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ABSTRACT Gut microbiota dysbiosis has been observed in a number of autoimmune

diseases. However, the role of the gut microbiota in systemic lupus erythematosus (SLE),

a prototypical autoimmune disease characterized by persistent inflammation in multiple

organs of the body, remains elusive. Here we report the dynamics of the gut microbiota

in a murine lupus model, NZB/W F1, as well as intestinal dysbiosis in a small group of

SLE patients with active disease. The composition of the gut microbiota changed mark-

edly before and after the onset of lupus disease in NZB/W F1 mice, with greater diver-

sity and increased representation of several bacterial species as lupus progressed from

the predisease stage to the diseased stage. However, we did not control for age and the

cage effect. Using dexamethasone as an intervention to treat SLE-like signs, we also

found that a greater abundance of a group of lactobacilli (for which a species assign-

ment could not be made) in the gut microbiota might be correlated with more severe

disease in NZB/W F1 mice. Results of the human study suggest that, compared to con-

trol subjects without immune-mediated diseases, SLE patients with active lupus disease

possessed an altered gut microbiota that differed in several particular bacterial species

(within the genera Odoribacter and Blautia and an unnamed genus in the family Rikenel-

laceae) and was less diverse, with increased representation of Gram-negative bacteria.

The Firmicutes/Bacteroidetes ratios did not differ between the SLE microbiota and the

non-SLE microbiota in our human cohort.

IMPORTANCE SLE is a complex autoimmune disease with no known cure. Dysbiosis

of the gut microbiota has been reported for both mice and humans with SLE. In this

emerging field, however, more studies are required to delineate the roles of the gut

microbiota in different lupus-prone mouse models and people with diverse manifes-

tations of SLE. Here, we report changes in the gut microbiota in NZB/W F1 lupus-

prone mice and a group of SLE patients with active disease.
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Systemic lupus erythematosus (SLE) is a prototypical autoimmune disease that

affects almost all organs of the body. It exhibits diverse manifestations, which

represents a challenge to clinicians. The etiology of SLE is unclear, but evidence has

shown that it is influenced by genetic, environmental, hormonal, and epigenetic

factors (1). Together, these factors act on the immune system and cause abnormal-

ities, including generation of autoantibody-producing B cells and autoreactive T

cells and abnormal production of proinflammatory cytokines. The disease is char-

acterized by severe inflammation in target organs, leading to tissue damage. The
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products of damaged cells are picked up by autoantibodies to create immune

complexes that activate antigen-presenting cells, which in turn induce more in-

flammatory T cells and proinflammatory cytokines, creating a vicious cycle of

inflammation (2). Current standard-of-care treatments for SLE are mainly nonselec-

tive immunosuppressants (3). Not all patients respond to these treatments, and

systemic immunosuppression is a major cause of concern. Higher incidences of

infection and more-severe infections have been observed among patients receiving

long-term nonselective immunosuppressant therapy (4). There is a critical need for

better understanding of the pathogenesis of SLE, from which new treatment

strategies may be developed.

Environmental factors, including diet, modern medicine, and environmental mi-

crobes, are involved in the etiology of SLE. This is supported by observations in both

humans and mice. The incidence of SLE is significantly higher in African Americans than

West Africans, although the two populations are genetically very similar (5). In lupus-

prone mice, the involvement of environmental factors is evidenced by the progressive

loss of the SLE-like phenotype observed in the classic lupus-prone strain MRL/Mp-Faslpr

(MRL/lpr) over several years at The Jackson Laboratory under specific pathogen-free

conditions (stock no. 006825), while no deviation from the original strain was detected

at the genetic or epigenetic level. Because diet, medicine, and environmental microbes

can influence the composition of the host microbiota, efforts have been made to

understand the dynamics of the microbiota (largely commensal bacteria living in the

gut) in the pathogenesis of SLE. Oral antibiotics are known to trigger lupus flares (6–8),

suggesting a role for commensal bacteria in SLE. Our research team recently described

changes in the gut microbiota in lupus-prone mice versus healthy controls (9); a

decrease in Lactobacillaceae and an increase in Lachnospiraceae were observed in the

