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Introduction

Summary

The immunological mechanisms mediated by regulatory cytokine
interleukin (IL)-35 are unclear in systemic lupus erythematosus (SLE). We
investigated the frequency of CD4"CD25 forkhead box protein 3
(FoxP3)" regulatory T (Tyeg) and IL-10" regulatory B (Breg) cells and
related immunoregulatory mechanisms in a female Murphy Roths Large
(MRL)/lpr mouse model of spontaneous lupus-like disease, with or without
IL-35 treatment. A remission of histopathology characteristics of lupus flare
and nephritis was observed in the MRL/lpr mice upon IL-35 treatment.
Accordingly, IL-35 and IL-35 receptor subunits (gpl130 and IL-12RB2) and
cytokines of MRL/lpr and BALB/c mice (normal controls) were measured.
The increased anti-inflammatory cytokines and decreased proinflammatory
cytokines were possibly associated with the restoration of T, and B,
frequency in MRL/lpr mice with IL-35 treatment, compared to phosphate-
buffered saline (PBS) treatment. mRNA expressions of T,.-related FoxP3,
IL-35 subunit (p35 and EBI3) and soluble IL-35 receptor subunit (gp130
and IL12RB2) in splenic cells were up-regulated significantly in IL-35-
treated mice. Compared with the PBS treatment group, IL-35-treated MRL/

Ipr mice showed an up-regulation of T,.-related genes and the activation

reg
of IL-35-related intracellular Janus kinase/signal transducer and activator of
transcription signal pathways, thereby indicating the immunoregulatory
role of IL-35 in SLE. These in vivo findings may provide a biochemical
basis for further investigation of the regulatory mechanisms of IL-35 for

the treatment of autoimmune-mediated inflammation.

Keywords: cytokines, interleukin-35, regulatory B cells, regulatory T cells,
systemic lupus erythematosus

involves the deletion of self-reactive T lymphocytes in the
thymus at an early stage of development [3,4]. Peripheral

Systemic lupus erythematosus (SLE) is a complex multi-
system chronic inflammatory disease that is characterized by
the breakdown of immune tolerance of B and T cells to self-
antigens, resulting in the production of autoantibodies, fol-
lowed by the formation of immune complexes and develop-
ment of damage to multiple organs, such as the kidney, skin,
blood vessels and central nervous system [1]. The pathoge-
nesis of SLE involves an imbalance in homeostasis caused by
defective clearance of pathogenic autoantibodies and
immune complexes, loss of immune tolerance and dysregu-
lation of multiple cytokines and susceptibility genes [1,2].
Immune homeostasis is controlled by the mechanisms
of central and peripheral tolerance. Central tolerance

tolerance is maintained by a specialized subset of natu-
rally occurring CD4"CD25% regulatory T cells (Treg)
which play important roles in suppressing activation and
effector functions of autoreactive T cells that escape cen-
tral tolerance in mice [5-7]. Interleukin (IL)-35 has been
identified as the newest member of the IL-12 family cyto-
kines including IL-23 and IL-27, which is distinct from
its siblings in several ways. Within the CD4" T helper
(Th) cell population, IL-35 is a dimeric immunosuppres-
sive/anti-inflammatory  cytokine, with two
including IL-12A (p35) and Epstein—Barr virus-induced 3
(EBI3) [8,9]. It is expressed by resting and activated Teq,
via converting naive CD4"CD25" effector T (T) cells

subunits
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into IL-35-dependent induced Teg (iTr35) [9,10]. Similar
to that of regulatory cytokines transforming growth factor
(TGF)-B and IL-10, IL-35 is one of the major compo-
nents of the suppressive repertoire [10].

IL-35 has been shown to mediate intracellular signalling
either through the heterodimer of receptor chains
IL-12RB2/gp130 or homodimer of each chain [11].
Furthermore, secretion of IL-35 has been confirmed either
in non-stimulated mouse Ty or in recombinant IL-35
(rIL-35)-induced regulatory B cells (B,e,s) and Toll-like
receptor (TLR)-4 plus CD40 activated B cells [9,12,13].
IL-35 can directly suppress T cell proliferation in vitro, in
an antigen-presenting cell (APC)-free culture [9].

Murphy Roths Large (MRL)/Mp]-lpr/lpr (MRL/lpr) mice
develop a spontaneous age-dependent lupus-like disease
that has been used widely as an experimental murine model
of SLE [14]. A low T, frequency or reduced sensitivity of
Teg to Treg may play a key role in the suppression of autoin-
flammation in MRL/lpr mice [15,16]. Moreover, loss of IL-
35 expression results in the reduced suppressive capacity of
Tregss in vivo [9]. These findings suggest a potential regula-
tory role of T, cells in lupus mice. However, the immu-
noregulatory roles of IL-35 in the T, and B, cell-
mediated suppression of SLE disease have remained unex-
plored. Therefore, in an attempt to investigate the in vivo
immunoregulatory roles of IL-35 in the MRL/lpr mouse
model, we examined the plasma concentration of IL-35 and
the expression of its receptors on CD4" Th cells, and in
relation to the number of splenic, thymic and circulating
Tieg and By, cells. Importantly, we found that the physio-
logical and biochemical parameters were improved signifi-
cantly in the MRL/lpr mice with IL-35 treatment.
Furthermore, the epigenetically regulated gene expression of
inducible and natural regulatory T (iT.; and nT.,) cells
and mRNA expression of forkhead box protein 3 (FoxP3)
were up-regulated significantly in splenic lymphocytes, and
an activation of IL-35-related Janus kinase/signal transducer
and activator of transcription (JAK/STAT) signalling path-
way was shown on CD4" Th cells from IL-35 treated MRL/
Ipr mice compared with phosphate-buffered saline (PBS)
treatment. Moreover, we showed elevated plasma soluble
gp130 and IL-12RB2 concentrations and expression of IL-
35 receptor (IL-35R) on CD4" Th cells, which may contrib-
ute to the expansion of the ratios of CD4"CD25" FoxP3™
Treg %/CD4"CD25" effector T cell %, the elevation of the
plasma concentrations of anti-inflammatory cytokines and
the decrease of proinflammatory cytokines.

