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Abstract

Both NLRP3 inflammasome and Th17 cells play important roles in the pathogenesis of systemic lupus erythematosus
(SLE). Here we tried to investigate whether leptin promotes the differentiation of Th17 cells from lupus mice by
activating the NLRP3 inflammasome. Th17 cells induced from MRL/Mp-Fas Ipr mice splenocytes under Thl7 polarizing
condition were treated with leptin at scalar doses during the last 18 h of culture. The mRNA levels of IL-17A, IL-17F,
RORyt, IL-1B, IL-18, NLRP3, ASC, and IL-IR| were detected by quantitative PCR. IL-17A, IL-17F, IL-18, and IL-18 were
tested by ELISA, while the activity of caspase-1 and number of Th17 cells were counted by flow cytometry before/after
inhibition of the NLRP3 inflammasome. We found that leptin pushed up the expression of IL-17A, IL-17F, NLRP3, and
IL-1B and increased the number of Thl7 cells in lupus mice, while the expression of IL-17A, RORyt, and IL- 1 and the
number of Th17 cells were decreased after inhibition of the NLRP3 inflalmmasome. Leptin promoted the differentiation
of Th17 cells from lupus mice by activating the NLRP3 inflammasome.
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Introduction metabolism. Leptin also plays a crucial part in the

The pathogenesis of systemic lupus erythematosus
(SLE), in which Thl17 cells extensively participate, is
still ill-defined. As a kind of major pathological effector
T cells, Th17 cells, which play a key role in inducing
tissue damage in autoimmune diseases, secrete 1L-17A,
the leading cytokine and crucial inflammatory mediator
to activate the inflammatory cascade effect. Both
IL-17A and Thl7 cells are at the core position in the
pathogenesis of SLE. IL-17A was much higher in serum
from lupus mice, activating multiple immune signaling
pathways, and played an important role in the patho-
genesis of SLE." Furthermore, circulating Th17 cells
were significantly raised in patients with active prolifer-
ative lupus nephritis, but significantly reduced in
responder patients following therapy.” The role of
Th17 cells in the pathogenesis of SLE provides a poten-
tial and promising approach for treatment of SLE.
Leptin is a cytokine-like hormone, mainly secreted
by adipocytes, controlling energy expenditure and

immune imbalance of SLE. Several studies showed
that leptin was increased in serum from SLE patients
and promoted SLE by increasing auto-Ab production
and inhibiting immune regulation. Leptin was related
with atherosclerosis and lupus nephritis."** Leptin
gene deficiency alleviated disease activity of MRL/
Mp-Fas Ipr (MRL/Ipr) lupus mice,” which are generat-
ed from spontaneous mutation of the Fas gene that
encodes a membrane receptor to mediate apoptosis
signal. MRL/Ipr lupus mice exhibit remarkable
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lymphadenopathy and SLE-like manifestations, includ-
ing auto-Ab production, glomerulonephritis, systemic
vasculitis, and others. We found that the number of
Th17 cells was decreased in leptin-deficient ob/ob
mice but exogenous leptin supplementary reversed it
to the normal level.® Besides, fast induced hypoleptine-
mia could expand functional regulatory T cells in
(NZB/NZW)F1 lupus mice.’

NLRP3, also named NLAP3, recruits apoptosis-
associated speck-like protein containing a CARD
region and ASC caspase-1, constituting the NLRP3
inflammasome. Activation of the NLRP3 inflamma-
some induces subsequent caspase-1 activation to pro-
mote the secretion of pro-inflammatory cytokines such
as IL-1pB and IL-18 to regulate immune and inflamma-
tory responses. The NLRP3 inflammasome plays a key
role in infectious, metabolic and autoimmune diseases.
Especially its relationship with Th17/IL-17 attracts a
wide-spread attention. The NLRP3 inflammasome
also plays an inflammatory role in the pathogenesis
of SLE. Shin et al. found that self-double-stranded
(ds)DNA induced IL-1B production from human
monocytes by activating the NLRP3 inflammasome
in the presence of anti-dsDNA Abs.* Anti-dsDNA
Abs activated NLRP3 inflammasome in monocytes/
macrophages from SLE patients by binding TLR4 to
induce the production of mitochondrial reactive
oxygen species (ROS).” NLRP3/caspase-1/IL-1p pro-
moted Thl7 differentiation in other disease
models.'>!'" Recently, it was found that NLRP3 is
expressed in Th1,'> Th2,'* and Th17 cells.'*

