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IL-33 Neutralization Suppresses Lupus Disease in Lupus-Prone

Mice

Pin Li,' Wei Lin,> and Xiangxiong Zheng™*

Abstract—IL-33 is a new member of the IL-1 family that plays a role in inflammation. In this study, we
evaluated the potential of IL-33 inhibition as a treatment for systemic lupus erythematosus (SLE) using
the lupus-prone model MRL/lpr mice and the underlying mechanisms of action. We treated mice with
anti-mouse IL-33 antibody (anti-IL-33Ab) via intraperitoneal injection every other day from week 14
until week 20 for 6 weeks. A control group received the same amount of IgG control. Renal damage and
mouse survival were compared. Cytokines, antibodies, immune complex, Tregs, myeloid-derived sup-
pressor cells (MDSCs), and Th17 cells were also analyzed. Correlations between serum IL-33 and SLE
disease activity index in human SLE were also investigated. MRL/lpr mice treated with anti-IL-33Ab
showed reduced proteinuria and reduced serum anti-dsDNA levels. Nephritis, immune complex de-
posits, and the circulating antibodies and immune complex besides the mortality were significantly re-
duced by anti-IL-33Ab. Anti-IL-33Ab remarkably increased Tregs and MDSCs and reduced the Th17
cells and IL-13, IL-6, and IL-17 levels in MRL/lpr mice. These results suggest that IL-33 inhibition may
inhibit SLE via expansion of Tregs and MDSCs and inhibition of Th17 cells and proinflammatory re-

sponses, indicating that blockade of IL-33 has a protective effect on SLE.
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INTRODUCTION

IL-33 is a member of the IL-1 family, and its molec-
ular properties are very similar to a number of closely
associated cytokines including IL-1, IL-1R, and IL-18
[1]. IL-33 and its receptor ST2 promote various activities
related to the upregulation of systemic Th2 response of
different cell types [1, 2]. Notably, recent data highlight the
dual roles of IL-33 in protective and deleterious immune
responses [3]. In the cardiovascular setting, IL-33 is pro-
tective in atherosclerosis by reducing the formation of
atherosclerotic plaques and reducing foam cell formation
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[4, 5]. Although there is also a protective role in infections,
IL-33 can be a deleterious process in other diseases
inluding asthma [6]. In addition, IL-33 can drive autoanti-
body-induced arthritis via mast cells [7] and levels of IL-33
are increased in patients with rheumatoid arthritis [8].
However, it remains elusive whether IL-33 plays a protec-
tive or deleterious role in systemic lupus erythematosus
(SLE).

Adoptive transfer of the immunosuppressive cells
including myeloid-derived suppressor cells and regulatory
T cells (Tregs) can inhibit the autoimmunity in autoim-
mune brain inflammation and SLE [9, 10]. Myeloid-de-
rived suppressor cells (MDSCs) are a heterogeneous pop-
ulation of cells that have been shown to exert immunosup-
pressive properties during cancer, inflammation, and infec-
tions [11]. In mice, MDSCs are characterized by the
coexpression of the myeloid-cell lineage differentiation
Ag Gr-1 and CD11b [12]. Recently, data have demonstrat-
ed a potent role of MDSCs in suppressing experimental
autoimmune encephalomyelitis in mice, an animal model
for multiple sclerosis, and T cell responses in patients with
multiple sclerosis in vitro [13]. Specifically, MDSCs sup-
press the progression of collagen induced arthritis by
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inhibiting the proinflammatory immune response of CD4+
T cells in autoimmune arthritis [14]. These observations
suggest that MDSCs play crucial roles in the control of
autoimmunity, which could be exploited in new cell-based
therapies for human autoimmune diseases.

However, the relationship between IL-33 and
MDSCs, and Tregs and Th17 has not been reported. SLE
is characterized by abnormal T cell capacity, increased
production of T cell-dependent IgG autoantibodies, and
invasion of activated T cells into target tissues [15]. In the
current study, we explored the IL-33 and we evaluated the
potential of IL-33 inhibition as a treatment option for lupus
nephritis (LN) and SLE using the lupus-prone model
MRL/lpr mice and the interaction between IL-33 and
MDSCs/T cells. This study reveals that IL-33 represents a
potential therapeutic target in SLE disease and that anti-IL-
33Ab treatment delays lupus progression.

MATERIALS AND METHODS

Animals

Female MRL/lpr mice were purchased from Shanghai
SLAC Animal Company, China. The animal experimentation
was conducted according to the “Principles of Laboratory
Animal Care” and with the approval of our ethics committee.

