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Introduction

Summary

The risk of developing systemic lupus erythematosus (SLE) is
approximately nine times higher among women compared to men.
However, very little is understood concerning the underlying mechanisms
that contribute to this gender bias. Further, whether there is a link
between immune response initiated in the gut mucosa, the progression of
SLE and the associated gender bias has never been investigated. In this
report, we show a potential link between the immune response of the gut
mucosa and SLE and the gender bias of lupus for the first time, to our
knowledge. Both plasma cell- and gut-imprinted- a4p7 T cell frequencies
were significantly higher in the spleen and gut mucosa of female (SWR X
NZB)F; (SNF;) mice compared to that of their male counterparts.
Importantly, female SNF; mice not only showed profoundly higher
CD45% immune cell densities, but also carried large numbers of
interleukin (IL)-17-, IL-22- and IL-9-producing cells in the lamina propria
(LP) compared to their male counterparts. Intestinal mucosa of female
SNF; mice expressed higher levels of a large array of proinflammatory
molecules, including type 1 interferons and Toll-like receptors 7 and 8
(TLR-7 and TLR-8), even before puberty. Our work, therefore, indicates
that the gut immune system may play a role in the initiation and
progression of disease in SLE and the associated gender bias.
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multiple sclerosis (MS), there is a predisposition for SLE
in women with a prevalence ratio close to 9 : 1 greater

The aetiology of systemic lupus erythematosus (SLE) is
still unknown. SLE is an autoimmune disease character-
ized by the production of autoantibodies against nuclear
material, and these immune complexes lead to glomerulo-
nephritis and kidney failure [1]. It is generally believed
that SLE is caused by a combination of genetic and envi-
ronmental factors [1,2]. Variability in the genes that code
for human leucocyte antigen (HLA), FcgRII and tumour
necrosis factor (ligand) superfamily, member 4 (Tnfsf4)
have been linked to SLE susceptibility [1-3]. In addition,
viral infections including Epstein—Barr virus (EBV) and
parvovirus in predisposed patients may also trigger the
disease [2,4]. Diverse environmental stimuli such as ciga-
rette smoking and silica dust have also been implicated in
the onset of SLE [1,2].

However, as has been observed in many other autoim-
mune diseases, including rheumatoid arthritis (RA) and

than men [3]. X-linked genes such as Foxp3, Tnf and TIlr7
have been correlated with this disproportionality [5,6].
Numerous studies have suggested that sex hormones, oes-
trogen in particular, can contribute to the onset and
development of disease activities associated with SLE.
Oestrogen is reported to have inductive effects on
autoimmune-related immune responses such as produc-
tion of antibody and proinflammatory cytokines [3,6-8].
Recent studies using the non-obese diabetic (NOD)
mouse model of type 1 diabetes (T1D) have reported a
role for microbiota, independent of oestrogen-mediated
effects, in determining the gender bias of autoimmune
diseases [9,10]. While under a specific pathogen-free
(SPF) environment, NOD mice showed a disease inci-
dence ratio of approximately 4 : 1 in females greater than
males; this difference does not exist under germ-free
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(GF) conditions [9-11], suggesting that male NOD mice
appear to be protected, at least in part, by the testoster-
one—gut microbiome interaction [9,10]. These studies
indicate the strong involvement of immune responses ini-
tiated in the intestinal mucosa in determining this gender
disparity. Even though lupus-susceptible GF mice develop
disease [12,13], whether the involvement of immune
response that is initiated in the gut and the microbiota
has a disease modulatory effect in SLE is not known.
More recently, results from our laboratory show that
change in the pH of drinking water using mouse models
of T1D and SLE has a profound effect on the onset and
severity of both diseases [14] (Gaudreau ef al., unpub-
lished observation). This evidence suggests a potential
role for mucosal immunity in shaping the systemic
immune response observed in autoimmune diseases such
as SLE.

Here we demonstrate, for the first time to our knowl-
edge, the potential contribution of immune response ini-
tiated in the gut mucosa in determining the associated
gender bias observed in SLE. Lupus-susceptible female
(SWR X NZB)F, (SNF;) mice carry profoundly higher
numbers of plasma cells as well as gut-imprinted w47 T
cells in the spleen and intestine. Further, higher numbers
of proinflammatory cytokines interleukin (IL)-17-, IL-22-
and IL-9-producing cells were found in the lamina prop-
ria (LP) of female mice. Importantly, the proinflamma-
tory immune response in the gut mucosa of females
appears to have initiated long before the onset of puberty,
suggesting a lack of association between sex hormones
and difference in the gut immune response in males and
females. Overall, our study implies that proinflammatory
responses that are initiated in the gut mucosa may have a
contributory role in the initiation and progression of dis-
ease in SLE and the associated gender bias in lupus
incidence.