Materials and methods

Mice

The MRL/Mp]J-Fas'*"/2] (MRL/Ipr) mice purchased from
Jackson Laboratory (Bar Harbor, ME, USA) were bred
and maintained under specific pathogen-free conditions

in the Laboratory Animal Services Center, The Chinese
University of Hong Kong (LASC, CUHK) and Cancer
Center of Prince of Wales Hospital, Hong Kong. Sex-
matched 20-24-week-old adult BALB/c mice (LASC,
CUHK) were used as normal control mice; 12-24-week-
old adult female MRL/lpr mice were kept in a conven-
tional animal facility. All experiments involving live ani-
mals were carried out strictly according to the principles
outlined in the Animal Experimentation Ethics Commit-
tee Guide for the Care and Use of Laboratory Animals, as
approved by the Animal Experimentation Ethics Commit-
tee of the Chinese University of Hong Kong.

Monitoring disease activity

Urine collected from each group (n=10) of untreated
MRL/lpr and BALB/c mice was analysed for protein and
leucocytes using the URS-5T urine strips (Healgen Scien-
tific LLC, Houston, TX, USA). According to the proteinu-
ria scoring system, the scores were as follows: score 0 = 0—
15 mg/dl, score 1= 16-29 mg/dl, score 2 =30-99 mg/dl,
score 3 =100-299 mg/dl, score 4 = 300-1999 mg/dl, score
5 >2000 mg/dl (score 0-1: mild; score 2-3: moderate;
score 4-5: severe) [17-19]. The 12-24-week-old female
MRL/lpr mice were divided into three groups (n=10 in
each group): mild (aged 12-15 weeks), moderate (aged
16-19 weeks) and severe SLE mice (aged 20-24 weeks).

Biochemical and physiological parameters

Briefly, the divided MRL/Ipr mice and BALB/c control mice
(n=5 in each group) were injected intravenously (i.v.) daily
at the base of the tail with 800 ng/mouse of recombinant
mouse IL-35 (Adipogen International, Inc., San Diego, CA,
USA) for 7 days, and with 200 pl/mouse of PBS (i.v.) daily
for 7 days as control (n=>5 in each group). Mice were
culled 1 day after 7-daily IL-35 or PBS administration to
investigate the biochemical parameters including plasma
anti-nuclear antibody (ANA), anti-double-stranded DNA
antibody (anti-ds-DNA) and cytokines. The disease severity
of clinical signs of lupus flare using a four-point scale [0-3,
where 0=normal, 1= mild (occurred area: snout and
ears), 2 = moderate (occurred area <2 cm: snout, ears and
intrascapular) and 3 = severe (occurred area >2 cm: snout,
ears and intrascapular)] was assessed in each group
(n=10) of MRL/lpr mice before treatment [20,21].

Morphological investigations

Longitudinal sections of the kidneys, cut through the
papilla, were fixed in 4% paraformaldehyde buffer and
then embedded in paraffin. The kidney sections were sub-
sequently cut with 2 pm thickness. They were stained
with periodic acid-Schiff (PAS) [22]. The number of mes-
angial cells in the glomeruli was determined by counting
their nuclei. Microscopic examination (Leica Microsystems,
Wetzlar, Germany) was used to evaluate the area of
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Table 1. Clinical characteristics of Murphy Roths Large (MRL)/lpr and BALB/c mice before treatment

MRL/Ipr (7= 30) BALB/c
Mild (n=10) Moderate (n=10) Severe (n=10) Normal (n=10)

Clinical assessment

Body weight, mean + s.d., g 46-8 + 7.6%5% 44.8 + 5.4+ 464 + 7.3 19203
Joint swelling, mean = s.d., um 89.6 + 7.15% 89-6 + 10-2* 89-8 + 163 80-7 + 42
Lupus flare score, mean = s.d. 0-6*05 1-1 +0-64** 2.2+ 0-4 0
Proteinuria score, mean =* s.d. 1.3 = 0-55&& 2.8 % 0-4%% 4.2 + 0.4 0-3*0-5
Leucocyturia score, mean = s.d. 0-4=*+1-0 1.7 = 1.2% 2.3+ 0.5 0
Lymphadenopathy, no. (%) 10/10 (1009 )5 10/10 (100%)*** 10/10 (100%)** 0/10 (0%)

Joint swelling was measured in three joints of each hind paw (tarsus joint); leucocytuira score was determined by a four-point scale (0-3,

where 0 was normal and 3 was severe). No. (%) = percentage of mice that had lymphadenopathy among each group; s.d. = standard deviation;

MRL/Ipr = MRL/Mp]J-Fas'"/2J; mild = mice with mild disease activity [mild systemic lupus erythematosus (SLE), proteinuria score 0—1, age 12—

15 weeks]; moderate: moderate disease activity (moderate SLE, proteinuria score 2-3, age 16—19 weeks); severe: high disease activity (severe SLE,

proteinuria score 4-5, age 20-24 weeks); and normal: age- and sex-matched healthy BALB/c normal control mice (age 20-24 weeks).
&p <005, ¥P<0-01, ***P<0-001, comparing between control and mild SLE mice.
*P < 0-05, **P<0-01, ***P<0-001, comparing between control sand moderate SLE mice.
#P<0-05 #P< 001, P <0001, comparing between control and severe SLE mice.

glomeruli. One hundred glomeruli were evaluated in each
group. The severities of vessels infiltration, interstitial
nephritis and glomerulonephritis were each scored using a
macroscopic scoring system in the range 0-5 (0 = normal;
1-2 = mild; 3 = moderate; 4-5 = severe) [23].