Since Th17 cells, NLRP3 inflammasome and leptin
all play roles in the pathogenesis of SLE, we asked the
question whether they are connected. Here we report
on our investigation whether leptin facilitates the dif-
ferentiation of Th17 cells from lupus mice by activating
the NLRP3 inflammasome.

Materials and methods

Mice

Eight-to-12 wk old female C57BL6/J (B6) and MRL/
Ipr mice were purchased from SLAC Laboratory
Animal (Shanghai, China). The mice were maintained
at the Department of Laboratory Animal Science of
Fudan University with a 12 h light/dark cycle and
age-matched when used for the experiments, under
approved protocols, in accordance with regulations.

Thl7 cells induction and culture

Mice spleens were teased into single-cell suspensions
and filtered through a 70 mm cell strainer. After RBC
lysis, splenocytes were either cultured in vitro or used

for the purification of CD4" T cells by positive selec-
tion using magnetic beads (Miltenyi Biotec, Auburn,
CA), according to the manufacturer’s instructions.
Splenocytes were cultured in complete medium or
under Th17 polarizing conditions (2 mg/ml anti-CD3
Ab, 2 mg/ml anti-CD28 Ab, 40 U/ml IL-2, 20 ng/ml
IL-6, 5 ng/ml TGF-fB, 10 mg/ml anti-IL-4 Ab, 10 mg/ml
anti-IFN-y Ab) for 4 d in a 37°C/5% CO, incubator.
Leptin (250 ng/ml, 500 ng/ml) was added during the
last 18 h in the presence of MCC950 (10 pmol/I) or Ac-
YVAD-cmk (18.4 pumol/l) before cells underwent intra-
cellular cytokine staining and flow cytometry analysis.

Flow cytometry analysis

For intracellular staining, cells were incubated for 4-5h
with 25 ng/ml PMA (Sigma-Aldrich), 2 mg/ml ionomy-
cin (Sigma-Aldrich), and 10 mg/ml brefeldin A
(eBioscience) at 37°C/5% CO,. After surface staining
with fluorescent-labeled anti-CD4 (BD Bioscience),
cells were re-suspended in fixation/permeabilization
buffer (eBioscience) for intracellular staining with
fluorescent-labeled anti-IL-17 (eBioscience). Caspase-1
activity was detected with FLICA kit
(Immunochemistry, Shanghai, China), according to
the manufacturer’s instructions. Flow cytometry was
performed on a FACSCalibur instrument (BD
Biosciences) and analysis was done using FlowJo soft-
ware (Tree Star, Ashland, OR).

RNA isolation, cDNA synthesis, and real-time
quantitative PCR (qPCR)

