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Abstract

Background: Dysbiosis of gut microbiota exists in the pathogenesis of many autoimmune diseases, including
systemic lupus erythematosus (lupus). Lupus patients who experienced pregnancy usually had more severe disease
flares post-delivery. However, the possible role of gut microbiota in the link between pregnancy and exacerbation
of lupus remains to be explored.

Results: In the classical lupus mouse model MRL/Ipr, we compared the structures of gut microbiota in pregnant and
lactating individuals vs. age-matched naive mice. Consistent with studies on non-lupus mice, both pregnancy and
lactation significantly changed the composition and diversity of gut microbiota. Strikingly, modulation of gut microbiota
using the same strategy resulted in different disease outcomes in postpartum (abbreviated as “PP,” meaning that the
mice had undergone pregnancy and lactation) vs. control (naive; i.e, without pregnancy or lactation) MRL/lpr females;
while vancomycin treatment attenuated lupus in naive mice, it did not do so, or even exacerbated lupus, in PP mice.
Lactobacillus animalis flourished in the gut upon vancomycin treatment, and direct administration of L. animalis via oral
gavage recapitulated the differential effects of vancomycin in PP vs. control mice. An enzyme called indoleamine 2,3-
dioxygenase was significantly inhibited by L. animalis; however, this inhibition was only apparent in PP mice, which
explained, at least partially, the lack of beneficial response to vancomycin in these mice. The differential production of
immunosuppressive IL.-10 and proinflammatory IFNy in PP vs. control mice further explained why the disease phenotypes
varied between the two types of mice bearing the same gut microbiota remodeling strategy.

Conclusions: These results suggest that pregnancy and lactation interfere with the response of autoimmunity
to modulation of gut microbiota. Further studies are necessary to better understand the complex relationship

between pregnancy and lupus.
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Background

Autoimmune diseases occur when individuals have distur-
bances in immune responses, especially T and B cell re-
sponses, which in turn attack self-antigens and
subsequently cause tissue damage [1]. Comprised of more
than 70 different disorders, autoimmune diseases affect
more than 7% of the general population [2]. Many of these
diseases are more prevalent in females [3]. Sex hormones

* Correspondence: xinluo@vt.edu

'Department of Biomedical Sciences and Pathobiology, College of Veterinary
Medicine, Virginia Tech, Blacksburg, VA, USA

Full list of author information is available at the end of the article

B BMC

contribute to this phenomenon by regulating the immune
system via hormone receptors [4]. During pregnancy, to
support fetal development, the maternal body undergoes
changes on hormones, immunity, and metabolism [5]. Evi-
dences suggest that there is an association between preg-
nancy and autoimmune diseases [3, 6]. However, except
for hormonal effects, it remains unclear how pregnancy
influences the autoimmunity [7].

Systemic lupus erythematosus, or lupus, is a prototyp-
ical systemic autoimmune disease characterized by severe
and persistent multiorgan inflammation [8]. The loss of
self-tolerance and activation of autoreactive immune cells
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lead to the production of autoantibodies and diverse pro-
inflammatory cytokines, pathogenic cell infiltration, and
subsequent tissue damage in multiple organs, including,
but not limited to, the skin, kidney, lung, heart, and brain
[9]. With more than half of patients affected, kidney in-
flammation, or lupus nephritis, is the leading cause of
lupus mortality [10]. Although affecting both females and
males, lupus is a highly gender-biased disease with about
9 times more incidences in females of child-bearing age.
Pregnant women with lupus have a higher risk of lupus
flares post-delivery [11]. Therefore, some clinicians rec-
ommend women with lupus to avoid pregnancy [12-15].
A better understanding of the mechanisms underlying
pregnancy-induced disease flares and the development of
new therapeutic strategies for pregnant women will likely
benefit these patients for successful pregnancies and better
lupus outcomes.

The exact mechanism of pathogenesis is still unclear
for lupus, but genetics, hormones, and environmental
factors have been suggested as the major causes [8]. As
an important factor linking environmental factors with
the host, gut microbiota and its interaction with host
health and disease have drawn a lot of attention in the
past decade [16]. Increasing evidences indicate that a
perturbed gut microbiota is associated with multiple
autoimmune disorders such as lupus [17]. On the one
hand, dysbiosis of gut microbiota does exist in both hu-
man patients and lupus-prone mouse models [18-20].
On the other hand, remodeling of gut microbiota com-
munity by antibiotics and probiotics has been shown to
efficiently modulate disease development in lupus-prone
mice [21-23]. These evidences have demonstrated the
involvement of gut microbiota in lupus pathogenesis and
suggested modulating gut microbes as a potential thera-
peutic method. Three potential mechanisms may explain
the role of gut microbiota in lupus: (1) a leaky gut and
associated bacterial translocation [23-25], (2) molecular
mimicry [26], and (3) induction of regulatory immune
response [22]. But additional mechanisms may exist. For
example, the capability of gut microbiota to interact with
host hormones and molecules produced by microbes,
such as short chain fatty acids (SCFAs), can potentially
influence lupus pathogenesis [27, 28]. Furthermore, des-
pite a higher risk of lupus flares in pregnant patients
post-delivery [11, 15], the role of gut microbiota in the
link between pregnancy and exacerbated lupus has never
been examined.