SLE Patients

Blood samples were obtained from 28 Chinese pa-
tients with SLE who fulfilled the American College of
Rheumatology Criteria for the disease and 20 healthy
Chinese volunteers. Patients did not receive any treatment
before enrollment and matched for co-morbidities, age, and
sex. The patients who have other autoimmune diseases and
asthma/allergies were excluded. All samples were obtained
from volunteers attending the clinic of our hospital and
were collected during routine clinical procedures. SLE
disease activity index (SLEDAI) was routinely recorded.
Informed consent was obtained from all individuals in
agreement with the Helsinki declaration.

Treatment with Anti-IL-33Ab

The 14-week-old female MRL/lpr mice (n=12/group)
received anti-mouse 1L-33 antibody (R&D Systems, USA)
as previously described [16]. Anti-IL-33 antibody (3.6 pg/
mouse) was given intraperitoneally every other day from
week 14 until week 20. As the control, the same amount of
rabbit control IgG (purified goat polyclonal antibody;
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R&D Systems) was given by intraperitoneal injection.
All mice were monitored regularly for different clinical
and biological parameters over 6 weeks.

Urinary Protein and Serum Creatinine

Urinary protein excretion was tested every 2 weeks on
freshly obtained 24-h urine using a semi-quantitative test.
Proteinuria was evaluated as 0—4 according to the manu-
facturer (Bayer Clinitek). At the termination of the study,
serum creatinine was determined with an autoanalyzer
(Beck- man Coulter Inc., USA).

Serum Anti-dsDNA Antibodies and Circulating
Immune Complex

Serum anti-DNA antibody levels, circulating immune
complex, and C3 were determined by ELISA as previously
described [17]. Means of the triplicate OD450 values were
recorded for the serum. Levels of anti-DNA and immune
complex were expressed as units per milliliter, using a
positive reference standard of pooled serum from 6-
week-old MRL/lpr mice. For the detection of total IgG,
HRP-conjugated goat anti-mouse IgG antibodies were
added.

Histology

Kidneys were removed from anti-IL-33Ab-treated
and control-treated mice, fixed in 10 % formaldehyde
solution, and processed for paraffin embedding. Serial 5-
pm tissue sections were cut and stained with hematoxylin
and eosin (H&E) before examination under the light mi-
croscope. Glomerular, tubulointerstitial, and vascular dam-
age was evaluated using a semiquantitative scoring system
0, 1,2, and 3 as described previously [18].

Immunofluorescence Detection

For the examination of glomerular immune complex
deposits, the kidneys were removed and snap frozen in
liquid nitrogen. Frozen tissue was fixed in acetone, washed
in phosphate-buffered saline (PBS), incubated in 3 % hy-
drogen peroxide for 10 min, and rinsed in PBS. Slides were
incubated in fluorescein isothiocyanate—conjugated mono-
clonal IgG antibody to C3 or IgG (Santa Cruz) at a 1:50
dilution in PBS for 1 h in the dark at room temperature.
Slides were then rinsed in PBS and distilled water and
mounted with a cover slip using Vectashield hard set
medium (Vector H-1400, Vector Laboratories). Slides were
scored (0-3) in a masked fashion by an experienced renal
pathologist for the intensity and coverage of
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immunofluorescence in the glomerulus (0, no fluores-
cence; 0.5, trace, just detectable above background; 1,
fluorescence scattered and light; 2, bright but not diffuse;
and 3, bright and diffuse).

Preparation of Kidney Extracts

Mice were killed by cervical dislocation at 20 weeks.
Kidneys were isolated, immediately frozen in liquid N,
and stored at —80 °C. Frozen kidneys were powdered-
ground in liquid nitrogen using a mortar/pestle set-up.
The resulting tissue powders were homogenized with a
glass—glass potter at 4 °C in the RIPA buffer. The homog-
enates were centrifuged at 14,000xg for 10 min at 4 °C,
and the supernatants were stored as aliquots at —80 °C until
use. Protein concentration was determined using a BCA
method.

Measurement of Cytokines

The levels of IL-1f3, IL-6, and IL-17 in the kidneys
and the serum were determined by using specific ELISA
kits (R&D Systems) as per the instructions.