Materials and methods

Mice

SWR and NZB mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA) and housed under
SPF conditions at the animal facilities of the Medical Uni-
versity of South Carolina (MUSC). (SWR X NZB)F,
(SNF;) hybrids were bred at the SPF facility of MUSC.
All animal experiments were performed according to ethi-
cal principles and guidelines approved by the institutional
animal care committee.

Proteinuria

Urine samples were tested weekly for proteinuria. Protein
level in the urine was determined by Bradford assay
(BioRad, Hercules, CA, USA) against bovine serum

albumin standards. Proteinuria was scored as follows; 0:
0-1 mg/ml, 1: 1-2 mg/ml, 2: 2-5 mg/ml, 3: 5-10 mg/ml
and 4: > 10 mg/ml. Mice that showed proteinuria >5 mg/
ml were considered to have severe nephritis.

Enzyme-linked immunosorbent assay (ELISA)

Antibodies against nucleohistone and dsDNA in mouse
sera were evaluated by ELISA. Briefly, 0-5 pg/well of
nucleohistone (Sigma-Aldrich, St Louis, MO, USA) or 1
pg/well dsDNA from calf thymus (Sigma-Aldrich) was
coated as antigen overnight onto ELISA plate wells in a
carbonate buffer. Serial dilutions of the sera were made
and immunoglobulin (Ig)G, IgGl, 1gG2a or 1gG3 were
detected using horseradish peroxidase (HRP)-conjugated
anti-mouse antibodies (Sigma-Aldrich, eBioscience, San
Diego, CA, USA and Invitrogen, Carlsbad, CA, USA).

Flow cytometric analyses

Freshly isolated cells from spleen, mesenteric lymph node
(MLN) and Peyer’s patches (PP) were stained for surface
markers using fluorochrome-labelled antibodies that are
specific for mouse CD19, IgM, 1gG and CD138 for B cells
and CD4, CD44, CD62L, a4B7 and CCR9 for T cells
(eBioscience and BD Biosciences, San Jose, CA, USA).
Detection of immune cells was also performed using
fluorochrome-labelled antibodies specific for mouse natu-
ral killer (NK)1.1, CD3e, CD1d tetramer, CD11c, plasma-
cytoid dendritic cell antigen-1 (PDCA), T cell receptor
(TCR)-B and TCR-yd (NIH tetramer core; eBioscience
and BD Biosciences). For detecting intracellular cytokines,
cells were stimulated for 4 h at 37°C with phorbol myris-
tate acetate (PMA) and ionomycin in the presence of bre-
feldin  A/Golgiplug (BD Biosciences), fixed with
paraformaldehyde, and permeabilized using 0-1% sapo-
nin. These cells were stained for interferon (IFN)-v,
IL-17, IL-4, IL-10 and IL-21. For some assays, cells were
stimulated with PMA, ionomycin and bacterial lipopoly-
saccharide (LPS) (10 pg/ml) and B cells were stained for
intracellular cytokines.

Immunofluorescence microscopy

Distal ileum pieces were snap-frozen in optimal cutting
temperature (OCT) medium and 6-pm cryosections were
made for immunofluorescence staining. Tissue sections
were stained using Alexa Fluor 488-linked anti-mouse
CD45, phycoerythrin (PE)-linked IL-17, IL-22 and IL-9
and 4',6-diamidino-2-phenylindole (DAPI) and the
images were acquired using either the BD CARVII or
Olympus Fv10i inverted microscopes.

Quantitative polymerase chain reaction (PCR)

RNA was extracted from 2-cm pieces of the distal
ileum using Isol-RNA Lysis Reagent (5') according to
the manufacturer’s instructions. ¢cDNA was prepared
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from RNA using Moloney murine leukaemia virus
(MMLV) reverse transcriptase (Promega) and PCR was
performed using SYBR-green master-mix (BioRad) and
target-specific custom-made primer sets. A StepOne
Plus (Applied Biosystems/ThermoFisher Scientific, Wal-
tham, MA, USA) real-time PCR machine was used
and relative expression of each factor was calculated
by the 2-ACT cycle threshold method against B-actin
control.

Statistical analysis

Proteinuria curves were analysed using the log-rank
method and the proteinuria scores were analysed using
Fisher’s exact test. One- and two-tailed Student’s t-tests
were also employed to calculate P-values where indicated.
A P-value <0-05 was considered statistically significant, as
follows: *P <0-05, **P<0-01, **P<0-001 for two-tailed
and #P <0.05 for one-tailed tests. GraphPad Prism was
used for calculating statistical significance for data from
most experiments.

