
April 2017 | Volume 8 | Article 1321

Original research
published: 12 April 2017

doi: 10.3389/fneur.2017.00132

Frontiers in Neurology | www.frontiersin.org

Edited by: 
Ghazala Hayat,  

Saint Louis University, USA

Reviewed by: 
Brian Duncan Tait,  

Australian Red Cross  
Blood Service, Australia  

Farng-Yang Arvin Foo,  
New York University School  

of Medicine, USA

*Correspondence:
Gang Zhao  

zhaogang@fmmu.edu.cn; 
Hongge Jia  

jiahg@fmmu.edu.cn

†These authors have contributed 
equally to this work.

Specialty section: 
This article was submitted to 

Neuromuscular Diseases,  
a section of the journal  
Frontiers in Neurology

Received: 18 January 2017
Accepted: 21 March 2017

Published: 12 April 2017

Citation: 
Zhang H, He F, Shi M, Wang W, 

Tian X, Kang J, Han W, Wu R, 
Zhou L, Hu M, Li X, Mi F, Zhao G and 

Jia H (2017) Toll-Like Receptor  
4–Myeloid Differentiation Primary 

Response Gene 88 Pathway Is 
Involved in the Inflammatory 

Development of Polymyositis by 
Mediating Interferon-γ and  

Interleukin-17A in Humans and  
Experimental Autoimmune Myositis 

Mouse Model. 
Front. Neurol. 8:132. 

doi: 10.3389/fneur.2017.00132

Toll-like receptor 4–Myeloid 
Differentiation Primary response 
gene 88 Pathway is involved in the 
inflammatory Development of 
Polymyositis by Mediating  
interferon-γ and interleukin-17a  
in humans and experimental 
autoimmune Myositis Mouse Model
Hongya Zhang1†, Fangyuan He2†, Ming Shi 1†, Wenxiu Wang3, Xiaojia Tian1, Juan Kang1, 
Wenjuan Han1, Rui Wu1, Linfu Zhou1, Mengmeng Hu1, Xiaobo Li 1, Fang Mi1, Gang Zhao1* 
and Hongge Jia 1,4*

1 Department of Neurology, Xijing Hospital, The Fourth Military Medical University, Xi’an, China, 2 Department of Neurology, 
Xi’an Children’s Hospital, Xi’an, China, 3 Department of Neurology, Shaanxi Provincial People’s Hospital, Xi’an, China, 
4 Department of Neurology, Shenzhen Hospital of Southern Medical University, Shenzhen, China

Objective: Toll-like receptor 4 (TLR4) is one of the key players in the development of 
many autoimmune diseases. To determine the possible role of TLR4 in polymyositis (PM) 
development, we collected muscle samples from PM patients and mice subjected to an 
experimental autoimmune myositis (EAM) model.

Methods: We measured TLR4–MyD88 pathway-related factors, interferon-γ (IFN-γ), and 
interleukin-17A (IL-17A) in EAM mice and PM patients. Then, we observed the changes 
of above factors and the inflammatory development of EAM mice with TLR4 antagonist 
TAK-242, IFN-γ, or IL-17A antibody treatment.

results: The expression of TLR4, MyD88, and NF-κB was significantly upregulated in 
the muscle tissues both in 22 patients with PM and in the EAM model. As expected, 
increased levels of various cytokines, such as IL-1β, IL-6, IL-10, IL-12, tumor necrosis 
factor-α, TGF-β, IFN-γ, and IL-17A, were evident in the serum of EAM mice. Moreover, 
mRNA expression levels of IFN-γ and IL-17A were significantly increased in both PM 
patients and EAM mice. Consistently, the levels of these factors were positively cor-
related with the degree of muscle inflammation in EAM mice. However, when EAM mice 
were treated with TLR4 antagonist TAK-242, the expression of IFN-γ and IL-17A was 
decreased. When the cytokines were neutralized by anti-IFN-γ or anti-IL-17A antibody, 
the inflammatory development of EAM exacerbated or mitigated.

Abbreviations: PM, polymyositis; EAM, experimental autoimmune myositis; TLR4, toll-like receptor 4; MyD88, myeloid 
differentiation primary response gene 88; NF-κB, nuclear factor-κB; IFN-γ, interferon-γ; IL-17A, interleukin-17A.
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conclusion: The present study provided the important evidence that the TLR4–MyD88 
pathway may be involved in the immune mechanisms of PM by mediating IFN-γ and 
IL-17A.

Keywords: polymyositis, toll-like receptor 4–MyD88 pathway, interferon-γ, interleukin-17a, eaM model

inTrODUcTiOn

Polymyositis (PM) is a major clinical subtype of the idiopathic 
inflammatory myopathies, which is classified as an autoimmune 
disease (1–4) and still lacks effective therapy. Females are affected 
more often than males at a ratio of approximately 2:1. The average 
age of onset of adult PM is between 52 and 56 years of age (5). The 
clinical symptoms are characterized by acute or subacute progres-
sive muscle weakness, endomysia inflammatory cell infiltration, 
creatine kinase elevation, and abnormal electromyogram (EMG) 
(6). PM is histologically characterized by the presence of endomy-
sial inflammatory infiltrates consisting of CD8+ T cells invading 
non-necrotic muscle fibers that express major histocompatibility 
complex class I (MHC-I) molecules on the sarcolemma (7). Thus, 
CD8/MHC-I complex has become a characteristic diagnostic tool 
for PM. However, the mechanisms underlying PM pathological 
process are still largely unknown.

Toll-like receptor 4 (TLR4) is an important member of the 
TLR family, which was discovered in Drosophila as a leucine-rich 
repeat structure that initiated the innate immune reaction and 
promoted the adaptive immune response (8). TLR4 is commonly 
expressed on mononuclear macrophages, dendritic cells, or 
B  cells and recognizes pathogen-associated molecular patterns 
on microbes (9–11). TLR4 transmits signals via at least five 
cytosolic adaptor molecules including myeloid differentiation 
primary response gene 88 (MyD88), TIR domain-containing 
adaptor protein, interleukin-1 (IL-1) receptor-associated kinase, 
tumor necrosis factor (TNF) receptor-associated factor 6, and 
the early-phase of nuclear factor-κB (NF-κB), which leads to the 
induction of proinflammatory cytokines (8, 12). Once activated, 
the TLR4–MyD88 pathway may lead to induction of dendritic 
cells and inflammatory cytokines such as interferon-γ (IFN-γ) 
and interleukin-17A (IL-17A) (13, 14). IFN-γ is a potent activator 
of macrophages, which is secreted by activated T cells, NK cells, 
or macrophages. IL-17 family cytokines are strong inducers of 
inflammatory diseases, which are secreted mainly by T helper 
cells (15, 16).

Previous studies have shown that TLR4 may play a critical 
role in various autoimmune diseases (17–22). For example, 
the expression of TLR4 was increased in rheumatoid arthritis, 
systemic lupus erythematosus, and multiple sclerosis. At pre-
sent, only a few reports show an increased expression of TLR4 
in a small group of PM patients (23). Our previous study also 
showed increased expression levels of TLR4, MyD88, and NF-κB 
mRNA in lymph nodes of a PM animal model (24). However, 
the detailed changes in molecules involved in the TLR4–MyD88 
signaling pathway, sequential inflammatory factors, and IFN-γ/
IL-17A-producing cells during the development of PM are not 
fully clarified. Therefore, in the present study, we examined the 
expression of molecules in the TLR4 pathway and the changes of 
the expression of IFN-γ and IL-17A in 22 PM patients and a PM 

animal model, treated the mice with TLR4 antagonist TAK-242, 
and attempted to provide a full view of the effects of the TLR4 
signal by regulating IFN-γ and IL-17A on the development of 
PM pathology.