MRL/lpr mouse model (stock no. 000485; The Jackson Laboratory). Interestingly, a

treatment that improved lupus-like symptoms also restored lactobacilli (9). Based on

these observations, we administered Lactobacillus spp. to MRL/lpr mice and showed a

striking effect of the probiotics in ameliorating lupus nephritis (10). This suggests that

lupus disease could be controlled by changes in the gut microbiota. In another lupus-

prone mouse model, SNF1, greater abundance of the Rikenellaceae family of commen-

sal bacteria was found to be associated with more severe SLE-like disease (11).

Moreover, increased bacterial diversity was observed in both the MRL/lpr and SNF1

mouse models (9, 11). In human SLE, a cross-sectional study showed that the fecal

microbiota of SLE patients with inactive disease had a significantly lower Firmicutes/

Bacteroidetes ratio than did that of healthy controls (12). A lower Firmicutes/Bacte-

roidetes ratio is also evident in other autoimmune diseases (13, 14). The fecal microbiota

of SLE patients was a stronger inducer of Th17 differentiation than was the healthy

control fecal microbiota (15), and the Th17 response is considered a primary driver of

autoimmunity in SLE (16–20). Here, we report the dynamics of the gut microbiota in

another murine lupus model, NZB/W F1, as well as an altered gut microbiota in a small

group of SLE patients.

RESULTS

Dynamics of the gut microbiota in NZB/W F1 mice. Like in MRL/lpr mice, the

disease phenotype in NZB/W F1 mice resembles human SLE and is characterized by

high levels of antinuclear antibodies, hemolytic anemia, proteinuria, and progressive

immune complex glomerulonephritis. These mice have been used as a model for

human SLE since the early 1960s, as these mice and humans with this multifactorial

disease have similarly complex genomic landscapes. Similar to human SLE, which has

a strong female bias, the disease is most pronounced in female NZB/W F1 mice. The

average life span for females is 8 months, with disease onset at approximately 5 months

(20 weeks) of age. Thus, disease progression is much slower in NZB/W F1 mice than in

MRL/lpr mice.

To determine the dynamics of the gut microbiota during lupus progression in

female NZB/W F1 mice, we analyzed fecal pellets collected at three predisease time
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points (10, 14, and 18 weeks of age) and three post-disease-onset, or diseased, time

points (23, 28, and 33 weeks of age). The structure and diversity of the lupus-associated

microbiotas changed continuously over time (Fig. 1). The unweighted UniFrac distance-

based principal-coordinate analysis (PCoA) showed that the gut microbiotas were

distinct at three predisease time points but clustered together at the diseased time

points (Fig. 1A; also see Fig. S1 in the supplemental material). Importantly, the UniFrac

distance between predisease and diseased time points was greater than the distance

observed among the three predisease time points. In addition, the gut microbiotas split

into two groups along the PC1 axis (P � 0.01, permutational multivariate analysis of

variance [PerMANOVA]), and the split happened at �20 weeks of age, suggesting a

dramatic change in the gut microbiotas upon the onset of SLE-like symptoms. It is

worth noting that we cannot rule out the possibility that cage effects are driving the

differences in Fig. 1A, and we do not have a wild-type control for the effects of aging

on the microbiota.

We next determined the change in microbiota diversity during lupus progression in

NZB/W F1 mice. The number of operational taxonomic units (OTUs) in these mice

increased significantly from the predisease stage to the diseased stage (P � 0.001) (Fig.

1B), suggesting increased bacterial diversity as the disease progressed. This is consis-

tent with other lupus-prone mouse models, in which lupus-associated increases in

microbiota diversity were also observed (9, 11). Individual bacterial species fluctuated

over the time period tested, and the species with significant changes are shown in Fig.