The current study is driven by an interesting finding—
that vancomycin treatment attenuated lupus nephritis in
naive MRL/Ipr females [21] but somehow exacerbated
the disease in MRL/lpr mice that had experienced preg-
nancy and lactation (named postpartum or “PP” mice).
In contrast to downregulating IL-6 and IL-17 production
in control or naive mice, the oral antibiotic was not able
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to affect either IL-6 or IL-17 expression in PP mice. In-
stead, in PP mice, oral vancomycin administration resulted
in reduced regulatory T (Treg) and IL-10 producing B cell
(B10) responses and subsequently a dampened anti-
inflammatory IL-10 response. At the same time, the
production of proinflammatory IFNy was elevated. Im-
portantly, the imbalance of IL-10 and IFNy occurred only
in PP but not naive MRL/lpr mice. This provides an ex-
planation of the differed disease manifestations between
these two types of mice receiving the same vancomycin
treatment. As pregnancy and lactation can significantly
change the gut microbiota diversity and composition [29],
and that vancomycin is not absorbed in gastrointestinal
tract and thus not systemic [30], we analyzed the local gut
microbiota status. As anticipated, vancomycin removed
the majority of bacteria and greatly increased the relative
abundance of Lactobacillus spp. [31, 32], particularly the
species Lactobacillus animalis. We next determined
whether weekly L. animalis oral gavage would recapitulate
the differential effects of vancomycin on lupus disease in
control vs. PP MRL/lpr mice. Indeed, direct administra-
tion of L. animalis significantly worsened lupus disease in
PP mice. Consistently, L. animalis also decreased IL-10
but increased IFNy. Further investigations showed that an
enzyme indoleamine 2,3-dioxygenase (IDO) was inhibited
by the enriched L. animalis; however, this inhibition was
only apparent in PP mice. As IDO is known to be able to
activate Treg cells [33—35], this observation may be able
to explain the differential effects of vancomycin in control
vs. PP mice. Together, these results provide a potential
mechanism by which pregnancy and lactation may inter-
fere with the response of autoimmunity to modulation of
gut microbiota.

Results

Lack of beneficial response to oral vancomycin in PP
MRL/lpr mice

In our previous study, lupus disease was greatly attenuated
in female MRL/Ipr mice receiving oral vancomycin from 9
weeks to 15 weeks of age (the endpoint) [21]. However,
when the exactly same treatment procedure was imple-
mented on PP MRL/lpr females (Fig. 1a), the beneficial ef-
fect was not observed (Fig. 1b—e). As reported previously,
vancomycin administration significantly decreased spleno-
megaly and the size of mesenteric lymph nodes (MLN) in
age-matched naive MRL/Ipr mice (labeled “CTL”). On the
contrary, the antibiotic treatment worsened splenomegaly
in PP mice (Fig. 1b). The level of anti-DNA antibodies, a
hallmark of disease in both lupus patients and lupus-
prone animal models [8, 36], was significantly reduced by
vancomycin in naive mice but not PP mice (Fig. 1c and
Additional file 1: Figure S1A). Notably, the level of this
autoantibody was even increased in vancomycin-treated
PP mice when they were analyzed at 11 weeks of age and
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Fig. 1 Lack of beneficial response to vancomycin in PP MRL/Ipr mice. a Study design. PP mice were mated at 8 weeks of age, and only those
delivered at 11 weeks old (+ 1 day) were used in this study. Oral vancomycin was initiated at 9 weeks of age and ended at 15 weeks (endpoint).
b Spleen and mesenteric lymph node (MLN) weights at 15 weeks of age. ¢ Relative level of anti-DNA IgG in the mouse serum at 15 weeks of
age. d Level of proteinuria over time. e Renal glomerular and tubulointerstitial (Tl) scores. In b-e, n = 7 in each group. *p < 0.05, **p < 0.01, n.s.
not statistically significant

at the time of delivery (Additional file 1: Figure S1B). To
assess kidney inflammation and function, we measured
the level of proteinuria weekly and had the kidney sliced
and scored by a pathologist. In control mice, the protein-
uria level was significantly decreased by vancomycin treat-
ment (Fig. 1d). Correspondingly, the glomerular and
tubulointerstitial (TI) scores were both lowered (data not
shown and [21]). However, in PP mice, the proteinuria
level was not influenced by vancomycin (Fig. 1d). Interest-
ingly, the level of proteinuria decreased around the time
pups were delivered and quickly caught up afterwards
both with and without vancomycin treatment. Renal in-
jury was more severe in vancomycin-treated PP mice as
suggested by significantly higher kidney histopathological
scores (Fig. 1le). Taken together, these data indicate that
contrary to the protective effect on naive mice, vanco-
mycin treatment was not beneficial but detrimental in
MRL/lpr mice that had experienced pregnancy and
lactation.