PaTienTs anD MeThODs

subjects
Patients and Laboratory Assessments
Muscle biopsies from patients with PM (n  =  22), diagnosed 
using the classification criteria of the European Neuromuscle 
Centre (ENMC), were used in our study. The samples were col-
lected from 2009 to 2012 in Xijing Hospital, the Fourth Military 
Medical University, Xi’an, China. The patients included 10 men 
and 12 women, whose mean age was 37 years (37 ± 15 years). The 
duration from symptom appearance to diagnosis ranged from 0.5 
to 12 months. Patient data was listed in Tables 1 and 2. Muscle 
biopsies from six patients with periodic paralysis, showing nor-
mal histological findings, were used as the controls. Serum levels 
erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), 
lactate dehydrogenase (LDH), alanine transaminase (ALT) and 
aspartate transaminase (AST), antinuclear antibody (ANA), 
the Jo-1 antibody, RO-52 antibody, anti-Sjögren’s syndrome A 
antibody (SSA), anti-Sjögren’s syndrome B antibody (SSB), anti-
mitochondria antibody (AMA)-M2, anti-cardiolipin antibody 
(ACA), anti S-M2 antibody, and anti-Scl-70 antibody (Scl-70) 
were detected at the Department of Clinical Biochemistry 
Laboratory, Xijing Hospital. The EMGs were performed in 
the Neural Electrophysiological Laboratory of Department of 
Neurology, Xijing Hospital.

Animal Model
Female BALB/c mice at the age of 5–6  weeks (14–17  g) and a 
cony pig (300 g) were purchased from the Animal Center of the 
Fourth Military Medical University, Xi’an, China. The mice and 
cony pig were kept in specific pathogen-free conditions in an 
environmentally controlled room (23 ± 2°C, 55 ± 10% humid-
ity) on a 12 h-light/dark cycle, fed by sterilized fodder and water 
ad libitum. During feeding and study, the body weight and health 
status of mice were monitored in specific pathogen-free condi-
tions every day.

experimental autoimmune Myositis (eaM) 
Model
Myosin was purified from the skeletal muscle of the cony pig 
according to Perry’s method (25) with some modifications. The 
EAM model was performed based on a previous report (26) 
with several modifications. In brief, the mice were immunized 
twice with a 1-week interval. Myosin (1.5  mg) and inactive 
Mycobacterium tuberculosis (5  mg/ml, BD DIFCO, 231141) in 
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Table 1 | clinical laboratory characteristics of patients with PM.

Patient sex age symptom 
duration 
(months)

cK (iU/l) lactate 
dehydrogenase 

(lDh) (iU/l)

aspartate 
transaminase 

(asT) (iU/l)

alanine 
transaminase 

(alT) (iU/l)

erythrocyte 
sedimentation 

rate (esr) 
(mm/h)

c-reactive 
protein 
(crP) 
(mg/l)

Using 
corticosteroid 

(Yes/no)

1 M 57 0.5 3,882 530 182 84 8 10.2 Y
2 F 32 12 2,252 669 132 103 26 0.97 N
3 F 32 12 6,311 968 411 173 30 5.28 Y
4 F 53 3 6,832 1,887 255 214 41 18.6 N
5 M 27 1 78 182 18 34 16 1.36 N
6 F 46 9 288 273 40 18 9 7.59 Y
7 M 56 8 7,421 1,260 303 223 7 11.62 Y
8 M 22 4 6,627 1,324 199 105 6 1.74 N
9 F 19 36 864 406 166 131 22 7.67 Y

10 F 25 7 3,146 960 132 98 2 2.43 Y
11 M 51 1.5 3,258 808 204 194 5 8.74 N
12 F 30 12 1,088 407 36 32 11 4.58 N
13 F 19 5 8,971 1,181 323 251 14 13.12 N
14 M 36 1 10,734 1,583 524 278 47 20.69 N
15 F 35 0.5 10,250 1,820 662 328 29 3.52 N
16 M 31 3 5,027 1,265 25 299 4 1.15 Y
17 M 36 9 1,151 295 69 65 17 21.17 N
18 F 6 1 5,107 1,467 320 266 33 6.14 N
19 F 37 5 2,288 756 182 60 36 1.42 N
20 M 40 48 15 169 29 159 12 84.14 Y
21 F 63 12 2,851 1,015 133 86 37 12.86 N
22 M 51 15 1,096 534 203 111 12 0.66 N
N = 22 F/M (12/10) 37 ± 15 9.3 ± 11.6 4,070.0 ± 3,322.1 898.1 ± 525.6 206.7 ± 166.7 150.5 ± 93.4 19.3 ± 13.4 11.2 ± 17.5 Y/N (8/14)
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complete Freund’s adjuvant (CFA, Sigma, F5881) were injected 
into the muscle tissue of one limb (the first immunization) and 
the tail base (the second immunization). Pertussis toxin (Sigma, 
P2980) was injected intraperitoneally (500 ng in 200 µl normal 
saline) during each immunization. All experimental procedures 
were reviewed and approved by the Animal Studies Committee 
of the Fourth Military Medical University, Xi’an, China and the 
animal study was carried out with the established institutional 
guidelines regarding animal use and care.

One hundred and eighty BALB/c mice were randomly divided 
into five groups: the controls were normal mice. EAM mice in the 
other four groups were euthanized with excessive anesthesia at 
the end of 1–4 weeks after animals were given myosin for induc-
ing EAM (n = 6, each group).

evaluation of Muscle strength
Muscle strength was evaluated using an inverted screen test as 
described in the literature (27). The method was performed using 
a 50 cm2 screen with 1 cm2 mesh. Mice were placed in the center 
of the screen and the screen was rotated to the inverted horizontal 
position. The time at which the mouse fell off was noted. The 
evaluation of muscle strength was measured by one investigator 
blinded to the immunization protocol used.

sample Preparation
For PM patients, muscle biopsy samples were removed from one 
side of the musculus biceps brachii or quadriceps femoris accord-
ing to a “semi-open” muscle biopsy technique. For the EAM 
model, muscle tissues were collected of the bilateral musculus 

biceps brachii and quadriceps femoris of each mouse. All the 
muscle samples were frozen immediately in isopentane with a 
container surrounded by liquid nitrogen and stored at −70°C 
until analysis. Blood samples of each mouse were collected in a 
1.5 ml tube, centrifuged for 25 min at 4°C, and stored at −70°C 
for a multiplex Luminex assay.

histological grading of inflammatory 
lesions and immunohistochemistry
Muscle tissues of PM patients and EAM mice were serially cut 
to 10 µm thick slides. For H&E staining, the slides were stained 
with hematoxylin and eosin to reveal the histology of the muscle. 
EAM sections were analyzed according to the criterion described 
in a literature (25). Four parts of muscle tissue of one section 
were each scored individually, the mean score of which represents 
the inflammatory level of one mouse. All fields of each section 
were analyzed. The histological severity of inflammation in each 
muscle block was graded as follows (26, 28): grade 1, a lesion 
involving a single muscle fiber or less than 5 muscle fibers; grade 2,  
a lesion involving 5–30 muscle fibers; grade 3, a lesion involv-
ing a muscle fasciculus; and grade 4, diffuse, extensive lesions. 
When multiple lesions with the same grade were found in a single 
muscle block, 0.5 points were added to the grade. All slides were 
evaluated independently by two investigators who were blinded 
to the immunization protocol that had been used. The differences 
in evaluation between the two observers were resolved via confer-
ence microscopy.

For IHC, the slides were fixed in 4% paraformaldehyde for 
20 min, and antigen-repaired in sodium citrate surrounded by 
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Table 2 | clinical laboratory characteristics of patients with PM.