Results

Disease progression and antibodies against nuclear
(nAgs) in SNF; mice

SNF; mice that develop lupus symptoms and proteinuria
spontaneously and show gender bias in disease incidence
similar to human SLE patients [15,16] have been used
widely for understanding the disease aetiology and for
preclinical testing of therapeutics. To confirm this gender
bias of disease progression and lupus in SNF; mice
housed in our facility, we have compared the progressive
changes in the urinary protein levels and circulating anti-
nucleohistone and anti-dsDNA antibodies in male and
female mice. Consistent with earlier reports [15-17], Fig.
la shows that 80% of female SNF; mice develop severe
nephritis, as indicated by high proteinuria, within 32
weeks of age. In comparison, only 20% of male SNF,;
mice at the same age showed severe nephritis, and only
50% of these developed severe nephritis by 40 weeks of
age. Comparison of nephritis severity based on proteinu-
ria levels, as reported previously [15-17], showed that
female SNF, mice indeed develop significantly more
nephritis than males at all time-points (Fig. 1b).
Comparison of autoantibody levels in male and female
SNF; mice showed that, at 25 weeks of age, female SNF,;
mice had significantly higher levels of overall serum IgG
as well as the IgG3 and IgGl isotypes against nucleohis-
tone (nAg) (Fig. 1c). Moreover, female SNF; mice also
had significantly higher levels of circulating anti-dsDNA
IgG, IgG2a, IgGl and IgG3 antibodies than male mice,
mainly at older ages (Fig. 1d). Overall, these results con-
firm the previously reported gender bias in lupus-like

Mucosal immunity in lupus

disease, in terms of nephritis and anti-nAg antibody lev-
els, in SNF, mice.

B cell phenotype in male and female SNF; mice

While oestrogens and testosterones are thought to have
disease-promoting and -suppressing roles, respectively, in
SLE [18-20], the potential involvement of testosterone—
gut microbiome interaction in protecting male NOD
mice from T1D has been discussed [9,10]. Therefore, to
assess if there is a link between the sex hormones and
immune cell function towards their contribution to lupus
incidence, splenic B and T cell properties of prepuberty
(4-week-old) and adult (16-week-old) male and female
SNF; mice were studied. As the initiation and progres-
sion of autoimmunity are influenced by immunological
events of early age, a prenephritic adult mouse 16 weeks
of age, instead of a nephritic age, was used in this study.
To realize the functionality of B cells, splenic cells were
examined for surface IgG, intracellular cytokines IL-6, IL-
10 and IL-4, as well as IFN-y and the plasma cell fre-
quencies. While the total number of IgG" B cells was
comparable in male and female mice at 4 weeks of age,
16-week-old adult female SNF; mice harboured a signifi-
cantly higher number of IgG" B cells in the spleen com-
pared to their male counterparts (Fig. 2a) which, as
anticipated, corresponds to higher levels of IgG antibod-
ies detected against nAg (Fig. 1c). Examination of the
cytokines expressed revealed that B cells from female
SNF, mice showed considerably higher numbers of IL-
10- and IL-6-positive B cells compared to their male
counterparts, even at prepuberty age (Fig. 2b). These
results show the potential contribution of IL-10 and IL-6
in rapid disease progression and higher lupus incidence
in females. Examination of CD138" plasma cell frequen-
cies revealed that only 4-week-old, but not 16-week-old,
females had higher numbers of IgM" and IgM' CD138™"
cells compared to their age-matched male counterparts
(Supporting information, Fig. S1). Phenotypical charac-
terization of splenic T cells from male and female SNF;
mice aged 4 and 16 weeks revealed considerable differen-
ces in the memory-, regulatory- and cytokine-positive T
cells only at prepuberty age, but not adult age (Support-
ing information, Fig. S2). These observations indicate
that the T and B cell properties of lupus- susceptible
male and female SNF; mice may not be influenced by
sex hormones.

Adult female SNF; mice harbour large numbers of
gut mucosa-imprinted T cells

T cells that are activated in the intestinal mucosa express
specific markers, such as a4f7 and CCR9. These markers
are induced primarily by retinoic acid [21,22], and also
by the interaction with CD103" dendritic cells (DCs)
[23,24]. We therefore investigated the a4f7 integrin and
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Fig. 2. Difference in the phenotype of splenic B cells from male and female SWR X NZB F; (SNF;) mice. (a) Spleen cells from male and
female SNF; mice aged 4 and 16 weeks were examined for surface CD19 and IgG by fluorescence activated cell sorter (FACS). Shown are
representative FACS plots for male and female groups of mice and mean * standard error of the mean (s.e.m.) values. (b) Intracellular cytokine
expression in B cells was examined by FACS. Splenocytes were activated with PMA/ionomycin and LPS in the presence of brefeldin A and the
cells were stained for surface CD19 and intracellular cytokines. Representative FACS plots and mean * s.e.m. values are shown.
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positive cells (right panels) are shown.