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

Whole transcriptome analysis of T helper (Th) cell differ-
entiation and Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) signalling pathways were
performed using mouse RT? profiler PCR Array gene
chip (Qiagen GmbH, Hilden, Germany) with RNA puri-
fied by RNeasy Mini Kit (Qiagen) from purified splenic
CD4" Th cells using a naive CD4" T cell isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). Purified
RNA from 1 X 10° splenic CD4" Th cells was performed
following the instructions of the RT* profiler PCR Array
kit with the use of 384-well Applied Biosystems 7900HT
Fast Real-Time PCR System (Applied Biosystems Inc.,
Foster City, CA, USA). The mRNA expression was calcu-
lated completely using the formula as follows:

2~ACT(GOI) expt
3 ACTHRG gyt 2—[CT(GOI)—ACT(I—H<G)]expt
2-ACT(GOl) oy 2-[CT(GOI)-ACT(HKG)] ctrl - 9~ ACTctrl -

3 ACTIRG) ey

—ACTexpt
_2 P —aact

(expt: experiment, ctrl: control, GOI: gene of interest,
HKG: housekeeping gene). For mRNA quantification,
total RNA extracted from 2 X 10° splenic and thymic
cells were quantified by real-time PCR with using the
48-well StepOne™ Real Time PCR System (Applied
Biosystems Inc.), and c¢cDNA was prepared with the
PrimeScriptTM RT Master Mix (Takara Bio Inc., Otsu,
Shiga, Japan). Quantitative RT-PCR was performed

with SYBR® Premix Ex Tag II (Takara). The sequences
of the amplification primers p35, EBI3, gpl30,
IL-12RB2, FoxP3 and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) (endogenous control) were listed
(Supporting information, Table S1). The real-time PCR
reactions were set up according to the manufacturer’s
instructions (SYBR® Premix Ex Taq II; Takara) using 20
pl reaction volume. mRNA expression was calculated by
comparing with the expression of GAPDH using the

—ACt (Ct — Ct )
formula [2 target gene GAPDH ]

Plasma ANA, anti-ds-DNA, IL-35 and IL-35R
concentrations

Concentrations of plasma ANA, anti-ds-DNA, IL-35,
gp130 and IL-12RB2 in each group were measured by
enzyme-linked immunosorbent assay (ELISA) using rea-
gent kits from Mybiosource (San Diego, CA, USA).

Flow cytometric analysis for CD4 " CD25 FoxP3" T,
cells, CD4"CD25 T, cells and
CD19"CD5"CD1d " IL-10" B, cells

Peripheral blood (1 X 10°), splenic and thymic cells from
MRL/lpr and BALB/c mice were stained to determine the
number of CD4*CD25" FoxP3™ Tieg cells [fluorescein peri-
dinin chlorophyll protein (PerCP)-conjugated anti-CD4
antibody and allophycocyanin (APC)-conjugated anti-CD25
antibody (BioLegend, San Diego, CA, USA] were used for T
cell surface staining, and used AlexaFluor 488-conjugated
anti-FoxP3 antibody (BD Pharmingen Corp., San Diego,
CA, USA) for intracellular staining of the T lymphocyte
subpopulation. CD4"CD25™ Ty cells were gated from total
lymphocytes, and an IL-10" Bregs [(CD19"CD5"CD1d"
regulatory B cell) cocktail used for B cell surface staining
and phycoerythrin/cyanine dye 7 (PE/Cy7)-conjugated anti-
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Fig. 1. Clinical characteristics of Murphy Roths Large (MRL)/lpr mice with interleukin (IL)-35 or phosphate-buffered saline (PBS) injection. The
results of each score system of the signs: (a) proteinuria, (b) leucocytuira, (c) lupus flare, (d) glomerulonephritis, (e) interstitial nephritis and (f)

vessels infiltration are presented as bar charts with the arithmetic mean plus standard error of the mean (s.e.m.). ¥*P < 0-05, **P < 0-01,

#P < 0-001, PBS treatment versus IL-35 treatment; P < 0-05, TP < 0-01, 7P < 0-001, BALB/c control mice versus PBS-treated MRL/Ipr mice;
P <0-05, #¥P < 0-001, BALB/c control mice versus IL-35-treated MRL/Ipr mice (7 =5 in each group).

IL-10 antibody (BioLegend) used directly for intracellular
staining after fixation and permeabilization without treat-
ment] were gated using flow cytometry (Beckman Navios
flow cytometer; Beckman Coulter Inc., Brea, CA, USA).

Flow cytometric analysis for the IL-35R expression

Peripheral blood (1 X 10°) splenic and thymic cells from
MRL/lpr and BALB/c mice were stained for IL-35R expres-
sion. Indirect immunofluorescent staining was used to
determine the cell surface expression of IL-12RB2 (BD
Pharmingen) and gp130 (R&D Systems, Minneapolis, MN,
USA) on PerCP-conjugated CD4 " (BioLegend) Th lympho-
cyte subpopulations. Expression of the cell surface molecules
of 10 000 viable cells was analysed by flow cytometry (Beck-
man Navios flow cytometer) and expressed as geometric
mean of mean fluorescence intensity (MFI) [15,24].