Patient antinuclear 
antibody 

(ana) (+/−)

Jo-1 (+/−) rO-52 
(+/−)

sjögren’s 
syndrome  
a antibody 
(ssa) (+/−)

sjögren’s 
syndrome  
b antibody 
(ssb) (+/−)

anti-mitochondria 
antibody 

(aMa)-M2 (+/−)

anti-cardiolipin 
antibody (aca) 

(+/−)

s-M2 
(+/−)

scl-70 (+/−)

1 − − − − − − − − −
2 − − − − − − − − −
3 + − + + − − − − −
4 + − + − − − − − −
5 − − − − − − − − −
6 − − + + − + + − −
7 + − + − − − − − −
8 + − − − − − − − +
9 + − + + − − − − −

10 + − − + − − − − −
11 + − − − − − − − −
12 + − − − − − − − −
13 + + + + − − − − −
14 + − − − − − − − −
15 + − − − − − − − −
16 + − − − − − − − −
17 − + − − − − − + +
18 + − − − − − − − −
19 + − − − − − − − −
20 − − − − − − − − −
21 + − + + + − − − −
22 + − − − − − − − −
N = 22 +/− (16/6) +/− (2/19) +/− (7/15) +/− (6/16) +/− (1/21) +/− (1/21) +/− (1/21) +/− (1/21) +/− (2/20)
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100°C water for 15 min. After endogenous peroxidase activity in 
tissues was blocked in 3% H2O2 for 30 min, the slides were incu-
bated with the primary antibody: rabbit anti-mouse TLR4 (1:50, 
Abcam, ab13556), rabbit anti-human TLR4 (1:50, Santa Cruz, 
sc-10741), rabbit anti-mouse/human IFN-γ (1:100, proteintech, 
15365-1-AP), and IL-17A (1:100, abcam, ab79056) overnight at 
4°C. After washing in PBS three times, the slides were incubated 
with biotin-labeled goat anti-rabbit IgG (Vector Labs, BA-1000) 
for 2  h at room temperature, followed by streptavidin-biotin 
horseradish peroxidase (Vector Labs, SA-5004) for 2 h. The tissues 
were covered with 3,3′-diaminobenzidine tetrahydrochloride 
(Sigma, D5637) reagent solution for the final color product. The 
sections were observed with a Leica DRM microscope and Nikon 
imaging system.

real-time rT-Pcr
mRNA transcripts of TLR4, MyD88, NF-κB, IFN-γ, and 
IL-17A were measured by RT-PCR. Total RNA from different 
samples was isolated in TRIZOL Reagent (Invitrogen Life 
Technologies, 15596-026) and reverse transcribed to cDNA 
with a PrimeScript® RT Master Mix kit (TaKaRa, DRR036A) 
according to the manufacturer’s instructions. The quantitative 
RT-PCR was performed on a Bio-Rad iQ5TM Optical System 
Software Version 2.0 (Bio-Rad Laboratory) with an SYBR® 
Premix Ex Taq™ II Kit (TaKaRa, DRR081A). The different 
primer sequences were listed in Table S1 in Supplementary 
Material. The PCR cycling parameters were 40 cycles of pre-
denaturation at 95°C for 30  s, denaturation at 95°C for 10  s, 
and annealing at 60°C for 20  s. Data analysis was performed 
using the delta–delta Ct method. The results were normalized 
to GAPDH expression.

cytokine Detection
The levels of IFN-γ, IL-1β, IL-6, IL-10, IL-12, IL-17A, TNF-α, and 
TGF-β in mouse serum were detected using a multiplex Luminex 
assay according to the manufacturer’s instructions (Milliplex MAP 
Mouse Cytokine/Chemokine Panel-Immunology Multiplex Assay, 
Milliplex MAP TGFβ1-Single Plex, Millipore Corporation, Billerica, 
MA, USA). The plates were analyzed on the Luminex 200™ system 
(MAP™ Technology, Austin, TX, USA).

eaM Mice injected with lPs, TaK-242, 
anti-iFn-γ, and anti-il-17a antibodies
Experimental autoimmune myositis mice were treated by intra-
venous injections daily after the first immunization with the 
TLR4 agonist lipopolysaccharide (LPS) (2 mg/kg, sigma, L2880) 
or theTLR4 antagonist TAK-242 (3  mg/kg, CALBIOCHEM, 
614316) for 14 days. EAM mice were treated by intraperitoneal 
injections of anti-IFN-γ (1.0  mg/mouse, weekly, Biolegend, 
506963) and anti-IL-17A (100 μg/mouse, every 3 days, Biolegend, 
505827) antibodies after the first immunization for 14 days. The 
mice were sacrificed 7 days after the last immunization. MyD88, 
NF-κB, IFN-γ, and IL-17A mRNA in muscle tissue were meas-
ured by RT-PCR. IFN-γ and IL-17A levels in serum were detected 
by Luminex.

statistics
All the data were shown as the mean ± SD, and differences between 
two groups were analyzed by one-way classification ANOVA 
and multiple groups by LSD using SPSS19.0 software. Normal 
distribution variance data between two groups were analyzed 
using a Pearson linear correlation, and a non-normal distribution 
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FigUre 1 | immunohistochemistry of toll-like receptor 4 (Tlr4) in polymyositis (PM) patients and experimental autoimmune myositis (eaM) mice. 
(a–c) In muscle tissues of patients with PM, compared with the controls [Ctrl (A)], TLR4 was strongly expressed by infiltrating cells surrounding the muscle bundle, 
on the endomysial, and in the muscle fibers [indicated by arrows in (b,c)]. (D–i) In muscle tissues of mice with EAM, TLR4 expression was weak in the controls (D), 
began to be upregulated at 1 week after the first immunization (e), reached to the peak at 2 weeks (F), and attenuated at 3 weeks (g) and 4 weeks (h).  
The nuclei were counterstained with hematoxylin. **P < 0.001 vs. the controls (Ctrl). Scale bars: 50 µm.
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variance using Spearman rank correlation. Significance was con-
sidered at P < 0.05.

resUlTs

clinical and laboratory Features  
of PM Patients
Our data from PM patients showed elevated levels of serum ESR, 
CRP, LDH, ALT, and AST, some of which were over 10 times the 
normal ceiling value (Table 1). Although PM is often diagnosed 
by clinical symptoms, kinase examination, and muscle biopsy, 
more and more studies indicated that autoantibodies also existed 
in the PM patients (5, 29, 30). Consistently, of the 22 PM patients 
in our study, 16 patients expressed ANA, 2 expressed the Jo-1 
antibody, 7 expressed RO-52 antibody, 6 expressed SSA antibody, 
1 expressed SSB antibody, 1 expressed AMA-M2, 1 expressed 
ACA, 1 expressed anti S-M2 antibody, and 2 expressed Scl-70 
antibody (Table 2).

The EMGs of all PM patients revealed abnormal findings: 
increased insertional and spontaneous activity in the form of 
fibrillation potentials, positive sharp waves, complex repetitive 

discharges, short duration, small amplitude, or polyphasic motor 
unit action potentials (data not shown).

changes in expression of Tlr4, MyD88,  
or nF-κb in PM Muscle Tissues
IHC showed that TLR4+ cells were present in the muscle fibers, 
endomysial, and around muscle bundles in the muscle tissues of 
PM patients, whereas no obvious TLR4+ cells were observed in 
the controls (Figures 1A–C). TLR4 expression was elevated in 
EAM mice compared to the controls, and the maximal level was 
observed after the first immunization (Figures 1D–I).

Real-time PCR assays were performed to confirm the results 
of the IHC. Our results showed that the relative mRNA levels of 
TLR4 (26.28 ± 6.41, P < 0.001) and its downstream factors MyD88 
(23.43 ± 3.33, P < 0.001) and NF-κB (4.67 ± 1.24, P < 0.001) were 
significantly upregulated in PM patients compared to those of 
their respective controls (4.97 ± 2.59, 4.99 ± 2.50, and 0.94 ± 0.23) 
(Figure 2A). Similar results were also observed in EAM mice. At 
2 weeks after the first immunization, the relative mRNA levels of 
TLR4 (16.77 ± 0.93, P < 0.001), MyD88 (63.71 ± 5.30, P < 0.001), 
and NF-κB (6.45 ± 0.86, P < 0.001) were significantly elevated 
compared with their respective controls (0.54 ± 0.26, 2.00 ± 0.58, 
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FigUre 2 | The changes in mrna expression of toll-like receptor 4 (Tlr4) pathway-related molecules in polymyositis (PM) patients and 
experimental autoimmune myositis (eaM) mice. (a) mRNA expression of TLR4, MyD88, and NF-κB were significantly increased in muscle tissues of biopsy 
samples from PM patients compared with the controls. (b) Compared with the controls, mRNA expression of TLR4, MyD88, and NF-κB were elevated in muscle 
tissues of EAM mice at 2 weeks after the first immunization. (c) Compared with the controls, mRNA expression of TLR4, MyD88, and NF-κB were decreased  
in the spleen of EAM mice at 2 weeks. **P < 0.001 vs. the controls (Ctrl).
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and 1.53 ± 0.29) (Figure 2B). It was noted that at 3 or 4 weeks 
after the first immunization, the expression of TLR4, MyD88, and 
NF-κB was recovered but still higher than that of the controls. 
Interestingly, in contrast to muscle tissue, TLR4 transcripts 
(0.71 ± 0.04, P < 0.001), MyD88 (0.48 ± 0.04, P < 0.001), and 
NF-κB (0.51 ± 0.09, P < 0.001) were significantly decreased in 
the spleen of EAM mice compared with controls (1.12 ±  0.11, 
1.52  ±  0.28, 1.23  ±  0.15) (Figure  2C). Therefore, these results 
showed increased levels of TLR4, MyD88, and NF-κB in the 
muscle tissues of PM patients and EAM mice.