1C. Specifically, significant increases from the predisease stage to the diseased stage

were observed for several bacterial species in the genera Clostridium, Dehalobacterium,

FIG 1 Dynamics of the gut microbiota in NZB/W F1 mice. Fecal pellets were collected at 10, 14, and 18 weeks of age (predisease time points; n � 5 per time

point) and 23, 28, and 33 weeks of age (post-disease-onset time points; n � 3 or 4 per time point) and were subjected to 16S rRNA sequencing analysis. The

disease onset in NZB/W F1 mice is �20 weeks of age. (A) PCoA plot, showing alterations of overall community structures (P � 0.01). (B) Bacterial diversity, as

indicated by the number of OTUs. The increase of OTUs from the pre-disease-onset stage to the post-disease-onset stages was significant (P � 0.01). (C)

Time-dependent changes in the relative abundance of different bacterial species. Smoothing was performed with the ggplot2 package, using locally weighted

regression. In all figures, P values were corrected for multiple comparisons by controlling the FDRs.
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Lactobacillus, Oscillospira, Dorea (family Lachnospiraceae), Bilophila (family Desulfovibri-

onaceae), and AF12 (family Rikenellaceae) and an unnamed genus within the family

Ruminococcaceae (P � 0.01 in all cases). Akkermansia muciniphila and a species within

the genus Anaerostipes (family Lachnospiraceae), however, significantly decreased from

the predisease stage to the diseased stage (P � 0.01). These results suggest that the

composition of the gut microbiota changed markedly from before to after the onset of

lupus disease in NZB/W F1 mice, with greater diversity and increased representation of

several bacterial species as lupus progressed from the predisease stage to the diseased

stage. It is worth noting that these changes may also be caused by the maturation of

bacterial communities as the mice aged.

To determine whether a common treatment for SLE could reverse the changes in

the gut microbiota, we treated NZB/W F1 mice with 2 mg/kg body weight dexameth-

asone (Dex) from 20 to 34 weeks of age (14 weeks of treatment). Prior studies showed

that Dex suppresses the development of disease in NZB/W F1 lupus-prone mice (21).

Treatment with Dex altered the microbiota as the animals aged, compared to the

vehicle-treated controls (Fig. 2). The overall microbiota structure with Dex treatment

was distinct from that with vehicle treatment (control), as shown in the unweighted

UniFrac-based PCoA plot (P � 0.01) (Fig. 2A). Interestingly, instead of decreasing the

bacterial diversity, which was already high in diseased mice (Fig. 1B), Dex appeared to

further increase the diversity, with a significantly higher Shannon index and more

FIG 2 Changes in the gut microbiota in NZB/W F1 mice in response to immunosuppressant (Dex) treatment. NZB/W F1 mice

were treated with 2 mg/kg body weight Dex (intraperitoneal injections five times per week) from 20 to 34 weeks of age. Fecal

pellets were collected at 34 weeks of age and subjected to 16S rRNA sequencing analysis. (A) PCoA plot, showing the

separation of overall bacterial structures (P � 0.01). (B) Bacterial diversity, as indicated by the Shannon index (P � 0.001). (C)

Identification of a bacterial species for which there was a significant change from the pre-disease-onset stage (pre) to the

post-disease-onset stage (post) and Dex treatment significantly reversed the change (P � 0.01 in both cases). Ctr, control. (D)

Spearman correlation analysis between the abundance (shown as a proportion, where, e.g., 0.2 represents 20%) of the bacterial

species (Lacto [Lactobacillaceae, Lactobacillus, other]) identified in panel C and two measurements of the SLE disease state, i.e.,

renal function (RenalFunc) and systemic autoimmunity (SysAuto). See Materials and Methods for calculation of these two

measurements.
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observed OTUs (P � 0.001 for both cases) (Fig. 2B; also see Fig. S2). Notably, the

community variability decreased (Fig. 2A) while diversity increased (Fig. 2B) in Dex-

treated mice, compared to control mice. We suggest that high diversity in the Dex-

treated group may lead to a more stable community and thus lower observed vari-

ability than for the control group.