Vancomycin-mediated downregulation of regulatory
immune response in PP MRL/lpr mice

We next sought to explore the underlying mechanism(s)
behind the phenomenon that the same antibiotic treat-
ment led to opposite disease outcomes in control vs. PP
mice. We examined different immune cell populations
and diverse inflammatory mediators, especially those re-
lated to IL-17 (Additional file 1: Figure S2A), as the pro-
duction of this cytokine was ameliorated in naive mice
receiving vancomycin [21]. IL-6 is known as an important

pathogenic cytokine in both human and mouse lupus due
to, at least partially, its ability to induce Th17 cell differen-
tiation and IL-17 production [37, 38]. In age-matched
control mice, oral vancomycin significantly reduced IL-6
level and subsequently resulted in lower IL-17 production
from different cellular resources (Fig. 2a—d and [21]). In
contrast, the circulating IL-6 in PP mice remained un-
changed after vancomycin treatment (Fig. 2a). In addition,
although CD4" and CD8" T cells were not affected (Fig. 2b
and Addditional file 1: Figure S2B), the percentage of
double negative T (DN-T) cells in the spleen was changed
by vancomycin in both control and PP mice, but in an op-
posite fashion (Fig. 2b). In both lupus patients and mouse
models, DN-T cells expand and emerge as a major IL-17
producer [39, 40]. Remarkably, in control mice, vanco-
mycin treatment not only reduced the percentage of DN-
T cells but also reduced the proportion of DN-T cell cap-
able of secreting IL-17 (Additional file 1: Figure S2C). It
was a different story for PP MRL/Ipr mice. Pregnancy and
lactation significantly increased the percentage of DN-T
cells (Fig. 2b), but it appears that the experiences damp-
ened the capability of DN-T cells to secrete IL-17, which
was not further changed by vancomycin (Additional file 1:
Figure S2C). Apart from DN-T cells, we also investigated
Th17 cells which secrete IL-17 as the signature cytokine
[41]. Interestingly, oral vancomycin leads to a similar de-
crease of Th17 cells in both control and PP mice (Fig. 2d).
Considering the differed DN-T and Th17 responses in PP
mice upon vancomycin treatment, we analyzed the total
IL-17 expressing T cells (Fig. 2c). While vancomycin
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Fig. 2 Vancomycin-mediated downregulation of regulatory immune response in PP MRL/Ipr mice. a Left: percentage of IL-6 producing cells in
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cells (CD3IL-17") in the spleen at the 15 weeks of age (n 2 6 per group). e Percentage of Treg (CD3"CD4 " Foxp3™*) and B10 (CD19"1L-10%) cells in the spleen
at the 15 weeks of age (n 2 6 per group). f Level of IL-10 in mouse serum at the 15 weeks of age (n = 7 per group). g Level of IDO in mouse serum at the
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significantly downregulated the percentage of IL-17
expressing T cells in control mice, PP mice exhibited
similar IL-17 producing abilities among all T cells
with or without vancomycin (Fig. 2d). It is note-
worthy that these changes were evident in the spleen,
but not in the mesenteric lymph node (MLN; data
not shown). Taken together, these results indicate that
vancomycin treatment led to dampened IL-6 and IL-
17 production and attenuated lupus nephritis in con-
trol mice but failed to change either the IL-17 re-
sponse or disease manifestations in PP mice.

Opposing the pro-inflammatory function of IL-17 in
autoimmune lupus, Treg cells play a central regulatory
role in suppressing disease development and progression
[42, 43]. We thus measured splenic CD4'Foxp3* Treg
cells (Additional file 1: Figure S2A) and found that the
vancomycin treatment resulted in a significant decrease
of Treg cells in PP but not control mice (Fig. 2e). We
also assessed the percentage of CD19'IL-10" cells in the
spleen, which are B10 cells that have emerged as an import-
ant cell type regulating diverse autoimmune disorders [44].
A similar decrease of B10 cells was noted in PP but not
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control mice (Fig. 2e). As a result, the serum IL-10 con-
centration was significantly reduced in PP mice receiving
vancomycin, but remained unchanged in control mice
(Fig. 2f). As both regulatory B (Breg) cells and Treg cells
can secrete IL-35, another important anti-inflammatory
cytokine [45], we measured the serum level of IL-35. Sur-
prisingly, IL-35 was not changed with or without vanco-
mycin treatment (Additional file 1: Figure S2D), which
was not consistent with the observed downregulation of
Treg and B10 cells. It suggests that other IL-35 producing
cells may exist in MRL/Ipr mice [46].

Next, we set to evaluate the factor(s) contributing to
the differential outcomes of regulatory cells and IL-10
production in control vs. PP mice. During pregnancy,
the maternal immune system is dampened to tolerate
and accept the fetus [47]. Different mechanisms are in-
volved in pregnancy-induced immune tolerance, and
IDO is one of them [48]. IDO is capable of promoting
Treg differentiation and therefore plays a role in regulat-
ing autoimmune diseases [33, 34]. At 11 weeks of age
(the time of delivery), PP MRL/lpr females had signifi-
cantly higher IDO expression compared to age-matched
naive mice (Fig. 2g), although the increase of IDO was
not apparent at 15 weeks of age when the pups had been
weaned. Consistent with the observed changes for Treg
cells (Fig. 2e) and serum IL-10 (Fig. 2f), vancomycin
treatment significantly reduced the serum level of IDO
only in PP mice (Fig. 2g). This observation provides a
possible explanation for the differential effects of vanco-
mycin on lupus disease in control vs. PP mice.

