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The renal level of a novel cytokine IL-35 is related
to sepsis-associated acute kidney injury in mice
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Abstract: Interleukin-35 (IL-35) is a novel immunosuppressive and anti-inflammatory cytokine. IL-35 is mainly se-
creted by regulatory T cells (Tregs), and exerts its effects through inducing proliferation of Tregs and reducing activ-
ity of helper T cells Th17. However, the effect of IL-35 on sepsis-associated acute kidney injury (SA-AKI) remains
unclear. This study is aimed to examine the expression and role of IL.-35 in an animal model of SA-AKI induced by
cecal ligation and puncture (CLP). Eleven C57 male mice with SA-AKI and eight controls were used, and blood and
kidney tissues were collected. Blood creatinine (Cr), urea nitrogen (BUN), alanine transaminase (ALT) and aspartate
transaminase (AST) were measured to assess kidney and liver injury. The renal morphology and cell apoptosis were
examined. The mRNA and protein expression levels of IL-35 in kidney tissues were tested by qRT-PCR, IHC-P, IF,
and ELISA. Biochemical and histological examinations indicated CLP induced SA-AKI in mice. TUNEL assay showed
apoptosis of renal tubular epithelial cells in SA-AKI mice. The mRNA and protein expression of IL-12a and EBI3 in
kidney tissues decreased significantly in SA-AKI mice compared with those in sham controls. IL-35 levels in kidney
tissues displayed a significantly negative correlation with the levels of Cr (r =-0.584, P = 0.009), ALT (r = -0.549,
P =0.015), AST (r =-0.475, P = 0.04), but not with BUN (r = -0.437, P = 0.061). These results demonstrated that
IL-35 is associated with the pathological process of SA-AKI, and might represent a potential therapeutic agent for

SA-AKI treatment.
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Introduction

Sepsis is believed to be the most common
cause leading to acute kidney injury (AKI) in
critically ill patients. Although sepsis is an inde-
pendent risk factor associated with deteriora-
tive outcomes [1], the mechanisms underlying
AKI development in septic patients remain
unclear. We suspect that interleukin-35 (IL-35)
is a cytokine which may contribute to the devel-
opment and progress of AKI.

IL-35 is a novel member of interleukin-12 (IL-
12) family with anti-inflammatory and immu-
nosuppressive properties. It is composed of
two subunits IL-27p3 and interleukin-12 alpha
(IL-12x), which are encoded by two genes:
Epstein-Barr virus-induced gene 3 (EBI3) and
IL-12¢. IL-35 is secreted by regulatory T-cells
(Treg) and suppresses inflammatory immune
cells. Eectopic expression of IL-35 was found to

regulate naive T cells, while recombinant IL-35
was shown to suppress the proliferation of
T-cell [2].

IL-35 is found to be highly expressed on stimu-
lated human and non-stimulated mouse Treg
cells, but undetectable in non-stimulated hu-
man Treg cells [3]. Moreover, IL-35 was demon-
strated to be increased in human non-T cells
including aortic smooth muscle cells and micro-
vascular endothelial cells, after tumor necrosis
factor (TNF-&), interferon-y (IFN-y) and IL-1
stimulations [4]. In vivo, IL-35 showed suppres-
sive effects on arthritis induced by collagen in
mice by enhancing IFN-y synthesis and decreas-
ing IL-17 production [5, 6]. In addition, IL-35
attenuated effectively airway inflammation in-
duced by allergen-specific CD4+ Th2 cells [7].
IL-35 produced by inducible costimulator (IC-
0S)-positive Treg cells was found to reverse
allergic airways disease in mice [8].
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So far, very little evidence has been published
on the function of IL-35 in kidney injury. Only
one report indicated the lower expression of
IL-35 in diabetes-induced renal damage [9]. In
the present study, a cecal ligation and puncture
(CLP) method was used to generate sepsis-
associated acute kidney injury (SA-AKI) in mice
and further examined the pathophysiology of
SA-AKI. We hypothesized that immunosuppres-
sive and anti-inflammatory cytokine IL-35 is
related to the development and progress of
SA-AKI. To our knowledge, this is the first study
to explore the possible functions of IL-35 in the
pathogenesis of SA-AKI.