Plasma concentrations of cytokines from MRL/lpr
and BALB/c mice

Plasma from each mousce group was harvested and
stored at —80°C for subsequent multiplex immunoassay
of cytokines using the Milliplex MAP kit assay reagent
(Merck Millipore, Billerica, MA, USA) with the Bio-Plex
200 suspension array system (BioRad Laboratories, Her-
cules, CA, USA).

256

Statistical analysis

Statistical analysis of the gene array data was described in the
section gene array hybridization and data analysis. Results
were expressed as mean = standard error mean (s.e.m.) for
normally distributed data. Numerical data were expressed as
median [interquartile range (IQR)] if they were not in Gaus-
sian distribution. Mann—-Whitney U-tests were used for con-
tinuous variables. Comparison of different groups was made
with Kruskal-Wallis analysis of variance (anova), followed by
Dunn’s post-test for comparing the differences and calculating
a probability (P) value for each pair of comparison. Two-way
ANovA was used when comparing the different groups and
treatments, followed by Bonferroni’s post-test for comparing
the replicate means. All hypotheses were two-tailed, and P-val-
ues < 0-05 were considered significant. Data analyses were
performed using GraphPad Prism (version 6-0 for Windows;
GraphPad Software, La Jolla, CA, USA).

Results

SLE disease characteristics of MRL/Ipr mice

Clinical characteristics of the mice are summarized in
Table 1. MRL/lpr mice without treatment were first

© 2015 British Society for Immunology, Clinical & Experimental Inmunology, 181: 253-266
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nuclear antibody (ANA) and (b) anti-ds-DNA antibodies are
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of the mean (s.e.m.). *P < 0-05, **P < 0-001, PBS versus IL-35
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PBS-treated MRL/lpr mice; *P < 0-05, BALB/c control mice versus
IL-35-treated MRL/lpr mice (n=>5 in each group).

stratified into three subgroups (mild, moderate or severe)
based on disease activity, as reflected by the proteinuria
scores. The proteinuria scores and percentages of lymph-
adenopathy in each group of MRL/lpr mice were mark-

—
-

201

Remission of SLE disease activity

edly higher than control (P < 0-001). All MRL/Ipr mice in
the moderate and severe groups had significantly higher
scores of lupus flare and leucocyturia than normal control
mice (P<0-05), but without significant difference in the
mild group (P> 0-05). Joint swelling of MRL/Ipr mice in
the mild and moderate groups was significantly higher
than the control group (P < 0-05).

Relieving nephritis of MRL/Ipr mice with IL-35
treatment

In order to confirm the immunoregulatory role of IL-35
in vivo, we measured the nephritis clinical characteristics
of MRL/Ipr mice with IL-35 or PBS injection. As shown
in Fig. 1, almost all the nephritis-related clinical indices
(scores of proteinuria, leucocyturia, glomerulonephritis,
interstitial nephritis and vessel infiltrate) from MRL/Ipr
mice without IL-35 injection were significantly higher
than BALB/c control mice and the same as lupus flare
scores (all P<0-05). From the results of IL-35-treated
MRL/lpr mice, we found obvious remissions of nephritis
and lupus disease compared with PBS treatment, espe-
cially in severe SLE mice (Fig. 1 and Supporting informa-
tion, Fig. S1, P<0-05). Moreover, there were remarkable
differences of the concentrations of plasma ANA and
anti-ds-DNA antibodies among the moderate, severe SLE
mice and BALB/c control mice with PBS injection (Fig.
2). Although the concentrations of plasma ANA and anti-
ds-DNA in severe SLE mice treated with IL-35 were sig-
nificantly higher than those of BALB/c control mice
(both P<0.05), these concentrations were both decreased
significantly in severe SLE mice compared to PBS treat-
ment. Additionally, in moderate SLE mice with IL-35
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Fig. 3. RT” profiler polymerase chain reaction (PCR) array of mouse T helper (Th) cell differentiation. The results of epigenetically regulated
gene expressions of Th1 cells, Th2 cells, inducible regulatory T cells (iTyz) and natural (n)Tyg, Th17 cells and conventional T cells versus Ty,
cells in (a) phosphate-buffered saline (PBS)-treated Murphy Roths Large (MRL)/Ipr versus BALB/c mice (in ratio) and (b) interleukin (IL)-35
treated versus PBS-treated MRL/lpr mice (as ratio) are grouped according to the instruction of the classification of kit and presented as box-and-
whisker plots with the median [interquartile range (IQR)]. Mann—Whitney U-test was used to assess the differences of mRNA expression among

different epigenetically regulated genes of Th cells. *P < 0-05, **P < 0-01.
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treatment, plasma anti-ds-DNA concentration was also
decreased significantly (P < 0-001).