Identification of a bacterium responsible for the
differential effects of vancomycin on control vs. PP MRL/
Ipr mice

It is well established that pregnancy can influence gut
microbiota community [29, 49]. However, the possible
role of gut microbiota in the link between pregnancy
and lupus flares remains uncovered. In MRL/Ipr lupus-
prone mice, we found that compared to age-matched
control females, PP mice had modest increases of gut
microbiota diversity and richness during pregnancy and
lactation (Fig. 3a). The composition of gut microbiota
changed as well (Fig. 3b). During pregnancy, at the
phylum level, only Firmicutes was significantly increased
(Fig. 3c). However, during lactation, Verrucomicrobia was
greatly increased in the gut of PP mice (Additional file 1:
Figure S3A). Under the phylum Firmicutes, Clostridiales
and Lactobacillales significantly increased during pregnancy
while Erysipelotrichales significantly decreased (Fig. 3d, e).
In addition, at the order level, the relative abundance of Bac-
teroidales, Acholeplasmatales, Verrucomicrobiales, and
Desulfovibrionales was all significantly changed during ei-
ther pregnancy or lactation (Additional file 1: Figure S3C).
Recently, a Lachnospiraceae species, Ruminococcus gnavus,
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has been implicated in lupus nephritis [50]. However, we did
not observe statistically significant differences in either the
Lachnospiraceae family or R. gnavus. While many bacterial
species in the gut microbiota are able to produce SCFAs,
primarily butyrate, acetate, and propionate [28], the varia-
tions of gut microbiota in control vs. PP mice did not influ-
ence the levels of SCFAs, although slightly more butyrate
was noted in the feces of PP mice (Fig. 3f).

For mice receiving vancomycin, the changes of gut micro-
biota in control and PP mice were similar: Firmicutes, in
particular Lactobacillales, flourished (Fig. 3¢, e). Further ana-
lysis showed that one Lactobacillus species, L. animalis,
accounted for the vast majority of Lactobacillales in
vancomycin-treated mice (Fig. 3e and Additional file 1:
Figure S3B). It is worth mentioning that the total bacterial
load in the gut reduced more than 90% with vancomycin
treatment (data not shown) As a result, the levels of 3
major SCFAs in the feces dramatically decreased (Fig. 3f).
Conversely, the fecal heptanoic acid increased although
the cause is unclear.

We decided to investigate the role of L. animalis as it
dominated the gut microbiota of vancomycin-treated
mice. While it belongs to a family with numerous spe-
cies bearing probiotic properties, studies on L. animalis
are limited and its influence on host biology is unknown.
To test if the enriched L. animalis was responsible for
the differential effects observed for vancomycin, we per-
formed an experiment involving 4 groups: naive mice
gavaged with PBS (CTL + PBS) or L. animalis (CTL +
L.ani), and PP mice gavaged with PBS (PP + PBS) or L.
animalis (PP + L.ani). The weekly bacteria oral gavage
was initiated from 9 weeks of age and lasted until 15
weeks of age, replacing vancomycin in the experimental
design shown in Fig. la. Strikingly, the L. animalis gav-
age led to worsened splenomegaly in PP but not control
mice (Fig. 3g). Neither the MLN weight nor the level of
anti-DNA IgG in the circulation was changed (Fig. 3g, h),
consistent with what was observed with vancomycin treat-
ment (Fig. 1b, c). Furthermore, the bacteria gavage signifi-
cantly worsened proteinuria only in PP mice (Fig. 3i).
These results suggest that L. animalis recapitulated the ef-
fects of vancomycin and was able to exacerbate lupus
nephritis in PP mice rather than naive mice.

Mechanisms behind the differential effects of vancomycin
and L. animalis in control vs. PP MRL/Ipr mice

Microbial translocation

Microbial translocation, caused by a leaky gut, has been
recognized as an important factor affecting multiple
autoimmune disorders including lupus [24, 51, 52]. In
lupus-prone MRL/lpr mice, we found that a mixture of
probiotics could reduce gut leakiness leading to attenu-
ation of lupus nephritis [22]. In human lupus patients,
the circulating endotoxin was highly elevated indicating a
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leaky gut [53]. Consistently, we found that in the serum of
lupus patients, there were more antibodies against two
major microbial antigens—lipopolysaccharide (LPS) and
flagellin (Additional file 1: Figure S4A). This suggests in-
creased entry of these antigens from the gut lumen and
subsequent triggering of an immune response against them.
The concentrations of these two antibodies significantly
correlated with each other (Additional file 1: Figure S4B).

