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IL-21 Is Positively Associated with Intervertebral Disc
Degeneration by Interaction with TNF-«
Through the JAK-STAT Signaling Pathway

Bin Chen,' Yi Liu,’ YuanQiang Zhang,1 JingKun Li,' KaiYuan Cheng,1 and Lei Chengl’2

Abstract—This study was conducted in order to investigate the function of IL-21 in intervertebral disc
degeneration. The serum concentration of IL-21 in patients with lumbar disc herniation (LDH) was
examined by ELISA. Immunohistochemistry and western blot analysis were performed to detect the
expression of IL-21, a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS-7),
and tumor necrosis factor alpha (TNF-c) in degenerated intervertebral disc (IVD) tissues of human and
rat. Moreover, nucleus pulposus (NP) cells were treated with 0, 10, 100, and 1000 ng/mL of IL-21
cytokine with and without AG490. TNF-&, ADAMTS-7, and matrix metalloproteinases-13 (MMP-13)
mRNA expression was determined by RT-PCR. The expression of signal transducers and activators of
transcription, STAT-1, STAT-3, and STAT-5b, was detected by western blot. IL-21 concentration level is
higher in the degenerated group and positively correlates with the visual analog score (VAS). IL-21,
ADAMTS-7, and TNF-« can be detected in the degenerative NP tissues in both human and rat
degenerated NP tissues. The mRNA expression of ADAMTS-7, TNF-«, and MMP-13 was enhanced
after stimulation with IL-21. Compared to control, STAT-1, STAT-3, and STAT-5b expression was also
enhanced after IL-21 treatment, with STAT-3 being the most significantly enhanced; furthermore,
expression was significantly reduced after treatment with AG490. The mRNA expression of TNF-oc
was markedly reduced after treatment with AG490 compared to treatment with IL-21 only. IL-21 is
involved in the pathological development of IVD degeneration and IL-21 could aggravate IVD

degeneration by stimulating TNF-« through the STAT signaling pathway.
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INTRODUCTION

Lumbar disc herniation (LDH) is a common clinical
disease that causes inconveniences in life and work for
many patients due to degeneration of the intervertebral disc
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(IVD) [1]. The IVD is a kind of soft tissue located between
vertebral bodies that can bear weight. Less than 50% of
lower back pain (LBP) cases involve IVD degeneration
and 90% of sciatica cases involve LDH [2—4]. Bobechko
and Hirsch [5] demonstrated that IVD degeneration may
also be a kind of autoimmune disease, as herniated nucleus
pulposus (NP) tissue was considered to be an antigen that
could immediately induce inflammation.

The process of IVD degeneration is based on many
factors, and a large number of causes have been implicated
in the pathogenesis of lumbar disc degeneration, such as
end plate degeneration, excessive mechanical loading, con-
genital factors, unhealthy habits, aging, and spine infec-
tion. In addition to these causes, inflammation plays an
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important role in IVD degeneration [6]. The ability of the
IVD tissue to secrete or attract proinflammatory cytokines
supports the hypothesis that [VD-originated cells are capa-
ble of inducing and enhancing inflammation [7].
Interleukin-21 (IL-21) is produced by activated CD4+
T cells [8]. Previous studies have shown that IL-21 is
overexpressed in many chronic inflammatory disecases
[9-12]. Furthermore, IL-21 plays a central role in the
survival and differentiation of both T cells and B cells, thus
making it an attractive target for therapeutic intervention in
a wide range of immune-inflammatory diseases [13]. The
IL-21 signaling network is involved mainly in the JAK-
STAT pathway. However, there are no published studies
regarding the role of IL-21 in IVD degeneration and the
mechanism underlying the effects of IL-21 in degeneration.
Based on the discussion above, we decided to investigate
the expression of IL-21 in degenerated IVD tissues to
elucidate the effect of IL-21 in IVD degeneration.

METHODS

Ethics

Our experiments were approved by the Shandong
University Human Subjects Institutional Review Board
and followed the guidelines for ethical principles in med-
ical research involving human subjects. Patients agreed to
participate in this study and signed approval documenta-
tion. Patient privacy was protected.