Gut mucosa resident immune cells in male and
female SNF; mice are phenotypically different

Although the association between gut microbiome and
disease incidence is less clear in lupus compared to other
autoimmune diseases, a potential role for dietary factors

is well recognized [25-29], indicating a possible contribu-
tion of the immune responses initiated in the intestinal
mucosa in lupus. Because the frequencies of mucosa-
imprinted T cells are significantly different in male and
female SNF, mice, we examined if the characteristics of
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immune cells in the intestine of prepubertal and preneph-
ritic adult-aged male and female SNF; mice are different.
Examination of plasma cells revealed that although there
is no difference in the frequency of CD138" cells in the
PP of male and female SNF; mice at prepuberty age, the
females have significantly higher numbers of CD138" B
cells at prenephritic adult age (Fig. 4a). As in the case of
spleen, adult female SNF; mice showed a profoundly
higher number of IgG" B cells compared to their male
counterparts (Fig. 4b). Importantly, 4-week-old females
also showed significantly higher frequencies of IgG" B
cells in the PP compared to males. These observations

© 2015 British Society for Immunology, Clinical and Experimental Immunology, 180: 393-407

suggest that B cells which are activated in the gut mucosa,
beginning at prepuberty age, may indeed have an influ-
ence on the gender bias associated with lupus. Of note,
gut mucosa-imprinted (IgA™) B cell frequencies were not
significantly different in male and female SNF; mice at
prepuberty and adult ages (not shown).

The frequencies of splenic and intestinal plasmacytoid
DCs (pDCs), TCR-y3, NK T and NK cells were also
determined in the male and female SNF; mice. pDCs
have been identified as key players in the pathology of
SLE through the production of IFN-a, following the acti-
vation of Toll-like receptors 7 and 9 (TLR-7 and TLR-9)
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[30-32]. In addition, many studies have shown the
oestrogen-mediated modulation of pDCs [33,34]. Only
the frequencies of splenic pDCs, but not pDCs of PP,
were significantly different in male and female SNF; mice
(Supporting information, Fig. S3). Interestingly, while the
numbers of pDCs were found to be lower at 4 weeks of
age in females, these cells were found in significantly
higher numbers in females at 16 weeks of age compared
to males. Of note, no profound difference was observed
in the NK and NK T cell frequencies of 4- or 16-week-
old male or female SNF; mice. However, TCR-yd T cells
were relatively lower in PP of adult female SNF; mice
(not shown). Nevertheless, the functional significance of
minor differences in the frequencies of these immune cell
populations in male and female SNF; mice is not known.

Gut mucosa of female SNF; mice has high
inflammatory factor levels

Differences in the frequencies of immune cells in the gut
mucosa of male and female SNF;, mice prompted us to
examine the expression profile of various pro- and anti-
inflammatory factors. cDNA prepared from the distal
ileum was subjected to a quantitative PCR analysis for an
array of factors. As observed in Fig. 5, most proinflamma-
tory factors, including IL-6, IL-9, IL-17, IL-22, IFN-a and
IFN-3, are expressed at several-fold higher levels in the
intestine of female SNF; mice compared to their age-
matched male counterparts. Albeit at relatively low
expression levels in younger mice, both 4- and 16-week-
old mice showed a similar trend in the expression of
proinflammatory factors, suggesting that the lupus-
associated proinflammatory response is initiated in the
gut mucosa of female SNF; mice, even before puberty
and oestrogen production begins. Importantly, the expres-
sion level of IL-10 was also found to be higher in female
SNF; mice compared to males. While IL-10 has been
shown to have a disease-promoting effect in lupus, it may
also be expressed as part of an immune regulatory mech-
anism. Interestingly, the gut mucosa of female SNF; mice
also expresses higher levels of TLR-7 and TLR-8 mRNA,
the two innate immune receptors that have been impli-
cated in SLE. While the TLR-7 transcript levels were
approximately twofold in females compared to males at
prepuberty age, 16-week-old adult females expressed
more than threefold TLR-7 mRNA compared to their
male counterparts. Further, TLR-7 mRNA levels in the
intestines of prepuberty and adult-aged females were
three- and fivefold higher than in their respective-aged
male counterparts. A similar trend in the expression levels
of TLR-8 was observed in the gut mucosa of male and
female SNF; mice. These observations suggest that signal-
ling through these X-linked TLRs may be responsible for
higher proinflammatory cytokine expression, IFNs in par-
ticular, in the gut mucosa of female SNF; mice.
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Fig. 5. Female SWR X NZB F, (SNF;) mouse intestine expresses a
large number of proinflammatory factors. cDNA prepared from
the distal ileum of 4- and 16-week-old male and female SNF, mice
was subjected to real-time quantitative polymerase chain reaction
(PCR) to assess the expression levels of immune cell-associated
factors including cytokines, transcription factors and chemokines.
Expression levels of individual factors were calculated against the
value of fi-actin. Mean of these values (four to five mice/group)
was used for generating the heat map. The lowest value of an
individual factor among four groups of mice was considered as 1
(row minimum) for calculating fold expression values for each
row.
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Male