As the patient samples were collected after disease onset, it
remained unclear whether microbial translocation was a
cause or consequence of lupus pathogenesis. We could par-
tially answer this question in lupus-prone mice, as samples
could be collected before disease onset. Thus, anti-LPS and
anti-flagellin antibodies were examined in MRL/lpr mice at
different disease stages as compared to age-matched MRL
mice. MRL mice are control mice for MRL/Ipr and do not



Mu et al. Microbiome (2019) 7:105

develop disease during the time frame that MRL/lpr de-
velop lupus [54]. We found that MRL/Ipr mice at late dis-
ease stage (Ipr-old, 15 weeks of age) had significantly higher
IgG levels against the bacterial antigens than age-matched
MRL mice (MRL-old) (Additional file 1: Figure S4C). Im-
portantly, however, pre-disease MRL/Ipr mice (lpr-young,
7 weeks of age) presented similar levels of these antibodies
(Additional file 1: Figure S4C), suggesting that a leaky gut
may have occurred prior to disease initiation. Like in human
lupus, the levels of the two antibodies highly correlated with
each other in lupus-prone mice (Additional file 1: Figure S4D).
These results suggest that, rather than a consequence of disease,
the leaky gut and subsequent microbial translocation are likely
a causative factor in lupus pathogenesis.

In our previous study, vancomycin treatment enhanced
barrier function and reduced microbial translocation in
naive MRL/Ipr mice [21]. The decreased IgG against LPS
confirmed that result (Additional file 1: Figure S4E). Gut
microbiota is known as an important factor regulating in-
testinal barrier function [55]. However, despite the
changes of gut microbiota during pregnancy and lactation
(Fig. 3a—e), PP mice exhibited similar levels of antibodies
against LPS as control mice (Additional file 1: Figure S4E).
Vancomycin, possibly through decreasing the bacterial
load, decreased the level of anti-LPS antibodies in both
control and PP mice (Additional file 1: Figure S4E). This
suggests that the exacerbation of lupus disease observed
for vancomycin-treated PP mice was not due to microbial
translocation. Moreover, while multiple Lactobacillus spe-
cies have been described as enhancers of intestinal barrier
function [22, 56, 57], L. animalis did not change the con-
centrations of anti-LPS antibodies in either naive or PP
mice (Additional file 1: Figure S4F). This further confirms
that the differential response to vancomycin and L. animalis
in control vs. PP mice cannot be explained by the changes
of intestinal barrier function.

Regulation of Treg cells

Both vancomycin and L. animalis worsened lupus disease
only in PP mice. However, unlike the effects of vancomycin
on IL-17 producing cells (Fig. 2b—d), L. animalis gavages
failed to modulate either DN-T cell (Fig. 4a) or Th17 cell
(data not shown) responses in PP mice. We thus focused
on the effects of L. animalis on splenic Treg cells and circu-
lating anti-inflammatory IL-10 (Fig. 4b), where L. animalis
gavages resembled the vancomycin treatment (Fig. 2e, f).
More importantly, consistent with the effect of vancomycin
(Fig. 2g), L. animalis significantly decreased serum IDO
only in PP mice (Fig. 4c). Correspondingly, the bacterial
gavage led to significantly lower IDO expression in the
spleen (Fig. 4d), but not in the MLN (data not shown).
These results suggest that L. animalis was able to inhibit
IDO, similar to several other Lactobacillus species that
have been reported to change IDO expression and activity
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[58-60]. Considering the dominant abundance of L. animalis
upon vancomycin treatment, it is reasonable to believe that the
enriched L. animalis was responsible for the vancomycin-driven
IDO inhibition. As IDO can stimulate Treg cells during the de-
velopment of autoimmunity [61], these results suggest that
vancomycin and L. animalis downregulate Treg cells in PP
mice through inhibiting IDO.

Involvement of IFNy
IFNy is known as a pivotal proinflammatory cytokine
that promotes lupus disease development [62]. In MRL/
lpr mice, the percentage of IFNy producing T cells in
the spleen increased during the progression of disease
(Fig. 5a). Notably, compared to IFNy*'* MRL/lpr mice,
IENy*~ MRL/lpr mice had an extended life span and
ameliorated proteinuria, though autoantibody produc-
tion was not affected [63]. In MRL/Ipr mice that had ex-
perienced pregnancy and lactation, we found that the
effects of vancomycin and L. animalis were mostly on
lupus nephritis (Figs. 1le and 3i) but not autoantibody
production (Figs. 1c and 3h), which coincides with the
observation in IFNy*~ MRL/Ipr mice. In addition, the
strong correlation between IDO and IFNy [64] suggests
the need to investigate the possible involvement of IFNy.
We found that there were more T cells producing IFNy
in PP mice compared to control mice (Figs. 5b and 6c).
Further analysis revealed that CD8" T cells were the
major producer of IFNy in both types of mice (Fig. 5b).
Interestingly, the proportion of CDS8'IFNy" cells
remained unchanged with or without vancomycin treat-
ment in both control and PP mice (Fig. 5¢). In contrast,
vancomycin treatment significantly increased the ability
of DN-T cells to produce IFNy only in PP mice (Fig. 5c).
The serum IFNy level increased accordingly in this
group of mice receiving vancomycin (Fig. 5d). Strikingly,
oral L. animalis gavages recapitulated the effect of vanco-
mycin in PP mice by increasing serum IFNy (Fig. 5e).
Similar results were obtained in the MLN (Fig. 5f). These
results suggest that vancomycin and L. animalis exacer-
bated lupus nephritis through upregulating IFNy.
Together, our results suggest that the different re-
sponses of naive vs. PP MRL/lpr mice to vancomycin or
L. animalis were irrelevant to microbial translocation;
instead, they were a consequence of differential regula-
tion of Treg cells, IDO, and IFNy.

