RA). While no studies have been reported yet that associate
antibiotic use to SLE (except rare cases of sun sensiwtitySeptra or vancomycin), several
clinical trials have suggested that the use of antibiotics is associated with a clinically significant
improvement in disease activity in RA without notable side effed¢tsanimal models, the

removal of commensal bacteria by either GF housing or antibiotic treatment reduces the severity
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of RA-like diseasé®, although one study has shown exacerbation of colagkrced arthritis

with partial depletion of gut flor In lupusprone mice, acidified water that reduced bacterial
diversity in the gut delayed the onset of nephritis and decreased the level of circulating anti
nuclear antibodie¥. Besides rheumatic diseases, antibiotics have been recently shown to affect
the severity of another autoimmune disease type 1 dialéfedost of these studies suggest

that antibiotics exacerbate type 1 diabetes.

Here, we showed that antibiotic treatment initiated post disease onset ameliorated lupus
like symptoms likely by dereasing IL17-producing cells in the spleen and kidney and
increasing circulating H10. Importantly, antibiotics given at actidésease stage significantly
altered the composition of gut microbiota, and most notably, increased the relative abundance of
Lactobacillusspp. while decreasing that lbhchnospiraceaeMoreover, we showed that
vancomycin, a single antibiotic known to remove Clostridia (to whadhnospiraceabelongs
to) and enrich Lactobacilli in both human and motf2& wasable to recapitulate the attenuated
disease phenotype seen with the mixed antibiotic treatment. Furthemadhematical and
functional analyses of the microbiome revealed vancorrindnced changes that were related
to Gramnegative bacteria arlghopolysaccharide (LPS)ancomycin decreased istaal
permeability and reduced tieencentration of PS, a known inducer of murine lupé$?, in the
circulation thus attenuating lupu3ogether, these results suggest that antibiotics may be

beneficial as a treatment for lupus.



RESULTS

Antibiotics given post disease onset attenuated lupus

The onset of autoimmune responses in female MRL/Ipr mice is as early as 6 week®.oTage
determine the effects of antibiotics on active disease in{ppuse MRL/Ipr mice, we treated
female mice with a combination of antibiotics (ampicillin, neomycin, metronidazole and
vancomycirP) started at 9 weeks of age and post disease onset. The treatment led to enlarged
ceca as expected for antib@treatments, whereas the overall body weight did not change (data
not shown). Spleen and mesenteric lymph node (MLN) weights were significantly decreased
with antibiotic treatment compared to controls (Fig. 1A). The serum level of IgG autoantibodies
aganst doublestranded (ds) DNA was also significantly reduced by the mixed antibiotic
treatment (Fig. 1B). As kidney inflammation (or lupus nephritis) affects up to 60% of lupus
patients’”?8 we determined the renal function by measuring proteinuria and kidney
histopathology. Both glomerular and tubulointerstitiares were significantly decreased with
antibiotic treatment compared to controls (Fig. 1C). The antibiotics also significantly reduced
proteinuria (Fig. 1D), suggesting improvement of renal function. Together, these results indicate
amelioration of lupusike disease in female MRL/Ipr mice with paseaseonset antibiotic

treatment.

We next sought to understand the underlying mechanism of how antibiotic treatment
ameliorated lupus in female MRL/Ipr mice by examining immune cell differentiation and
inflammatory mediator production (Fig. 2).-8, known to promote lupus disease in both human
and mouse due to its ability to increasediper (Th)17 differentiation and 4L7 production

29.30 was significantly decreased in the serum with antibiotic treatment (Fig. 2A). We then
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guantified IL-17-producing cells in the spleen and kidney by using flow cytometry. As
anticipated, antibiotic treatment signéiatly reduced the percentages ofllT’ cells (Fig. 2B),
CD3'CD4'RORY" Th17 cells and LItCD4RORg" group 3 innate lymphoid cells (ILC3s) (Fig.
2C). Both Th17 cells and ILC3s are known producers gfilin the spleed!, and their

decrease suggests systemic downregulation-af7/Iwith antibiotic treatment. In the kidney, the
double negative (DN) T cells and Th17 cells are major sources Bt #£.and they both were
significantly reduceavith postdiseaseonset antibiotic treatment (Fig. 2D and Fig. 2E,
respectively). These results suggest that antibiotics may attenuatdikepdisease in female
MRL/Ipr mice by suppressing the production ofllZ from Th17 cells and ILC3s in the spleen
and from DNT and Th17 cells in the kidney. Interestingly, we also found a significant increase
in serum 11-10 with antibiotic treatment (Fig. 2F) that correlated with an increase in the number
of IL-10-producing cells in the MLN (Fig. S1A). 10 is know as a protective cytokine in

MRL/Ipr mice 33,

Antibiotics given post diseasonset reshaped gut microbiota

It has been recently reported that Th17 cells can migrate from the gut to the kidney to facilitate
the development of lupus nephritfs whereas the generation of Th17 cells in the gut is

dependent on the gut microbidfaWe thus characterized the gut microbiota in antibietics

treated mice. While antibiotic treatment initiated post disease onset did not decrease the bacterial
diversity Fisher indexFig. S1B), it did reduce the bacteriabd of fecal microbiota by 2

magnitudes (Fig. S1C). Based on 16S rRNA sequencing analysis, the overall structure of the

remaining gut bacteria was distinct from untreated animals (Figp3A01, PERMANOVA,;
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redvs blue symbols). In addition, the overall structure of the gut microbiota was different
between the time points before (3 and 8 weeks of age) and after (11 and 15 weeks of age)
antibiotic treatment initiation at 9 weeks of age (also in Fig.[34.01, PERIANOVA,

comparison within the red symbols). Moreover, the antibingated group before given the
treatment (3 and 8 weeks of age) shared similar gut microbiota composition with the Control
group, but the antibiotic treatment initiated at 9 weeks obpgears to have altered the bacterial
composition at 11 and 15 weeks of age (Fig. 3B). Further analysis on specific bacteria groups
revealed that antibiotic treatment significantly increased the abundabaetobacillusspp. and
significantly decreasedhé abundance afachnospiraceaérig. 3C), two groups of bacteria
previously shown to be associated with improved or deteriorated symptoms in MRL/lpr mice,
respectively?. L. agilis, L. brevis L. mucosa@ndL. reuteri in particular, were below detection
limit before antibiott treatment, whereas their abundance increased to about 5% after
antibioticsmediated enrichment. In addition to these changes, treatment with antibiotics
removed significant amounts BacteroidalesandClostridialeswhile increasing the relative
abundane of Bacillales(Fig. 3D). These results suggest that antibiotics given post disease onset
reshaped the gut microbiota, removing potentially harmful bacterial(eannospiraceaeand

enriching those that are associated with better disease outcomgsa@apacilli).

Vancomycin recapitulated the diseas¢tenuating effects of mixed antibiotics

A cocktail of 4 different antibiotics is impractical to implement as a treatment for lupus and more
likely to induce resistance. Vancomycin alone, howeveryeaove Grarpositive bacteria

such as Clostridial specidsachnospiraceaebut spares Lactobacifii-?°, making it a favorable
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choice as a potential intervention against lupus progression in MRL/Ipr mice. Importantly,
vancomycin is not aorbed in the intestifé3’and its effects are limited to targeting

commensal bacteria in the gut lumen. We thus examined whether oral treatment of vancomycin
initiated at 9 weeks of age could attenuate lupus. Asipated, the relative abundance of
Lactobacillusspp was significantly elevated with vancomycin treatment (Fig. 4A). While the
overall body weight did not change (Fig. S2A), vancomycin treatment significantly decreased the
weight of spleen, MLN and majéymph nodes (Fig. 4B). Furthermore, vancomycin

significantly reduced the level of circulating addiDNA IgG (Fig. 4C), proteinuria (Fig. 4D),

and renal histopathological scores (Fig. 4E). In contrast, neomycin, an antibiotic with a broad
spectrum of actity against both Grarpositive and Grarmegative bacteri?, did not affect the
severity of lupus disease when given starting from 9 weeks of age. This indicates that the
decrease in bacterial load, achieved by both vancomycin and nedneatiments, was not the
reason for disease attenuation. Together, these results suggest that vancomycin given post
disease onset recapitulated the attenuated disease phenotype seen with mixed antibiotic

treatment.

Vancomycin reshaped the gut microbiota audlifferentially affected KEGG pathways

We collected weekly fecal samples from vancomytogated mice and determined longitudinal
changes of gut microbiota composition by using 16S rRNA sequencing. The diversity of gut
microbiota was largely reduced upeancomycin administratiori-(sher indexFig. S2B).

Similar to the mixed antibiotic treatment, vancomycin remd@kestridialesright after

treatment initiation anBacteroidalesat most of the observed time points (Fig. 5A). Many other

11¢



groups of bacteriaere also removed by vancomycin, includibgsulfovibrionalesand
Turicibacteraleswherea€nterobacterialesvere enrichedAnaeroplasmatalesn the other
hand, was increased by vancomycin treatment at the later time points. These results suggest that

vancomycin given during active disease reshaped the gut microbiota in MRL/Ipr mice.