Total cellular RNA was isolated using TRIzol reagent
(Invitrogen, Thermo Fisher Scientific, Inc.) according
to the manufacturer’s protocol. cDNA was synthesized
from 500 ng total RNA in 10 pl volume using a
Superscript kit (Invitrogen, Thermo Fisher Scientific,
Inc.). The housekeeping gene GAPDH was used as
internal standard. Real time qPCR was performed on
an ABI Prism 7500 real-time PCR system (Thermo
Fisher Scientific, Inc.). Primer sequences were as fol-
lows: NLRP3-F: 5- ATTACCCGCCCGAGAAAGG-
3’, NLRP3-R: 5-CATGAGTGTGGCTAGATCCA
AG-3'; IL-1B-F: 5Y-GTACAAGGAGAACCAAGCA
A-3; IL-1B-R: 5-CCGTCTTTCATTACACAGGA-3;
IL-18-F: 5-AGGACACTTTCTTGCTTGCC-3;
IL-18-R: 5-CACAAACCCTCCCCACCTAA-3; IL-
IR1-F: 5-CCCGAGGTCCAGTGGTATAA-3; IL-
IRI-R: 5-CTTCAGCCACATTCCTCACC-3; ASC
exon-F: 5-CAAATGCGCGAAGGCTATGG-3;
ASC exon-R: 5-CCAAGCCATACGCTCCA-GA-3;
IL-17A-F: 5-GTCCAGGGAGAGCTTCATCTG-3;
IL-17A-R: 5-CTTGGCCTCAGTGTTTGGAC-3;
IL-17F-F: 5-GCATCTCGAGAAAGGTAATGGG
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AGTGGAAG-3; IL-17F-R: 5-GCATAAGCTTGG
TTTCTCCAATGGCTGCTT C-3; RORyt-F: 5-A
GTGTAATGTGGCCTACTCCT-3; RORyt-R: 5-G
CTGCTGTTGCAGTTGTTTCT-3’; GAPDH-F: 5-A
TGGGGAAGGTGAAGGTCG-3; GAPDH-R: 5-G
GGGTCATTGATGGCAACAATA-3.

ELISA

IL-17A, IL-17F, IL-1p, and IL-18 in the supernatant of
the cell culture were measured with ELISA kits from
R&D Systems. Measurements were done according to
the manufacturer’s instruction.

Western blot

Equal number of cells was lysed in lysis buffer, and
cell proteins were extracted. The protein levels in dif-
ferent groups were expressed as a ratio to the level of
GAPDH. A rabbit polyclonal anti-mouse ASC Ab and
rabbit polyclonal anti-mouse GAPDH Ab were used as
primary Abs and an anti-rabbit IgG HRP-linked Ab
was used as the secondary one. All Abs were from Cell
Signaling Technology.

Statistical analysis

A paired t-test was employed for two group analyses
and Kruskal-Wallis one-way ANOVA was used for
analyses of > 3 groups with GraphPad Prism 5 soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA).
Results were expressed as the mean +SD. P < 0.05 was
considered to indicate a statistically significant differ-
ence and all experiments were repeated three times.

Results

High concentration of leptin promoted the
differentiation of CD4" T cells into Thl7 cells
in MRL/Ipr lupus mice

CD4™ T cells from the spleen were separated, purified
and co-cultured with leptin at scalar doses (250 ng/ml,
500 ng/ml). After 18 h co-culture, when compared to
the low concentration, high concentration of leptin was
found to significantly promote the transcription of
IL-17A, IL-17F, and RORyt in these CD4" T cells
(Figure 1a to c). Since RORt is a key functional tran-
scription factor and IL-17A/IL-17F are key functional
cytokines of Thl7, these CD4" T cells were further
labeled with anti-IL-17 Ab to confirm their properties.
The percentage of Th17 cells was increased in a dose-
dependent manner under scalar doses of leptin
(Figure 1f and g), consistent with our previously
report,” which showed that leptin promoted the differ-
entiation of naive CD4" T cells into Thl7 cells.

Furthermore, obvious expression of IL-17A and
IL-17F were observed in the cell culture supernatant
at the presence of a high dose of leptin (Figure 1d
and e).

The NLRP3 inflammasome was activated in
leptin-induced Thl7 cells from MRL/Ipr lupus mice

Recently it was reported that Thl7 cells express the
NLRP3 inflaimmasome.'® Our research revealed that
leptin promoted Th17 response in SLE.® Since leptin
plays an important role in the pathogenesis of SLE, we
wondered whether it impacts the expression of NLRP3
in Th17 cells. CD4" T cells in lupus mice were co-
cultured with leptin at scalar doses under Th17 polar-
izing condition. The NLRP3 inflammasome-related
assembly components (NLRP3 and ASC) and related
cytokines (IL-1P and IL-18) were evaluated on tran-
scription and protein levels. It turned out that leptin
facilitated the transcription of IL-1R1 (IL-1f receptor)
(Figure 2a) and NLRP3 (Figure 2b), rather than ASC
(Figure 2d). The protein expression of ASC was also
not affected by leptin (Figure 2¢). Furthermore, a high
dose of leptin also enhanced the activity of caspase-1
(Figure 2c). Interestingly, when evaluating IL-1p and
IL-18 which are the activation indicators of NLRP3
inflammation, the results showed that leptin promoted
the transcription and release of IL-1f (Figure 2f and g),
instead of IL-18 (Figure 2h and 1).