Discussion

We previously reported that in lupus-prone MRL/lpr
mice, oral vancomycin treatment initiated after disease
onset (9 weeks of age) attenuated lupus manifestations by
decreasing splenomegaly and autoantibody production
and ameliorating renal damage [21]. The beneficial effect
was attributed to the ability of vancomycin to reduce IL-
17 production from multiple cellular resources including
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DN-T and Thl17 cells and to enhance intestinal barrier
function and subsequently inhibiting the translocation of
microbial antigens from the gut lumen into the circula-
tion. In this study, our investigation started with a surpris-
ing observation that the same antibiotic treatment did not
benefit mice which had experienced pregnancy and lacta-
tion. Instead, vancomycin significantly worsened spleno-
megaly and kidney damage in PP MRL/lpr mice, though
anti-DNA IgG in the circulation was not changed. Unlike
in naive mice where vancomycin targeted IL-17 producing
cells for downregulation [21], the same vancomycin treat-
ment resulted in decreased Treg and B10 cells in PP mice.
As a result, the production of anti-inflammatory IL-10
was hampered. At the same time, the production of proin-
flammatory IFNy from DN-T cells increased in
vancomycin-treated PP mice. Therefore, there was a shift
of immune balance towards proinflammatory response
that could explain how vancomycin exacerbated lupus dis-
ease in PP mice.

Vancomycin is not absorbed in the intestine [30].
Hence, the effect of oral vancomycin is limited in the
gut lumen without causing systemic side effects. It is
known that vancomycin can remove gram-positive bac-
teria from the gut but spare Lactobacilli [21, 31, 32]. In
this study, vancomycin administration again enriched
Lactobacillales. One Lactobacillus species, L. animalis,

appeared to flourish in the gut microbiota. Isolated from
alimentary canal of animals more than 3 decades ago
[65], L. animalis has not drawn much attention and
there is no evidence suggesting that this bacterium can
colonize the human oral, gastrointestinal tract, or vagina
[66]. In the Lactobacillaceae family, L. animalis was
phylogenetically grouped into the L. salivarius clade
[67]. A number of species in this clade have been re-
ported to be able to interact with the mammalian host
[68], but the information on L. animalis is very limited.
In the present study, the enrichment of L. animalis in
the vancomycin-treated gut prompted us to investigate
its role in regulating lupus disease. We found that oral
gavages of the bacterium did not affect naive MRL/Ipr
mice, but exacerbated lupus nephritis in PP mice. Re-
markably, the differential effects of L. animalis were
highly consistent with the effects of vancomycin on
naive vs. PP mice, suggesting a possible role of L. ani-
malis in mediating the action of vancomycin on lupus
disease. For example, both vancomycin and L. animalis
decreased Treg cells and IDO and increased IFNy in PP
mice. However, the effects of L. animalis and vanco-
mycin were not identical. For instance, vancomycin im-
proved the intestinal barrier function and reduced
microbial translocation in both control and PP females;
but L. animalis failed to exert such improvements. This
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Fig. 5 Enhancement of IFNy production by both vancomycin and L. animalis in PP MRL/Ipr mice. a Percentage of IFNy producing T cells in the
spleen of mice at different disease stages (n 2 3 per group). b FACS analysis of IFNy producing T cells. ¢ Percentage of CD8*IFNy* cells and

CD4CD8IFNy" cells in splenic T cells at 15 weeks of age (n 2 6 per group). d Level of IFNy in the mouse serum at 15 weeks of age (n = 6 per
group). e Level of IFNy in the mouse serum at 15 weeks of age (n = 7 per group). f Transcript level of IFNy in the MLN. *p < 0.05, **p < 0.001,

***¥p < 0.0001, n.s, not statistically significant

is possibly due to the fact that vancomycin can remove
many other bacteria in addition to enriching Lactobacilli.

While the diet and housing environment were the same
between control and PP MRL/lpr mice, pregnancy, and
lactation experiences resulted in significant changes of gut
microbiota, affecting microbial diversity, species richness,
and microbiota composition. Many gut bacteria are cap-
able of producing SCFAs [28]. However, despite the ob-
served microbiota changes, PP mice had similar levels of
the 3 major SCFAs in the feces as naive mice, suggesting
that the differential effects that we have seen were not due
to variations of SCFAs. It is widely accepted that lupus pa-
tients experiencing pregnancy bear an increased risk of
lupus flares [11, 15]. Sex hormones are believed to trigger
the flares, in spite of the tolerant immune response gener-
ated during pregnancy [47]. Here, we reported changes of
gut microbiota after pregnancy and lactation in lupus-
prone MRL/lpr mice, but whether these changes would
contribute to the triggering of lupus flares requires further
investigation. Nonetheless, given the known effects of gut
microbiota on host hormones [27, 69], it is reasonable to
speculate that gut microbiota variations during and after
pregnancy may play a role in triggering lupus disease. Im-
portantly, the gut microbiota—hormone axis may ex-
plain why in the current study, the changes of
microbiota by vancomycin resulted in different im-
mune responses and subsequently opposite disease
outcomes in control vs. PP mice.