Fig. 6. Lamina propria of
female SWR X NZB F, (SNF;)
mice harbour a large number
of immune cells. Six-um
cryosections of distal ileum
from 16-week-old male and
female SNF,; mice were stained
using Alexa Fluor 488-linked
anti-mouse CD45 and 4',6-
diamidino-2-phenylindole
(DAPI) to visualize the

immune cell density in lamina

Female

propria area. The images were
acquired using the Olympus
Fv10i inverted microscopes

using a X 10 objective.

Gender differences in proinflammatory factor
expression is more prominent in the gut mucosa than
in the systemic lymphoid organ

Considering the differences in the systemic B cell pheno-
type and gut immune responses of male and female SNF,;
mice, we examined whether the T cell cytokine profiles
are different in male and female SNF, mice by fluores-
cence activated cell sorter (FACS). As observed in the
Supporting information, Fig. S2, FACS analysis did not
reveal a convincing trend in the expression of specific
cytokine factors in different age groups of females com-
pared to their male counterparts. Therefore, qQPCR assay
was performed to assess the overall expression pattern of
various factors in spleens from prepuberty and adult-aged
SNF, mice. Supporting information, Fig. S4a, shows that
while the majority of the proinflammatory factors
expressed by younger age male and female SNF; mice
were comparable, adult SNF, females expressed a consid-
erable number of proinflammatory factors, Th17- and
Th9-associated factors in particular, at relatively higher
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levels than those by their male counterparts. Nevertheless,
the differences in the expression of these factors between
adult male and female spleen cells were not as profound
as that detected in the small intestine (Supporting infor-
mation, Fig. S4b). Moreover, expression levels of X-linked
TLRs, TLR-7 and TLR-8 in spleens were not considerably
different between either males and females or different
age groups of mice. Overall, these observations, in associ-
ation with the results of Fig. 5, suggest that higher expres-
sions of these proinflammatory factors are induced
selectively in the gut mucosa of female mice.

Lamina propria (LP) of female SNF; mice show large
number of CD45% immune cells

Because the expression levels of proinflammatory factors
were profoundly different in male and female SNF; mice,
at adult ages in particular, distal ileum sections from 16-
week-old mice were stained using anti-CD45 antibody to
determine the immune cell density as a sign of their
recruitment and/or proliferation. As observed in Fig. 6,
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CD45™ cell density was higher in the LP of female SNF,
mice compared to that of 16-week-old males. While the
villi of distal ileum of female SNF; mice appeared to be
wider and tightly packed with CD45% cells, male villi
were found to be slender, with scattered CD45" cells in a
considerable proportion of the section. These observa-
tions indicate that higher levels of proinflammatory cyto-
kines produced in the gut mucosa of female mice, even at
prepuberty age, may be responsible for the recruitment
and/or activation and proliferation of a large number of
immune cells. This may cause a vicious cycle of inflam-
matory response in the female gut, which subsequently
contributes to the systemic autoimmune process and gen-
der bias observed in lupus.

Immune cells in female SNF; mice LP produce IL-17,
IL-22 and IL-9

As shown in Fig. 5, the gut mucosa of female SNF; mice,
in particular 16-week-old adults, expresses a large array
of proinflammatory cytokines. To confirm this observa-
tion, distal ileum sections were stained for IL-17, IL-9
and IL-22 expression. Figure 7 shows that the frequencies
of IL-17-, IL-22- and IL-9-expressing CD45" cells were
profoundly higher in the LP of 16-week-old females com-
pared to that of their male counterparts. While large
numbers of IL-22- and IL-17-expressing cells were found
within the LP of female SNF; ileum, only a small number
of scattered cells were found to express these cytokines in
male SNF; mice. These results reiterate the observations
of Figs 5 and 6 and demonstrate clearly the strong proin-
flammatory immune response in the gut mucosa of
female SNF; mice. These observations also show that the
proinflammatory response initiated in the gut mucosa at
prepuberty may be responsible for the initiation and/or
perpetuation of autoimmunity in lupus and determining
its associated gender bias.

Discussion

In this study, we demonstrate that the immune pheno-
type of gut mucosa is significantly different in lupus-
prone male and female SNF; mice and begins even before
puberty. Our observations show that immune response
initiated in the gut mucosa may be involved in the initia-
tion and perpetuation of autoimmunity in lupus and
determining the gender bias, which is prevalent in human
SLE. The female SNF; mouse intestine not only expresses
a large array of proinflammatory factors, but also has a
profoundly large number of immune cells compared to
that of males. High expression of many proinflammatory
cytokines in the female gut mucosa at as young as wean-
ing (prepuberty) age indicates that they may have a role
in gender bias, independent of sex hormones. This study
represents the first report implying the role of gut

immune system in the initiation and progression of dis-
ease process in SLE and the gender bias observed in this
autoimmune disorder.