We next established mathematical networks to model the gut microbiota changes at the
phylum level (Fig. 5B). While some relationship remain the same with and without varioom
treatment, such as the positive influenc8atteriodete®n Verrucomicrobia overall, treatment
with vancomycin significantly affected the interaction among different bacterial groups.
Firmicutes for example, were shown to positively influed@neicutesin untreated mices.
Verrucomicrobiain the vancomycitireated group. Bothactobacillacead"good" bacteria) and
Lachnospiraceapossibly "harmful" bacteria in this model) belong to the phykirmicutes
Another example iProteobacteriawhichare commonly used to represent Graegative
bacteria. In untreated miceroteobacteriavere involved in a complex interaction network with
BacteroidetesActinobacterisandVerrucomicrobia suggesting that Gramegative bacteria may
contribute to lupupathogenesis in MRL/Ipr mice. However, these interactions were absent in
vancomycintreated mice, suggesting that Graeygative bacteria no longer play an important

role to promote lupus in the presence of vancomycin.

To get insights into functional cateigs and pathways affected by antibiotics treatment,
we performed PICRUSt analyses, and analyzed KEGG |gpai8vays with DESeq2. The
analysis showed that the presentation of functional pathways was relatively stable over time for
the control group, wheas treatment with vancomycin produced the most significant changes of
the functional pathways at 9 weeks of age and 4 days after the initiation of antibiotic treatment

(Fig. 6A). Some of the changes sustained beyond 9 weeks of age in the vancomyciwlgiteup,

114



others returned to the baseline levels. Among the pathways with significant changes (Table S1),
many exhibited similar trends as in our previous publicatidimese include the vancomyein
mediated upregulation ¢feptidoglycan biosynthesamdTranscriptional factorpathways that

were associated with improved luplilse symptoms in MRL/Ipr mice, as well as vancomycin
mediated downregulation @lyoxylate and dicarboxylate metaboligristidine metabolism
andPhenylalanine, tyrosine and tryptophan biosynthpathiwayshat were associated with

deteriorated lupulke symptoms in MRL/Ipr mice.

In addition to analysis of the time course, we also determined differential presentation of
functional pathways between control and vancomycin groups when data-tbrw®eks were
averaged (Fig. 6B). This analysis showed 75 functional pathways that were significantly altered,
including thePhenylalanine, tyrosine and tryptophan biosynthpaihiway that was associated
with more severe lupus diseasand significantly dowregulated by vancomycin treatment.

Another important pathway,ipopolysaccharide biosynthesisas also significantly

downregulated by vancomycin regardless of sampling time. Detailed analysis of PICRUSt data
on the ortholog level (Fig. S3 and Table SR})aaled vancomycimediated downregulation of

12 functional genes within tHapopolysaccharide biosynthegathway. When the relative

levels of these genes were plotted over time, they exhibited the same pattern of a sharp decrease
at 9 weeks of age, flolwed by gradual recovery from 4 weeks of age (Fig. 6C). Importantly,

a majority of these genes werpx genes involved in lipid A biosynthesi$ Lipid A is the

endotoxic component of LPS. These analyses suggest that vancomycin may attenuditelupus
disease in MRL/lpr mice by downregulating the relative abundance of-Gegdive bacteria

and the LPS endotoxin.
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Vancomycin decreased intestinal permeability and filasmalevel of LPS

LPS acceleratdupus progression in several luppione mouse modef$?®. A leaky gut may

allow for the translocation of Gramegative bacteria across the intestinal epithelium, leading to
an increase of LRBa cell wall component of Gnanegative bacteréa in the circulation. We

thus determined the intestinal permeability of vancomyr@ated mice by measuring the

diffusion of orally gavaged FIT€onjugated dextran. The result showed that vancomycin
treatment significantly decreased stiaal permeability (Fig. 7A). In addition, vancomycin
significantly increased the epithelial expression of bafdaning tight junction transcripts

Occludin ZO-1 (Fig. 7B), Cldn1andCldn3(Fig. S4A), whereas the transcript level of pore

forming tightjunction protein Cldn2 did not change with vancomycin treatment (data now
shown). Further studies that directly measured LPS in the circulation indicated that vancomycin
indeedsignificantlydecreased the serum level of LPS (Fig. /@gether, hese resi$ suggest

that vancomycin may attenuate ludus ke di sease in MRL/ I pr mice b
of thegut epithelium and preventing the translocatiohP$ and/olLPS-containing bacteria

from the gut lumen to the circulation
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DISCUSSION

In previous studiesre have found that the gut microbiota of liywene MRL/Ipr mice contain
fgoodo and fibado commensal bacteria that may
respectively’. Complete removal of gut microbiota, achieved by GF housing, does not affect the
dsease outcome as both Agoodo and Abado bact et
respective effectConsistent with this, our preliminary observations suggest that antibiotic

treatment initiated from 3 weeks of age (the time of weaninghélendpoint does not influence

disease activity in MRL/Ipr mice (unpublished resulig)tibiotic treatment started post disease
onset, on the ot her hanldachnosgracesear rehoval whiler get fb
enri chi ng # baotabacilusdpm) ctherely at@nudting lupus. Our observations are

highly relevant to human SLE, as a similar and significant increasacbhospiraceagas also

found when comparing the feces of SLE patients to those of healthy individuals, whereas

Lactobailli were not detectable in either group of people (unpublished results). This suggests

that an appropriately selected antibiotic may attenuate disease flares in SLE patients by targeting

Lachnospiraceaér removal.

Our results have shown that a singfgibiotic vancomycin can recapitulate the beneficial
effect of mixed antibiotics (ampicillin, vancomycin, neomycin and metronidazole) against lupus
progression in MRL/lpr mice. Interestingly, while both treatments reduced the bacterial load,
vancomycin wa able to decrease the bacterial diversity but the mixed antibiotics were not.
Increased gut bacterial diversity is associated with more severe lupus ihvieseas
decreasing bacterial diversity with acidified water attenuated RfpMixed antibiotics have
been shown to decrease gut bacterial diversity in other mouse rfitfdemit the microbiota

community structure can be resilient to antibiotic treatment for days or even t%deks
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currently unclear why the mixed antibiotics did not reduce the bacterial diversity in MRL/Ipr

mice when given from-45 weeks of age, but the antibiotics were initiated after the microbiota
had been established, and that a lower dose bfa@diotic (1 g/l) than vancomycin alone (2

g/l) was used. In future investigations, we will perform dose response experiments to elucidate
the relationships between the dose of antibiotics, gut bacterial diversity and the severity of lupus

disease.

Vancomycin is known to remov@rampositive bacteria but spares Lactobacilli. In the
current study, when the lupgpsone MRL/Ipr mice were treatedth vancomycintheir gut
microbiotaalso showed anarkedincreasean the reléive abundance of Lactobacillivith the
reshaped gut microbiottheintestinal permeabilitpalso decreased his maybedue to the
upregulatiorof tight junction proteins itheintestinal epithelium, which are responsible for
blockingthe paracellular sagedetween the intestinalgthelial cells*. These results are
consistent with a recent repatiowing that vancomycin, rather than amoxicillin and
metronidazole, resudin less permeable intests#. The increasedbundance of Lactobacilli
might be the mechanism by whighncomycin enhanced the intestinal barrier function.
Numeroud.actobacillusstrains such as.. rhamnosusndL. reuteri have been reported to

improvethe gut barrier functiofr4

Vancomycin treatment significantly reduced the level of LPS/endotoxin in the
circulation.This observation correlates well with acnathematical modelingesult that
Proteobacterigrepresenting Gramegative bacteria), while influencing the relative abundance
of BacteroidetesActinobacterisaandVerrucomicrobiain control mice, were no longer able to
affect these bacteria in vancomytireated miceln addition, the decrease in@ilating LPS is

also consistent with the result of our PICRUSt analysis whetgplopolysaccharide
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biosynthesipathway was significantly downregulated by vancomycin treatment. Interestingly,
however, vancomycin did not significantly reduce the relatwendance of LR8ontaining
Gramnegative bacteriaPfoteobacteriq. Within the phylumProteobacteriathe order
Enterobacterialesvas significantly upregulated, whereas the ofdesulfovibrionalesvas
significantly downregulated, by vancomycin treatment. This led to an averaged effect of no
change in the relative abundancdobteobacteridbetween control and vancomyeireated
groups. Importantly, bacteria in the ord@eesulfovibrionalesre resstant to vancomycify,
suggesting that the downregulationDesulfovibrionalesnay be de to their interaction or
symbiotic relationship with vancomyebsensitive Granpositive bacteria. Moreover, it is
speculated that the decreas®wmsulfovibrionalesnight be due to reduced proliferation of the
bacteria rather than cell deétlas they areesistant to vancomycimediated killing so that

free LPS is not released to the circulation. The reduction of circulating LPS with vancomycin
treatment, on the other hand, could be due to increased intestinal barrier function and reduced
translocation ofsramnegative bacteria, such as those in the detéerobacterialesfrom the

gut lumen to the circulation.