changes in expression levels of 
cytokines in eaM Mice
Liquid chip assays were used to examine the levels of various 
cytokines in the serum of EAM mice at 1 ~ 4 weeks after the first 
immunization. At 1 week, the levels of IL-6 (76.13 ± 11.91 pg/ml), 
and IL-10 (14.87 ± 3.47 pg/ml) were prominently elevated com-
pared with controls (19.68 ± 5.63, 4.34 ± 0.30 pg/ml, P < 0.001). 
At 2 weeks, IFN-γ (43.05 ± 5.97 pg/ml), IL-1β (27.7 ± 5.25 pg/ml), 
IL-12 (13.39 ± 3.11 pg/ml), IL-17 A (49.35 ± 19.87 pg/ml), TNF-α 
(47.87 ± 6.70 pg/ml), and TGF-β (110.00 ± 12.17 ng/ml) reached 

their maximal levels compared with the controls (1.66  ±  0.98, 
1.98 ± 0.90, 1.52 ± 0.24, 3.86 ± 0.70, 1.68 ± 1.03, 50.50 ± 13.55, 
P < 0.001). At 3 weeks, the cytokine levels decreased but were still 
higher than those of the controls. Most of the cytokines except 
TNF-α almost recovered to control levels at 4 weeks (Figure 3). 
Overall, the levels of cytokines were elevated 1–3 weeks after the 
first immunization.

involvement of iFn-γ and il-17a in PM 
Patients and eaM Mice
Various inflammatory cytokines could promote the differentia-
tion from naïve T cells into functional T cells, which as well as 
macrophages are involved in various autoimmune diseases by 
secreting IFN-γ and IL-17A and so on (16). The mRNA levels of 
IFN-γ (39.02 ± 6.86) and IL-17A (26.43 ± 5.49) were elevated, 
respectively, in the muscle tissue of PM patients compared with 
the controls (0.87 ± 0.35, 6.74 ± 3.87, respectively, P < 0.001) 
(Figures  4C,F). Similar results were also found in the EAM 
mice. At 2  weeks after the first immunization, the relative 
mRNA levels of IFN-γ (49.98 ± 8.83) and IL-17A (32.15 ± 3.44) 
were markedly increased compared with their respective 
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FigUre 3 | The changes in levels of inflammatory cytokines in the serum of experimental autoimmune myositis (eaM) mice at 1–4 weeks after the 
first immunization. The concentrations of IFN-γ (a), IL-1β (b), IL-6 (c), IL-10 (D), IL-12 (e), IL-17A (F), TGF-β (g), and tumor necrosis factor (TNF)-α (h) were 
detected by a Luminex assay. **P < 0.001, *P < 0.01, #P < 0.05, nsP > 0.05, vs. the controls (Ctrl).

FigUre 4 | The changes of interferon-γ (iFn-γ) and interleukin-17a (il-17a) in polymyositis (PM) patients and experimental autoimmune myositis 
(eaM) mice. (a–F) As compared with the controls (Ctrl), the expression of IFN-γ and IL-17A in the biopsy samples from PM patients were increased. (g–l) 
Compared with the controls, the expression of IFN-γ and IL-17A in the muscle of EAM mice were significantly increased. **P < 0.001, *P < 0.01, #P < 0.05, vs.  
the controls (Ctrl). The nuclei were counterstained with hematoxylin. Scale bars: 50 µm.
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controls (2.54 ± 1.50 and 1.25 ± 0.21, respectively, P < 0.001) 
(Figures  4I,L). At 3 or 4  weeks after the first immunization, 
their expression was attenuated but still higher than that of 
the controls. Moreover, IHC showed that IFN-γ+ and IL-17A+ 
cells are increased in the PM patients (Figures 4B,E) and EAM 
mice at 2  weeks(Figures  4H,K) compared with the controls 
(Figures 4A,D,G,J). Unexpectedly, the expression of these fac-
tors in the spleen was decreased compared with their respective 
controls (Figure S1 in Supplementary Material). Therefore, our 
results revealed that IFN-γ and IL-17A producing cells may be 
involved in the development of PM.

correlations between PM severity and 
Tlr4-related Factors, iFn-γ, or il-17a
To determine the severity of EAM in the mice, inflammatory 
lesion grading was evaluated according to a previous report 
(see the Methods section). HE staining results showed that at 
2  weeks after the first immunization, more inflammatory cells 
and damaged muscle fibers were evident than at 1, 3, or 4 weeks 
(Figure  5A). Histological grading of inflammatory lesions was 
shown in Figure 5B. Consistent with these results, at 2 weeks, 
mouse muscle strength indicated by the duration a mouse staying 
in the inverted screen (63.13  ±  6.42  s) was worse than that of 
the controls (2,241.8  ±  162.63  s, P  <  0.001) and other groups 
(1 week, 527.15 ± 33.86 s, P < 0.001; 3 weeks, 152.98 ± 3.45 s, 
P  =  0.047; 4  weeks, 171.97  ±  3.36  s, P  =  0.018) (Figure  5C). 
We performed a Pearson linear correlation to analyze the cor-
relations of PM severity with TLR4-related factors, including 
TLR4, MyD88, NF-κB, IFN-γ, or IL-17A expression, respectively. 
Our results showed that the mRNA expression levels of TLR4, 
MyD88, NF-κB, IFN-γ, or IL-17A in muscle tissue of EAM mice 
were positively correlated with grading inflammatory lesions 
(r = 0.963, r = 0.952, r = 0.917, r = 0.923, r = 0.962, respectively, 
P < 0.001) (Figure 5D).

requirement of Tlr4–MyD88 signaling  
in the Development of PM
Part of TLR4 signaling is dependent on MyD88 (8). In muscle 
tissue of EAM mice, the TLR4 agonist LPS exacerbated the 
development of PM (Figures  6A–C), and upregulated the 
expression of MyD88 (84.60  ±  2.61), NF-κB (13.01  ±  1.51), 
IFN-γ (73.30 ± 3.46), and IL-17A (51.28 ± 6.48), compared with 
the EAM group treated with normal saline only (63.71 ± 5.30, 
6.45 ± 0.86, 49.98 ± 8.83, 32.15 ± 3.44, respectively, P < 0.001) 
(Figures 6G–J). However, the TLR4 antagonist TAK-242 mitigated 
the inflammatory development of PM (Figures  6A,B,D), and 
downregulated the expression of MyD88 (44.02 ± 3.70), NF-κB 
(3.51 ± 0.37), IFN-γ (30.87 ± 2.38), and IL-17A (22.60 ± 2.01), 
compared with the EAM group treated with normal saline only 
(63.71 ± 5.30, 6.45 ± 0.86, 49.98 ± 8.83, 32.15 ± 3.44, respectively, 
P < 0.001) (Figures 6G–J). Consistently, the levels of IFN-γ and 
IL-17A were increased or decreased in the serum of EAM mice 
treated with LPS (281.14  ±  38.78, P  <  0.001; 99.94  ±  11.06, 
P < 0.001) or TAK-242 (41.99 ± 6.47, P = 0.007; 49.20 ± 4.52, 
P < 0.001), respectively, compared with the normal saline group 
(76.78 ± 7.14, 74.07 ± 5.91) (Figures 6K,L). Together, these data 

indicated that TLR4 signaling was involved in the PM and played 
a pivotal role in EAM.