Our animal experiment was approved by the Animal
Ethical Committee of Shandong University and followed
the requests of the Animal Management Rules of the
Chinese Ministry of Health (Document no. 55, 2001).
The animals were placed in a warm room after surgery,
supplied with food and water for nutrition, and were mon-
itored every 12 h.

Patients

Forty patients with single-level IVD herniation (25—
61 years; mean 43.68 + 12.72 years) were selected accord-
ing to their MRI results. Before surgery, all of the patients
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had taken a conservative form of treatment, such as taking
painkillers and resting for at least 3 months. All of the
patients decided to undergo surgery under the condition
that the conservative treatment was ineffective or their
conditions were getting worse (Table 1).

The selection criteria were as follows: (1) sciatica, (2)
positive for Lasegue’s sign (+) or Bragard test, (3) positive
for femoral nerve traction test (+), (4) loss of disc height on
lumbar MRI and X-ray or reduced signal intensity of the
nucleus pulposus as determined by T2-weighted MRI, and
(5) single-level IVD herniation. Determination of the disc
degeneration grade was made according to the Pfirrmann
grading system based on MRI. The exclusion criteria were
as follows: (1) IVD combined with osteoarthritis, rheuma-
toid osteoarthritis, or tuberculosis; (2) IVD combined with
a malignant tumor; (3) recent upper respiratory tract infec-
tion; (4) recent history of glucocorticoid use; and (5) pre-
vious surgery for IVD disease.

Patients were assigned to three groups. Group P had
20 patients (average age is 51.3+24.4) and the annulus
fibrosus was intact; group E had 20 patients (average age is
61.9+£27.8) and the annulus fibrosus was not intact. NP
tissues were obtained from the annulus fibrosus. All pa-
tients were given a lumbar MRI to determine whether the
annulus fibrosus was intact. NP tissues of the normal
control group were obtained from patients admitted to
our department because of lumbar vertebral fracture or
lumbar scoliosis without any signal intensity change in
the NP tissue according to MRI.

Four milliliters of blood was drawn using a heparin
sodium anticoagulant tube from patients early in the morn-
ing after fasting. Blood samples were sent to the laboratory
immediately and centrifuged at 4 °C at 3000 rpm for
10 min. Supernatant was extracted and stored in EP tubes.
VAS scoring was used to evaluate pain sensation.

Animals

Rats (weighing 230-250 g) were randomly assigned
to two groups: sham operation group (n=10) and needle
puncture group (n=10). Needle puncture surgery was
conducted in a rat needle puncture model [14] under anes-
thesia induced by pentobarbital sodium (20 mg/kg). A 20-

Table 1. Characteristics of Study Subjects

Group P Group E Control
No. of patients 20 20 20
Mean + SD age, years 51.3+244 61.9+27.8 39.8+18.6
Sex (M/F) 8/12 13/7 10/10
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gauge needle was inserted into the Co6-7 disc at a depth of
5 mm, rotated 360°, and held for 5 s. For the sham oper-
ation group, the disc was exposed without needle puncture.
Disc tissues were extracted from the rats after 4 weeks.

Human NP Cell Culture

Disc tissues were extracted during operation, washed
in normal saline, and clipped into 2-3 mm? fragments.
After the end plate and tendons were removed, tissues
were then digested with 0.25% trypsin for 1 h, followed
by digestion with type II collagen enzyme for 4 h. Cells
were cultured in DMEM/F12 media (Gibco, Invitrogen
Corporation, USA) with 10% FCS, 1% PS, 0.05%
fungizone, and 50 mg/mL of ascorbate at a density of
25,000 cells per cm? under standard incubation
conditions (37 °C, 5% CO?). Cells were used at the
second passage for all experiments. First, NP cells were
cultured in six-well plates with IL-21 added at 0, 10, 100,
and 1000 ng/mL concentrations. After 24 h, NP cells were
harvested for western blot analysis of tumor necrosis factor
alpha (TNF-«x), a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS-7), and matrix
metalloproteinases-13 (MMP-13) expression level. In an-
other six-well plate, cells were cultured in normal media
(as described above), media with 1L-21 (100 ng/mL), or
media with both IL-21 (100 ng/mL) and 10 uM AG490.
After a 2-h incubation, NP cells were harvested for western
blot analysis of STAT-1 expression. The same steps were
repeated to analyze STAT-3 and STAT-5b expression.