Gender bias is prevalent in many major autoimmune
diseases, including SLE and rheumatoid arthritis (RA)
[35-37]. The effect of sex hormones on autoimmunity,
particularly in SLE, has been studied and oestrogen is
linked to both the cause and pathology of the disease
[18,20,38]. Conversely, testosterone has been found to be
protective. For instance, not only does castration of males
enhance the disease progression in animal models of SLE,
but also treatment with testosterone reduced the disease
incidence and severity [19,20]. Recent studies using NOD
mice have linked the gut commensals and their metabo-
lites to gender bias in autoimmune diseases [9,10].
Although sexual dimorphism has not been studied, simi-
lar to NOD mice, GF mouse models of SLE showed dis-
ease incidence in the absence of gut microbiota [12,13].
While the T1D incidence in female GF NOD mice was
not profoundly different from that of their SPF counter-
parts [9,10], higher levels of anti-nAg antibodies were
detected in GF mice than in their SPF counterparts [13],
indicating that the contribution of gut microbiota in
lupus or its gender bias may not be as prominent as in
T1D. Nevertheless, gut mucosa, which is constantly
exposed to microbes and dietary antigens and known to
play a critical role in fighting pathogens and maintaining
peripheral tolerance [39,40], may influence the disease
outcome in genetically predisposed subjects and preclini-
cal models. It has been suggested that some of the gut
bacteria and their DNA may serve as polyclonal B cell
activators or as antigens cross-reacting with host DNA
[41,42]. Our observation that the PP of female SNF; mice
carry higher numbers of IgG* B cells compared to their
male counterparts as early as 4 weeks of age indicates
that the B cell response initiated in the gut mucosa, inde-
pendently of sex hormones, may contribute to systemic
autoimmunity in SLE and the gender bias in lupus
incidence.

T cells that are activated in the gut mucosa, especially by
CD103" DCs, express specific integrins and chemokine
receptors such as a4B7 and CCRY, and this imprinting
enables these effector T cells to recirculate to the gut
[21,22]. Involvement of a4RB7 effector T cells in autoim-
munity, inflammation and anti-viral immunity has been
recognized and this integrin has been considered as one of
the therapeutic targets for treating these inflammatory dis-
eases [43-45]. Our observations that the frequency of
a4B7" CD4 T cells in the spleen and PP of female SNF,
mice is significantly higher than that of males at adult age
suggest their potential contribution to gender bias in lupus.
Intriguingly, a4B7/CCR9-positive T cell frequencies were
significantly lower in female SNF; mice at prepuberty age.
However, whether oestrogen has a role in inducing a437
and/or CCRY expression in T cells is not known.
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Fig. 7. Lamina propria of female SWR X NZB F; (SNF;) mice harbour a large number of interleukin (IL)-17-, IL-22- and IL-9 producing cells.
Six-um cryosections of distal ileum from 16-week-old male and female SNF; mice (three/group) were stained using Alexa Fluor 488-linked
anti-mouse CD45, phycoerythrin (PE)-linked IL-17, IL-22 or IL-9 and 4’6-diamidino-2-phenylindole (DAPI). The images (left panels) were
acquired using either the BD CARVII (for IL-17 and IL-22; using X25 objective) or Olympus Fv10i (for IL-9: using X60 objective)

inverted microscopes. Cytokine-positive cells were counted in villi of comparable sizes and average numbers of cells (18-25 villi sections/group)

are also shown (right panels).