We next identified the bacterial species with significant changes from the pre-

disease-onset stage to the post-disease-onset stage, and we investigated whether Dex

treatment significantly reversed such changes. Only one bacterial species, i.e., “Lacto-

bacillaceae, Lactobacillus, other,” fulfilled these criteria (Fig. 2C). The relative abundance

of this species increased significantly, from 0.01% at the pre-disease-onset stage to 10%

at the post-disease-onset stage, and Dex was able to significantly decrease the abun-

dance to 1% (P � 0.01 in both cases). BLAST analysis showed that the OTU sequences

within Lactobacillaceae, Lactobacillus, other, were at least 98% identical to those of

Lactobacillus murinus, Lactobacillus kimchicus, and Lactobacillus senmaizukei; among the

three, only Lactobacillus murinus was isolated from mice (the other two were isolated

from kimchi and Japanese pickle, respectively). However, there could be unsequenced

isolates that would be represented by the sequence obtained from the 16S analysis;

therefore, the identity of the isolate(s) is unknown, but the isolate(s) could be one or

more of the three detected species. We further studied Spearman association coeffi-

cients for this bacterial species and two measurements of SLE disease state, namely,

renal function and systemic autoimmunity (Fig. 2D). The renal function was calculated

as a composite score reflecting the level of proteinuria and the histopathological score,

whereas systemic autoimmunity was calculated as a composite score reflecting the

level of autoantibodies against double-stranded DNA (dsDNA) and the weight of spleen

(see Materials and Methods for details). Correlation analysis showed that Lactobacil-

laceae, Lactobacillus, other, was positively associated with renal function (correlation

efficient of 0.38; P � 0.094) and systemic autoimmunity (correlation efficient of 0.42;

P � 0.067), although the associations were not statistically significant. These results

suggest that a greater abundance of a group of lactobacilli (for which a species

assignment could not be made) in the gut microbiota may be associated with more

severe clinical signs in female NZB/W F1 mice. This is distinct from findings observed for

female MRL/lpr mice, in which a greater abundance of Lactobacillus reuteri was found

to be associated with disease attenuation (9, 10).

Gut microbiota dysbiosis in human SLE patients. To study the differences in the

gut microbiota of patients with SLE, compared to patients without immune-mediated

diseases, we enrolled 14 patients with active SLE and 17 non-SLE controls. Although the

overall community structures could not be separated by unweighted UniFrac-based

PCoA analysis (Fig. 3A), SLE subjects had significantly lower diversity, measured with the

Shannon index (P � 0.05, Mann-Whitney test) (Fig. 3B). Unlike the published compar-

ison between healthy controls and SLE patients, in which the Firmicutes/Bacteroidetes

ratio was significantly lower in SLE patients in remission (12), the ratios were not

significantly different for our cohort of SLE patients versus non-SLE controls (P � 0.05)

(Fig. 3C). In addition, the abundance of the bacterial phylum Proteobacteria (a repre-

sentation of facultative anaerobic Gram-negative bacteria) was significantly greater in

the gut microbiota of SLE patients (P � 0.05) (Fig. 3D). This is consistent with the

increased serum levels of lipopolysaccharide (LPS) endotoxin in SLE patients that were

observed by others (22). Three bacterial species appeared to be differentially repre-

sented in SLE patients, compared to non-SLE controls (P � 0.05, based on both

nonparametric Mann-Whitney tests and DESeq2 analysis) (Fig. 3E); the species were

within the genera Odoribacter and Blautia (family Lachnospiraceae) and an unnamed

genus (family Rikenellaceae). BLAST analyses of the OTU sequences were performed,

and the identified species are presented in Table 1. These results suggest that, com-

pared to controls without immune-mediated diseases, SLE patients with active lupus

disease possessed an altered gut microbiota that differed in several bacterial species

and was less diverse, with increased representation of Gram-negative bacteria. Medi-
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cation may influence the composition and diversity of the gut microbiota (Table 2) but,

due to the small sample size, we did not attempt to analyze the effects of medication.