Increased intestinal permeability, ol@aky gut hasarisen in recent years as one
contributing factor for autoimmune dised8€° Studiesof type 1 diabetebave provided strong
evidences tsuppot this notion®®>% In SLE, howevertheinvestigationon the interaction
betweertheleaky gut and disease developmisrtill in its infancy.We have previously shown
thatMRL/lpr mice, compared to ageatched healthy controls, exhibihayher serum levedf
LPSbefore disease onsginpublisheddatg. Here, the beneficial effecof vancomycin
treatmentareaccompaniedby a reversal of theeaky gut andikely less translocation of LPS

across the intestinal epitheliumithough the effects were not as significant, the mixed antibiotic
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treatment also reversed the leaky gut by decreasing the intestinal permeability Byign&4
increasing the expression of barfferming tight junction transcripts (Fig. S4C). Togethbege
resultssuggest that eaky gutmay drive the initiation and/or progressionbus diseasat

least in mice

In the past decades, SLE occurrehas increased several folds in the developed world
The Western diét high in fat but low in fierd could have contributed to this bffectingthe
gut microbiota®>>*. Notably, the gut leakiness and microbial translocai@nalsdnvolved in
this process*. Future investigations are necessargttaly thenteractionsamongtheleaky gut,
microbial translocation and correspondintiig aggravated chronic diseassgch as SLEAt the
same time, factorthatcan reverse gut leakinesscludingprobiotics and polyunsaturated fatty

acids®®% should beconsidered as part of the disease management strategies

The cause of lupus is unclear and there is no known cure. Current treatments for SLE are
primarily nonselective immunosuppressants. Theyeffattively treat symptoms, but the side
effects are a major cause of concern. Patients takingtdésngimmunosuppressants are prone to
higher incidence of and more severe infections. There is an imperative need for new treatment
strategies against SLEgrfwhich a better understanding of disease pathogenesis is redhieed.
results of this study showed that antibiotic treatment given after disease onset in MRL/Ipr mice
ameliorated lupusike symptoms, reducing the size of lymphoid organs, decreasingvitleof
circulating autoantibodies, and attenuating lupus nephritis. The decrease in disease activity was
accompanied by decreases in varioud eproducing cells and an increase of circulatingllL
In addition, antibiotic treatment reshaped the contiposof the gut microbiota, increasing the
relative abundance afactobacilluss p p . (Agoodo bacteria) while

Lachnospiracea¢ ibado bacteria). |l mportantly, the t
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treatment could be recapitulateg a single antibiotic vancomycin, which also favored
Lactobacillusspp. Detailed analyses of the microbiota through mathematical and functional
approaches indicate thAtoteobacteriaor Gramnegative bacteria, and/or their structural
component LPS mayoatribute to lupus progression in MRL/Ipr mice. Further studies revealed
that vancomycin reduced intestinal permeability and decreased the translocation of LPS and/or
LPS-containing gut microbiota through the intestinal epithelium, thus preventing LPS from
accelerating lupus disease. Taken together, these results suggest that antibiotics, especially

vancomycin, may be beneficial as a treatment for lupus through reshaping the gut microbiota.
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METHODS
Mice and antibiotic treatment
MRL/lpr mice (stock #00048) were purchased from The Jackson Laboratday Harbor, ME)
and maintained in a specific pathogeze facility. All mice used were female as lupus has a
strong female bias. Antibiotic mixture (1 g/l ampicillin, 1 g/l neomycin, 1 g/l metronidazole and
0.5 g/l vancomycin) was given in the drinking water starting from 9 weeks of age till euthanasia
at 16 weeks of age. For single antibiotic treatment, 2 g/l vancomycin or 2 g/l neomycin was
given in the drinking water from 9 weeks of age till euthanasi& atekeks of agelhe drinking
water with antibiotics asrefreshed every 5 day§his study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. Th@otocol was approved by the Institutional Animal Care and
Use Committee (IACUC) of Virginia Tech College of Veterinary Medicine (Animal Welfare
Assurance Number: A326&1). For anesthesia and euthanasia, isoflurane anav€@ used,
respectively, accordg to the IACUC protocolAll experiments were performed in accordance

with relevant guidelines and regulations

Microbiota 16S and PICRUSt inferred metagenomics analyses

Fecal microbiota samples were obtained by taking an individual mouse out of trendage
collecting a fecal pellet. The\®eek fecal pellet was taken 4 days after the initiation of
antibiotic treatmenflo avoid crossontamination, each microbiota sample was collected by
using a new pair of sterile tweegeAll samples were stored-80°C till being processed at the
same timeSample homogenization, cell lysis and DNA extraction were performed as

previously described®’. The V4 region of purified 16BRNA gene amplicons were sequenced
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bi-directionally (paireeend 150 bp) on an Illumina MiSeq. Microbiome data analysis was
performed as previously describ&tl. Briefly, OTUs were picked by usearch, taxonomy was
assigned against Greengenes reference database. Microbial diversity measures including Fisher
and observed species were calculated by using QITVE .datasets generated and analyzed
during the current study argailable in the NCBhumberSRP102626

Bacterial metagenomes were predicted using PICRUSt comparing 16S to database
0g13.5 then to Integrated Microbial Genomes (IMG). The OTUs were mapped to gg13.5
database at97% smi | ari ty by QI I MEG6s fApick_closed_otus
normalized using 16S rRNA gene copy nhumbers from known bacterial genomes. The normalized
OTUs were used for metagenomes prediction in PICRUSt. The predicted Kyoto Encyclopedia of
Genesand Genomes (KEGG) orthologfswas summarized to lev@ functional categories and
compared among groups by using the Statistical Analysis of Metagenomie Peafkagé®.
Differentially represented gene families were identified by$mo d e d  West witth 6 s
St or e y-dissoverysate soerectionDESeq2 analysi€ in R environment waperformed

with read count data for statistical analysis [R 2016, version Bt //www.rproject.org].

We compared between treatments and control for each wae&omycinvs. control at 8 week,

9 week etc). We also compared consecutive weeks for each genotype respectively (e.g. 8 week

vs.9 week forvancomcyin, and a time course analysis which tests interaction between time and
treatment. Functional categories were considered significantly differeraiallydant between

conditions if their adjusteBv al ue was OO0. 001 an cfoldthengewasa b s ol ut
o 2. Categories with | ow average count were f
KEGG category were normalized by DESeq2 and averaged between replicates. The average read

counts were centered and scaled before used forrhgsgalysis to produce a heatmap.
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Mathematical modeling
A standard way in mathematically describing the temporal dynamics of interacting species is the
generalized Lotk&/olterra or predateprey system, which reads as follow
60 AEAO T MO h (1)
whereA E A © is the diagonal matrix with the state variabl® O OB o X
(describing the temporal abundances of the different organidnssthe vector of intrinsic
growth rate parameters, aifds the interaction mak that characterizes the influences within
the network of each species, e.g., the edtrpf the matrix’Adescribes the influence of species
"(n the growth of specié@M. Chung, J. Krueger, and Mihai Pop. Robust Parameter
Estimation for Biologcal Systems: A Study on the Dynamics of Microbial Communities. In

revision atMathematical Bioscienc&017.[arXiv Preprint]

]. Hence, the network of the species is identified by this interaction natrix
To determine the interacticAwe assumed that the dynamics were at an asymptotically
stable equilibriun®, whereo was determined by the dgfaig. 5A). Mathematically sut
equilibria are given by solution of the nonlinear equation
AEACI P 2

~

subject to the constrainf A& _ mh

wherep’ is the real part of and_ is the® eigenvaluef the matrixA E Al C A0

A E A& @\ Hence, we need to firld such that the above equations are fulfilled. Note that this is
a nonconvex problem and multiple solution may exist. More precise, multiple network
configuration may describe the saasymptoticallystable equilibriund. We usedarepeated
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Monte Carlo sampled direct search metfislight, Stephen and Nocedal, Jorge, Numerical

Optimization, Springer, 2006 identify solutionA of aboveproblem, see Fig. 5B.

Renal function

Urine samplesvere collected biweekly and all samplesre stored a20°C till being processed
at the same timé\Ve usedPierce Coomassie Protein Assay Kit (Thermo Scientifi¢gst the
total protein level in the mouse urindhen mice were euthanized at 14 weeks of age, kidneys
we r e inyfornealinfor 24 h,p a r aefmbeddedsectionedandstainedwith Periodic aciil
Schiff (PAS)at the Histopathology Laboratory at VirgiiéarylandRegionalCollegeof
VeterinaryMedicine.Slideswerereadwith anOlympusBX43 microscopeAll slideswere
scoredn ablindedfashion byac e r t vetgrieadypathologistCecere)Glomeruladesions
weregradedon a scaleof 0 to 3 for eachof thefollowing yve categoriesincreasedellularity,
increased mesangial matrix, necrosis, the percentage of sclerotic gloareduhe presence of
crescentsSimilarly, tubulointerstitial lesions were graded on a scaletoffor interstitial

mononuclear infiltration, tubular damage, interstitial fibrosis, and vasculitis.