Materials and methods
Animals

6-8 weeks old male C57BL/6 mice (weighing
20-25 g) were purchased from and kept at the
Animal Center of General Hospital of The
Chinese People’s Liberation Army (PLA) (Beijing,
China). The mice were maintained in a 12-h
light/dark cycle at 25°C on a chow diet, in
accordance with the institutional guidelines.
The animal study was approved by the Ethics
Committee from Chinese PLA General Hospital.

SA-AKI model induced by cecal ligation and
puncture

After being acclimated for 1 week before the
experiments, mice were anesthetized by intra-
peritoneal injection of 2% pentobarbital. After
a middle abdominal incision, the cecum was
delivered, ligated with a silk suture at the posi-
tion of 1 cm from the tip, and punctured dou-
bly using a 21-gauge needle. The cecum was
squeezed gently to extrude a small amount of
feces, and then put back to the abdominal cav-
ity. The incision was then closed. Control mice
received sham operation, in terms of the same
laparotomy without cecum ligation and punc-
ture. Eleven mice were employed for SA-AKI
models, and eight were used as sham controls.
Mouse serum samples and the kidneys were
harvested 24 h after surgery.

Biochemical and histological examination

Blood urea nitrogen (BUN), serum creatinine
(Cr), alanine transaminase (ALT) and aspartate
transaminase (AST) were measured to assess
kidney and liver injury using a Hitachi 747 auto-
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matic analyzer (Hitachi, Tokyo, Japan). For his-
topathological assessment of SA-AKI, kidney
tissues were fixed in 10% formaldehyde for at
least 24 h. Specimens were embedded in par-
affin, and the midsagittal sections at 4-um
thickness were subjected to periodic acid-
Schiff (PAS) staining and TUNEL assay (Roche,
USA) for tubular injury and apoptosis assess-
ment according to the manufacturer’s protocol.
Sections were observed under an optic micro-
scope (Nikon, Tokyo, Japan) at a 400x magnifi-
cation and evaluated by three independent
pathologists. The number of TUNEL-positive
cells per high power field was counted in the
renal cortex and outer medulla in a blinded
fashion.

RNA extraction and quantitative real-time poly-
merase chain reaction (RT-PCR)

For gene expression analysis, total mMRNA was
isolated from kidney tissue using TRIzol reagent
(Invitrogen, USA) according to the manufactur-
er's instructions. 1 pg of total RNA was reverse-
transcribed into cDNA using the First-strand
cDNA synthesis super Mix (Applied Biosystems,
USA) based on the manufacturer’s instructions.
IL-35 gene expression was measured by real-
time PCR performed in 20 uL volume contain-
ing 0.2 uL of cDNA, 10 uL of Power SYBR Green
PCR Master Mix (Biosystems, UK) and 1 uL of
each primer (IL-12a: sense 5-CACTCCCAAAAC-
CTGCTGAG-3’, antisense 5-TCTCTTCAGAAG TG-
CAAGGGTA-3’; EBI3: sense 5-GAAGTACTGGA-
TCCGTTACAAGC-3’, antisense 5-GAAGGACGT-
GGCTTCAATG-3’; GAPDH: sense 5’-AGCCACATC-
GCTCAGACAC-3’, antisense 5-GCCCAATACGA-
CCAAATCC-3’). PCR reactions were run for 40
cycles in a Light Cycler 2.0 (Roche Diagnostics,
Germany). Each cycle consisted of 10 min 95°C
denaturation, 30 s 95°C primer annealing and
extension for 30 s at 60°C and 30 s at 72°C.
Each sample was tested in triplicate. The data
was analyzed using the 224t method. All sam-
ples were normalized to an endogenous control
GAPDH.