Epigenetically regulated gene expression profile of Th
cell differentiation

Notably, the common logarithm for arithmetic mean
value of epigenetically regulated gene expression of T,
and nT.eg (Ccr6, Fosll, Foxp3, Ikzf2, 119, Irf4, IrfS, Myb,
Nr4al, Nr4a3, Pou2f2, Rel, Tgifl and Tnfsfl1) in splenic
CD4" Th lymphocytes from MRL/Ipr mice was signifi-
cantly lower than Th2 cell-regulated genes (Asb2, Gata3,
113, 1lirll, 114, II5 and Pparg) compared with BALB/c
control mice (Fig. 3a, P<0-05). However, upon IL-35
treatment, the mean values of iT., and nT, and Th2
cell-regulated gene expression in splenic CD4" Th lym-
phocytes from MRL/Ipr mice were significantly higher
than Thl cell-regulated genes (Ifng, I1l12rb2, I118rl,
Il18rap, Fasl and Tbx21) when compared with PBS-
treated mice (Fig. 3b, P < 0-05). These results implied an
immunoregulatory role of IL-35 in splenic CD4" Th cell
differentiation by inducing the CD4" Th cell differenti-
ated into iT,.; and Th2 cells in vivo. Furthermore, from
the result of gene expression profile of Th cell differen-

Fig. 4. The differences of mRNA expression of
p35, EBI3, gp130, IL-12RB2 and forkhead box
protein 3 (FoxP3) of splenic cells between

1L-35 interleukin (IL)-35 and phosphate-buffered saline
(PBS) treatment. Total RNA extracted from
splenic cells from Murphy Roths Large (MRL)/Ipr
and BALB/c mice was reverse-transcribed and
analysed by quantitative polymerase chain reaction
(qPCR). Results were presented as Bar charts
showing the arithmetic mean plus standard error
of the mean (s.e.m.). *P < 0-05, PBS versus 1L-35
treatment; '"P < 0-01, BALB/c control mice versus
PBS-treated MRL/lpr mice; *P<0-05, ¥P<0-01,
Hip o 0-001, BALB/c control mice versus IL-35-
treated MRL/lpr mice (n =5 in each group).

tiation PCR array analysis, most T cell-related transcrip-
tion factor genes were up-regulated in IL-35-treated
MRL/Ipr mice. In particular, T,-related STAT-1 and
FoxP3 genes were up-regulated more than threefold
(data not shown).

Heatmap analysis of JAK/STAT signalling pathway

As shown in Supporting information, Fig. S2, the JAK/
STAT signalling pathway genes from CD4" T cells in IL-
35-treated MRL/lpr mice were remarkably changed com-
pared with the PBS treatment. As shown in the heatmap
result, as well as the down-regulated Jak3 and Tyk2
genes, Jak2 was also down-regulated significantly com-
pared with the up-regulated Jakl gene (Supporting
information, Fig. S2a). As shown in Supporting infor-
mation, Fig. S2a,c, most of the regulators of JAK/STAT
pathway and cell differentiation-related genes were
down-regulated more than twofold. Furthermore, there
was no obvious up-regulation of STAT protein-
interacted genes (Supporting information, Fig. S2b).
Most of the inflammatory response genes were found to
be down-regulated, except Irfl and Ifng (Supporting
information, Fig. S2e).
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Up-regulation of the mRNA expression of IL-35,
IL-35R and FoxP3

Given that severe SLE mice with IL-35 treatment expressed
higher levels of IL-35, we sought to determine the expression
of receptor for IL-35 on splenic (Fig. 4) and thymic (Fig. 5)
cells in MRL/lIpr mice. As shown in Fig. 4, even though the
mRNA expression of p35, EBI3, gp130 and IL-12R2 in each
group of PBS-treated MRL/Ipr mice appeared to be lower
than BALB/c controls in splenic cells, IL-35 exhibited its
immunoregulatory effect by up-regulating the mRNA expres-
sion of IL-35 and IL-35R from MRL/Ipr mice when compared
to PBS treatment. However, FoxP3 mRNA expression from
splenic cells was significantly higher in severe SLE mice with
or without IL-35 treatment compared with BALB/c control
mice (Fig. 4e, P< 0-01). Notably, we found a similar increas-
ing trend of p35, EBI3, gp130, IL-12RB2 and FoxP3 mRNA
expression from thymic cells in MRL/lpr mice with IL-35
treatment compared to PBS treatment (Fig. 5).

Elevated concentrations of plasma IL-35 and soluble
IL-35R in MRL/Ipr mice treated with IL-35

We then analysed if the production of IL-35 and IL-35R
was associated with any of the clinical characteristics of
SLE. As shown in Fig. 6, plasma concentrations of IL-35
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and gp130 in PBS-treated MRL/Ipr mice were significantly
lowered than BALB/c control mice, while plasma concen-
trations of IL-12RPB2 in MRL/lpr mice was significantly
higher than BALB/c control mice (all P<0-05). Compared
with PBS treatment, the plasma IL-35 concentration in
mild SLE mice, gp130 in mild and moderate SLE mice and
IL-12RB2 in moderate and severe SLE mice treated with
IL-35 were increased significantly (Fig. 6, P < 0-05).

Increment of % CD4"CD25 " FoxP3* Tiegs and %
IL-10+ B,g in MRL/Ipr mice with IL-35 treatment

As shown in Fig. 7a—c and Supporting information, Figs
S3 and S4, according to the disease severity we found
that the number of CD4"CD25"FoxP3™ Tieg cells in all
groups of MRL/Ipr mice, either with or without IL-35
treatment, appeared to be a decreasing trend compared to
the BALB/c control. Compared with PBS treatment, %
CD4"CD25"FoxP3™ Tieg cells from splenic, thymic and
peripheral blood cells in severe SLE mice with IL-35 treat-
ment were increased significantly (all P<0-05). Further-
more, % CD4"CD25*FoxP3™ Tieg cells from splenic cells
in mild and moderate SLE mice with IL-35 treatment
were significantly higher than PBS treatment (P < 0-05).
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treatment. Results of the concentrations of plasma (a) IL-35, (b) gp130
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plus standard error of the mean (s.e.m.). *P < 0-05, **P< 0-01,

mice versus PBS-treated MRL/lpr mice; ¥*P < 0-001, BALB/c control
mice versus IL-35-treated MRL/Ipr mice (n=>5 in each group).