Endotoxin quantification andenzymelinked immunosorbat assaysELISA)

Separated serum after blood clotting was save®0a€ until use. We useRierce LAL
Chromogenic Endotoxin Quantitation Kithermo Scientific) to measure serum endotoxin level
by foll owi ng t ko detedtiandfsaniioublestranded DNA ¢deDNA) IgQye
used previously described methdélsSerum IgG, IL6 and IL-10 concentratios were

determined with mouse IgG (Bethyl Laboratories}gl(Biolegend) and 1110 (Biolegend)

ELI SA kits according to the manufacturerds
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Intestinal permeability

In vivointestinal permeabilitassay to assess barrienctionwas perfomed using-luorescein
isothiocyanate conjugated dextran (FF@€xtran, SigmaAldrich) method Briefly, mice were

water starved overnight then orally gavaged with FtiegQtran (40 mg/100 g body weight).

After 4 h, mice were anesthetizadd blood was collected and saved in the dark. Serum was then
prepared from the blood, diluted 1:1 with PBS, and measured imel®énicroplate in

duplicates for the concentration of FITC in the serum by Glomax (Promega) with an excitation
wavelength o#85 nm and an emission wavelength of 528 nm, using serially diluted FITC

dextran as the standards.

Cdl isolation and flow cytometry

Spleen, MLNand kidneywere collected and mashedind0n cel | st rmadmer s wi t |
(RPMI 1640, 10% fetal bovine san, 1 mM sodium pyruvate, 1% 100 MEM nessential
amino acids, 10 -mevtaptbé&ibiol2 mMegiutaraing, 180 U/ml
penicillin-streptomycin, all from Life Technologies, Grand Island, NY). sfdenocytes, red

blood cells were lysed with RBCdig buffer (eBioscience, San Diego, CAd isolate intestinal
epithelial cells (IECs), intestine was opened longitudinally and cut into pieces. The pieces were
incubated twice in EDTATT solution and intensively vortexed to harvest {&@iched

fractions Forsurface marker staining, cells were blockath antrmouse CD16/32

(eBioscience), stained with fluorochroroenjugated antibodies, and analyzed vttune NxT

flow cytometer (Thermo Scientificj-or intracellular staining, Foxp3 Fixation/Permeailion

kit (eBioscience) was used. Aftiouse antibodies used in this study inclldB3-APC-eFluor
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780, CDBPECy7, CD4PerCRCy 5. 5, -PR GR3ebiotin (eBioscience); CD43PC-
Cy7, IL-10-BVv421,IL-17A-APC, CD49bbiotin, CD19biotin (Biolegend, San Diego, CA);

Biotin-FITC (MACS). Flow cytometry data were analyzed with FlowJo.

Reverse transcriptiorguantitative polymerase chain reactidiR T-qPCR)

IsolatedECswere homogenized with Bullet Blender homogenizer (Next Advance, Averill
Park, NY) and total RNA was extracted with RNeasy Plus Mini Kit (Qiagen, Valencia, CA)
according to the manufacturer s o6 digestoiwituct i ons.
RNasefree DNase | (Qiagen). Reverse transcription was performed by using iScript cONA
Synthesis Kit (BieRad, Hercules, CA). Quantitative PCR was performed with iTag Universal
SYBR Green Supermix (BiRad) and ABI 7500 Fast Re@lme PCR $stem (Applied
Biosystems, Grand Island, NY). Relative quantities were calculated \dglimgas the
housekeeping gene. Primer sequences for méillse ZO-1, Occludin, Cldnl and Cldn&re

available upon request

Statistical analysis

Statisticalanalyses were performed by using R version 3.0.2 (sequencing data) or Prism
GraphPadnonsequencing data). Principal coordinate analysis was tested for significance by a
permutational multivariate method PERMANOWA Analysis of norsequencing da was
performed with Studerittestoronavay ANOV A wi t HestTTheresyltd serep o s t

considered statistically significant whpr0.05.
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Figure 2. Antibiotic treatment decreased IL-17-producing cells in the spleen and kidney

and increased IL-10 in the circulation. (A) Serum levelof L6 at 16 weeks of age
group). B) Intracellular staining of I£17 and the percentage of-ll7-producing cells in the

spleen at & weeks of age (n=4 per groupl.)(FACS analysis of CDRORg" Th17 cells and

CD4RORg" ILC3 cells in the spleen at 16 weeks of age (n=4 per groDgE) FACS analysis

of DN-T cells (D) and Th17 cells (E) in the kidney at 16 weeks of age (n=4 per gfBup).
Serumlevelof 1 O i n t he mouse serum at pd0d5 weeks of a

** n<0.01.
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Figure 3. Composition of gut microbiota changed withantibiotic treatment. (A) Principal
component analysis of fecal microbiota. w: weeks of pge.01,PERMANOVA. (B) Time-
dependent changes of fecal microbiota. Bacterial taxa at the order level are €)oRelafive
abundance of detectalilactobacillusspp. (acta, left panel and that of.achnospiraceae
(Lachna, right panel) (n=6 per group). The detectdldetobacillusspp. werd.. agilis, L.

brevis L. mucosaandL. reuteri and the sum of their relative abundance is shown. Before: 3
and 8 weeks of age. After: 11 andv&eksof age. D) Relative abundance &facteroidales
Clostridiales andBacillalesbefore and afterrdibiotic treatment initiated at 9 weeks of age (n=6

per group). p<0.05, ***p<0.001, ****p<0.0001.
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Figure 4. Vancomycin but not neomycin treatmenstarted post disease onseimeliorated
lupus-like disease(A) Relative abundance a@fctobacillusspp. in the fecal microbiota at 15
weeks of age (n=4 per group). Control: no antibiotics.-Yanvancomycirwas given starting
from 9 weeks of ageB) Tissue to body weight ratio (%) for the spleen, MLN and major lymph
nodes (main LN) including mesenteric, renal, inguinal, lumbar, superficial, axillary/brachial,
mediastinal lymph nodes at 15 weeks of age.-8lgoneomycin was given starting from 9

weeks of age.§) Level of antidsDNA IgG in the mouse serum and its ratio to total IgG at 15
weeks of age.[¥) Level of proteinuria over timeE) Renal histopathology at 15 weeks of age.
Left: representative PAStaned kidney sections; bar equals 200 um. Middle: glomerular score.
Right: tubulointerstitial score. In-B, n=12 in Control and Vafiw groups, n=4 in the Neaw

group. 1<0.05, *p<0.01, ***p<0.0001, n.s.: not statistically significant.
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Figure 5. Vancomycin treatment reshaped the gut microbiota(A) Time-dependent changes

of the relative abundance of gut bacteria at
with uncultured bacteriaB) Mathematical networks generated based on the longitudinal

changes of gut microbiota at the phylum lextglActinobacteria 2) Bacteroidetes3)

Cyanobacteria4) Firmicutes 5) Proteobacteria6) Tenericutesand 7)VerrucomicrobiaBlue,

positive infllence. Red, negative influence. The thicker the line, the stronger the relationship.
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Figure 6. Vancomycin treatment differentially affected KEGG pathways in a time

dependent manner(A) Changes of level 3 functional pathways over time. The refult o

PICRUSt analysis was plotted with DESeq2. Raw data can be found in Table S1. Note that the 9
week microbiota samples were collected 4 days after the initiation of vancomycin treatment for
the Van group.E) Changes of level 3 functional pathways wheradaim 915 weeks were

averaged within each treatment group-¥@an, vancomycin was given starting from 9 weeks of
age.(C) Changes of the average level of 12 Lietated functional genes over time. PICRUSt
analysis was performed at the ortholog level. Riata with the names of the Lir8lated

functional genes can be found in Table S2.
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Supplemental Figure 1
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Supplemental Figure 1.(A) Percentage and number of10-producing cells in the MLN.K)
Bacterial diversity upon dibiotic treatment. Fisher index is show@.) (Bacterial load upon
antibiotic treatment. The numbers shown are percentage of bacteria left in the gut microbiota.