involvement of Tlr4-Mediated iFn-γ and 
il-17a in the Development of eaM
The expression of TLR4-mediated IFN-γ and IL-17A was 
elevated in muscle tissue of PM patients and EAM mice as well 
as in the EAM serum, implying their important roles in the PM. 
To confirm this point, EAM mice were injected intraperito-
neally with anti-IFN-γ antibody or anti-IL-17A antibody. The 
grading of inflammation increased in EAM mice treated with 
IFN-γ antibody (4.23 ± 0.30) (Figures 7C,E) but decreased with 
IL-17A antibody (2.63 ± 0.11) (Figures 7D,E) significantly com-
pared with EAM mice (3.38 ± 0.14, P < 0.001) (Figures 7B,E). 
However, the EAM mice treated with anti-IFN-γ antibody 
had weaker muscular strength (60.85 ± 6.27) but had stronger 
muscular strength (595.00 ± 85.73) with anti-IL-17A antibody 
treatment compared with EAM mice (121.07 ± 18.52, P < 0.001) 
(Figure 7F). The expression of IFN-γ mRNA (3.75 ± 0.41) in the 
muscle tissue and IFN-γ (24.13 ± 2.93 pg/ml) in the serum were 
downregulated with IL-17A antibody compared with EAM mice 
(8.63 ± 0.90, 47.89 ± 7.32, respectively, P < 0.001) (Figures 7G,I) 
but IL-17A mRNA(24.47  ±  2.72) and IL-17A(118.33  ±  13.01 
pg/ml) treated with anti-IFN-γ antibody were upregulated 
compared with EAM mice (8.82 ±  1.28, 59.08 ±  9.18, respec-
tively, P  <  0.001) (Figures  7H,J). These data suggested that 
TLR4-mediated IFN-γ and IL-17A may be responsible for the 
inflammatory development of EAM.

DiscUssiOn

A group of studies have demonstrated that TLR4 plays an 
important role in autoimmune diseases (15). In this work, we 
showed a possible involvement of TLR4 and its downstream 
effectors, MyD88 and NF-κB, in the development of PM in 
human patients and in an EAM mouse model. Furthermore, we 
found that IFN-γ- and IL-17A-producing cells were involved 
and dependent on the TLR4–MyD88 pathway in the pathologi-
cal progression of PM.

Toll-like receptor 4 was proposed to play an important role 
in various autoimmune diseases, such as rheumatoid arthritis, 
systemic lupus erythematosus, and multiple sclerosis (19–21). 
Our previous study also showed increased expression levels of 
TLR4 and its downstream effectors in the lymph nodes in a PM 
animal model (24). As an extended study on PM pathology, 
here, we analyzed the changes in TLR4 expression using muscle 
biopsies from 22 PM patients and EAM mice. In PM patients, 
TLR4 expression was significantly increased compared with that 
of patients with periodic paralysis. Our results were consistent 
with the previous reports (23, 31). In EAM mice, we revealed 
a dynamic change of TLR4 expression, which reached a peak 
2 weeks after the first immunization. Furthermore, we analyzed 
changes in the expression of MyD88 and NF-κB, two key down-
stream effectors of TLR4. Similarly, in both PM patients and 
EAM mice, the expression of MyD88 and NF-κB was significantly 
increased as well (Figures 1 and 2).
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FigUre 5 | The correlations of PM severity with toll-like receptor 4 (Tlr4)–MyD88 pathway, interferon-γ (iFn-γ), and interleukin-17a (il-17a). (a) HE 
stain showed the infiltrating cells in the muscle of experimental autoimmune myositis (EAM) mice at 1–4 weeks after the first immunization. Scale bar: 100 µm.  
(b) Muscle grading of inflammation at different time points (Ctrl). (c) Evaluation of muscular strength. **P < 0.001, vs. the controls. (D) The expression of TLR4, 
MyD88, NF-κB, IFN-γ, or IL-17A had a positive correlation with muscle grading of inflammation in EAM mice, respectively.
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FigUre 6 | Toll-like receptor 4 (Tlr4)–MyD88 pathway was required in polymyositis (PM). (a–D) HE stain showed the infiltrating cells in the muscle of 
normal mice and experimental autoimmune myositis (EAM) mice treated with normal saline only, lipopolysaccharide (LPS) or TAK-242, respectively. Scale bar: 
100 µm. The grading evaluation of inflammation was decreased and the muscular strength was stronger in EAM mice treated with TAK-242 (e,F). The mRNA 
expression of MyD88, NF-κB, IFN-γ, and IL-17A in muscle tissues of mice were upregulated after treatment with LPS and downregulated after treatment with 
TAK-242 [(g–J), respectively]. IFN-γ and IL-17A in the serum of mice increased or decreased after treatment with LPS or TAK-242, respectively (K,l).  
**P < 0.001, versus the EAM mice treated with normal saline only.
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It is known that the TLR4–MyD88 pathway involves the 
production of various inflammatory cytokines. Therefore, we 
also investigated the changes of cytokine expression in the 
serum of EAM mice. As expected, our results showed that the 
levels of IFN-γ, IL-1β, IL-6, IL-10, IL-12, IL-17A, TNF-α, and 
TGF-β were markedly elevated (Figure 3). However, a previous 
study showed the reduced Th1 and Th17 cells in PMBCs from 
PM patients (32). We proposed that this discrepancy might 
attribute to the differences between PM patients and PM mouse 
model. In animal models, increased IFN-γ-producing cells and 
IL-17A-producing cells were also observed in previous studies 
(33–37). Additionally, it was noted that IL-6 and IL-10 reached 
their maximal at 1  week after the first immunization whereas 
others reached their maximal level at 2 weeks. We proposed that 
IL-6 and IL-10 may play an important role in the early stages of 
PM progression (38).

Various cytokines can induce the differentiation of naïve T cells 
into different subpopulations (16, 39). It was reported that IL-6 
and TGF-β together may drive the differentiation of naïve T cells 
into Th17 cells (14, 40), and IL-6 and IFN-γ may be involved in 
Th1 differentiation (34, 41). In the present study, the expression 
of IFN-γ and IL-17A in muscle tissues of EAM mice was elevated 
(Figure 4) at a time that coincided with elevated expression of 
TLR4, MyD88, NF-κB as well as various cytokines (except IL-6 

and IL-10). Moreover, we found that the expression of TLR4, 
MyD88, NF-κB, IFN-γ, and IL-17A was positively correlated with 
the grading of muscle inflammation in EAM mice (Figure 5D). 
Therefore, our results suggested that the TLR4–MyD88 pathway 
and IFN-γ and IL-17Acells may play an important role in the 
development of PM.

Interestingly, our study showed that in the spleen of EAM 
mice, the expression of TLR4–MyD88 related molecules, IFN-γ, 
and IL-17A (Figure 2; Figure S1 in Supplementary Material) was 
decreased compared with the controls. Moreover, the expression 
was lowest at 2 weeks after immunization. These findings were 
converse to those in muscle tissue and have not been reported 
elsewhere. We presumed that these molecules are relocated from 
spleen to muscle by blood circulation or lymph recirculation, 
which could distribute lymphocytes between lymphoid tissue and 
other organs, arouse lymphocytes to remove invading pathogens, 
and promote antigen-activated lymphocytes to drain into local 
lymphoid tissue or organs. There, T cells, B cells, and APC may 
collaborate in the immune response for the production of effective 
lymphocytes (38, 42). The effective lymphocytes could migrate 
directly and intensively to the site of inflammation to induce an 
immune response (43, 44).

Geun-Tae Kim et al. (23) reported that the expression of TLR4 
was increased in few PM patients. In our research, muscle tissue 
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samples of 22 people with PM were studied. It was shown that 
the expression levels of TLR4 protein and TLR4 mRNA in muscle 
tissues of PM patients were significantly increased compared with 
the controls (Figures 1 and 2). Additionally, the relative expres-
sion levels of IFN-γ and IL-17A in muscle tissues of patients 
with PM were predominantly elevated compared with controls 
(Figure 4). This supported our conclusions from the EAM model.