Immunohistochemistry assay

Sections of 4 um thick from formalin-fixed and
paraffin-embedded tissues were mounted on
slides, followed by being deparaffinized and
rehydrated. 3% H,0, was used to block endog-
enous peroxidase for 20 min. 3% normal serum
was employed as protein blocker for 30 min.
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Table 1. Biochemical examination of the mice

Sham (n = 8) SA-AKI (n = 11)

Cr (umol/L) 10.53 +2.18  32.34 + 17.32"
BUN (mmol/L) 8.45+1.02  25.48+ 15.61"
ALT (U/L) 34.06 + 13.20 132.80 + 48.20"
AST (U/L) 114.41 + 49.19 525.68 + 384.84"

Data represent mean + SEM. "P<0.05 versus sham.
Cr-creatinine; BUN-blood urea nitrogen; ALT-alanine trans-
aminase; AST-aspartate transaminase.

Sections were incubated with 1:500 anti-
mouse EBI3 rat monoclonal antibody (Abcam,
USA) and 1:2000 anti-mouse IL-12a rabbit
monoclonal antibody (Abcam, USA) at 4°C for
18 h, followed by incubated with biotinylated
goat anti-rat antibody (ABC Staining System,
USA) and goat anti-rabbit antibody (Santa Cruz
biotechnology, USA) at room temperature for
60 min. Slides were then incubated with horse-
radish peroxidase (HRP) streptavidin for 45
min, and peroxidase substrate 3,30-diamino-
benzidine (DAB) (Sigma, USA) for 10 min. The
sections were counterstained with hematoxy-
lin, dehydrated with alcohol and xylene, and
mounted in resin. Stained sections were
observed under a light microscope (Nikon,
Tokyo, Japan) at a magnification of 200x and
evaluated by three independent pathologists.

Immunofluorescence

The expression of IL-35 in mouse renal tissues
was confirmed by double immunofluorescence
labeling. Briefly, the renal tissues were immedi-
ately fixed in liquid nitrogen after collection. 5
um thick frozen sections were prepared. After
antigen retrieval with 0.01 mol/L EDTA, tissue
sections were incubated overnight at 4°C with
1:2000 rabbit monoclonal antibody against
mouse IL-12a (Abcam, USA) and 1:200 rat
monoclonal antibody raised against mouse
EBI3 (Abcam, USA). After washing, tissue sec-
tions were incubated with secondary antibod-
ies (1:400 dilution for Cy3-conjugated goat
anti-rabbit 1gG, and 1:50 dilution for FITC-
conjugated donkey anti-rat 1gG from Jackson
ImmunoResearch, USA) for 1 h at 25°C in the
dark. Cell nuclei were stained with 0.1 ug/ml
DAPI (Abcam, USA). Finally, the slides were
observed under a confocal laser scanning
microscope (Olympus FluoView 1000) at a
maghnification of 400x.
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Protein extraction and measurement of renal
IL-35 level by enzyme-linked immunosorbent
assay (ELISA)

Kidney lysates were prepared by homogeniza-
tion on ice for 30 min using radioimmunopre-
cipitation assay buffer [50 mM Tris-Cl (pH 7.6),
150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl
sulfate, 0.5% deoxycholic acid, 1 pg/mL leu-
peptin, 1 ug/mL aprotinin, and 0.5 mM phenyl-
methylsulfonyl fluoride], and then centrifuged
at 12,000 rpm for 30 min at 4°C, after which
supernatants were collected. Renal IL-35 levels
were measured using ELISA kits (BioLegend,
San Diego, CA, USA) according to the manufac-
turer’s instructions. The level of IL-35 was
determined using Varioskan Flash (Thermo
Scientific, Massachusetts, USA) at 450 nm
absorbance. The minimal detectable levels
were 0.12 ng/ml for IL-35. All samples were
tested in duplicate, and the mean value was
used for statistical analysis.