Accordingly, the ratios of CD4"CD25"FoxP3™ Treg
%/CD4"CD25" effector T cell % from splenic and thymic
cells was increased significantly in all groups of MRL/lpr
mice with IL-35 treatment (Fig. 7d,e, P<0-05). Finally,
there was a significant increment of % IL-10" Byeg cells
from thymic cells in mild and moderate SLE mice and
peripheral blood cells in severe SLE mice with IL-35 treat-
ment compared to PBS treatment (Fig. 7g, P < 0-05).

Up-regulated cell surface expression of IL-35R on
CD4™" Th cells in MRL/lpr mice with IL-35
treatment

As shown in Fig. 8, the expression of IL-35 receptor subunit
gp130 and IL-12RB2 exhibited a down-regulation trend on

splenic, thymic and peripheral blood CD4" Th cell surfaces
of all MRL/lpr mice compared to BALB/c control mice (all
P<0-05). These findings were similar to our previous find-
ings: a decreased expression of gpl30 on the peripheral
blood CD4" Th cell surface in SLE patients (data not
shown). The expression of IL-35R on splenic and peripheral
blood CD4" Th cell surface in mild SLE mice treated with
IL-35 was up-regulated significantly when compared with
PBS treatment (Fig. 8a,b,d,e, all P < 0-05). Expression of IL-
35R on the peripheral blood CD4" Th cell surface of severe
SLE mice treated with IL-35 was significantly higher than
that with PBS treatment (Fig. 8b,e, P < 0-05).

Plasma concentrations of cytokines of MRL/Ipr
and BALB/c mice

Compared with PBS treatment, the plasma concentrations
of inflammatory cytokines interferon (IFN)-vy, tumour
necrosis factor (TNF)-a, IL-6 and Th17 cytokine IL-17A
from severe SLE mice were decreased significantly upon
IL-35 treatment (Fig. 9, all P<0-05). Plasma IL-10 and
IL-2 concentrations from mild, moderate and severe SLE
mice were increased significantly with IL-35 treatment
(Fig. 9d,f, all P<0-05). Plasma concentration of IL-17A
from each group of MRL/lpr mice with IL-35 treatment
was decreased significantly compared to that of PBS treat-
ment (Fig. 9i, P<0-05). Furthermore, plasma concentra-
tion of IL-12p70 from mild SLE mice treated with IL-35
was increased significantly compared to PBS treatment
(Fig. 9b). Although differences did not reach statistical
significance, there was a decrement of IL-21 with IL-35
treatment in all groups of MRL/lpr mice (Fig. 9c,
P> 0.05).

Discussion

It has been shown that the lack or loss of functional regu-
latory IL-35 can lead to enhanced inflammatory immune
responses, and hence increased incidence and severity of
inflammatory diseases [16,25,26]. Conversely, the induc-
tion of IL-35 expression can alleviate disease symptoms
of inflammatory bowel disease, encephalomyelitis and
collagen-induced arthritis [27-30]. Even though IL-35
can reduce the frequency and severity of arthritis and
other inflammatory immune responses, there is limited
knowledge on the in vivo immunoregulatory mechanism
of IL-35. In a clinical study, we observed an increased
level of plasma IL-35 together with low expression of IL-
35 receptor on CD4" T cells that may not be sufficient
enough to suppress proinflammatory cytokines in SLE
patients (data not shown). Although it is possible that
the murine IL-35 ELISA kit can measure both endoge-
nous synthesized IL-35 and recombinant IL-35 injected
into the mouse, because of the cross-reactivity of the
detecting antibody, according to previous publications
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Fig. 7. Characterization of % CD4*CD25 " forkhead box protein 3 (FoxP3)* regulatory T cells (Ticg), the ratios of CD4"CD25" FoxP3™ Treg %/
CD4"CD25™ effector T cell % and % IL-10" regulatory B cells (B,,) in Murphy Roths Large (MRL)/lpr and BALB/c mice treated with IL-35 or
phosphate-buffered saline (PBS). Bar charts showed the arithmetic mean plus standard error of the mean (s.e.m.) of the frequency of
CD4"CD25" FoxP3 ™" Ticgs in (a) splenic, (b) thymic and (c) peripheral blood cells; and the ratios of CD4*CD25"FoxP3™" Treg %/CD4"CD25~
effector T cell % in (d) splenic, (e) thymic and (f) peripheral blood cells; and the frequency of IL-10" Byeg cells in (g) splenic, (h) thymic and (i)
peripheral blood cells. *P < 0-05, ***P < 0-001, IL-35 versus PBS treatment; 'P < 0-05, ""P < 0-01, """P < 0-001. BALB/c control mice versus PBS-
treated MRL/lpr mice; *P<0-05, ¥P< 001, ¥ P <0001, BALB/c control mice versus IL-35-treated MRL/Ipr mice (n=>5 in each group).