Flow Cytometry

For intracellular cytokine staining, 5x 10> splenocytes
from individual mice were incubated in triplicates with
50 ng/ml phorbol 12-myristate 13-acetate (Sigma-
Aldrich, Munich, Germany) and 1 uM ionomycin
(Sigma-Aldrich) in the presence of brefeldin A (5 pg/ml,
Sigma-Aldrich) in 200 pul RPMI 1640 supplemented with
10 % FCS for 4 h at 37 °C before staining. For each
staining, cells of three cultures were pooled to obtain a
sufficient number of cells for cytokine analysis. Staining
was performed with the intracellular cytokine staining kit
(eBioscience) according to the manufacturer’s instructions.
For Tregs (CD4 + Foxp3+) and Th17 (CD4 + IL-17A+)
cell staining freshly isolated cells from individual mice
were used. The staining was performed using the Foxp3
staining set and anti-mouse IL-17A (eBioscience). For
MDSCs (CDI11b + Gr-1+) detection, splenocytes were
stained for MDSCs markers for 20 min at 4 °C in PBS/
5 % FBS. Anti-CD11b and Gr-1 antibodies (BD
Pharmingen) were added thereafter for 20 min on ice.

Statistical Analysis

Statistics were performed using SPSS 15.0 software.
Data are presented as means + standard error of the mean
(SEM). Data were tested for homogeneity of variances and
then compared at each time interval by one-way analysis of
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variance or Kruskal-Wallis test. Log-rank analysis was
used to compare trends in animal survival. A value of p<
0.05 was considered statistically significant.

RESULTS

Anti-IL-33Ab Reduced the Renal Damage

To determine the effect of IL-33 inhibition on renal
function, we measured 24-h urinary protein excretion from
the beginning of 14 weeks. Control mice developed in-
creasing proteinuria (Fig. 1a). In contrast, mice treated with
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Fig. 1. Effects of anti-IL-33 Ab treatment on the renal function in MRL/Ipr
mice. a Urine protein score was assessed every 2 weeks in MRL/lpr mice
treated with anti-IL-33Ab or vehicle. Urinary protein excretion was tested
every 2 weeks on freshly obtained 24-h urine using a semi-quantitative t-
est. Proteinuria was evaluated as 0-4 according to the manufacturer (Bayer
Clinitek). b Serum creatinine was determined at the end of the study. n=12
mice per group. Data are presented as means + SEM. Data were tested for
homogeneity of variances and then compared at each time interval by one-
way analysis of variance (b) or Kruskal-Wallis test (a). “P<0.01 compared
with control-treated group.
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anti-IL-33Ab developed significantly less severe protein-
uria than controls. And at the end of the study, serum
creatinine was significantly reduced by anti-IL-33Ab treat-
ment (Fig. 1b).

Anti-IL-33Ab Reduced the Circulating Levels
of Anti-dsDNA, Immune Complex, and C3

Production of anti-dsDNA antibodies and circulating
immune complex is associated with lupus-like renal dis-
ease in MRL/lpr mice. There was a remarkable rise in
serum anti-dsDNA antibody levels in the control group at
week 20, whereas anti-IL-33Ab-treated group had obvi-
ously reduced anti-dsDNA antibody levels at week 20. We
also assessed serum immune complex levels. Similar to the
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change seen in serum anti-dsDNA antibody levels, anti-IL-
33Ab-treatment significantly reduced the levels of circu-
lating immune complex and C3 in their serum compared to
the control group at week 20 (Fig. 2a—c). We detected the
total IgG to confirm that anti-dsDNA suppression was not
related to a more global effect on B cells (Fig. 2d, p>0.05).

Anti-IL-33Ab Reduced Renal Pathology
and Deposition of IgG and C3

H&E-stained kidney sections were assessed by histo-
logical scoring for overall glomerular inflammation and
vasculitis. MRL/lpr mice in the control group exhibited
classical features of lupus renal disease with diffuse glo-
merulonephritis and vasculitis. Anti-IL-33 Ab-treated mice,
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Fig. 2. Anti-IL-33Ab reduced the serum levels of anti-dsDNA autoantibody (a) and circulating immune complex (b) and increased the C3 level (¢) in MRL/
Ipr mice. The total IgG did not change significantly (d). At week 20, sera were collected from mice and subjected to ELISA. n=12 mice per group. Data are
presented as means + SEM. Data were compared by one-way analysis of variance. “P<0.01 compared with control-treated group.
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however, exhibited a significant improvement in glomeru-
lar inflammation and vasculitis in the kidneys of MRL/lpr
mice (Fig. 3a, b).
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Fig. 3. Anti-IL-33Ab reduced renal pathology and deposition of IgG and
C3. a Renal pathology (H&E, x100). b Semiquantitative analysis of his-
tological damage. ¢ Renal deposition of IgG and C3 (x200). d Semiquan-
titative analysis of fluorescence intensity. #=12 mice per group. Data are
presented as means + SEM. Data were compared by Kruskal-Wallis test.
#P<0.01 compared with control-treated group.
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Moreover, the glomerular IgG and C3 deposition was
significantly reduced in anti-IL-33Ab-treated mice com-
pared with controls (Fig. 3c, d). These results are consistent
with the effect of anti-IL-33Ab on anti-dsDNA antibody
levels.