DISCUSSION

In our studies, we analyzed the gut microbiota of NZB/W F1 mice and SLE patients

with active disease by using 16S rRNA sequencing. In NZB/W F1 mice, significant

differences in the gut microbiota were observed between predisease and diseased

mice and between untreated mice and mice treated with the immunosuppressive drug

Dex. The microbiota tended to be more diverse as the disease progressed and after Dex

treatment. In addition, greater relative abundance of a group of lactobacilli (for which

a species assignment could not be made) in the gut microbiota may be associated with

progressing disease in NZB/W F1 mice. Fewer differences were found in the comparison

between non-SLE subjects and SLE patients with active disease. The fecal microbiota

was less diverse in SLE patients, whereas the Firmicutes/Bacteroidetes ratios were not

different between the two groups. Interestingly, the relative abundance of Proteobac-

teria, representing LPS-containing Gram-negative bacteria, was significantly increased

in the SLE microbiota.

We found that human SLE patients had an altered microbiome in active disease,

compared to non-SLE controls. The studies expand those of Hevia et al. (12), who

reported that SLE patients with inactive lupus disease had significantly lower Firmic-

utes/Bacteroidetes ratios than did healthy control individuals. However, we did not

observe a similar change of the ratios in our cohort. This is possibly due to differences

in the study designs, i.e., (i) there may be differences in the gut microbiotas of patients

with active versus inactive disease; (ii) we included both female and male SLE patients

of different ethnicities and with various levels of lupus disease manifestations, whereas

FIG 3 Gut microbiota dysbiosis in SLE patients with active disease, compared to non-SLE controls. The inclusion

and exclusion criteria are listed in Materials and Methods. A fecal sample was collected from each patient or control

subject at the time of the first visit, and the samples were subjected to 16S rRNA sequencing analysis. (A) PCoA plot,

showing no separation of overall bacterial structures (P � 0.05). (B) Significant difference in bacterial diversity

levels, as indicated by the Shannon index (P � 0.05). (C) No significant difference in Firmicutes/Bacteroidetes (FB)

ratios (P � 0.05). (D) Significant difference in the relative abundance of the phylum Proteobacteria, a representation

of facultative anaerobic Gram-negative bacteria (P � 0.05). (E) Significant changes in several bacterial species, with

the P values indicated (nonparametric Mann-Whitney test). DESeq2 analysis was also performed, and the DESeq2

P values were 0.037, 0.007, and 0.007, respectively. P values were corrected for multiple comparisons by controlling

the FDRs.
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Hevia et al. (12) included only female Caucasian patients with SLE disease activity index

(SLEDAI) scores of �8; and (iii) we chose to include SLE patients in need of immuno-

suppressive therapies, whereas Hevia et al. excluded those who had received steroid or

immunological treatments. Our inclusion/exclusion criteria selected subjects who may

better represent the SLE patient population, because SLE disproportionately affects

African Americans and does occur in men as well as women.

The use of nonselective immunosuppressive therapies, such as Dex and azathio-

TABLE 1 Differentially represented bacterial species between SLE and non-SLE individuals

Bacterial species

Strain

name OTU no.