[31,32], the half-life of recombinant cytokines in circula-
tion is short, within several hours. In view of the short
half-life of recombinant cytokines, daily i.v. injection of
IL-35 is required to maintain its anti-inflammatory effect.
Moreover, the measured plasma IL-35 level 1 day after
the last injection of recombinant IL-35 should be due to
the endogenous production rather than i.v. injection. It
may also account for the relatively low induction of
plasma IL-35 level in recombinant IL-35-treated MRL/Ipr
(Fig. 6a). We speculated that the additional
increased IL-35 may restore the balance of inflammatory
immune responses and autoimmune tolerance in SLE
mice. Accordingly, our study provided the earliest evi-

mice

© 2015 British Society for Immunology, Clinical & Experimental Inmunology, 181: 253-266

dence that IL-35 could play a key regulatory role in the
propagation of immune tolerance in the SLE murine
model. The predominant mechanism associated with the
regulatory activity of IL-35 is related to the suppression
of T cell proliferation and effector functions [33-36].
Treatment with rIL-35 can also reduce the differentiation
of CD4" Th cells into Th17 effector cells as well as the
function of Th17 cells [27,30,37]. We also found that rIL-
35 could lead to decreased concentrations of plasma auto-
antibody ANA and anti-ds-DNA in SLE mice. Therefore,
the ability of IL-35 to suppress the production of ANA
and anti-ds-DNA antibody might imply that the suppres-
sive activity of IL-35 is not only limited to CD4™ Tregs»
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(n=>5 in each group).

but might also be able to activate other cell populations,
such as its enhancement effects on the propagation of IL-
10" Byeg cells.

Consistent with our previous findings regarding the
significant decreased frequency of T, cells in SLE
patients (data not shown), in this study significantly
decreased frequencies of splenic and peripheral blood Ticq
cells in PBS-treated lupus mice were also found
(Fig. 7a,c). The iv. injection of rIL-35 could induce the
frequency of splenic, thymic and peripheral blood T,
cells in lupus mice (Fig. 7a—c). These elevated T, cells
might subsequently enhance (1) the frequency ratio of
Tieg © Tee cells (Fig. 7d-f); (2) the concentration of
plasma IL-2 to promote the differentiation of T, from
naive T cells; (3) the production of anti-inflammatory
cytokine IL-27 to promote the immunoregulatory role of
IL-35 (Fig. 9d,e); and (4) profoundly suppress the incre-
ment of proinflammatory cytokine IFN-vy, IL-12p70, IL-
21, TNF-a, IL-6 and IL-17A (Fig. 9a—c,g—i). Furthermore,
IL-35 induced the increase of frequency of IL-107 Breg
cells in splenic, thymic and peripheral blood (Fig. 7g-i),
with a significant elevation of plasma immunosuppressive
cytokine IL-10 production compared to the PBS treat-
ment (Fig. 9f). Apart from the inflammation, there was a
relief of SLE disease symptoms in this mouse model fol-
lowing the injection of rIL-35 (Fig. 1 and Supporting
information, Fig. S1).

After being expressed and secreted by Tiegs, IL-35 can
act on its target cells by binding to the IL-35 receptor to
transduce its signal through intracellular signalling mole-
cule STAT-1 and STAT-4, which can also form a unique
heterodimer and induce the expression of target genes
including p35 and EbI3, thereby forming a feedback loop
to promote IL-35 expression [11]. Different from the
other members of IL-12 family, when IL-35 binds to one
of its homodimeric receptors (gp130 homodimer for
STAT-1 or IL-12RB2 homodimer for STAT-4), either the
STAT-1 or STAT-4 signal transduction pathway was acti-
vated to exhibit only a partial suppressive activity of IL-
35 compared with signalling through the fully functional
IL-12RB2-gp130 heterodimer receptor [11]. Although, in
this study, rIL-35 was a fusion protein combining EBI3
and p35 which fused to the Fc region of human IgGl, we
found no significant in vivo effect of iv. injection with
human IgGl compared with PBS treatment (data not
shown). Notably, from results of the gene expression pro-
file analysis of JAK/STAT signalling pathways and Th cell
differentiation, the expression of IL-35 receptor (gp130
and IL-12RB2) and IL-35 receptor-related genes (Statl
and Stat4) were remarkably up-regulated upon in vivo IL-
35 treatment. It further confirmed that the IL-35 signal
transduction pathway was activated either through its
homodimer or heterodimer receptor. Furthermore, from
the gene expression profile assay of Th cell differentiation,

262 © 2015 British Society for Immunology, Clinical & Experimental Immunology, 181: 253-266
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Fig. 9. Plasma concentrations of cytokines in Murphy Roths Large (MRL)/Ipr and BALB/c mice with interleukin (IL)-35 or phosphate-buffered
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35-treated MRL/lpr mice (n=>5 in each group).

IL-35 might preferentially expand iT.; and nT.., cells,
but suppress Thl-related cell activation. The elevated Ticq
cells could suppress the residual T cells activity in vitro
[38,39] and may prevent kidney damage in chronic
inflammation of SLE. Nevertheless, the underlying mech-
anisms by which IL-35 can suppress Teg cells and its sub-
sequent immunological need further
investigation.