*p<0.05, **p<0.01. n.s., not significant.
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Supplemental Figure 2
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Supplemental Figure 3
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Supplemental Figure 4
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ABSTRACT

Systemic lupus erythematosus, or Sl€a complex autoimmune disorder where the hallmark of
disease is severe and persistent inflammation that can damage many peripheral organs. There is
no known cure for this disease. We previously reported that oral vancomycin treatment of female
lupusprore MRL/Ipr mice during active disease (from 9 to 15 weeks of age) could significantly
ameliorate disease symptoms. The disease onset in MRL/Ipr mice is around 8 weeks of age.
However, when vancomycin treatment was initiated from an earlier age (from 3vieeks),

the beneficial effect was not observed. Strikingly, mice given vancomycin during tdespase
stage (from 3 to 8 weeks) exhibited exacerbated lupus disease. As vancomycin works by
removing parts of the gut microbiota, we hypothesized thaetpdatory immunity induced by

gut microbiota at early age is essential in hammering lupus disease development in MRL/Ipr
mice. To test the hypothesis, we analyzed diverse regulatory cell types from the mice receiving
vancomycin from 3 to 8 weeks of age.gitatory B (Breg) cells, in particular, were found to be
reduced in botlthe percentage and absolute number in multiple lymphoid organs. Importantly,
adoptive transfer of Breg cells aff6veeks of age to loagrm vancomycirsireated mice (from

3 to 15 weks of age) improved luptgke symptoms. This clearly indicates that Breg cells,
inducible by vancomychsensitive gut microbiota, plays an important role in suppressing lupus
disease initiation and progression. We next sought to determine Breg indubergjurt

microbiota. As the serum level of bacterial DNA was found to be significantly lower in mice
treated with vancomycin, we hypothesized that bacterial DNA, rich in unmethylated CpG maotif,
could induce Breg cells and ameliorate lupus nephritis. Inasety administration of bacterial

DNA reproduced the beneficial effect seen in the Breg adoptive transfer experiment. Together,

these results suggest an important protective mechanism against lupus initiation that involves
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bacterial DNA in the gut micrabta and the induction of Breg cells. The administration of
bacterial DNA may be a new and attractive therapeutic strategy for SLE, especially juvenile

lupus.
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INTRODUCTION

Recent evidences suggest that there is an association between the compagitionabbiota

and the pathogenesis of systemic lupus erythematosus (SLE), a systemic autoimmune disease
affecting over 5 million people worldwide (data from Lupus Foundation of Amdfiea). Our
research team has reported intestdyabiosis in SLE patients and the dynamics of the gut
microbiota in different lupuprone mouse modejd, 5]. In female MR/Mp-FasP" (MRL/lpr)

mice, there was significant depletion of Lactobacilli but increas@cfinospiraceae

Importantly, when these mice were orally given a mixture lohi&obacillusstrains, the lupus
disease symptoms were largely attenug@d¢dSeveral reports from other groups also suggest

that remodeling the gut microbiota could change lupus disease progression ipriupeisice

[7-9]. Notably, gerrrfree MRL/Ipr female mice exhibited very similar lupus disease course and
clinical paameters compared to mice housed under conventional condi@nd his indicates
thatcompleteremoval of gut microbiota throughout the lifespan does not attenuate or exacerbate
lupus. However, we recently found that the removal of gut microbiota, achieved by mixed
antibiotics (anpicillin, neomycin, metronidazole and vancomycin) or vancomglmne after

lupus onset ameliorated lupus nephritis in female MRL/lpr fdigg Thus, we hypothesize that

the effects of gut microbiota on lupus disease is-tiggendent.

In the past decade, tremendous advances have been achieved in understanding the
development and funciioof regulatory B (Breg) celld2]. Capable of producing anti
inflammatory cytokines, Breg cells have been recognized as a critical regulator in both normal
and aberrant immune responses, especially in autoimmune digd@lefsumerical impairment
of Breg cells has been observed in SLE patientsicparly those with active lupus nephritis

[14]. The protective role of Breg against lupus disease has been illustrated by multiple mouse
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studieq13, 15, 16] The initial finding that B celtleficient lupuspronemice exhibited

exacerbated disease outcome brought the suppressive functions of Breg cell§16]light

Further studies revealed that the exacerbated disease phenotype was seen when B cells were
depleted early in lif¢17]. In contrast, B cell depletion during late stage of disease was
beneficial, consistent with the funati® of B cells to produce pathogenic autoantibodies and
present autoantigens to T cells in lupl®, 19] This suggests that Bregediated protection

from lupus may be restricted to the jolisease stage. However, direct experimental evidence is

lacking tosupport the hypothesis that the effect of Breg cells on lupus isdipendent.

The association between gut microbiota and Breg development remains to be elusive
althoughone study has linked microbiota drivenlLb  a +6 tb Bied.indution in an induced
arthritis mouse mod¢20]. We hypothesize that Breg cells can be induced by bacterial DNA in
the gut microbiota. Compared to normal mice, B cells isolated from-jojmuee mice produce
much more IE10 in response tdé stimulation of CpG oligonucleotides, but not tadl
receptor or CD40 ligatiof21]. Moreover, B cells express tdike receptor 9 (TLR9), the
receptor of Co@NA; and TLR9deficient lupus mice exhibit exacerbated disease suggesting a
protective role for TLR%igation in lupug22]. Together, these data support our hypothesis that
bacterial DNA from gut microbiota, rich in unmethylated CpG m¢88, may promote the

protective effects of Breg cells against lupus by inducing thelrQlproduction.

In the present study, we show that unlike the treatment during activead{feas 9 to
15 weeks of age) that significantly ameliorated disease symptoms in MRL/lpr mice, oral
vancomycin is not beneficial when initiated from an earlier age (from 3 to 15 weeks). Strikingly,
mice given vancomycin during the pidesease stage (fromt8 8 weeks) exhibit an even worse

disease phenotype. The exacerbated disease is associated with a marked decrease of Breg cells in
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multiple organs. Importantly, adoptive transfer ofllQ producing Breg cells at Bweeks of

age but not 1112 weeks of ag,to vancomycirtreated mice improves luplige disease. As the
level of bacterial DNA was significantly reduced in the gut and serum of mice treated with
vancomycin at the young age, we hypothesized that bacterial DNA, rich in unmethylated CpG
motif, cauld induce Breg cells and ameliorate lupus disease. Indeed, early administration of
bacterial DNA reproduces the beneficial effect seen in the Breg adoptive transfer experiment.
Together, these results suggest an important protective mechanism agamstitigiion that

involves bacterial DNA in the gut microbiota and the induction of Breg cells.
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RESULTS

Vancomycin given at prelisease stage exacerbated lupus nephrifi& previously reported

that when MRL/Ipr females were orally treated with vancomycin starting at 9 weeks of age and
post disease onset, the disease sevarity weeks of age was largely reduced [11]. Vancomycin
treatment during the same time frame [45oweeks, or Van{a5)] in male MRL/Ipr mice led to

a similar beneficial effect, including significantly reduced spleen and mesenteric lymph node
(MLN) weights, a lower serum autoantibody level, and less proteinuria (FigCP1Fhis

suggests that the beficial effect of vancomycin on diseased MRL/Ipr mice is not sex
dependent. However, vancomycin is not currently used in the clinic as a treatment for SLE.
Indeed, when we extended the time course of vancomycin treatment to 3 to 15 weeks [Van(3
15)], thebeneficial effects disappeared in both female (FigE)Aand male MRL/Ipr mice (Fig.
S1A-C). As the 315 week time frame covers both gtisease and activdisease stages, we

asked whether vancomycin treatment duringgisease stage [3 to 8 weeks, @ny{3-8)] could
promote lupus disease development. Strikingly, splenomegaly in female MRL/Ipr mice was
aggravated wittvan(3-8) treatment (Fig. 1A). In addition, the serum level of IgG autoantibodies
against doublstranded (ds)DNA and the ratio of adEDNA to total IgG were significantly
elevated (Fig. 1B). As kidney inflammation (or lupus nephritis) affects more than half of SLE
patients [24], we determined the renal function by measuring proteinuria and renal lymph node
(RLN) weight, and perforing kidney histopathological analysis in a blinded fashion. Both the
proteinuria level and RLN weight were significantly increased in the V@nh{Boup compared

to controls (Fig. 1€D). Early vancomycin treatment also resulted in significantly higher

pathologicalscores in glomerular and tubulointerstitial (TI) examinations (Fig. 1E). Taken
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together, these results indicate that vancomycin treatment duriuispase stage could

exacerbate lupdiske disease in female MRL/Ipr mice.

Early vancomycin treatment promed praeinflammatory cytokines and reduced Breg cello
begin to decipher the mechanism by which early vancomycin treatment worsened lupus disease,
we examined immune cell populations and production of inflammatory mediators. As we had
previously shownhatdecreasedl -6 and I-17 levels contributed to the attenuated disease
phenotype observed upon Vari9) treatment [11], we focused our attention orbland IL-17.
Here, we found that the lorigrm Van(315) treatment led to a similar level of-&.in the serum

but the value was significantly upregulated in mice with Va@)(Beatment (Fig. 2A). We next
guantified splenic doubleegative (DN) T cells and-fielper (Th17) cells (Fig. S2A), two major
cellular resources of HL7 in both human and mouse ug[25]. As anticipated, the percentage
and absolute number of DN T cells were significantly increased in the \8ami®up (Fig. 2B),
together with a trend of reduced proportion of CD&sells, though insignificant, which are
thought to be protectivailupus nephritis (Fig. S2B) [26, 27]. Moreover, significant immune
imbalance towards Th17 cells rather than regulatory T (Treg) cells was noted (Fig. 2B). These
data suggest a higher production ofllZ in the spleen of Van{8) group mice. As IL17 was

too low to be detected in the circulation (data not shown), we measuf&adniRNA expression

in the spleen that may reflect the systemic level ef TL Consistent with the flow cytometry

data, the transcript level of {L7 was significantly increased iott spleen and kidney (Fig. 2C).