These results were consistent with the inflammatory lesion 
grading trends of EAM mice. Moreover, we observed that muscle 
inflammation of EAM mice occurred at the same time point that 
EAM mouse strength was weakest (Figure 5) and the expression 
of TLR4 mRNA was highest (Figure  2). This trend suggested 
that TLR4 may trigger PM in the early immune responses 
(Figure 5). Based on above results, we used TLR4 agonist LPS 
and antagonist TAK-242 and found that TLR4 signaling was 
required in the development of PM. Furthermore, we revealed 

that TLR4-mediated IFN-γ and IL-17A played an important role 
in the inflammatory development of EAM, by using IFN-γ and 
IL-17A neutralization antibodies (Figures 6 and 7). Additionally, 
our results suggested that IFN-γ could alleviate but IL-17A could 
aggravate the inflammatory response (Figure 7).

Additionally, we still lacked the knowledge about how TLR4 
was activated in our EAM model. It is reported that exogenous 
sources (e.g., LPS) and endogenous TLR4 ligands have been 
identified from both the host tissues and cells. The endogenous 
intracellular triggers of TLR4 mainly include the DNA-binding 
protein high-mobility group box 1 (HMGB1) and cellular heat 
shock proteins (45). Previous studies have showed that HMGB1 
takes part in driving the inflammation of PM patients (46, 47). 
Therefore, we proposed that HMGB1 may be involved in our 
EAM model, and admittedly further studies should be done to 
address this question.

FigUre 7 | Different roles of toll-like receptor (Tlr4)-mediated interferon-γ (iFn-γ) and interleukin-17a (il-17a) in the course of development of 
experimental autoimmune myositis (eaM). (a–D) HE stain showed the infiltrating cells in the muscle of normal mice and EAM mice treated with normal saline 
only, anti-IFN-γ, or anti-IL-17 antibody, respectively. Scale bar: 100 µm. The grading evaluation of inflammation was increased or decreased but the muscular 
strength was weaker or stronger in EAM mice-treated anti-IFN-γ or anti-IL-17 antibody, respectively (e,F). The mRNA expression of IFN-γ was decreased but  
IL-17A increased in muscle tissues of EAM mice-treated anti-IL-17 or anti-IFN-γ antibody, respectively (g,h). IFN-γ or IL-17A was decreased or increased in the 
serum of mice-treated anti-IL-17 or anti-IFN-γ antibody, respectively (i,J). **P < 0.001, vs. the EAM mice treated with normal saline only.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


12

Zhang et al. TLR4–MyD88 Pathway Involved in PM

Frontiers in Neurology | www.frontiersin.org April 2017 | Volume 8 | Article 132

reFerences

1. Dalakas MC. Inflammatory muscle diseases: a critical review on pathogenesis 
and therapies. Curr Opin Pharmacol (2010) 10(3):346–52. doi:10.1016/j.
coph.2010.03.001 

2. Hoogendijk JE, Amato AA, Lecky BR, Choy EH, Lundberg IE, Rose MR, 
et al. 119th ENMC International Workshop: trial design in adult idiopathic 
inflammatory myopathies, with the exception of inclusion body myositis, 
10-12 October 2003, Naarden, The Netherlands. Neuromuscul Disord (2004) 
14(5):337–45. doi:10.1016/j.nmd.2004.02.006 

3. De Bleecker JL, De Paepe B, Aronica E, de Visser M; ENMC Myositis 
Muscle Biopsy Study Group, Amato A, et  al. 205th ENMC International 
Workshop: pathology diagnosis of idiopathic inflammatory myopathies part 
II 28-30 March 2014, Naarden, The Netherlands. Neuromuscul Disord (2015) 
25(3):268–72. doi:10.1016/j.nmd.2014.12.001 

4. Benveniste O, Rider LG; ENMC Myositis Outcomes Study Group. 213th 
ENMC International Workshop: outcome measures and clinical trial readiness 
in idiopathic inflammatory myopathies, Heemskerk, The Netherlands, 18-20 
September 2015. Neuromuscul Disord (2016) 26(8):523–34. doi:10.1016/j.
nmd.2016.05.014 

5. Dobloug C, Garen T, Bitter H, Stjarne J, Stenseth G, Grovle L, et al. Prevalence 
and clinical characteristics of adult polymyositis and dermatomyositis; data 
from a large and unselected Norwegian cohort. Ann Rheum Dis (2015) 
74(8):1551–6. doi:10.1136/annrheumdis-2013-205127 

6. Lundberg IE, Miller FW, Tjarnlund A, Bottai M. Diagnosis and classification 
of idiopathic inflammatory myopathies. J Intern Med (2016) 280(1):39–51. 
doi:10.1111/joim.12524 

7. Dalakas MC, Hohlfeld R. Polymyositis and dermatomyositis. Lancet (2003) 
362(9388):971–82. doi:10.1016/S0140-6736(03)14368-1 

8. Gohda J, Matsumura T, Inoue J. Cutting edge: TNFR-associated factor 
(TRAF) 6 is essential for MyD88-dependent pathway but not toll/IL-1 
receptor domain-containing adaptor-inducing IFN-beta (TRIF)-dependent 

pathway in TLR signaling. J Immunol (2004) 173(5):2913–7. doi:10.4049/
jimmunol.173.5.2913 

9. Akira S. TLR signaling. Curr Top Microbiol Immunol (2006) 311:1–16. 
10. Gay NJ, Gangloff M. Structure and function of toll receptors and their 

ligands. Annu Rev Biochem (2007) 76:141–65. doi:10.1146/annurev.
biochem.76.060305.151318 

11. Garin A, Meyer-Hermann M, Contie M, Figge MT, Buatois V, Gunzer M, 
et al. Toll-like receptor 4 signaling by follicular dendritic cells is pivotal for 
germinal center onset and affinity maturation. Immunity (2010) 33(1):84–95. 
doi:10.1016/j.immuni.2010.07.005 

12. De Paepe B, Creus KK, De Bleecker JL. Role of cytokines and chemokines 
in idiopathic inflammatory myopathies. Curr Opin Rheumatol (2009) 
21(6):610–6. doi:10.1097/BOR.0b013e3283317b31 

13. Lugo-Villarino  G, Maldonado-Lopez  R, Possemato  R, Penaranda  C, Glimcher LH.  
T-bet is required for optimal production of IFN-gamma and antigen- 
specific T cell activation by dendritic cells. Proc Natl Acad Sci U S A (2003) 
100(13):7749–54. doi:10.1073/pnas.1332767100 

14. Lazarevic V, Chen X, Shim JH, Hwang ES, Jang E, Bolm AN, et  al. T-bet 
represses T(H)17 differentiation by preventing Runx1-mediated activation 
of the gene encoding RORgammat. Nat Immunol (2011) 12(1):96–104. 
doi:10.1038/ni.1969 

15. Mills KH. TLR-dependent T cell activation in autoimmunity. Nat Rev Immunol 
(2011) 11(12):807–22. doi:10.1038/nri3095 

16. Luckheeram RV, Zhou R, Verma AD, Xia B. CD4(+)T cells: differentiation and 
functions. Clin Dev Immunol (2012) 2012:925135. doi:10.1155/2012/925135 

17. Spachidou MP, Bourazopoulou E, Maratheftis CI, Kapsogeorgou EK, 
Moutsopoulos HM, Tzioufas AG, et  al. Expression of functional toll-like 
receptors by salivary gland epithelial cells: increased mRNA expression in cells 
derived from patients with primary Sjogren’s syndrome. Clin Exp Immunol 
(2007) 147(3):497–503. doi:10.1111/j.1365-2249.2006.03311.x 

18. Olofsson KM, Hjertner B, Fossum C, Press CM, Lindberg R. Expression of 
T helper type 17 (Th17)-associated cytokines and toll-like receptor 4 and 

Another question to be addressed in this study is whether 
TLR4 pathway is related to the autoantibodies present in the 
PM patients (Table  2). Traditionally, PM is proposed to be 
stem from cellular immunity not humoral immunity. Previous 
reports (5, 29, 30) and our present studies revealed the presence 
of autoantibodies in the PM patients. We still lack knowledge 
about the correlation between TLR4 pathway and autoantibodies. 
However, we propose that the TLR4 pathway may induce T helper 
cell-expressing cytokines to act on B cells indirectly, and subse-
quently promote the production of autoantibodies. Additionally, 
genetic aspects (e.g., HLA) were associated with PM develop-
ment (48–52) which may reflect the autoantibody profiles. In the 
present study, however, all the patients had no obvious genetic 
history in the family. Association of genetic factors with PM will 
be the direction of our future work.