Sequence

identity (%) SLE vs non-SLE

Blautia wexlerae AUH-JLD17 7 100 Increased

Blautia wexlerae AUH-JLD56 7 100 Increased

Blautia sp. strain Marseille P3602 7 100 Increased

Blautia sp. strain GD8 23 100 Increased

Blautia faecis M25 25 100 Increased

Blautia caecimuris SJ18 492 99 Increased

Blautia sp. strain AUH-JLD3 585 98 Increased

Blautia sp. strain Marseille P3387 585 98 Increased

Odoribacter laneus JCM 63 100 Decreased

Odoribacter laneus YIT 63 100 Decreased

Odoribacter laneus JCM 63 100 Decreased

Odoribacter splanchnicus 67 100 Decreased

Alistipes onderdonkii 13 100 Decreased

Alistipes sp. LS-J 13 100 Decreased

Alistipes sp. LS-M 13 100 Decreased

Alistipes shahii WAL 8301 164 100 Decreased

Alistipes obesi ph8 164 100 Decreased

Alistipes ihumii AP11 188 100 Decreased

Alistipes sp. strain cv1 188/210 100 Decreased

Alistipes indistinctus JCM 188/252 100 Decreased

Alistipes indistinctus YIT 188/252 100 Decreased

Alistipes sp. strain S216 252 100 Decreased

Alistipes finegoldii DSM 17242 398 99 Decreased

Alistipes finegoldii JCM 16770 398 99 Decreased

Alistipes finegoldii CIP 107999 398 99 Decreased

Alistipes finegoldii AHN 2437 398 99 Decreased

TABLE 2 Demographic, immunological, and clinical features of SLE patients

Subject

no. Age (yr) Sexa Raceb Immunological featuresc
Clinical

symptomsd
SLEDAI

score

BMI

(kg/m2)e Medication(s)f

01 39 F AA ANA, dsDNA, C3, C4, hem CL, PS 0 36.6 HCQ, belimumab

02 21 F Caucasian ANA, dsDNA, sm, C3, C4, hem Alopecia, LN, PS,

Neuro

8 36.4 HCQ, MMF, belimumab

03 40 F Caucasian ANA, C3, C4, hem Alopecia, SE 3 21.5 HCQ, MMF, belimumab

04 64 F AA ANA, C3, C4 Alopecia, MR, PS 6 31.4 HCQ, MMF, belimumab

05 65 F Caucasian ANA, dsDNA, C3, C4 LN 13 26.2 HCQ, MMF

06 41 M Caucasian ANA, dsDNA, C3 LN, PS, IA 2 43.5 MTX

07 27 M AA ANA, dsDNA, sm, ACL, C3, C4 MR, LN 6 31.6 HCQ, MMF

09 56 F Caucasian ANA, dsDNA, hem PS 1 36.5 HCQ, MMF, belimumab

10 25 F Caucasian ANA, dsDNA, ACL, B2G, C3, C4 MR, LN, PS 8 39.1 HCQ, MMF, rituximab

11 73 F Caucasian ANA, sm SE 0 18.4 HCQ, MMF

17 23 M Caucasian ANA, dsDNA, hem LN 2 21.0 HCQ, AZA

19 36 M Caucasian ANA, dsDNA, sm, C4, hem MR, SE 0 37.2 HCQ, MMF

20 29 F AA ANA, dsDNA, sm, C3, C4 MR, IA 2 33.9 HCQ

23 66 F Caucasian ANA, dsDNA, hem None 0 33.2 HCQ, AZA, tacrolimus

aF, female; M, male.
bRace categories were African American (not Caribbean) (AA) and Caucasian, non-Hispanic.
cImmunological features included antinuclear antibodies (ANA), anti-dsDNA antibodies (dsDNA), anti-Smith antibodies (sm), anticardiolipin antibodies (ACL), �2-

glycoprotein (B2G), lupus anticoagulant (LAC), complement C3 (C3), complement C4 (C4), and hematological manifestation (hem).
dClinical symptoms included alopecia, cutaneous lupus (CL), malar rash (MR), lupus nephritis (LN), photosensitivity (PS), inflammatory arthritis (IA), serositis (SE), and

neurolupus (Neuro).
eBMI, body mass index.
fMedications included hydroxychloroquine (HCQ), mycophenolate mofetil (MMF), methotrexate (MTX), azathioprine (AZA), belimumab, rituximab, and tacrolimus.
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prine, for lupus patients may have broad effects on the gut microbiota. A study by

Huang et al. showed that Dex treatment could alter the gut microbiota in healthy

wild-type C57BL/6 mice by increasing the prevalence of Firmicutes, Actinobacteria, and

Bifidobacterium and, in an inflammatory bowel disease model, the microbiota from

Dex-treated donor mice could reduce colonic inflammation through reduced interleu-

kin 12p40 (IL-12p40) and IL-17 production, compared to control donor mice (23). This

evidence suggests that, even as immunosuppressive medications are acting directly to

suppress inflammation from the patient’s cells, these medications may be contributing

to the formation of a microbiome that promotes the regulation of inflammation locally

in the gastrointestinal tract and potentially at distant sites in the body. All human fecal

samples were from patients taking immunosuppressive medications. The characteriza-

tion of the gut microbiotas of SLE patients who have not yet started therapy, compared

to their respective microbiotas following treatment, would allow for a better under-

standing of how these broad-acting medications are able to modulate microbial

dysbiosis and to affect the resultant autoimmune disease phenotype.