In PP mice, we found that oral vancomycin and
particularly the enrichment of L. animalis reduced the
percentage of Treg cells and lowered IL-10 production.
Simultaneously, the production of IFNy increased. Fur-
ther analysis revealed that the elevated IDO during preg-
nancy was inhibited by L. animalis. This may explain
how the regulatory immune response was dampened.
IDO is known as a major factor that pregnant individ-
uals rely on to generate immune tolerance for the fetus
[48]. It is well established that IDO can induce Treg
under normal condition and in various disorders [33, 34].
Notably, Treg cells, IL-10, and IDO are closely linked to
IENy [64, 70]. Whether the increased IFNy production
observed in vancomycin-treated PP mice was due to a
dampened regulatory response, or directly originated from
the change of IDO, or both, remains unclear.

Interestingly, L. animalis is not the only Lactobacillus
species that can modulate IDO expression. In simian im-
munodeficiency virus-infected macaques, the depletion

of gut-resident Lactobacillus spp. was associated with in-
creased IDO, and direct supplementation of Lactobacil-
lus-containing probiotics significantly inhibited IDO [60].
In another report, oral feeding of L. johnsonii significantly
reduced IDO and decreased the incidence of diabetes
among BioBreeding diabetes-prone rats [59]. Mechanistic-
ally, it was suggested that bacteria-derived H,O, from L.
johnsonii was the cause for the decrease of IDO. On the
contrary, feeding of live L. reuteri enhanced systemic IDO
activity in mice [58].

The generation of autoantibodies against nuclear anti-
gens such as DNA is a hallmark of lupus [8]. However,
in the current study, the anti-DNA IgG titer was not
changed in PP mice receiving vancomycin or L. animalis
treatment. The lowered IL-10 and increased IFNy may
be the causes for the exacerbated manifestations in these
mice. Coincidently, neither IL-10"~ nor IFNy*’~ MRL/
lpr had altered autoantibody titers, while the loss of one
allele resulted in worsened or attenuated lupus nephritis,
respectively [71, 72]. These results suggest that IL-10
and IFNy regulate lupus nephritis in an autoantibody-
independent manner. Additionally, while autoantibodies
can promote kidney damage, their importance for the
pathogenesis of lupus nephritis is debatable. Indeed, T
cells and other immune mediators may be more import-
ant in causing the tissue damage [73].

Conclusions

Our study highlights the changes of gut microbiota struc-
ture during pregnancy and the differential effects of the
same microbiota-modulating strategies (i.e., vancomycin
or L. animalis) on disease manifestations in naive vs. PP
MRL/lpr mice. The enzyme IDO, which can be inhibited
by specific Lactobacillus spp., appears to be the factor
directing the differed immune responses and opposite dis-
ease outcomes. The ultimate goal of our research is to
identify beneficial as well as pathogenic gut bacterial spe-
cies and to develop therapeutic strategies that are able to
modulate the gut microbiota community towards a bene-
ficial effect. For patients with autoimmune lupus, diet and
probiotics are the two relatively easy and acceptable ap-
proaches that can potentially improve disease manage-
ment through modulating the gut microbiota [22, 74].
However, it is challenging to achieve this goal due to the
complexity of the disease pathologies, the complexity of
gut microbiota, and the differences of gut microbiota
communities among individuals. In future investigations,
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we plan to focus on lupus nephritis, the leading cause of
mortality in lupus patients, to further delineate the role of
gut microbiota in the link between pregnancy and exacer-
bated lupus.

Methods

Mice and vancomycin treatment

MRL/Mp] (MRL, stock number 000486) and MRL/Mp]J-
Fas”/] (MRL/lpr, 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: A3208-01).
CO, was used for euthanasia according to the IACUC
protocol. All experiments were performed in accordance
with relevant guidelines and regulations. To generate PP
mice, 8-week-old female MRL/lpr mice were mated with
age-matched male mice. Only the mice delivered at 11 weeks
old (+ 1 day) were used in the study. Vancomycin (2 g/L) was
given in the drinking water from 9 weeks old till 15 weeks of
age (endpoint). The drinking water containing vancomycin
was replenished once a week.

Bacteria culture and gavage

Lactobacillus animalis (35046) was purchased from
ATCC (Manassas, VA) and cultured in Lactobacilli MRS
Broth (BD Biosciences) according to the suggested cul-
ture method by ATCC. L. animalis was freshly cultured
every week and orally gavaged, once a week, to MRL/lpr
mice from 9 weeks of age until dissection at 15 weeks.

Microbiota sampling and analysis

Fecal microbiota samples were obtained by taking the
mouse out of the cage and collecting a fecal pellet. Sam-
ples were stored at — 80 °C till being processed at the same
time. Sample homogenization, cell lysis, and DNA extrac-
tion were performed as previously described [19]. PCR
were performed, and purified amplicons were sequenced
bidirectionally on an Illumina MiSeq at Argonne National
Laboratory. 16S rRNA sequencing data were analyzed as
described previously [19].