Furthermore, we examined the | evel of | FNo, a
human and mice [28]. An elevated | evel of | FN
treated mice (Fig. 2D). Inthe spleeho f e mal e MRL/ | pr mi c e, al most



cells were T cells (data not shown). Further analysis showed that mice treated wit{8Vaad3

significantl y mofTecelbs @mMNhlcgls) mthe spleen @rig. CDahd S2C).

To delineate the mechanism that led to systemic inflammation at the endpoint (15
weeks of age), we analyzed the phenasygd@mmune cells in &eekold mice right after
Van(3-8) treatment. Interestingly, we found significantly decreased Breg biiregicells when
comparing the effect of vancomycin to the control (Fig. 2E and S2E). Breg cells produce large
amounts of IE10 and 11-35, two antiinflammatory cytokines known as key mediators of the
regulatory function of Breg cells in diverse immune digos including lupus [12]. In our study,
early administration of vancomycin [Van83] dampened the serum levels of bothll and
IL-35 (Fig. 2E), suggesting a functional loss of Breg cells. In addition, the bias towards DN T
cell differentiation was afrady observed at this age in vancomytogated mice (Fig. S2E),
suggesting that the enhancedllZ production was initiated early. In contrast, the production of
| FNo was not affected at 8 weeks of aglse (dat a
in 15weekold mice did not differ between control and vancomycin and regardless of the time of
vancomycin treatment (Fig. S2D). It is likely due to the enrichment of Breg inducers during the
activedisease stage of lupus, for example self DNA complardamultiple elevated pro
inflammatory cytokines [20, 29]. Taken together, these results suggest that removal of gut
microbiota by vancomycin treatment during the-gisease stage of lupus reduced Breg cells,
resulting in a pranflammatory response thatay contribute to the exacerbation of lupilke

disease in female MRL/Ipr mice.

Adoptive transfer of Breg cells at early age attenuated lupus in vancomireiated mice.
Considering the potential role of Breg cells in regulating the autoimmunity in-fpupug mice,

we adoptively transferred Breg cells into vancomytogated mice. In addition the control and
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vancomycin treatment [Van{B5)] groups, we have 3 vancomydneated groups with cell

transfer: 1) sorted H10" Breg cells, or B10 cells (Fig3A), injected at prelisease stage (6 and

7 weeks old); 2) other cells with Breg cells depleted, injected at 6 and 7 weeks of age; 3) Breg
cells injected at activdisease stage (11 and 12 weeks old). Compared to control mice and mice
with only vancomycirtreatment, early transfer of Breg cells significantly reduced spleen and
MLN weights (Fig. 3A), decreased IgG autoantibody level (Fig. 3B), and ameliorated lupus
nephritis: a reduced proteinuria level, smaller RLN and a lower pathological score ofrtbg kid
glomeruli (Fig. 3CD). Neither the othecell control at the prelisease stage nor Breg transfer at
the activedisease stage exerted any beneficial effects (Fig:§3Bhe lack of beneficial

response to late Breg injection suggests that the immupessgive function of Breg cells may

be more pronounced at young age and during theipease stage of lupus development.

We next examined immune cell populations and cytokine production with and without
adoptive transfer. H17 productiorwas blocked with Breg transfer at the qlisease stage,
reflected by significantly decreased DN T cell proportions and the balance of Treg/Th17 towards
Treg cells (Fig. 3E). Additiondkelsywas t he perce
significantlylover ed i n mice transferred with Breg cel
in the circulation was not significantly affected, although there was a trend for decline (Fig.
S3D). In summary, restoring Breg cells in the vancomyr@ated mice with éimpered Breg
functions significantly reducedil 7 and | FNo2 producing cells and
nephritic symptoms of lupus. These results clearly indicate that the gut microbiota removed by
vancomycin may be responsible for inducing Breg developiaiethe pradisease stagahereas

Breg cells wouldn turn dampen the initiation of lupus disease.



Restoration of bacterial DNA attenuated lupus disease in vancomyated mice.

Vancomycin targets Graimositive bacteria such as Clostridia that amdpcers of shofthain

fatty acids (SCFASs) [30, 31]. Therefore, we tested the hypothesis that treatment of vancomycin
during the predisease stage removed SCFAs that are inducers of Breg cells. We first quantified
the levels of fecal SCFAs with gas chroomaphy. In female MRL/Ipr mice, the level of total
SCFAs increased from 3 to 5 weeks of age and plateaued after 5 weeks of age (Fig. S4A).
Vancomycin treatment significantly lowered the level of fecal SCFAs, consistent with
vancomycinmediated removal dlostridia (Fig. S4B). Further analysis showed that 3 most
abundant SCFAS acetate, propionate and butyteere all significantly reduced in the feces
upon vancomycin treatment (Fig. S4C). In contrast, the fecal heptanoate level significantly
increased, &hough its role in immune regulation and autoimmunity is unknown. In light of the
effect of SCFAs in inducing Treg cells [32], it would be of interest to examine whether
restoration of SCFAs could educate Breg cells and attenuate lupus. We thus supfsied ac
propionate and butyrate in the drinking water for mice receiving vancomycin treatment. No
difference was observed for Breg cells between mice with or without SCFA treatment (Fig.
S4D). Consequently, SCFAs supplement did not attenuate either syateoimamunity (Fig.

S4E) or lupus nephritis (Fig. S4F). These results suggest that the reduction of SCFAs upon

vancomycin administration was not the reason for Breg dysfunction and disease exacerbation.

The removal of Clostridia by vancomyalsoled to a significant decrease in the total
bacterial load in the gut (Fig. 4A) as well as a significant reduction of bacterial DNA in the
circulation (Fig. 4B). We thus asked the question whether bacterial DNA could be Breg inducers
that could protet vancomycirtreated mice from the exacerbated disease phenotype.

Vancomycintreated female MRL/Ipr mice were orally gavaged with endoténg@E. coliDNA
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once a week from 4 to 7 weeks of age. The administration of bacterial DNA led to significant
decrases of spleen and MLN weights (Fig. 4C), and a significantly lower level edsIDNA
autoantibodies in the serum (Fig. 4D). We also monitored the proteinuria level weekly after
disease onset at 8 weeks of age and witnessed significantly lowered mahies treated with
bacterial DNA (Fig. 4E). In addition, the kidney glomerular pathological score was significantly
decreased (Fig. 4F), suggesting improved renal function with bacterial DNA administration.
These results suggest that bacterial DNA isqmtdte against lupus, and that the removal of
bacterial DNA by vancomycin treatment during the-gisease stage may be the cause of lupus

exacerbation.

We next investigated the effects of bacterial DNA on inflammatory mediators in the
circulation and their cellular sources in the spleen. The serudnctincentration was
dramatically decreased ImacterialDNA treatment (Fig. 5A). Correspondingly, splenic Th17
and DN T cells, the major HL7 producers, were significantly reduced, togethén wi
significant increase of the proportion of CDBcells (Fig. 5B). In both spleen and kidney, the
expression of IE17 mRNA was significantly decreased with bacterial DNA administration (Fig.
5C) . I n addition, | F NST cells vaglinhibited, esultinfina m s pl eni
significant decrease of serum | FNo2 (Aiceyss 5D) .
wassignificantly elevated in the spleen of bacterial DNéated mice (Fig. 5E), resulting in a
significantly higher percentage 6D44'CD8" T cells (Fig. 5F). Furthermore, treatment with
bacterial DNA significantly decreased the transcript levels of type 1 and type 2 hyaluronan
synthases (Has) in the kidney, enzymes that mediates the secretion of hyaluronate (HA) (Fig.
5G) [33].HA is known as a positive contributor to lupus nephritis by inducing the production of

several inflammatorgytokines including IE1 pTNFUand IL-6 [34]. We noted that the
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expression ol N FraRNA in the kidney was significantly inhibited (Fig. S5). Thiaybe
another mechanism by which the administration of bacterial DNA attenuated lupus nephritis in

vancomycintreated female MRL/Ipr mice.
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DISCUSSION

An important role of gut microbiota in the pathogenesis of SLE has been suddéswd

found different gut microbiota structures in SLE patients with active disease as well as lupus
prone mouse models impared to their respective contrpds 5]. MRL/Ipr mice, in particular,
showed a significantly reduced abundance of Lzatdli [4]. More importantly, restorain of
Lactobacilli in the gut largely ameliorated luplilse disease, together with reversal of a leaky
gut andower IL-17 productior{6]. Moreover, removal of gut microbiota by antibigtic

treatment after disease onset resulted in alleviated clinical parafidfetdowever, complete
removal of gut microbiota throughout life, achieved with gémee housing, did not affect the
disease outcome in MRIpf mice[10]. Consistently, we observed no change in disease
manifestations in MRL/Ipr mice receiving mixed antibiotics from the weaning age till the
endpoint (data not shown). The contradictory results betweertéomgvs. activalisease stage
antibiotic treatmentugygest that the gut microbiota as a whole, or some specific bacterial species
within the gut microbiota, may play an important rdleing the pralisease stage to educate
immune response against lupus. Indeed, antibiotic treatineny the preliseas stage

promoted lupus progression (Fig. 1). The exacerbated disease was associated with increased
production of 16, IL-1 7 and | F-N)pwhichrare gnownzahtributing factors of lupus
pathogenesig28, 35, 36] While the percentage of Breg cells at 15 weeks of age did not differ
with or without antibiotic treatment at the pilesease stage (Fig. S2D), the development of Breg
cells was significantly inhibited at an &ar time point and right after the cessation of antibiotic
treatment @ weeks of agefrig. 2E). Remarkably, adoptive transfer of Breg cells into-fi@nm
vancomycintreated micaluring the predisease staged to attenuated disease (Fig. 3). This

suggets that restoration of Breg celisiring the predisease stagsould overcome the adverse
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effects of early gut microbiota depletion. Although diverse gut bacterial species and their
metabolites were changed due to vancomycin treatment, the loss of b&dt&iappears to
have inhibited Breg development. Restoration of bacterial DNA regenerated the alleviated

outcomes seen with the adoptive transfer experiment (Fig. 4).