In our previous studies, we compared the fecal microbiota of MRL/lpr mice to that

of MRL control mice (9). In this study, however, we did not compare the fecal microbiota

of NZB/W F1 mice to that of a control mouse strain. People have used NZB or NZWmice

as controls for NZB/W F1 mice, but both of these strains can develop anti-DNA

autoantibodies and glomerulonephritis (according to descriptions on The Jackson

Laboratory website) like NZB/W F1. C57BL/6 mice represent another possible control

strain. Without a control mouse strain, our findings on the changes in the microbiota

over time (Fig. 1) could be interpreted as either disease related or age related. Either

way, our results are informative because they provide new information on the longi-

tudinal changes in the gut microbiota in one additional lupus-prone mouse strain. In

addition, we tried to control for the cage effect (see Fig. S1 in the supplemental

material). For the 10-, 14-, and 18-week time points, we sampled the same cage of

animals, depending on the age, but the microbiotas were distinct. For the 23-, 28-, and

33-week time points, while the microbiotas clustered together, these samples were

collected from three different cages, with each cage representing a time point. While

our intention had been to control for the cage effect, this design was not adequate. In

particular, our results might have been confounded by the time of sample collection.

A better study design would involve both the same cage of animals sampled at

different times and different ages of animals sampled at the same time. It also would

be interesting to cohouse mice of different ages and to determine whether the

microbiotas were still distinct.

We attempted to identify consensus in the changes in the gut microbiota betweenmice

(NZB/W F1, MRL/lpr, and SNF1) and our cohort of SLE patients. While it was consistent

among different lupus-prone mouse models that the gut microbiotas were more diverse as

the disease progressed, the microbial diversity was significantly lower in SLE patients with

active disease, compared with non-SLE controls. The only consensus between mice and

humans was the relative abundance of Lachnospiraceae, which was significantly greater in

both MRL/lpr mice (9) and SLE patients. In humans, however, the increase was limited to a

species in the genus Blautia; when the entire Lachnospiraceae family was examined, the

difference was no longer evident. In future investigations, we will try to enroll a larger

population of SLE patients, to divide them based on disease manifestations, and to analyze

the gut microbiotas separately. In this way, consensus between mice and humans may be

achieved, enabling us to continue using mice to model the human disease with respect to

the roles of the microbiome in lupus.

MATERIALS AND METHODS

Mice. Female NZB/W F1 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and

maintained in a specific-pathogen-free facility according to the requirements of the Institutional Animal

Care and Use Committee (IACUC) at Virginia Tech. For the time course, fecal pellets were collected from

untreated mice at 10, 14, 18, 23, 28, and 33 weeks of age. For the 10-, 14-, and 18-week time points, the

same cage of mice (n � 5) was sampled according to age. For the 23-, 28-, and 33-week time points, three

different cages of mice (each representing a time point; n � 3 or 4 per cage) were sampled. For the
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experiment involving Dex, age-matched mice treated with either Dex or vehicle control were euthanized

at 34 weeks of age. Hydroxypropyl methylcellulose (HPMC) (Sigma, St. Louis, MO) was diluted in sterile

deionized water at a concentration of 0.05%, autoclaved, and then used as the vehicle for the drug

solutions. Ten mice (n � 5 per cage per group) were included in each of the two groups, treated with

vehicle control (HPMC) or 2 mg/kg Dex. Intraperitoneal injections were performed 5 times per week, with

a 50-�l volume of the respective treatments beginning at 20 weeks of age, and treatments were

continued until euthanasia. Proteinuria (measured with Chemstrips) and body weight were measured

biweekly before treatment and then weekly after treatment began.