In this work, by using the samples from PM patients and the 
EAM model, we found that TLR4 signaling may play a crucial role 
in triggering the inflammation of PM, and this process required 
the involvement of TLR4-mediated IFN-γ and IL-17A (Figure S2  
in Supplementary Material). To some extent, this work partly 
documented the immune mechanism of PM and supplied a new 
direction for the development of PM therapy.

eThics sTaTeMenT

This study was approved by Institutional Board of the Fourth 
Military Medical University, Xi’an, China and conducted in 

accordance with Declaration of Helsinki. All muscle biopsies 
were obtained according to current ethics regulations and the 
written informed consent was obtained from all subjects. The 
proposed protocol conforms to the Good Clinical Practice.

aUThOr cOnTribUTiOns

All the authors designed the study, performed the study, wrote 
the manuscript, and read and approved the final version of the 
paper.

acKnOWleDgMenTs

We thank Ms. Dongyun Feng from Department of Neurology, 
Xijing Hospital, The Fourth Military Medical University, for 
technical help.

FUnDing

This study was supported by the National Natural Science 
Foundation of China (Grant No. 81171181).

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://journal.frontiersin.org/article/10.3389/fneur.2017.00132/
full#supplementary-material.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/j.coph.2010.03.001
https://doi.org/10.1016/j.coph.2010.03.001
https://doi.org/10.1016/j.nmd.2004.02.006
https://doi.org/10.1016/j.nmd.2014.12.001
https://doi.org/10.1016/j.nmd.2016.05.014
https://doi.org/10.1016/j.nmd.2016.05.014
https://doi.org/10.1136/annrheumdis-2013-205127
https://doi.org/10.1111/joim.12524
https://doi.org/10.1016/S0140-6736(03)14368-1
https://doi.org/10.4049/jimmunol.173.5.2913
https://doi.org/10.4049/jimmunol.173.5.2913
https://doi.org/10.1146/annurev.biochem.76.060305.151318
https://doi.org/10.1146/annurev.biochem.76.060305.151318
https://doi.org/10.1016/j.immuni.2010.07.005
https://doi.org/10.1097/BOR.0b013e3283317b31
https://doi.org/10.1073/pnas.1332767100
https://doi.org/10.1038/ni.1969
https://doi.org/10.1038/nri3095
https://doi.org/10.1155/2012/925135
https://doi.org/10.1111/j.1365-2249.2006.03311.x
http://journal.frontiersin.org/article/10.3389/fneur.2017.00132/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fneur.2017.00132/full#supplementary-material


13

Zhang et al. TLR4–MyD88 Pathway Involved in PM

Frontiers in Neurology | www.frontiersin.org April 2017 | Volume 8 | Article 132

their correlation with Foxp3 positive cells in rectal biopsies of horses with 
clinical signs of inflammatory bowel disease. Vet J (2015) 206(1):97–104. 
doi:10.1016/j.tvjl.2015.07.003 

19. Perez-Ferro M, Serrano Del Castillo C, Sanchez-Pernaute O. Cell mem-
brane-bound TLR2 and TLR4: potential predictors of active systemic lupus 
erythematosus and lupus nephritis. J Rheumatol (2016) 43(7):1444–5. 
doi:10.3899/jrheum.151386 

20. Menghini R, Campia U, Tesauro M, Marino A, Rovella V, Rodia G, et  al. 
Toll-like receptor 4 mediates endothelial cell activation through NF-kappaB 
but is not associated with endothelial dysfunction in patients with rheu-
matoid arthritis. PLoS One (2014) 9(6):e99053. doi:10.1371/journal.pone. 
0099053 

21. Duperray A, Barbe D, Raguenez G, Weksler BB, Romero IA, Couraud PO, 
et  al. Inflammatory response of endothelial cells to a human endogenous 
retrovirus associated with multiple sclerosis is mediated by TLR4. Int Immunol 
(2015) 27(11):545–53. doi:10.1093/intimm/dxv025 

22. Cordiglieri C, Marolda R, Franzi S, Cappelletti C, Giardina C, Motta T, et al. 
Innate immunity in myasthenia gravis thymus: pathogenic effects of toll-
like receptor 4 signaling on autoimmunity. J Autoimmun (2014) 52:74–89. 
doi:10.1016/j.jaut.2013.12.013 

23. Kim GT, Cho ML, Park YE, Yoo WH, Kim JH, Oh HJ, et al. Expression of 
TLR2, TLR4, and TLR9 in dermatomyositis and polymyositis. Clin Rheumatol 
(2010) 29(3):273–9. doi:10.1007/s10067-009-1316-7 

24. Zhang HY, Kang J, Han WJ, Hu MM, Jia HG. [The expression and significance 
of TLR4, MyD88 and NF-kappaB mRNA in mouse lymph node of experi-
mental autoimmune myositis]. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi (2012) 
28(3):272–5. 

25. Allenbach Y, Solly S, Gregoire S, Dubourg O, Salomon B, Butler-Browne G,  
et  al. Role of regulatory T  cells in a new mouse model of experimental 
autoimmune myositis. Am J Pathol (2009) 174(3):989–98. doi:10.2353/
ajpath.2009.080422 

26. Kang J, Zhang HY, Feng GD, Feng DY, Jia HG. Development of an improved 
animal model of experimental autoimmune myositis. Int J Clin Exp Pathol 
(2015) 8(11):14457–64. 

27. Contet C, Rawlins JN, Deacon RM. A comparison of 129S2/SvHsd 
and C57BL/6JOlaHsd mice on a test battery assessing sensorimotor, 
affective and cognitive behaviours: implications for the study of genet-
ically modified mice. Behav Brain Res (2001) 124(1):33–46. doi:10.1016/
S0166-4328(01)00231-5 

28. Kojima T, Tanuma N, Aikawa Y, Shin T, Sasaki A, Matsumoto Y. Myosin-
induced autoimmune polymyositis in the rat. J Neurol Sci (1997) 151(2):141–8. 
doi:10.1016/S0022-510X(97)00148-2 

29. Jones J, Wortmann R. Idiopathic inflammatory myopathies – a review. Clin 
Rheumatol (2015) 34(5):839–44. doi:10.1007/s10067-015-2891-4 

30. Rider LG, Shah M, Mamyrova G, Huber AM, Rice MM, Targoff IN, et  al. 
The myositis autoantibody phenotypes of the juvenile idiopathic inflamma-
tory myopathies. Medicine (Baltimore) (2013) 92(4):223–43. doi:10.1097/
MD.0b013e31829d08f9 

31. Brunn A, Zornbach K, Hans VH, Haupt WF, Deckert M. Toll-like 
receptors promote inflammation in idiopathic inflammatory myop-
athies. J Neuropathol Exp Neurol (2012) 71(10):855–67. doi:10.1097/
NEN.0b013e31826bf7f3 

32. Shimojima Y, Ishii W, Matsuda M, Ikeda S. Phenotypes of peripheral blood 
lymphocytes and cytokine expression in polymyositis and dermatomyositis 
before treatment and after clinical remission. Clin Med Insights Arthritis 
Musculoskelet Disord (2012) 5:77–87. doi:10.4137/CMAMD.S10272 

33. Moran EM, Mastaglia FL. Cytokines in immune-mediated inflammatory 
myopathies: cellular sources, multiple actions and therapeutic implications. 
Clin Exp Immunol (2014) 178(3):405–15. doi:10.1111/cei.12445 

34. De Paepe B, Creus KK, De Bleecker JL. Chemokines in idiopathic inflamma-
tory myopathies. Front Biosci (2008) 13:2548–77. doi:10.2741/2866 

35. Notarnicola A, Lapadula G, Natuzzi D, Lundberg IE, Iannone F. Correlation 
between serum levels of IL-15 and IL-17 in patients with idiopathic inflam-
matory myopathies. Scand J Rheumatol (2015) 44(3):224–8. doi:10.3109/030
09742.2014.956141 

36. Pandya JM, Venalis P, Al-Khalili L, Shahadat Hossain M, Stache V, Lundberg IE,  
et al. CD4+ and CD8+ CD28(null) T cells are cytotoxic to autologous muscle 

cells in patients with polymyositis. Arthritis Rheumatol (2016) 68(8):2016–26. 
doi:10.1002/art.39650 