Inhibition of the NLRP3 inflammasome
down-regulated the increased percentage
of Thl7 cells induced by leptin in MRL/Ipr mice

Last, to test whether leptin promotes the differentiation
of Th17 cells via activating the NLRP3 inflammasome,
CD47" T cells in MRL/Ipr lupus mice were co-cultured
with leptin and NLRP3 inhibitor MCC950 (10 pmol/1)
or caspase-1 inhibitor Ac-YVAD-cmk (18.4 pmol/l)
under Thl7-polarizing condition. The results showed
that the expression/activity of NLRP3 (Figure 3a),
caspase-1 (Figure 3b), IL-1B (Figure 3c), and RORyt
(Figure 3h) were decreased after inhibition of the
NLRP3 inflammasome, but the level of IL-18 almost
remained the same (Figure 3d). Both NLRP3 inhibitor
and caspase-1 inhibitor were effective in decreasing
leptin-induced Th17 differentiation (Figure 3e and f).
However, caspase-1 inhibitor seemed to be more pow-
erful than NLRP3 inhibitor in blocking the effect of
leptin. Inhibition of the NLRP3 inflammasome activa-
tion also suppressed the IL-17A release in leptin-induced
Th17 cells (Figure 3g).
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Figure |. Leptin promotes the differentiation of Th17 cells from MRL/Ipr lupus mice. mRNA levels of (a) IL-17A, (b) IL-17F, and
(c) RORYt by qPCR and (d) IL-17A and (e) IL-17F by ELISA in CD4™ T cells from MRL/Ipr lupus mice stimulated under Th17 polarizing
conditions and treated with leptin at scalar doses during the last 18 h of culture. Flow cytometry results of CD4" IL-17" from CD4"
T cells treated as above. (g) Representative and (F) cumulative data from two experiments (n= 10). *P < 0.05, **P < 0.01,

P < 0.001.

Discussion

In this study we found that a high concentration of
leptin promoted the differentiation of Th17 cells from
MRL/lpr lupus mice by activating the NLRP3 inflam-
masome. The effect of the NLRP3 inflammasome in
autoimmune diseases, especially its relationship with
Th17/IL-17, attracts extensive attention. Zhao et al.
found that the NLRP3 inflammasome regulated Th17
differentiation in rheumatoid arthritis.'> Eljaafari et al.
reported that mesenchymal stem cells from bone
marrow and synoviocytes promoted proliferation and
differentiation of Thl7 via activating caspase-1 in

rheumatoid arthritis.'"® The NLRP3 inflammasome
promoted the response of Thl and Thl17 via caspase-
1 dependent cytokines and played a key role in the
induction of experimental autoimmune encephalomy-
elitis.'” IL-1p and IL-18 induced by caspase-1 activa-
tion facilitated IL-17 production by y3T cells and
CD4" T cells in experimental autoimmune encephalo-
myelitis.'® Pro-inflammatory cytokines such as IL-1pB
secreted after NLRP3 inflammasome activation
played positive feedback to further promote the expres-
sion and differentiation of Th17. Here, we also found
that expression of RORyt, IL-17A, and Th17 were cor-
respondingly decreased after inhibition of the NLRP3
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Figure 2. Leptin promotes the expression of NLRP3, IL-If3, and IL-IR1 in Th17 cells from MRL/Ipr lupus mice. mRNA levels of
(@) II-IRI, (b) NLRP3, (d) ASC, (f) IL-1B, and (h) IL-18 determined by qPCR, (c) caspase-| activity determined by intracellular FLICA
staining, levels of (h) IL-1B and (i) IL-18 by ELISA, and (e) ASC by Western blot in CD4" T cells from MRL/Ipr lupus mice stimulated
under Th17 polarizing conditions and leptin-treated with scalar doses during the last 18 h of culture. *P < 0.05, **P < 0.01,

P < 0.001.

inflammasome, which indicated that the interaction of
Th17 and NLRP3 inflammasome as well as pro-
inflammatory cytokines such as IL-1p, played positive
feedback to the differentiation of Ileptin-induced
Th17 cells.