B cells are known as a positive contributor to autoimmunity due todheabilities to
produce autoantibodies and stimulate autoreactive T[8&llsHowever, many studies have
confirmed the regulatory function of a subpopulation of B cells, namely Bt 12]. Through
producing the andinflammatory cytokine IE10, Breg cells play a critical role in the regulation
of both normal and aberrant immune respoifis8f Unlike Treg cells that expref®xp3 Breg
cells do not have a common transcription factor and any B cells, including mature B cells,
immature B cells and plasmablasts, may differentiate inttOlbroducing Breg cells in response
to the right stimul{12]. The gut microbiota has been demonstrated as an important
environmental stimulus as wikype mice treated with mixed antibiotics leafewer Breg cells
[20], a phenomenon observed in our Iypusne model as well (FigE). TLR9 activation
promotes I10 production from B cells in different lupus modg§, 38] Interestingly, unlike
TLR7, TLR9 deficiency in lupus mice led to more sewdisease developmefi2, 39, 40]

TLR9 recognize€pG DNA; and bacterial DNA, in contrast to mammalian DNA, is rich in CpG
islands. In our study, we found that vancomycin treatment at early age significantly removed
bacterial DNA from the gut and circulation (Fig. 4. As a result, the development ofelgr

cells at 8 weeks of age was dramatically inhibited (Fig. 2E), leading to more severe clinical
outcomes at the laiisease stage (Fig. Importantly, restoration of bacterial DNA in the
antibiotictreated mice downregulated-L7 a nd | F None regpbnaes @id. 5B) mmu

and significantly attenuated lupus nepbhritis (Fig. 4). These results are consistent with those of an
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earlier study in NZB/W F1 mice, where immunization with bacterial DNA was protective against
lupus nephritig41]. However, no mechanism was shown in the earlier study, and the
administration routefdoacterial DNA was different. We administered bacterial DNA orally to
mimic the contribution of gut microbiota and present here a-Bregiated mechanism by which

bacterial DNA protects against lupus nephritis.

There is a numerical impaient of Breg cells in SLE patients, particularly those with
active nephritig14]. Defective IL-10 production and reduced immunosuppressive ability were
observed in Breg cells isolated from the peripheral blood of SLE pajdjtsThis indicates
impairment of the regulatory function Bfeg cells in human SLE, highlighting them as a
potential therapeutic target. Breg cells also play an important role in-fupaos mice. NZB/W
F1 mice deficient of CD19, compared to unaltered NZB/W F1 mice, showed an earlier onset of
lupus nephritis andxhibited a reduced survival rate, though the emergence of autoantibodies
was also delayed 6]. In another study, the depletion of all mature B cells, including Breg cells,
accelerated disease onfEf]. However, the exacerbation of lupus was only seen in NZB/W F1
mice with B-cell depletion initiated very early in lifefrom 4 weeks of age. In contrast, when B
cell depletion started at 1f 28 weeks of age, the disease was significantly inhibitedserhe
results not only suggest an important role of Breg cells in regulating disease development in
NZB/W F1 mice, but also provide evidence that the suppressive effect of Breg cells in lupus is
time-dependent: they are only effective during disease initiatdthough using a different
lupusprone mouse model, we observed a very similar phenomenon on the development and
effect of Breg cells. Early removal of the environmental inducers of Breg cells significantly
reduced the percentage of Breg cells in theesp(Fig. 2E), resulting in earlier disease initiation

(data not shown) and exacerbation of lupus (Fig. 1). On the contrary, the same antibiotic dosage
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given at a later time (9 to1l5 weeks of age) attenuated-lifmidisease in the same mouse strain
[11]. Another supporting evidence is that adoptive transfer of Breg cells ameliorated disease
parameters in vancomyetneated mice when injected early rather than late (Fig. 3 and S3).
These results clearly indicate thlaé immunosuppressive function of Breg cells is only effective
during lupus initiation. In addition, we found that the percentages of Breg cells were similar at
the latedisease stage (15 week of age) regardless of treatment (Fig. S2D). This is bdtause se
DNA complexes are highly accumulated during active disease, which, together with elevated
pro-inflammatory cytokines, dominate the induction of Breg d@#§. Thus, the effect of

bacterial DNA at the activdisease stage is insignificant, which can well explain artibiotic
treatment during the agt-disease stage is benefidal] even with the removal of bacterial

DNA.

In MRL/Ipr mice, the results are somewhat controversial regarding the role of Breg
cells.One report described Breg cells as protectigethe transfer ah vitro ant-CD40-
generated B cells greatly improved lupus nephritis through ditHlependent mechanisfi5].
However, in another study,-&ll-specific IL-10 deletion did not affect lupus progression,
implying that endogenous 110 producing Breg cells are ineffective in suppressing
autoimmunity in MRL/Ipr micd43]. We think that other anthflammatory mediators originated
from Breg cells compensated the loss ofLlLin regulating autoimmunity. Indeeid.-10
independent immune suppression by Breg cells also §t2li-or example, a unique subset of
IL-35 producing B cells overlaps with the-1I0" Breg subset. The promotion of-B5" Breg
cellsin vivoconferred protection against autoimmune dis¢é4k In this study, the reductions
of IL-10" Breg cells and serum 4LO were accompanied by reduced serum3L{Fig. 2E),

suggesting that H35 may be responsible for the regulatory function of Breg cells on lupus in
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MRL/lpr mice. In addition, Breg cells are able to suppress autoimmune inflammation through
elevated expression of P [45]. Onestudy, though not in an autoimmune dseanodel,
confirmed PBL1 expression as another mechanism by which Breg cells suppress effector T cells

[46].

While we have proposed that the induction of Breg cells by bacterial DNA is
responsible for the attenuation of lupus nephritis in vancontyeated mice, other events
evoked by bacterial DNA treatmemay also be involved in the regulation of autoimmunity. In
this study, we showed that oral bacterial DNA treatment upregulated the expression of CD44 in
CDS8' T cells but not in CD%or DN T cells (Fig. 58). CD44 is important for T cell migration
into inflammatory sites such as nephritic kidrjdy]. Due to their potential protective effect
against lupu$48], more CD8 T cells infiltrating the kidney may be beneficial. HA is known as
the principle extracellular CD44 liga@3]. CD44HA interaction mediates the recruitment of
diverse immune cdll in particular T cells, and contributes to disease activity in [[48451]. In
patients and mice bearing active lupus nephritis, theser of HA is enhanced in kidney,
which correlates with lymphocyte infiltration and kidney dami@ge 53] Importantly, the
inhibition of HA in lupusprone mice improved disease parameters, at least panyateducing
pro-inflammatory cytokine expression in the kidri8y]. This suggests a contributing role of
HA in the pathogenesis of lupus nephritis. Up to date, 3 mammalian HA synthases have been
found (Hasl, Has2 and Has3). Interestingly, in mice treated with bacterial DNA, the intrarenal
synthesis of Has1 and Has2 wergnificantly decreased (Fig. 5G). Notably, astéDNA
antibodies have been recognized as an inducer of HA production in human kidney cells, and this
induction is dependent on the expression of Ha8P Therefore, the significantly lower anti

dsDNA antibody level in the circulianh with bacterial DNA treatment (Fig. 4C) may explain the
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reduction of HA synthesis. Subsequently, decreased HA in the kidney could lead to fewer CD4
and DN T cell infiltration, reflected by the decrease ifLILMRNA expression (Fig. 5C). The
loss of HAmight also impair prenflammatory cytokine induction in the kidney (Fig. S5). As a

result, the kidney damage during lupus progression was attenuated {Hp. 4E

In conclusion, our results suggest an important protective mechanism agaissthat
involves bacterial DNA in the gut microbiota and the induction of Breg cells. Further studies are

required to examine the potential of using bacterial DNA as a preventive method against lupus.
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METHODS

Mice and treatmentsMRL/Mp-FasP" (MRL/Ipr, stock number 000485) mice were purchased

from The Jackson Laboratory (Bar Harbor, ME) and bred and maintained in a specific pathogen
free facility according to the requirements of the Institutional Animal Care and Use Committee
(IACUC) at Virginia Tech Animal Welfare Assurance Number: A3208). CQ was used for
euthanasia according to the IACUC protocol. All experiments were performed in accordance
with relevant guidelines and regulations. Vancomycin (2 g/l) was given in the drinking water
during the imlicated periods of time. The drinking water containing vancomycin was replenished
once a week. Endotoxifinee E. colibacterial DNA was purchased from InvivoGen (San Diego,
CA). Eighty micrograms of bacterial DNA was orally gavaged to vancontyeated mie once

a week for L£onsecutiveveeks at 4, 5, 6 and 7 weeks of age.