Together, these results have demonstrated that the
immunoregulatory functions of IL-35 in vivo, and the
close relationship between IL-35 and T cells suggested
that the IL-35-mediated intracellular signalling pathway
can be targeted towards future development of SLE dis-
ease therapeutic strategies. Similar to our previous find-
ings of the increment of plasma IFN-v, IL-17A, IL-6, IL-
10, CXCL8 and CCL2 in SLE patients [40-43], we also

consequence

found the significant increment of proinflammatory cyto-
kines (IFN-v, IL-17A, IL-6 and IL-10) in MRL/lpr mice
with PBS treatment (Fig. 9a,f,h,i). Even though IL-35 per-
forms its immunoregulatory role in suppressing the pro-
duction of these cytokines, it is still uncertain whether IL-
35 plays any role in mediating suppression of autoim-
mune disease together with other immunosuppressive
cytokines such as IL-10 and TGF-f, or how this induced
IL-10" B,z population performs its regulatory activity in
autoimmune disease. Because we are elucidating the
immune regulation and autoimmune tolerance, it is
essential to characterize further other suppressive mecha-
nisms of the novel mediators of tolerance, and evaluate
the identification of T, and B, cell populations in local
inflammatory sites. As the detection of IL-35 expression
can be daunting, the plastic nature of these IL-35-positive
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populations makes them challenging to be identified and
tracked over time. After the injection dose of IL-35 (800
ng/mouse, i.e. 20 ng/g body weight) in this study being
translated into human application, the equivalent human
dose is 20 pg/kg, or approximately 1 mg/adult, which
should be pharmacologically and physiologically feasible.
Our IL-35 injection dose is actually compatible to a previ-
ous publication regarding the i.v. injection of recombinant
cytokine for therapeutic treatment [44]. As lower doses
(200 or 400 ng/mouse) did not exhibit any significant
anti-inflammatory activities (Supporting information, Fig.
S5, all P>0-05), 800 ng IL-35/mouse was the optimal
dose used in this in vivo study. In conclusion, our present
study provides a biochemical basis for further investigation
of the regulatory mechanisms of T, and By.g cells for IL-
35-mediated anti-inflammation in SLE diseases.
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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:

Table S1. Primers sequences used for real-time polymer-
ase chain reaction (PCR).

Remission of SLE disease activity

Fig. S1. Effects of interleukin (IL)-35 treatment on
nephritis disease in severe Murphy Roths Large (MRL)/
Ipr mice. Kidney tissues from severe MRL/lpr mice were
collected and fixed in 4% paraformaldehyde. The tissue
sections were stained with periodic acid-Schiff (PAS)
staining. Representative kidney histopathology in (a,b)
phosphate-buffered saline (PBS) and (c,d) IL-35-treated
MRL/Ipr mice are shown. (a,c) Periodic acid Schiff (PAS)
staining of a representative perivascular area is shown
(X100). Black arrows point the mononuclear cells infil-
tration on vessel area. (b,d) PAS staining of a representa-
tive glomerulus area is shown (X400). Black arrows point
the increased mesangial cells and glomerular mesangial
expansion.

Fig. S2. Gene expression profile analysis of Janus kinase/
signal transducer and activator of transcription (JAK/
STAT) signalling pathway. The mRNA was extracted from
splenic CD4" T helper (Th) cells of Murphy Roths Large
(MRL)/Ipr mice with interleukin (IL)-35 or phosphate-
buffered saline (PBS) treatment. Each row and column
represents a separate gene and separate subgroups of
JAK/STAT signalling pathway and their related target
genes, respectively, in each frame. The normalized expres-
sion index for each transcript sequence (rows) in each
subgroup (columns) is indicated by a colour code. Rela-
tive gene expression compared with internal housekeeping
genes from IL-35- versus PBS-treated MRL/lpr mice was
analysed by online polymerase chain reaction (PCR).
Array Data Analysis Software (Qiagen). The visualized
heatmaps are exported from range approximately 0
(bright green) to twofold increase (bright red) by software
Heml (Heatmap Illustrator, version 1.0; Wuhan, Hubei,
China).

Fig. S3. Flow cytometric analysis of the relative frequen-
cies of CD4"CD25" forkhead box protein 3 (FoxP3)™"
regulatory T cells (T.e,) in Murphy Roths Large (MRL)/
lpr and BALB/c mice with interleukin (IL)-35 or
phosphate-buffered saline (PBS) treatment. Single-cell
suspensions were obtained from MRL/lpr and BALB/c
mice spleen, thymus and peripheral blood cells. The cells
were stained with fluorochrome-labelled antibodies
against CD4, CD25 and FoxP3. Representative dot-plots
of CD47CD25% T cells and FoxP3™ Tieg cells are pre-
sented. The representative percentage of
CD4"CD25 FoxP3™ Tieg cells in total lymphocytes is
shown as FoxP3™ gating in different mouse groups.

Fig. S4. Flow cytometric analysis of the relative frequen-
cies of CD19"CD5"CD1d " interleukin (IL)-10" regula-
tory B cells (B,g) in Murphy Roths Large (MRL)/lpr and
BALB/c mice with IL-35 or phosphate-buffered saline
(PBS) treatment. Single-cell suspensions were obtained
from MRL/lpr and BALB/c mice spleen, thymus and
peripheral blood cells. The cells were stained with
fluorochrome-labelled antibodies against CD19, CD5,
CD1d and IL-10. Representative dot-plots of CD19"IL-
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10" B cells and CD5"CD1d™ B,eg cells are presented. The
representative percentage of CD19"CD5"CD1d"IL-10"
Byeg cells in total lymphocytes is shown as quadruple pos-
itive gating in different mouse groups.

Fig. S5. Clinical characteristics of Murphy Roths Large
(MRL)/lpr mice with interleukin (IL)-35 or phosphate-
buffered saline (PBS) injection. The 20-24-week-old MRL/lpr

mice were injected intravenously (i.v.) with recombinant
mouse IL-35 (200 or 400 ng/mouse) or PBS daily for 7 days
(n = 3 in each treatment group). The results of each score sys-
tem of the signs: (a) proteinuria, (b) leucocytuira, (c) lupus
flare, (d) glomerulonephritis, (e) interstitial nephritis and (f)
vessels infiltration are presented as bar charts with the arith-
metic mean plus standard error of the mean.
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