While higher numbers of IgG" B cells and mucosa- responsible for inducing these cells are not known.
imprinted T cells in the systemic and intestinal lymphoid Expression profiling of male and female intestine demon-
tissues of female SNF; mice suggest that they may con- strates clearly that the intestine of female SNF; mice pro-
tribute to gender bias in lupus, the factors that are duced higher levels of an array of proinflammatory
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cytokines and IL-10 compared to male SNF; mice. Many
of these factors, including IFN-«, IEN-B, IL-17, TLR-7
and TLR-8, have been implicated in the inflammation
and pathogenesis associated with SLE [46-51]. The most
intriguing of our novel observations is that the intestine
of female SNF; mice as young as 4 weeks of age expressed
higher levels of these factors compared to males. This
excludes the potential involvement of oestrogen as the
cause for the inflammatory response in gut mucosa of
these mice. Conversely, our observation also suggests a
role for TLR-7 and TLR-8 in promoting higher expression
of proinflammatory factors in the intestine of female
SNF, mice. In this regard, previous studies have shown
that TLR-7 and TLR-8 stimulation promotes significantly
higher IFN-a production in females than in males
[50-53]. Interestingly, TIr7 and TIr8 genes are located on
the X-chromosome and females potentially have two cop-
ies of these genes [51]. However, whether high levels of
messenger RNA for TLR-7 and TLR-8 detected in the gut
mucosa are due to this difference in the dosage of X-
linked TIr7 and TIr8 in females is not clear. While this
remains a possibility and requires further investigation,
higher levels of these receptors in older mice compared to
their prepubescent counterparts and their similar expres-
sion levels in the spleen suggest that the difference in
TLR-7 and TLR-8 levels in the intestine of male and
female mice may not be due to the dosage of these X-
linked genes alone. A recent study using mouse models,
although chromosome inactivation was not tested, has
shown that dosage of X-linked TIr8 plays a major role in
the higher incidence of SLE in females [51], another
study using samples from lupus patients has demon-
strated the lack of X-chromosome inactivation escape of
the TIr7 gene in females [50]. Our observation that a pro-
found difference in TLR expression was observed in the
gut mucosa, but not in the spleens of male and female
SNF, mice, suggests that the expression of these receptors
and the associated cytokines are induced selectively in the
gut mucosa of female SNF; mice by unknown factors.
That the expression of proinflammatory cytokines is
much higher in adult females compared to the prepubes-
cent females suggests a progressive increase in the recruit-
ment and/or activation of immune cells in the gut
mucosa. It is possible that proinflammatory factors
induced in the gut mucosa of females at early ages cause
a vicious cycle of proinflammatory responses in the gut
and contributes subsequently to rapid systemic autoim-
mune progression. It is also possible that the immune
response initiated in the gut mucosa increases expression
levels of TLR-7 and TLR-8, causing an amplified proin-
flammatory cytokine and chemokine response in older
females. It is important to note that adult males and
females express TLRs as well as proinflammatory cyto-
kines at levels that are several-fold higher than the
younger mice of their gender. This further implies that

the immune response initiated in the gut mucosa may
play a role not only in gender bias of SLE, but also in ini-
tiating and/or perpetuating the disease in both males and
females. Although a similar trend in proinflammatory
cytokines and chemokines was detected in the systemic
lymphoid organ of older mice, the observation that the
differences in the expression levels of these factors by
female and male spleens were not as profound as that
detected in the gut mucosa supports this notion. In addi-
tion, our results showing that spleen cells, unlike small
intestine, from prepubescent males and females showed a
comparable expression of various proinflammatory fac-
tors suggest that the proinflammatory immune response
that contributes to lupus disease progression is initiated
in the gut mucosa at young ages and spread out gradually
to systemic lymphoid organs. Most importantly, as sug-
gested by the cytokine profile of 4-week-old mice, the
higher proinflammatory response in the gut mucosa of
female SNF, mice appears to be independent of sex hor-
mone oestrogen.

Recent reports have suggested a dominant role for the
Th17 pathway in the pathogenesis of rheumatoid dis-
eases, including SLE [48,54,55]. While patients with SLE
showed higher numbers of IL-17- and IL-22-producing
T cells in the peripheral blood, studies using preclinical
models demonstrated the pathogenic role of IL-17 in
lupus [48,55,56]. IL-9 is known to promote high IgE
production, lung eosinophilia and cause airway hyperres-
ponsiveness [57-60]. In addition, cells that produce this
cytokine have been implicated in skin inflammation
[61]. Importantly, a recent study has shown a higher
frequency of IL-9-producing T cells in the peripheral
blood of SLE patients compared to controls [62]. Inter-
estingly, while male and female SNF; mice did not show
a significant difference in T cells that express these cyto-
kines in the spleen (not shown), we found that the fre-
quencies of cells that expressed these cytokines were
profoundly higher in the LP of female SNF; mice. Fur-
ther, the presence of higher number of CD45" immune
cells in the LP of female SNF, mice indicates that these
and other proinflammatory factors cause recruitment
and/or activation of immune cells in the gut mucosa.
The fact that CCL7 is expressed at higher levels in the
intestine of female SNF, mice indicates that this chemo-
kine may have a role in recruiting monocytes to the
inflammation site [63].