37. Tucci M, Quatraro C, Dammacco F, Silvestris F. Interleukin-18 overexpression 
as a hallmark of the activity of autoimmune inflammatory myopathies. Clin 
Exp Immunol (2006) 146(1):21–31. doi:10.1111/j.1365-2249.2006.03180.x 

38. Couper KN, Blount DG, Riley EM. IL-10: the master regulator of immunity to 
infection. J Immunol (2008) 180(9):5771–7. doi:10.4049/jimmunol.180.9.5771 

39. Shen J, Li Z, Li W, Ge Y, Xie M, Lv M, et al. Th1, Th2, and Th17 cytokine 
involvement in thyroid associated ophthalmopathy. Dis Markers (2015) 
2015:609593. doi:10.1155/2015/609593 

40. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. 
The orphan nuclear receptor RORgammat directs the differentiation program 
of proinflammatory IL-17+ T helper cells. Cell (2006) 126(6):1121–33. 
doi:10.1016/j.cell.2006.07.035 

41. Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, Yang SY, et al. T-bet is 
a STAT1-induced regulator of IL-12R expression in naive CD4+ T cells. Nat 
Immunol (2002) 3(6):549–57. doi:10.1038/ni794 

42. Gebhardt T, Whitney PG, Zaid A, Mackay LK, Brooks AG, Heath WR, et al. 
Different patterns of peripheral migration by memory CD4+ and CD8+ 
T cells. Nature (2011) 477(7363):216–9. doi:10.1038/nature10339 

43. Tanaka T, Umemoto E, Miyasaka M. [Lymphocyte trafficking and immune-
surveillance]. Nihon Rinsho Men’eki Gakkai Kaishi (2006) 29(6):359–71. 
doi:10.2177/jsci.29.359 

44. Ganusov VV, Auerbach J. Mathematical modeling reveals kinetics of 
lymphocyte recirculation in the whole organism. PLoS Comput Biol (2014) 
10(5):e1003586. doi:10.1371/journal.pcbi.1003586 

45. Molteni M, Gemma S, Rossetti C. The role of toll-like receptor 4 in infectious 
and noninfectious inflammation. Mediators Inflamm (2016) 2016:6978936. 
doi:10.1155/2016/6978936 

46. Cseri K, Vincze J, Cseri J, Fodor J, Csernatony Z, Csernoch L, et al. HMGB1 
expression and muscle regeneration in idiopathic inflammatory myopathies 
and degenerative joint diseases. J Muscle Res Cell Motil (2015) 36(3):255–62. 
doi:10.1007/s10974-015-9411-7 

47. Harris HE, Andersson U, Pisetsky DS. HMGB1: a multifunctional alarmin 
driving autoimmune and inflammatory disease. Nat Rev Rheumatol (2012) 
8(4):195–202. doi:10.1038/nrrheum.2011.222 

48. Miller FW, Chen W, O’Hanlon TP, Cooper RG, Vencovsky J, Rider LG, et al. 
Genome-wide association study identifies HLA 8.1 ancestral haplotype alleles 
as major genetic risk factors for myositis phenotypes. Genes Immun (2015) 
16(7):470–80. doi:10.1038/gene.2015.28 

49. Rothwell S, Lamb JA, Chinoy H. New developments in genetics of myositis. Curr 
Opin Rheumatol (2016) 28(6):651–6. doi:10.1097/BOR.0000000000000328 

50. Rothwell S, Cooper RG, Lundberg IE, Miller FW, Gregersen PK, Bowes J, et al. 
Dense genotyping of immune-related loci in idiopathic inflammatory myop-
athies confirms HLA alleles as the strongest genetic risk factor and suggests 
different genetic background for major clinical subgroups. Ann Rheum Dis 
(2016) 75(8):1558–66. doi:10.1136/annrheumdis-2015-208119 

51. Zhai N, Zhang Q, Han X, Song F. Association of HLA-DRB1 alleles with 
polymyositis/dermatomyositis in northern Chinese Hans. Chin Med Sci J 
(2002) 17(3):198. 

52. O’Hanlon TP, Rider LG, Mamyrova G, Targoff IN, Arnett FC, Reveille JD, et al. 
HLA polymorphisms in African Americans with idiopathic inflammatory 
myopathy: allelic profiles distinguish patients with different clinical pheno-
types and myositis autoantibodies. Arthritis Rheum (2006) 54(11):3670–81. 
doi:10.1002/art.22205 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Zhang, He, Shi, Wang, Tian, Kang, Han, Wu, Zhou, Hu, Li, 
Mi, Zhao and Jia. This is an open-access article distributed under the terms of the 
Creative Commons Attribution License (CC BY). The use, distribution or reproduc-
tion in other forums is permitted, provided the original author(s) or licensor are 
credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/j.tvjl.2015.07.003
https://doi.org/10.3899/jrheum.151386
https://doi.org/10.1371/journal.pone.0099053
https://doi.org/10.1371/journal.pone.0099053
https://doi.org/10.1093/intimm/dxv025
https://doi.org/10.1016/j.jaut.2013.12.013
https://doi.org/10.1007/s10067-009-1316-7
https://doi.org/10.2353/ajpath.2009.080422
https://doi.org/10.2353/ajpath.2009.080422
https://doi.org/10.1016/S0166-4328(01)00231-5
https://doi.org/10.1016/S0166-4328(01)00231-5
https://doi.org/10.1016/S0022-510X(97)00148-2
https://doi.org/10.1007/s10067-015-2891-4
https://doi.org/10.1097/MD.0b013e31829d08f9
https://doi.org/10.1097/MD.0b013e31829d08f9
https://doi.org/10.1097/NEN.0b013e31826bf7f3
https://doi.org/10.1097/NEN.0b013e31826bf7f3
https://doi.org/10.4137/CMAMD.S10272
https://doi.org/10.1111/cei.12445
https://doi.org/10.2741/2866
https://doi.org/10.3109/03009742.2014.956141
https://doi.org/10.3109/03009742.2014.956141
https://doi.org/10.1002/art.39650
https://doi.org/10.1111/j.1365-2249.2006.03180.x
https://doi.org/10.4049/jimmunol.180.9.5771
https://doi.org/10.1155/2015/609593
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1038/ni794
https://doi.org/10.1038/nature10339
https://doi.org/10.2177/jsci.29.359
https://doi.org/10.1371/journal.pcbi.1003586
https://doi.org/10.1155/2016/6978936
https://doi.org/10.1007/s10974-015-9411-7
https://doi.org/10.1038/nrrheum.2011.222
https://doi.org/10.1038/gene.2015.28
https://doi.org/10.1097/BOR.0000000000000328
https://doi.org/10.1136/annrheumdis-2015-208119
https://doi.org/10.1002/art.22205
http://creativecommons.org/licenses/by/4.0/

	Toll-Like Receptor 4–Myeloid Differentiation Primary Response Gene 88 Pathway Is Involved in the Inflammatory Development of Polymyositis by Mediating Interferon-γ and Interleukin-17A in Humans and Experimental Autoimmune Myositis Mouse Model
	Introduction
	Patients and Methods
	Subjects
	Patients and Laboratory Assessments
	Animal Model

	Experimental Autoimmune Myositis (EAM) Model
	Evaluation of Muscle Strength
	Sample Preparation
	Histological Grading of Inflammatory Lesions and Immunohistochemistry
	Real-time RT-PCR
	Cytokine Detection
	EAM Mice Injected with LPS, TAK-242, Anti-IFN-γ, and Anti-IL-17A Antibodies
	Statistics

	Results
	Clinical and Laboratory Features of PM Patients
	Changes in Expression of TLR4, MyD88, or NF-κB in PM Muscle Tissues
	Changes in Expression Levels of Cytokines in EAM Mice
	Involvement of IFN-γ and IL-17A in PM Patients and EAM Mice
	Correlations between PM Severity and TLR4-Related Factors, IFN-γ, or IL-17A
	Requirement of TLR4–MyD88 Signaling in the Development of PM
	Involvement of TLR4-Mediated IFN-γ and IL-17A in the Development of EAM

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