Interestingly, here it turned out that leptin promoted
the secretion of IL-1B instead of IL-18 from CD47"
T cells under Thl7 polarizing condition. IL-18 and
IL-1B, which are cytokines of the IL-1 family, are syn-
thesized as precursor proteins and activated by the
inflammasome via proteolytic processing. However recent-
ly it was found that IL-18 and IL-1f are differentially
regulated. Type I IFN signaling is essential for induction

of IL-18 and macrophages lacking type I IFN signaling
were impaired in their ability to promote IL-18 induc-
tion."” Dendritic cells (DCs) from caspase-11-deficient
mice failed to secrete IL-1B in response to p63, while
they were fully responsive for IL-18. Therefore, other
disparate licensing factors may control IL-18 vs. IL-1
within DCs.?° Thus, there is a fundamental difference in
IL-18 and IL-1B regulation, which indicates that leptin-
mediated responses within immune cells may differ
between species, lineage and differentiation state.
Surprisingly, compared with NLRP3, it seemed that
caspase-1 played a more powerful role in the promo-
tion of leptin to the expression Th17 in MRL/Ipr lupus
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Figure 3. Inhibition of the NLRP3 inflammasome down-regulates the percentage of Th17 cells induced by leptin from MRL/Ipr lupus
mice. mMRNA levels of (a) NLRP3 determined by qPCR, (b) caspase-| activity by intracellular FLICA staining, (c) IL-1p and (d) IL-18 of
culture supernatant by ELISA from CD4" T cells stimulated under Th17-polarizing conditions and treated with leptin at scalar doses
and/or MCC950 or Ac-YVAD-cmk. (e) Representative and (f) cumulative data of flow cytometry results treated as above. (g) IL-17A
of culture supernatant determined by ELISA and (h) mRNA level of RORYt by qPCR from CD4" T cells treated as above (n = 10).

*P <0.05, ¥*P < 0.01, ¥**P < 0.001.

mice. Caspase-1 is an essential component in the devel-
opment of lupus and associated with lupus vascular
dysfunction. Mice lacking caspase-1 were significantly
protected against the development of vascular dysfunc-
tion and immune complex glomerulonephritis.*'
Previous studies identified a caspase-1 tetramer com-
posed of two p20 and two pl0 subunits (p20/p10) as
an active species. Recently it was reported that in the
cell, the dominant species of active caspase-1 dimers
elicited by inflammasomes were in fact full-length p46
and a transient species, p33/p10. Further p33/p10 auto-
processing occurred with kinetics specified by the
inflammasome size and cell type, and this released
p20/p10 from the inflammasome, whereupon the tetra-
mer became unstable in cells and protease activity was
terminated. The inflammasome-caspase-1 complex thus
functioned as a holoenzyme that directed the location
of caspase-1 activity but also incorporated an intrinsic
self-limiting mechanism that ensured timely caspase-1
deactivation.”® Regrettably, these aspects could not be
addressed in the current study. Next we are going to
focus on the issue concerning which are the dominant

species of active caspase-1, either the tetramer of two
p20 and two p10 subunits (p20/p10) or a full-length p46
and a transient p33/pl0 in leptin induced Thl7
differentiation.

Conclusion

Leptin promoted the differentiation of Th17 cells from
MRL/Ipr lupus mice, via activating the NLRP3 inflam-
masome. This finding could provide a new idea of clin-
ical prevention and therapy for SLE in future.
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