Statistical analysis

All data were shown as mean + SEM. The differ-
ences between SA-AKI mice and the control
groups were analyzed by unpaired Student’s t
test. Correlation analysis was carried out using
Pearson’s method. A P value<0.05 was consid-
ered as statistically significant.

Results
Biochemical and histological examination

Serum Cr, BUN, ALT and AST levels were mea-
sured to evaluate the development of SA-AKI
(Table 1). Our results showed that CLP in mice
induced polymicrobial peritonitis with multiple
organ dysfunction, including AKI, indicated by
the significant increase of Cr (32.34 + 17.32
pmol/Lin CLP vs. 10.53 + 2.18 ymol/L in sham)
and BUN (25.48 + 15.61 mmol/L in CLP vs.
8.45 + 1.02 mmol/L in sham), as well as liver
dysfunction indicated by the dramatically en-
hanced expression of ALT (132.80 + 48.20 U/L
in CLP vs. 34.06 + 13.20 U/L in sham) and AST
(525.68 + 384.84 U/L in CLP vs. 114.41 +
49.19 U/L in sham).

The tubular injury and apoptosis in kidney tis-
sues were also evaluated. PAS staining show-
ed the morphological changes in SA-AKI mice
when compared with shamed operated groups,
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Figure 1. Histological examination of the injury in renal tissues from sham
and SA-AKI mice. Top panel: PAS staining. Below panel: TUNEL staining. Kid-
ney tissues were fixed in 10% formaldehyde for at least 24 h. 4 uym thickness
specimens were subjected to PAS staining and Tunel assay for tubular injury

and apoptosis assessment.
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Figure 2. Real-time RT-PCR assay for mRNA expression of IL-35 subunits
EBI3 (A) and IL-12a (B) in SA-AKI mice and sham groups. Each sample was
conducted in triplicate. The results were analyzed using the 224t method. All
samples were normalized to GAPDH as an endogenous control. *P<0.05 vs.

sham compared by unpaired Student’s t test.

in terms of brush border loss, tubular degener-
ation, and vacuolization in the proximal tubules
(Figure 1 top panel). Moreover, TUNEL assay
showed more positively stained tubular epithe-
lial cells in SA-AKI mice when compared with
sham group, indicating CLP induced apoptosis
in kidney tissues.

IL-35 subunits EBI3 and IL-12a mRNA expres-
sions in renal tissues from SA-AKI mice and
sham groups

IL-35 MRNA expression in renal tissues from
SA-AKI mice and sham groups was evaluated
by gRT-PCR. It was found that the expression
levels of IL-35 subunits (EBI3 and IL-12a) mRNA
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Sham SA-AKI

were significantly down-regu-
lated in kidney samples from
SA-AKI mice compared with
sham (P<0.05 for both IL-12a
and EBI3) (Figure 2A and 2B).

IL-35 subunits EBI3 and
IL-12« protein expressions
in renal tissues from SA-AKI
mice and sham groups

PAS

The expression patterns of
IL-35 subunits EBI3 and IL-12«
in renal tissues were exam-
ined by immunohistochemis-
try and immunofluorescence.
Both EBI3 and IL-12a were
found to be expressed in the
tubular epithelial cells in kid-
ney tissues from sham and
SA-AKI mice, but the expres-
sion levels of EBI3 and IL-12a
were observed decreased in
SA-AKI mice compared with
sham groups (Figure 3A). Im-
munofluorescence result also
showed that both IL-35 sub-
units EBI3 and IL-12a were
expressed in the tubular epi-
thelial cells in kidney from
SA-AKI mice and sham con-
trols (Figure 3B).