Breg cell isolation and adoptive transfell.-10 producing B cells were isolated from the spleen
andMLNSs of sex, agenatched female MRL/Ipr donor mice by using mouse regulatory B cell
isolation kit purchased from Miltenyi Biotec (Gladbach, Germany). The recipient mouse was
injected with 1 million Breg cells each time through tail vein i.v. injection. Each recipient mouse
received two injections either at 6 and 7 weeks of age (durindigpease stage) or at 11 and 12
weeks of age (during activisease stage). Mice in control cell group were injected with cells

depleted of Breg cells at 6 and 7 weeks of age.

Renal function.Urine was collectetdy squeezing oweekly starting from diseasonset at 8
weeks of age, and all samples were stored at
Coomassie Protein Assay Kit (Thermo Scientific). When mice were euthanized at 15 weeks of

age, the kidney was fixed in formalin for 24 h, para#éimbedded, sectioned, and stained with
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periodic acidSchiff at the Histopathology Laboratory at VirgirfNaryland College of

Veterinary Medicine. Slides were read with an Olympus BX43 microscope. All the slides were
scored in a blinded fashion by a ceddiveterinary pathologist. Glomerular lesions were graded

on a scale of 0 to 3 for each of the following 5 categories: increased cellularity, increased
mesangial matrix, necrosis, the percentage of sclerotic glomeruli, and the presence of crescents.
Tl lesons were graded on a scale of 0 to 3 for each of the following four categories: presence of

peritubular mononuclear infiltrates, tubular damage, interstitial fibrosis, and vasculitis.

Cell isolation and flow cytometryThe spleen was collected and masimedoe m cel | st r ai r
with complete medigRPMI 1640, 10% fetal bovine serum, 1 mM

sodium pyruvate, 1% 100 MEMnone s sent i al amino acids, 10 mM

mercaptoethanol, 2 mM-glutamine, 100 U/ml penicillistreptomycin, all from Life

Technologies, Grand Island, NYRed blood cells were lysed with RBC lysis buffer
(eBioscience). For surface staining, cells were blocked withnamtise CD16/32 (eBioscience),
stained with fluorochromeonjugated antibodies, and analyzed vidih FACSAriall flow

cytometer (BD Biosciences, San Jose)J#or intracellular staining, Foxp3
Fixation/Permeabilization kit (eBioscience) was ugtainbie Aqua fixable viability kit

(Biolegend) was used to exclude dead céligi-mouse antibodies used in this stuclude the
following: CD3-APC, CD4PE-Cy7, CD8PerCP/Cy%, IL-10Per CP/ CyBPMCy7, | FN92
IL-17A-FITC, CD44FITC, CD62L-APC/Cy7, Foxp3E, B226PE, CD19APC (Biolegend);

R O RE (eBioscience). Flow cytometdata were analyzed with FlowJo (BD).

RT-gPCR.The spleen and kidney were homogenized with Bullet Blender homogenizer (Next

Advance), and total RNA was extracted with RNeasy Plus Universal Kit (Qiagen) according to
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the manufacturersod instructions. Gemeemic DNA
DNase | (Qiagen). Reverse transcription was performed by using iScript cDNA Synthesis Kit
(Bio-Rad). Quantitative PCR was performed with iTaq Universal SYBR Green Supermix (Bio

Rad) and ABI 7500 Fast Re@lme PCR System (Applied Biosystems). Relatjuantities were
calculated using132 as the housekeeping gene. Primer sequences for i8Rdé-17A Hasl,

Has2, Has3, IL1 b,  &rdIE-Bare available upon request.

ELISA. Anti-dsDNA IgG was measured according to a previously described n@&#hod otal
IgG and cytokine concentrations were determined with mouse 1gG (Bethyl Laboratori&8), IL
IL-6 , | FNo ( Bi &5 (kifgSpandBipSciensdELISA Kits, respectively, according to

the manufacturerso instructions.

Microbiota sampling and analysid-ecal microbiota samples were obtained by takinguse

out of the cage and collecting a fecal pellet. To avoid ezoetamination, each microbiota

sample was collected by using a new pair of s
being processed at the same time. Sample homogenizafidgsiseand DNA extraction were

performed as previously described [13]. Quantitative PCR were performed to measure the total
bacteria load and the relative abundance of several bacteria species. The primer sequences for
these species are available upeguest. For gas chromatography measurement of SCFAs, fecal

samples were acidified using phosphoric acid immediately before andlysigjector settings

were temperatur® 0 O ; -hydrogen; iejaction modsplit (ratio 2:1).The emperature
programwas initial temperaturé& 0O held for 3 minutes, then inc
6 per minute to 140 and hold for lweremi nut e.

Temperatur€ 5 0; Hydrogen Flow35 ml/minute; Air Flow350 ml/minute; Makeuplow

(Nitrogen}15 ml/minute; Total Makeup (makeup + column fle® ml/minute.
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Statistical analysis.Analysis of norsequencing data was performed with nonparametric Mann
Whitney test for the comparison of 2 groups, and nonparametric KiA&kiiis test br the
comparison of 3 groups. The results were considered statistically significant when p<0.05. Al

analyses were performed with Prism Graph{&sh Diego, CA).
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Fig 1. Vancomycin given at predisease stage exacerbated lupus nephritiSroup: Control:

without any antibiotics. Van¢25): mice received vancomycin treatment from 3 weeks to 15

weeks old. Van(3B): mice received vancomycin treatment from 3 weeks to 8 weekgA)d.

Spleen weight to body weight ratio (%) at 15 weeks of &)eTke ratio of antdouble straned

(dsDNA I gG to total l gG i n mouse s E€rLevatofat 15 we
proteinuria over D) Renalynfpnr@deRLN)prmeight af IS aveeks )of. (

age. E) Renal histopathology at 15 weeof age. Left: representative PAgined kidney
sections; bar equals 400 & m. Mi ddl e: gl omer ul

#p<0.1, *p < 0.05, **p < 0.01, **p < 0.001.
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Fig 2. Early vancomycin treatmentpromoted inflammatory immune response andeduced

Breg celk. (A) Serum levelof 6 at 15 weeks ofB)AtdewedksioDae:per gt
Left: the percenige ofdouble negativedN) T cells in splenocyteMiddle: the absolute number

of DN-T cellsin spleen. Right:ite Treg cell to Th17 cell ratio in spleénn O5 peIC) group) .
Transcript level of IE17A gene in the spleen and kidney at 15 weekggafa ( n O 7 per gr o
(D) The absolute number of IENroducing CD4 T cells in spleen (left) anithe IFNo level in

mouse serurfright) at 15 weeks ofagen O 5 p eE) FAGS amalypig of ILL@" Breg cells

in spleen at 8 weeks of age. The percentage of Breg and sef@fratid [1-10 levels are shown

(n=10 per group}#p<0.1, *p < 0.05, **p < 0.01.
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Fig 3. Adoptive transfer of Breg cellsat early ageattenuated lupusin vancomycintreated
mice.Van(315)+B10: van(3L5) mice received H10 producing Breg cells adoptive transfer at

6 and 7 weeks of agfA) Spleen weighfleft) and MLN weight (right) to body weight ratio (%)

at 15 weeks of ageBf Anti-d s DNA |1 gG | evel i n mouse serum at
group).C) Left: proteinuria | evel at 14 weeks of
weeks of age.[¥) Kidney glomerular score at 15 weeks of a@f.The percentage of DN T cells

(left), Treg to Th17 cells ratio (middle) and the percentage of [ffNducing CDA T cells

(right) in the mouse spleen at 15 weeks of age. #p<0.1, *p < 0.05, **p < 0.01, T'@O4.
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Fig 4. Restoration of bacterial DNA attenuated lupus disease in vancomycimneated mice.

(A) Left: bacterial DNA load in thgut of mice at 7 weeks of age (n=9 per group). Right:

bacterial DNA load in theirculationof mice @ 8 weeks ofge (n=5 per group}B) Spleen

weight (left) and MLN weight (middle) at 15 weeks of age) $erum antdsDNA 1gG level in

mice at 12 and 15 weeks of age (n=5 per grolj)LEvel of proteinuria over time (n=5 per

group). E) Renal histopathology at 15e&ks of age. Left: representative Rét8ined kidney
sections; bar equals 400 & m. Mi ddl e: gl omer ul

**p < 0.01, ***p < 0.001.
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