Serum Concentrations of IL-21

The serum concentration of IL-21 in patients with
LDH was measured by ELISA, following the manufac-
turer’s instructions (BlueGene, Shanghai, China). All the
operations were performed at room temperature, and all
samples were measured in duplicate. The color reaction
was assayed at 450 nm using a Varioskan flash multifunc-
tion plate reader (Thermo Fisher Scientific, Waltham,
MA).

Immunohistochemical Staining

Tissues embedded in paraffin were cut into 4-
um sections and stained by IHC. Tissues were incu-
bated with primary antibody (goat anti-IL-21 1:300,
Santa, USA; rabbit anti-ADAMTS-7 1:300, Abcam,
USA; goat anti-TNF-o¢ 1:300, Santa, USA). Tissues
were then washed in PBS and incubated with sec-
ondary antibodies (goat anti-rabbit immunoglobulin-
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HRP secondary antibody 1:200; Beijing Golden
Bridge Biotechnology Co., Ltd, Beijing, China).
Slides were visualized on an IX71-SIF type micro-
scope (Olympus, Japan), and the Image-Pro Plus 5.0
software (Media Cybernetics, MD, USA) was used
for digital photograph analysis.

Protein Extraction and Western Blot for IL-21,
ADAMTS-7, and TNF-x

Tissue samples were preserved in liquid nitro-
gen. Total protein was extracted and determined
using the BCA Protein Assay Kit according to the
manufacturer’s instructions. Equivalent amounts of
protein for each sample were resolved using 12%
acrylamide-SDS-PAGE. The samples were subse-
quently transferred to polyvinylidene difluoride mem-
branes (PVDF; Millipore, Billerica, MA, USA). Pri-
mary antibodies (IL-21, 1:500, Santa; ADAMTS-7,
1:1000, Abcam; TNF-«&, 1:500, Santa) and a rabbit
anti-goat immunoglobulin (IgG)-horseradish peroxi-
dase (HRP) secondary antibody (1:5000; Beijing
Golden Bridge Biotechnology) were applied. Equal
protein loading was confirmed by reprobing the
membranes with the mouse anti-GAPDH-HRP anti-
body (1:10,000, Abcam). Protein bands were detected
using a FluorChem E Chemiluminescent Western
Blot Imaging System (Amersham Imager 600, GE
Amersham, USA) and quantified by densitometry
analysis using Imagel] software (National Institutes
of Health, USA).

Real-Time PCR

Total RNA was extracted using the TRIzol
(Takara Biotechnology Co., Ltd, Dalian, China)
method according to the manufacturer’s recommenda-
tions. Total RNA (1 pg) was reverse transcribed in a
total volume of 10 uL, including 2 uL of RT buffer,
0.5 uL of RT enzyme mix, and 0.5 puL of primer mix
(Toyobo Co, Ltd, Japan). The reaction was performed
at 37 °C for 15 min followed by 95 °C for 5 min.
The complementary DNA (cDNA) was stored at
=20 °C until further use. RT-PCR reactions were
carried out on a Roche LightCycler (Roche, USA).
The ¢cDNA was detected with SYBR Green Dye I
Master Mix. To normalize TNF-o gene expression,
GADPH was used as an internal control. Cycle
threshold (Ct) data were obtained and the relative
expression level of TNF-o« was analyzed using the
27°*CY method. The messenger RNA (mRNA)
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expression of TNF-x was also detected after IL-21
treatment (100 ng/mL) with and without AG490 and
normal controls.

Statistical Analysis

The software used for the analyses was SPSS
version 19.0. Mean values were calculated and pre-
sented with an error bar representing +SD. Statistical
analysis of data was performed by one-way ANOVA
using Dunnett’s test and Pearson correlation. Differ-
ences were regarded to be statistically significant if
p<0.05.