Gas chromatography measurement of SCFAs

Fecal samples were acidified using phosphoric acid immedi-
ately before analysis. Injector settings: temperature 200 °C;
carrier, hydrogen; injection mode, split (ratio 2:1). Temperature
program: initial temperature of 80 °C held for 3 min and then
increase temperature at a rate of 6 °C per minute to 140 °C and
hold for 1min. The Flame Ionization Detector Settings:
temperature, 250°C; hydrogen flow, 35ml/minute; air flow,
350 ml/minute; makeup flow (nitrogen), 15 ml/minute; and
total makeup (makeup + column flow), 30 ml/minute.
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ELISA

Mouse sera separated after blood clotting were saved at
- 20°C until use. Human plasma samples were pur-
chased from AllCells (Alameda, CA). For measuring
anti-DNA IgG, anti-LPS IgG, and anti-flagellin IgG,
high-binding plates were coated overnight at 4 °C with
100l of calf thymus DNA (100 pg/ml, Invitrogen),
Escherichia coli LPS (10 pg/ml, Sigma), or Salmonella
flagellin (1 pg/ml, Enzo Life Sciences), respectively. After
sequential incubations on the second day with the sam-
ples and secondary antibodies (anti-human IgG-HRP or
anti-mouse IgG-HRP, Invitrogen), TMB substrate solu-
tion (Thermo Fisher Scientific) was added, followed by
the stop solution. Plates were read at 450 nm absorbance
with the SpectraMax M5 microplate reader (Molecular
Devices LLC). Mouse serum total IgG was determined
with mouse IgG kit (Bethyl Laboratories). Cytokine and
enzyme concentrations were determined with mouse IL-
10, IL-6, IFNy (Biolegend), IL-35 (LifeSpan BioSciences),
and IDO (MyBioSource) ELISA Kkits, respectively, accord-
ing to the manufacturers’ instructions.

Renal function

Urine was collected weekly starting from disease onset
at 9 weeks of age, and all samples were stored at — 20°C
till analyzed at the same time with a Pierce Coomassie
Protein Assay Kit (Thermo Scientific). Proteinuria
level was scored as: 0 (0-50 mg/dl), 1 (50-100 mg/dl),
2 (100-200 mg/dl), 3 (200-400 mg/dl), and 4 (> 400
mg/dl). When mice were euthanized at 15weeks of
age, the kidney was fixed in formalin for 24 h, paraf-
fin embedded, sectioned, and stained with periodic
acid-Schiff (PAS) at the Histopathology Laboratory at
Virginia-Maryland College of Veterinary Medicine.
Slides were read with an Olympus BX43 microscope. All
the slides were scored in a blinded fashion by a certified
veterinary 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. Tubulointerstitial lesions were graded on a scale
of 0 to 3 for each of the following four categories: pres-
ence of peritubular mononuclear infiltrates, tubular dam-
age, interstitial fibrosis, and vasculitis.

Cell isolation and flow cytometry

Spleens were collected and mashed in 70-um cell strainers with
complete media. Red blood cells were lysed with RBC lysis buf-
fer (eBioscience). For surface staining, cells were blocked with
anti-mouse CD16/32 (eBioscience), stained with fluorochrome-
conjugated antibodies, and analyzed with BD FACSAria II flow
cytometer (BD Biosciences, San Jose, CA). For intracellular
staining, Foxp3 Fixation/Permeabilization kit (eBioscience) was
used. Anti-mouse antibodies used in this study include the
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following: CD3-APC, CD4-PE-Cy7, CD8-FITC, IL-10-PerCP-
Cy5.5, IENy-APC-Cy7, IL-17A-PE, Foxp3-PE, and CD19-APC
(Biolegend) and RORyt-BV421 (BD Biosciences). Flow cytome-

try data were analyzed with FlowJo.
RT-qPCR
Spleens were homogenized with Bullet Blender

homogenizer (Next Advance), and total RNA was ex-
tracted with RNeasy Plus Mini Kit (Qiagen) according to
the manufacturers’ instructions. Genomic DNA was re-
moved by digestion with RNasefree DNase I (Qiagen).
Reverse transcription (RT) was performed by using
iScript cDNA Synthesis Kit (Bio-Rad). Quantitative PCR
(qPCR) was performed with iTaq Universal SYBR Green
Supermix (Bio-Rad) and ABI 7500 Fast Real-Time PCR
System (Applied Biosystems). Relative quantities were
calculated using L32 as the housekeeping gene. Primer
sequences for mouse L32 and IDOI are available upon
request.

Statistical analysis

For the comparison of two groups, unpaired Student’s ¢
test was used. For the comparison of more than two
groups, one-way ANOVA and Tukey’s post-test were
used. Results were considered statistically significant
when p < 0.05. All analyses were performed with Prism
GraphPad.

Additional file

[ Additional file 1: Supplementary Figures S1-S4. (PDF 380 kb) ]
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