Anti-IL-33Ab Reduced Proinflammatory Cytokines

Proinflammatory cytokines play indispensable roles
in the development of SLE. First,we tested the levels of IL-
13, IL-33, IL-6, and IL-17 in young MRL/lpr mice aged
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Fig. 4. Anti-IL-33Ab reduced production of proinflammatory cytokines.
a Proinflammatory cytokines in the young MRL/Ipr mice aged 6 weeks
(before disease onset) and older mice with renal damage (aged 22 weeks).
We found renal 1L-33, IL-1§3, IL-6, and IL-17 were upregulated in this
model with disease progression. b Serum levels of IL-1f3, IL-6, and IL-17
after anti-IL-33Ab or control treatment. ¢ Renal levels of cytokines after
anti-IL-33Ab or or control treatment. n=12 mice per group. Data
are means + SEM. Data were compared by one-way analysis of
variance test. "P<0.01 compared with control-treated group.
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6 weeks (before disease onset) and older mice with renal
damage (aged 22 weeks), and we found that renal 1L-33,
IL-13, IL-6, and IL-17 were upregulated in this model with
disease progression (Fig. 4a). To ascertain whether IL-33
blockade inhibits these cytokines, anti-IL-33Ab-treated
and untreated lupus-prone mice were bled at the end of
the study. The levels of IL-1(3, IL-6, and IL-17 in the serum
and kidneys were measured by ELISA. The anti-IL-33Ab-
treated mice showed lower serum and renal levels of IL-
13, IL-6, and IL-17 than the untreated mice (Fig. 4b, c).
These results suggest that IL-33 blockade may have a
therapeutic effect on SLE by inhibiting the production of
inflammatory cytokines.

Anti-IL-33Ab Regulated Tregs MDSCs and Th17 Cells
and Reduced the Mortality

We also evaluated the T cell subset in the spleens of
MRL/Ipr mice. We found that anti-IL-33Ab significantly
increased the percentage of Tregs and MDSCs and reduced
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the percentage of Th17 cells as compared with the control
group (Fig. 5a, b).

In addition, we assess the effects of anti-IL-33Ab
treatment on the mouse survival in MRL/lpr mice (n=14
per group). By 38 weeks of age, there was 80 % mortality
of control treated mice, while 80 % of anti-IL-33 Ab-treated
mice survived (Fig. 5c, p=0.011). This suggests that anti-
IL-33Ab treatment significantly prolonged the survival of
MRL/Ipr mice.

Increased Serum IL-33 Level Was Correlated
with SLEDAI in SLE Patients

Furthermore, we also investigate the clinical serum
samples in SLE patients. We found that serum IL-33 level
was markedly increased in the SLE patients compared with
healthy volunteers (Fig. 6a). Correlation analysis showed
that serum IL-33 was positively correlated with SLEDAI in
SLE patients (Fig. 6b, 7=0.563, p=0.0013), suggesting IL-
33 as an indicator for disease activity in SLE.
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Fig. 5. Anti-IL-33Ab treatment increased Tregs and MDSCs, reduced the Th17 cells and improved mouse survival. a Representative flow cytometrical data
of Tregs, MDSCs and Th17 cells in the spleens in the mice aged 20 weeks (n=10 mice per group). b Flow cytometrical analysi (n=10 mice per group). ¢
Survival was significantly prolonged in mice treated with anti-IL-33 Ab compared with control (n=14 mice per group). At 38 weeks, survival was 80 % in the
anti-IL-33 Ab group compared with 20 % in control group (P=0.011). Data are presented as means = SEM. Data were compared by Kruskal-Wallis test. “P<

0.01 compared with control-treated group.
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Fig. 6. Increased serum IL-33 level was correlated with SLEDAI in 28
SLE patients. a Serum IL-33 level was markedly increased in the 28 SLE
patients compared with 20 healthy volunteers. b Correlation analysis
showed that serum IL-33 was positively correlated with SLEDALI in 28
SLE patients (#=0.563, p=0.0013). Data are the mean + SEM for 28 pa-
tients and 20 healthy controls. Data were compared by ANOVA test. “P<
0.01 compared with control-treated group.