TUNEL

Septic AKI

Correlation of serum Cr, BUN,
ALT and AST levels with IL-35
protein levels in renal tissues
in SA-AKI mice

The protein expression levels

of IL-35 in renal tissues in
SA-AKI mice and sham groups were further
determined by ELISA (Figure 4A). The results
showed that renal IL-35 expression levels in
SA-AKI mice were significantly lower than those
in sham groups (P<0.05), which was consistent
with the mRNA expression pattern of IL-35. To
determine the involvement and significance of
IL-35 in the development and progress of
SA-AKI, we initiated the correlation analysis of
renal IL-35 expression with blood Cr, BUN, ALT
and AST levels in SA-AKI mice. It was found that
renal IL-35 levels were significantly negatively
related to serum Cr levels (r = -0.584, P =
0.009) (Figure 4B), ALT levels (r =-0.549, P =
0.015) (Figure 4D) and AST levels (r = -0.475,
P = 0.04) (Figure 4E), but not significantly with
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EBI3

EBI3 and IL-12a

Sham SA-AKI

Figure 3. IL-35 subunits EBI3 and IL-12a protein expressions in renal tis-
sues from SA-AKI mice and sham groups detected by immunohistochemistry
(A) and immunofluorescence (B). (A) 4 um thick sections from renal tissues
were incubated with 1:500 anti-mouse EBI3 rat monoclonal antibody and
1:2000 anti-mouse IL-12a rabbit monoclonal antibody. The sections were
counterstained with hematoxylin and mounted for immunohistochemistry
observation. (B) 5 uym thick frozen sections were incubated with 1:2000
rabbit monoclonal antibody against mouse IL-12a and 1:200 rat monoclo-
nal antibody raised against mouse EBI3, followed by secondary antibodies
(1:400 dilution for Cy3-conjugated goat anti-rabbit IgG, and 1:50 dilution for
FITC-conjugated donkey anti-rat IgG). Cell nuclei were stained with 0.1 pg/mi
DAPI. The slides were observed under a laser scanning confocal microscope.

serum BUN levels (r=-0.437, P=0.061) (Figure

knowledge, this

effective and safe treatment
is available for AKI in clinical
septic patients [1]. Common
treatment methods such as
fluid resuscitation, parenteral
antibiotic therapy, and admin-
istration of vasopressor agen-
ts have been demonstrated
not very effective in reducing
the incidence of SA-AKI and
its associated mortality [10].
The immune suppression has
been believed to be among
the key pathogenic factors in
acute Kkidney injury, which
points out the new direction
for the treatment of AKI
through restoring the balance
and function of immune sys-
tem [11, 12].

Treg cells, also known as sup-
pressor T cells, are a subtype
of T cells which modulates the
immune system by suppress-
ing the induction and prolifer-
ation of effector T cells [13]. It
is reported that Tregs could
ameliorate sepsis in an animal
model of AKI [14], which indi-
cates the protective effects of
Tregs and the potential of
Tregs-based immunotherapy
in the treatment of AKI
Although the modulation of
the function of Tregs is an
important immunotherapeutic
target, the molecules mediat-
ing their suppressive activity
remain not very clear. Some
studies have pointed to the
fact that a novel inhibitory
cytokine IL-35, mainly secret-
ed by CD4+CD25+Tregs, con-
fers regulatory activity on T
cells [2]. So far, very little lit-
erature on the role of IL-35 in
SA-AKI is available. To our

is the first study to investigate

4C). These results suggested that the levels of
IL-35 in renal tissues are significantly related
with the renal and liver damage induced by CLP.

Discussion

Sepsis and septic shock are the main causes of
AKI in patients with severe sepsis. So far, no
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the expression change of IL-35 in AKI animal
models.