Funding Source

The study was supported by the General Program of
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RESULTS

Serum Secretion of IL-21 in LDH Patients and Corre-
lation with VAS Score

VAS score was significantly higher in degenerated
groups compared to the normal control (0.258 =0.238) as
shown in Fig. la. Furthermore, preoperative VAS score
was significantly higher in group E than in group P (8.334
+1.343 vs. 5.852+1.089, respectively, p <0.001). IL-21
level showed a similar trend to VAS score. Compared with
the normal control (127.728 £25.355 pg/mL), IL-21 ex-
pression level was markedly higher in the degenerated
groups preoperatively, especially in group E. The statistical
analysis of the IL-21 ELISA data acquired from the pro-
truded group and extruded group is shown in Fig. 1b
(689.139+121.688 vs. 508.455+98.220 pg/mL, respec-
tively, p < 0.001). As shown in Fig. 1c, d, the postoperative
VAS score dramatically decreased in both the protruded
group and extruded group (2.894+1.398 vs. 2.452+
0.991, respectively, p <0.001). The Pearson correlation
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Fig. 1. Preoperative IL-21 serum concentration and VAS score in LDH patients before and after surgery. Group P represents patients whose annulus fibrosus
was intact; group E represents patients whose annulus fibrosus was not intact. The VAS score of group E was higher than that of group P and control
(p<0.001, a). IL-21 concentration was higher in degenerated groups, especially group E, compared to the normal control group (» <0.001, b). The VAS
score was markedly reduced postoperation compared to preoperation in group P and group E (p <0.001, ¢, d).
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coefficients were used to examine the correlation of VAS
score with IL-21 preoperatively. A positive correlation
between IL-21 and VAS score was found (r=0.834,
p<0.001). This result implied that IL-21 may positively
correlate with the extent of pain that the patients
experienced.

Expression Pattern of IL-21, ADAMTS-7, and TNF-x
in Human and Rat Disc Tissues

As shown in Fig. 2a—c, IL-21, ADAMTS-7, and
TNF-« immunoreactivity was detected in the NP
cells. Different levels of IL-21, ADAMTS-7, and
TNF-o immunoreactivity were detected in the normal
control group, group P, and group E. For IL-21,
ADAMTS-7, and TNF-«, the degree of degeneration
in group P was clearly lower than in group E.
Image-Pro Plus software was used to analyze the
mean density of positive cells. Mean density is the
average optical density of the objects and represents
the extent of expression of the cytokines. As shown
in Fig. 2g—i, compared to the normal control group,
the expression of IL-21, TNF-«, and ADAMTS-7 in
groups P and E was significantly increased (IL-21:
group E, 0.193 vs. group P, 0.127 vs. control, 0.003,
p<0.001; ADAMTS-7: group E, 0.158 vs. group P,
0.143 vs. control, 0.113, p<0.001; TNF-«: group E,
0.162 vs. group P, 0.123 vs. control, 0.052,
p<0.001). Immunohistochemistry results of the rat
NP tissues showed elevated expression levels of IL-
21, ADAMTS-7, and TNF-x in degenerated rat NP
tissues (Fig. 2d—f). Image-Pro Plus software was also
used to analyze the results (Fig. 2j-1). Compared to
the normal control group, the expression of IL-21,
ADAMTS-7, and TNF-« was higher in group P (IL-
21: group P, 0.167 vs. control, 0.078, p<0.001;
ADAMTS-7: group P, 0.153 vs. control, 0.143,
p<0.001; TNF-ot: group P, 0.173 vs. control, 0.139,
p<0.001).

IL-21, ADAMTS-7, and TNF-x Protein Level in NP
Tissues

The protein level of IL-21, ADAMTS-7, and
TNF-x was examined in human degenerated NP tis-
sue by western blot (Fig. 3a). Western blot verified a
gradual increase in IL-21, ADAMTS-7, and TNF-«
in group P and group E compared to the normal
control group. The protein level of IL-21,
ADAMTS-7, and TNF-o was also examined in rat
degenerated NP tissue by western blot (Fig. 3c).
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Imagel software was used to detect the relative den-
sity of IL-21, ADAMTS-7, and TNF-« in both hu-
man and rat tissues. The relative density was chosen
to represent the average protein level, which is
regarded as the extent of expression of IL-21,
ADAMTS-7, and TNF-«. In the human tissues
(Fig. 3b), the expression level of IL-21, ADAMTS-
7, and TNF-& was higher in group E than in group P
or in the normal control group (IL-21: group E,
1.228 vs. group P, 0.697 vs. control, 0.245,
p<0.001; ADAMTS-7: group E, 0.896 vs. group P,
0.749 vs. control, 0.228, p<0.001; TNF-«: group E,
0.958 wvs. group P, 0.683 vs. control, 0.287,
p<0.001). In the rat tissues (Fig. 3d), the protein
level of IL-21, ADAMTS-7, and TNF-« was higher
in group P than in the control group (IL-21: group P,
1.297 vs. control, 0.387, p<0.001; ADAMTS-7:
group P, 0.819 vs. control, 0.418, p<0.001; TNF-«:
group P, 1.253 vs. control, 0.607, p<0.001).