Overall, our observations indicate that the proinflam-
matory immune response initiated in the gut mucosa
may contribute to disease initiation and/or progression
and the sexual dimorphism in SLE. However, what causes
a higher proinflammatory response in the intestine of
female SNF, mice compared to males, even at prepubes-
cent stage, is not known. A comprehensive set of future
studies is needed to address many of the confounding
questions associated with our novel observations. First, it
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appears that the degrees of involvement of genetic factors
that are linked to lupus are different in male and female
SNF, mice. As mentioned above, it is not clear whether
the X-linked TIr7 gene contributes to the higher inflam-
matory response in females. Importantly, the percentage
of plasmacytoid DCs that release type 1 IFNs upon TLR-
7 engagement [64,65] is comparable in the intestine of
male and female SNF, mice. However, whether these DCs
from the female gut that express higher levels of TLR-7
and TLR-8, and/or this receptor on other activated anti-
gen presenting cells (APCs) contribute to higher proin-
flammatory responses in female SNF; mice, needs to be
studied. Most importantly, whether TIr7 and TIr8 genes
undergo X-inactivation escape, in gut mucosa in general
and immune cell subpopulations in particular, causing
higher expression levels of these receptors leading to an
elevated proinflammatory cytokine response, needs to be
addressed. Additional studies are also needed to under-
stand how TLR-7/TLR-8 interaction with their putative
ligands (ssRNA) in the gut mucosa of female SNF; mice
contributes to the accumulation of IL-17-, IL-22- and IL-
9-expressing cells.

Another key question in this regard concerns the role
of gut microbiota in a higher proinflammatory response
in the gut mucosa of adult as well as prepubescent female
SNF, mice. Gut microbiota of prepubescent male and
female mice is considered to be similar and mainly of
maternal origin [66,67]. Studies using the T1D mouse
model have shown that males and females show similar
gut microbial composition before puberty and a
testosterone-dependent selection of gut microbial com-
munities occurs in males at adult ages [9,10]. Therefore,
it remains to be determined whether gut microbiota have
an influence on the gender-dependent differences in
proinflammatory immune responses of SNF; mice. Never-
theless, the possibility of the same gut microbial factors
to interact with differentially expressed innate immune
receptors such as TLR-7 and TLR-8, and produce differ-
ent degrees of proinflammatory responses and cause the
gender bias in SLE, cannot be ignored. Two recent reports
[68,69] and our unpublished study (Gaudreau et al.)
showed a potential role of gut microbial communities in
modulating the disease outcome in SLE. In spite of two
recent reports on the role of gut microbiome in gender
bias in a mouse model of TID [9,10], many aspects of
the difference in gut microbial communities in males and
females and the role of hormones in shaping the micro-
biome and immune responses are still unknown. There-
fore, it is also possible that maternal microbiota is
differentially acquired quantitatively and/or qualitatively
by young males and females and these gut commensals
cause the expression of TLR and proinflammatory cyto-
kines at different levels that can contribute to the gender
bias in lupus. Hence, the involvement of innate immune
receptor—gut microbiota interaction in the initiation and

Mucosal immunity in lupus

progression of autoimmunity in SLE and associated sex-
ual dimorphism needs to be investigated.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Female SNF1 mice show higher number of plasma
cells. Spleen cells of 4 and 16 weeks old male and mice were
stained for surface CD19, CD138 and IgM, and analyzed by
FACS. A) The frequencies of CD138 single positive and
CD138 and IgM double positive plasma cells are shown.
Representative FACS plots (left panels) and mean *=SEM of
percentage values (right panels) are shown.

Fig. S2. Intracellular cytokine profiles of splenic and PP T
cells. Spleen (A) and PP (B) of 4 and 16 week-old male
and female SNF1 mice were stained for indicated intracel-
lular cytokines as described in materials and methods and
analyzed by FACS. Representative FACS plots for male
and female (upper panels) and mean SEM of percentage
values of cytokine positive cells (lower panels) are shown.
Fig. S3. Plasmacytoid dendritic cell (pDC) frequencies
differ between male and female SNFI mice. Spleen and
PP of 4 and 16 weeks old SNF1 mice were stained using
anti- mouse CDIlc and PDCA-1 antibodies fo FACS
analysis. Representative FACS plots for male and female
and mean SEM values are shown.

Fig. S4. A) Spleen cells from adult female SNF1 mouse
express large number of pro-inflammatory factors. cDNA
prepared from freshly isolated spleen cells and subjected to
real-time quantitative PCR as described for Fig. 5. Expres-
sion levels of individual factors were calculated against the
value of b- actin. Mean values of cells from 3-4 mice tested
individually were used for generating the heat map. The
lowest value of an individual factor among 4 groups of
mice was considered as 1 (row minimum) for calculating
fold expression values for each row. Factors that were unde-
tectable or produced extreme low values were excluded
from this analysis. B) Comparison of expression profiles of
various factors in small intestine and spleen. Relative
expression ratios were calculated by dividing values of
intestinal samples (presented in Fig. 5) with the respective
values of spleen samples (Supporting Informtion, Fig. 4A)
and shown. These intestine: spleen ratios indicate that
majority of factors, Th17 and Th9 associated in particular,
were expressed in the small intestine at profoundly higher
levels than in the spleen of females even at prepubescent
age.
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