We employed cecal ligation and puncture meth-
od to generate SA-AKI model in mice. The bio-
chemical assay confirmed the liver and renal
malfunctions. The apoptosis of renal tubular
epithelial cells was significantly associated with

Int J Clin Exp Pathol 2017;10(11):10998-11005
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Figure 4. IL-35 protein levels in renal tissues in SA-AKI mice and sham
groups detected by ELISA (A) and correlation assay of serum Cr, BUN, ALT
and AST levels with IL-35 protein levels in renal tissues in SA-AKI mice (B-E).
All data were expressed as mean + SEM. (A) The differences of IL.-35 levels in
renal tissues between SA-AKI mice and the control groups were analyzed by
unpaired Student’s t test. *P<0.05 was considered statistically significant.
(B-E) Correlation analysis was carried out using Pearson’s method. Statisti-
cally significant negative correlation was found between renal IL-35 protein
levels with serum Cr, ALT, AST levels. No statistically significant correlation
was found between renal IL-35 levels with serum BUN levels.

the development AKI. This data is supported by
the study from Lee et al., in which the tubular
cell apoptosis was found prominent, and cas-
pase-3 activity was positively correlated with
renal dysfunction in AKI [11]. The histological
examination in our study also showed injury in
renal tissues in SA-AKI mice. It has been report-
ed that IL-35 expression levels are correlated
with cell apoptotic levels. Nicholl et al. found
that IL-35 promoted the growth of pancreatic
cancer cells and inhibited cell apoptosis [15].
Moreover, circulating 1L-35 levels in non-small
cell lung cancer patients were found to have an
inverse correlation with overall survival [16].
Therefore, it is speculated that IL-35 may play a
protective role against apoptosis of renal tubu-
lar epithelial cells in the development of SA-AKI.

It is well accepted that IL-35 is mainly secreted
by Treg cells, and exerts its functions of immune
suppression and anti-inflammation by inducing
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mice were found to be nega-
tively correlated with the renal
and liver functions, suggest-
ing that the lower expression
of IL-35 was associated with
the development of AK-AKI.
These results indicated that
renal tubular epithelial cells
could express IL-35, and IL.-35
may be a novel target for the
treatment of SA-AKI.

A lot of evidence in other diseases supported
our speculation of the potential protective
effects of IL-35 in AKI. Li et al. found that ad-
ministration of IL-35 elevated the numbers of
CD4+CD25+Foxp3+ Tregs in lungs and signifi-
cantly reduced the severity of allergic airway
inflammation in a murine model of asthma [18].
His observation was confirmed by a study in
clinical patients with asthma, which found that
the level of serum IL-35 was significantly lower
when compared with the normal healthy popu-
lation, and increased along with the progress in
disease control [19]. Similar results were also
observed in patients with dilated cardiomyopa-
thy, who showed lower peripheral blood mono-
nuclear cells and IL-35 levels than those in nor-
mal healthy people [20]. These results indirectly
supported our findings that IL-35 expression
levels were lower in AKI mice and negatively
correlated with the development of AKI. The

Int J Clin Exp Pathol 2017;10(11):10998-11005
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protective effects of IL.-35 have been demon-
strated in clinical patients with collagen induc-
ed arthritis [21] and autoimmune diabetes [22,
23].

Nevertheless, the functions of IL-35 were found
to vary in different tissues and different diseas-
es, and some reports showed controversial
results. For example, Kong et al. found that
patients with active tuberculosis showed ele-
vated serum IL-35 level and the induced prolif-
eration of Thl cells in order to effectively
remove the pathogen [24]. Shi et al. also dem-
onstrated that IL-35 levels in peripheral blood
of patients with hepatitis B were significantly
increased compared with control subjects [25].
The discrepancy in these literatures might be
due to individual differences in immune status
and regulation or the sample collection time in
different stage of disease development.

In summary, in an animal model of SA-AKI
induced by CLP, two subunits of IL-35: EBI3 and
IL-12a, were co-expressed in the tubular epi-
thelial cells in kidney tissues from both sham
and AKI mice. The mRNA and protein expres-
sion levels of EBI3 and IL-12a were lower signifi-
cantly in renal tissues from AKI mice when
compared with sham controls. Renal total IL-
35 levels were also significantly decreased in
SA-AKI mice, and displayed a significantly nega-
tive correlation with the liver and renal func-
tions. Our results indicated that IL-35 is associ-
ated with the pathological process of SA-AKI,
and might represent a potential agent for SA-
AKI treatment.
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