Effects of IL-21 on ADAMTS-7, TNF-, and MMP-13
Secretion in NP Cells from Degenerate IVD Tissue

As shown in Fig. 4a, the IL-21 cytokine upregulated
ADAMTS-7, TNF-&, and MMP-13 secretion in a dose-
dependent manner (0, 10, 100, 1000) in cells exposed to
IL-21 alone. Image] software was used to calculate relative
density to determine the expression of ADAMTS-7, TNF-
«, and MMP-13. As shown in Fig. 4b, the peak amount of
ADAMTS-7, TNF-«, and MMP-13 expression appeared
in cells treated with IL-21 alone at a concentration of
100 ng/mL.

Effect of IL-21 on ADAMTS-7, TNF-&, and MMP-13
mRNA Expression in Degenerate NP Cells

As shown in Fig. 5, NP cells were treated with IL-21,
and mRNA expression of ADAMTS-7, TNF-«, and
MMP-13 was determined by RT-PCR. TNF-« expression
peaked in cells treated with IL-21 at a concentration of
100 ng/mL. A similar trend also occurred for the mRNA
expression of ADAMTS-7 and MMP-13. The mRNA
expression level of ADAMTS-7, TNF-«, and MMP-13
was not dose dependent.

Effects of IL-21 on STAT-1, STAT-3 and STAT-5b
(With and Without AG490) in Degenerate NP Cells

As shown in Fig. 6, the IL-21 cytokine upregulated
STAT-1, STAT-3, and STAT-5b secretion when cells were
treated with IL-21 stimulation alone, with STAT-3 being
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Fig. 2. Immunohistochemical localization of IL-21, ADAMTS-7, and TNF-« in human and rat NP tissues. Group E represents heavier degree of NP cell
degeneration than group P. However, group P in rats just means degenerated NP cells induced by the needle puncture model. IL-21, ADAMTS-7, and TNF-o
expression levels, respectively, showed an increasing trend in the control group, group P, and group E in human (a—c). IL-21, ADAMTS-7, and TNF-o
expression levels, respectively, showed an increasing trend in the control group and group P in rats (p < 0.001, d—f). Mean density of IL-21, ADAMTS-7, and
TNF-o in human and rat NP tissues (p <0.001, g-1).

especially upregulated. The expression of STAT-1, STAT- expression of TNF-« increased when IL-21 treatment and
3, and STAT-5b dramatically decreased when cells were decreased after treatment with IL-21 combined with
treated with both I1L-21 and AG490. The mRNA AG490.
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DISCUSSION

Autoimmunity is known to play a critical role in the
inflammation processes associated with [VD degeneration
[15]. IL-21 has been reported to be involved in several
autoimmune diseases [16]. The effect of IL-21 in
degenerated IVD tissues is still unclear. In the current
study, we investigated whether IL-21 plays a role in IVD