Evaluation of SLE-like disease in mice. Renal function was assessed and calculated as described

previously (9). The serum levels of anti-dsDNA autoantibodies were measured as described previously

(24). Systemic autoimmunity was calculated as follows: (serum level of anti-dsDNA � [500 � spleen/body

weight ratio])/2, where the coefficient 500 equalized the averages of the two variables.

Human subjects. The patients were enrolled at the lupus clinic in a single center in southwest

Roanoke, Virginia. All patients met the 2009 Systemic Lupus International Collaborating Clinic (SLICC)

revised American College of Rheumatology (ACR) diagnostic criteria for SLE. At the time of enrollment,

the medication list was collected and a SLEDAI score was determined. The inclusion criteria were as

follows: age of 18 to 75 years, fulfilling the SLICC revised ACR criteria for SLE (2009), and receiving or

eligible for immunosuppressive therapy. The exclusion criteria were as follows: age of �18 years or �75

years, not meeting the SLICC revised ACR criteria for SLE, disease not requiring immunosuppressive

therapy, pregnancy, the presence of other immune diseases (such as inflammatory bowel disease), and

current or recent use of antibiotics; vulnerable patients, including prisoners, non-English speakers, and

critically ill patients, also were excluded.

Microbiota sampling, 16S rRNA analysis, and metagenome prediction. Mouse fecal microbiotas

were obtained by taking individual mice out of their cages and collecting a fecal pellet. Colonic

microbiota samples were collected within 20 min after euthanasia. To avoid cross-contamination, each

microbiota sample was collected by removing the colon and extruding the fecal material into a sterile

1.5-ml Eppendorf tube by using a new pair of sterile forceps. Human fecal samples were collected from

patients at Carilion Medical Center (Roanoke, VA) between 2015 and 2016. For stool samples, patients

were provided with a collection “pot” and requested to bring in a specimen collected the day before a

routine visit. All procedures were approved by the institutional review board (IRB) of Virginia Tech

Carilion School of Medicine. All microbiota samples were stored at �80°C until they were processed at

the same time. Sample homogenization, cell lysis, DNA extraction, and PCR of the 16S V4 region were

performed with the same methods as described in a previous report (9). Purified amplicons were

sequenced bidirectionally (paired ends of 150 bp) on an Illumina MiSeq system at Argonne National

Laboratory. Sequence read merging, quality filtering, dereplication, chimera removal, and OTU clustering

were performed with the UPARSE pipeline implemented in the USEARCH program (version 8.1/1831) (25).

Bacterial taxonomy was assigned by using the UclustConsensusTaxonAssigner function implemented

in QIIME (26), with the Greengenes reference database (27, 28), and results were summarized at all

taxonomic levels (29). Alpha and beta diversity metrics were computed with QIIME. Alpha diversity

included the Shannon diversity index and observed OTUs, and beta diversity included unweighted

UniFrac distance metrics (30, 31).

Statistics. Two-sample comparisons were performed with Student’s t test or a nonparametric

Mann-Whitney rank-based test. For �2 groups, one-way analysis of variance (ANOVA) or the nonpara-

metric Kruskal-Wallis test was performed. Because the Kruskal-Wallis test assumes identical distributions

in each group, we also used the oneway.test function in R to compare means without assuming equal

variances. Correlation analysis was performed using Spearman rank-based methods. PCoA results were

tested for significance by a method described previously (32). When studying age as a fixed effect and

mouse subject as a random effect, we used the linear mixed model implemented in the NLME package

in R. P values were corrected for multiple comparisons by controlling the false discovery rates (FDRs). All

statistical computations were performed in R (version 3.3.1).

Accession number(s). Sequencing data have been deposited in the NCBI Sequence Read Archive

(accession no. SRP092445), and the OTU results for all experiments can be found in the supplemental

material.
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