DISCUSSION

SLE is a chronic autoimmune inflammatory disease
that affects various organs, especially the kidney. Thera-
peutic advances over the last few decades have led to
significant improvements in prognosis; however, multiple
aspects of the management of SLE patients are still far
from optimal [19]. In this study, we present evidence that
IL-33 played a critical role in the pathological process of
the SLE and LN and verified that administration of anti-IL-
33Ab in vivo could significantly ameliorate the severity of
SLE disease, as demonstrated by reduced levels of anti-
dsDNA antibodies, circulating immune complex, and C3,
reduced renal immune complex deposition, lessened pro-
teinuria, and reduced score of glomerulonephritis. This
therapeutic effect was closely associated with expansion
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of Tregs and MDSCs, accompanied by significantly re-
duced Th17 cells and inflammatory cytokines in the serum
and kidneys of anti-IL-33Ab-treated MRL/lpr mice. These
data suggest the new IL-1 family member IL-33 is a
potential therapeutic target in SLE and LN.

Increasing evidence has shown that IL-33 and its
receptor ST2 contribute to the pathogenesis of autoimmune
diseases. It was reported that IL-33 increased significantly
in patients with SLE compared to that in controls, and they
suggested that IL-33 might play a role in the acute phase of
SLE [20]. In another study, serum sST2 was significantly
higher in patients with active SLE compared with that in
inactive patients and correlated significantly with SLEDAI
and anti-dsDNA levels [21]. Studies have also indicated a
similar relationship between the IL-33/ST2 system and
rheumatoid arthritis (RA), wherein the levels of serum
and synovial fluid IL-33 are significantly higher in patients
with RA than those in controls [22]. Data showed that
serum levels of IL-33 and sST2 are correlated with IL-1(3
and IL-6 [23]. Meanwhhile, silencing IL-33 significantly
reduces tumor necrosis factor-a-induced synthesis of IL-
33, IL-6, IL-8, and monocyte chemotactic protein-1 in RA
at the mRNA and protein levels [24]. However, the func-
tional role of IL-33 in SLE remains to be explored. In our
present study, we observed higher levels of IL-33 in pa-
tients with SLE compared with those in the control. In
addition, serum IL-33 levels were correlated with disease
activity (SLEDAI), which was consistent with previous
results. More importantly, we found that anti-IL-33Ab
treatment provided therapeutic and survival benefit for
lupus-prone mice.

Tregs and MDSCs, with immunosuppressive proper-
ties, have been verified in the animal models in suppressing
autoimmune responses [9, 10]. MDSCs significantly
prevented autoimmune diabetes onset, and the protective
effects of MDSCs might be mediated by inducing anergy
in autoreactive T cells and the development of Tregs [25].
Studies have also indicated that transfer of Tregs inhibited
experimental anti-glomerular basement membrane glomer-
ulonephritis in mice and prolonged drug-induced disease
remission in (NZBxNZW) F1 lupus mice [26, 27]. In
contrast, emerging data show a body of evidence that IL-
17 and Th17 cells contribute to the pathogenesis of SLE
[28]. Data have shown that type I IFN and IL-17 act in
concert to sustain and amplify autoimmune and inflamma-
tory responses involved in the pathogenesis of systemic
autoimmune diseases [29]. Further studies have found that
the immune imbalance between Th17 and Tregs is in-
volved in the development of SLE and LN [30-32]. Of
note, IL-33 plays critical roles in T cell differentiation.
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Recent data demonstrate IL-33 is closely related to a Thl-
to-Th2/Treg switch [33]. Studies also provide clear evi-
dence that IL-33 plays a role in switching a predominantly
pathogenic Th17/Thl response to Th2 activity [34]. As
shown in this study, our data showed that anti-IL-33Ab
treatment increased Tregs and MDSCs and reduced the
Th17 cells, suggesting that the protective role of 1L-33
blockade was, at least partly, mediated via expansion of
MDSCs and Tregs.

In addition, the therapeutic effects of IL-33 blockade
might also be related to a systemic blunting of autoimmu-
nity and proinflammatory responses, as reflected by re-
duced serum levels of autoantibodies, immune complex,
C3, and proinflammatory cytokines in kidney extracts and
serum as well as renal immune complex deposition. In
agreement with our study, elevated serum IL-33 is associ-
ated with autoantibody production in patients with RA
[35].

In summary, this study demonstrated that IL-33
blockade improves lupus nephritis and mouse survival
mainly by suppressing abnormal autoimmunity and in-
flammation of SLE. Our analysis proves the therapeutic
efficacy of IL-33 blockade in the treatment of SLE in
MRL/Ipr mice. Taken with the current data, IL-33 blockade
might have a potential for treating SLE patients.
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