degeneration. Our study evaluated VAS score, a commonly
accepted parameter for LBP in patients with degenerative
disc diseases (DDD), and examined the expression pattern
of IL-21. Our results indicated that IL-21 expression is
positively associated with VAS score (r=0.834,
p<0.001), which prompted us to investigate whether IL-
21 increased along with the different stages of [IVD degen-
eration. It is widely accepted that overexpressed cytokines
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are responsible for IVD degeneration [2]. Together, these been shown to play a vital role in differentiation of Th cells
data suggested that IVD degeneration is related to IL-21. [24], which play a critical role in the process of IVD
IL-21, a cytokine produced by activated CD4+ cells, degeneration in humans. In the present study, expression
is well accepted as a critical cytokine in autoimmune of IL-21 was significantly increased in the extruded group
disorders, and IL-21 has emerged as the most potent in- compared to the protruded group. In rat, IL-21 expression
ducer of plasma cell differentiation [17, 18]. IL-21 has was also higher in the degenerated NP tissues compared to
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Fig. 6. STAT-1, STAT-3, and STAT-5b protein level in NP cells treated with IL-21 with or without AG490 and mRNA expression of TNF-« in NP cells after
treatment with IL-21 with or without AG490. (a) The western blot showed that STAT-1, STAT-3, and STAT-5b expression levels were higher with IL-21
treatment alone. (b) The protein level of STAT-1, STAT-3, and STAT-5b was significantly reduced in cells treated with IL-21 combined with AG490. The
mRNA expression of TNF-a was consistent with the changes of STAT-1, STAT-3, and STAT-5b.
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the normal control. Based on the results of studies in both
human and rat NP tissues, it is suggested that IL-21 has a
high expression in NP tissues. The increased expression of
IL-21 was related to the degree of IVD degeneration,
suggesting that the more severe the inflammation, the
worse the IVD degeneration might become.

ADAMTS-7, a recently identified metalloproteinase
family member, was present and upregulated in NP tissues
and induces a series of metabolic changes such as MMP-13
expression [19, 20]. It has been shown that ADAMTS-7
was upregulated by TNF-o and plays an important role in
the pathogenesis of IVD degeneration and other autoim-
mune diseases [21]. Immunohistochemistry staining and
western blot analysis of human and rat NP tissues showed a
concurrent increase in ADAMTS-7 expression and expres-
sion of IL-21 and TNF-« in NP tissues. Based on our
results and the literature, we suggest that IL-21 has a
positive relationship with ADAMTS-7. In other words, it
is reasonable to assert that IL-21 has a cause and effect
relationship with ADAMTS-7 and that IL-21 may act as an
initiator to enhance ADAMTS-7 expression through TNF-
« to aggravate [IVD degeneration.

TNF-o is a widely studied mediator of the inflamma-
tory response. Previous studies revealed a noticeable ele-
vation in TNF-« in patients with LDH [22]. According to
the results from our immunohistochemistry staining and
western blot analysis, TNF-« is elevated in degenerate NP
tissues compared to normal tissues in both human and rats,
which is consistent with the expression of IL-21. There-
fore, our results suggest that IL-21 could induce TNF-c,
indicating that TNF-oc might act as an important mediator
of IL-21.

Spolski and Leonard [23] believed that IL-21 acts
through the JAK-STAT signaling pathway. When 1L-21
was bound to IL-21R, then STAT-1, STAT-3, and STAT-5
become phosphorylated, especially STAT-3 [24]. There-
fore, it is speculated that IL-21 might enhance TNF-o through
the STAT pathway. The results of our western blot analysis
showed that in NP cells stimulated by IL-21 alone, an increase
in mRNA expression and protein level of ADAMTS-7, TNF-
«, and MMP-13 was observed. The expression of STAT-1,
STAT-3, and STAT-5b was also upregulated after stimulation
with IL-21 alone, especially STAT-3, which is consistent with
previous studies. There was a slight difference between the
normal control cells and cells treated with IL-21 combined
with AG490. AG490, also known as Tyrphostin AG or
Tyrphostin B42, is a permeable membrane protein tyrosine
kinase inhibitor of JAK-2 protein and has no significant effect
on other kinases such as Lck, Lyn, Btk, Syk, or Src. AG490 is
a common reagent for studying the function of JAK in the
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process of cell signal transduction [25]. The mRNA expres-
sion of TNF-« in cells treated with IL-21 and AG490 was
lower than cells treated with IL-21 alone. Our results showed
that IL-21 could induce expression of TNF-« through the
JAK-STAT signaling pathway, which indicated that STAT
proteins play a role in TNF-o gene expression. It is interesting
to summarize that IL-21 could induce TNF-x to trigger a
series of inflammatory changes to aggravate IVD
degeneration.

In conclusion, IL-21 might act as an initiator of in-
flammation by inducing a large number of cytokines and
metabolic substances to start inflammation pathways,
which in turn aggravates IVD degeneration. Moreover,
TNF-« might be a crucial mediator of IL-21 in this process.
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